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Abstract

Entropy-related phase stabilization can allow compositionally complex 
solid solutions of multiple principal elements. The massive mixing 
approach was originally introduced for metals and has recently been 
extended to ionic, semiconductor, polymer and low-dimensional 
materials. Multielement mixing can leverage new types of random, 
weakly ordered clustering and precipitation states in bulk materials 
as well as at interfaces and dislocations. The many possible atomic 
configurations offer opportunities to discover and exploit new 
functionalities, as well as to create new local symmetry features, 
ordering phenomena and interstitial configurations. This opens up a 
huge chemical and structural space in which uncharted phase states, 
defect chemistries, mechanisms and properties, some previously 
thought to be mutually exclusive, can be reconciled in one material. 
Earlier research concentrated on mechanical properties such as 
strength, toughness, fatigue and ductility. This Review shifts the 
focus towards multifunctional property profiles, including electronic, 
electrochemical, mechanical, magnetic, catalytic, hydrogen-related, 
Invar and caloric characteristics. Disruptive design opportunities lie in 
combining several of these features, rendering high-entropy materials 
multifunctional without sacrificing their unique mechanical properties.
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determines the partitioning between matrix and defects, is much 
higher in high-entropy materials (HEMs) than in dilute solids. Sec-
ond, classical adsorption isotherm formulations assume ideal solu-
tions at the decorated defects, thus neglecting interactions among 
the segregating elements. However, the theories of compound iso-
therms and defect phase diagrams show that elemental interactions 
at co-decorated defects can lead to a higher total magnitude in (co-)
segregation than in the dilute limit19. This, however, also implies that 
once highly co-segregated, these elements tend to form intermetallic 
or corresponding precursor phase states.

Each material design dimension offers multiple options for tuning. 
This qualifies HEMs as the largest uncharted material design terri-
tory, fuelling expectations to discover new materials and phenom-
ena. The advantage of the compositional complexity concept over 
conventional material design principles is the possibility for large and 
compositionally smooth chemical variations within the solid solution, 
even with elements immiscible in conventional alloys (and adjacent 
kinetic decomposition) states. This allows the shift of alloy composi-
tions into ranges where promising material features can be seamlessly 
enhanced or damped without triggering (undesired) phase transfor-
mations, a typical feature of conventional materials. The wide and 
continuous compositional adjustment realm offered by HEMs allows 
the design of the magnitude and range of a wide spectrum of physical 
and chemical properties within defined phase spaces, and the exploi-
tation of the associated kinetic effects. Examples of the latter are high 
solute drag forces on interfaces (pinning, grain size stabilization) or 
pre-decoration and functionalization of grain boundaries by solutes 
(passivation and grain boundary protection)20,21. Another reason for 
studying compositional mixtures in materials for multifunctionality is 
that elements with high mutual solubility (such as Fe, Mn, Co, Ni and Cr) 
have a strong influence on the Fermi surface and magnetic coupling so 
that interesting electronic, magnetic and caloric properties are likely 
to be triggered6,22–25.

This Review examines how these design options and their practi-
cally unbounded chemical adjustment opportunities can be used to 
create HEMs that exhibit new property spectra and reconcile multiple 
functionalities, including feature combinations previously thought to 
be mutually exclusive in conventional alloys, while retaining their often 
excellent mechanical properties.

Reconciling conflicting properties is a general and longstanding 
challenge in material design. Examples can be found in magnetic and 
electrically conductive materials, where functional features are often 
in fundamental conflict with high mechanical strength and good ductil-
ity. In metals, high flow strength and strain hardening require multiple 
lattice defects such as dislocations and interfaces, whereas small hys-
teresis, soft magnetic response and low electrical resistance require the 
opposite, namely, mobile magnetic domain walls and low inelastic elec-
tron scattering, respectively, both features that are adversely affected 
by lattice defects. This example indicates that the main reason for the 
conflict in realizing multifunctionality lies in the interplay among 
the electron, spin and lattice degrees of freedom that enable func-
tional properties and the lattice defects required for most mechanical 
properties, which lead to scattering and pinning effects.

Several multifunctional compositionally complex materials have 
been developed so far26,27. Specific examples are materials combining 
high strength, ductility, soft magnetism and resistance to corrosion28–31 
at ambient32–38 and high temperatures39; or high selectivity, activity and 
stability of electrocatalysts with high abundance of active sites40–43; 
or high cryogenic strength, toughness and resistance to corrosion 

Introduction
Materials have always played a pivotal role in the development of human 
society. The range of accessible phase states, kinetics, transformation 
phenomena and properties, however, has been constrained by the fact 
that many materials used today are mostly based on one or two principal 
elements and typically use further elements only in low fractions.

Compositionally complex and high-entropy alloys (HEAs)1–4, 
consisting of multiple principal elements, open up this rather lim-
ited chemical composition space. The original idea consists of sta-
bilizing equimolar solid solutions of five or more chemical elements 
through enhanced configurational entropy. Today, this approach 
is embraced more broadly and also encompasses materials that are 
not (only) entropy-stabilized, targeting compositionally complex 
materials that have large solid solution ranges in the centre regions of 
multicomponent phase diagrams5–8. This is because, first, only a few 
fully random and thermodynamically stable solid solution HEAs have 
been identified so far, and second, some compositionally complex 
materials are enthalpy-stabilized rather than entropy-stabilized, for 
example some ionic materials. Furthermore, most of these materi-
als are metastable and are prone to decompose into several stable 
phases. Beneficial properties have, in part, emerged from random solid 
solution states (such as high distortions and atomic-scale symmetry 
breaking), ordering effects and precipitation. These features allow the 
introduction of kinetics, microstructure and processing as additional 
degrees of freedom for material design. It is also understood today that 
HEAs do not need to be equimolar in their composition, provided 
that no single matrix element prevails, making the design approach 
much more versatile. It is further important to note that the design 
approach works for the bulk and for internal interfaces and surfaces. 
Interfaces can be as important as the bulk for certain materials, such 
as catalysts, hard magnets, topological materials or coatings. The two 
are chemically connected under near-equilibrium conditions because 
the partitioning and mixing states of adjacent regions depend on each 
other, as stated by the Gibbs adsorption isotherm.

These examples of ‘relaxed-constraints’ design opportunities for 
multicomponent materials thus give access to a wide range of continu-
ously variable chemical compositions and properties and bring a large 
variety of additional microstructural phenomena into play9. In the 
latter context, kinetics, non-equilibrium phase transformations, and 
many chemical ordering and decoration phenomena produce a rich 
underlying lattice defect cosmos (point defects, dislocations, stacking 
faults, interfaces, surfaces and so on), providing an additional versatile 
material design toolbox10–13. The resulting microstructures can dif-
fer profoundly from those in conventional alloys because the lattice 
defects can be chemically highly decorated, which can be used to alter 
their kinetic, thermodynamic and functional features14,15.

The latter point requires explanation: the Gibbs adsorption 
isotherm16 and its kinetic analogues, such as the McLean isotherm17, 
state that the driving force for solute decoration to lattice imperfec-
tions comes from the reduced self-energy of the defect affected. This 
seems to suggest that the total magnitude of the decoration might 
be similar for defects in massive and dilute solid solutions, or that 
the element with the highest segregation tendency (usually the ele-
ment with low solubility and sufficiently high mobility) dominates 
the decoration. However, two theoretical considerations (and quan-
titative experimental findings about intense co-decoration based 
on atom probe tomography15,18) show that the magnitude of defect 
decoration can be higher in massive solid solutions. First, the mag-
nitude of the chemical potential of the decorating elements, which 
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and hydrogen embrittlement44–46. Such synergies are rarely found in 
low-component materials (Fig. 1).

Some of these multifunctional structure–property relations 
depend directly on the underlying solid solution states, such as the 
concentration dependence of the yield strength, the maximum mag-
netic moment and the electrical conductivity, whereas others, such 
as coercivity, also depend largely on microstructure. The more solid 
solution elements are brought into a metal matrix, the more degrees of 
freedom arise for functional tuning and for stabilizing defects through 
chemical decoration. This means that access to new functional proper-
ties becomes easier with higher solid solution content and variability 
of microstructure, and the spectrum of accessible non-equilibrium 
states becomes richer.

In this Review, we critically analyse and group the observed phe-
nomena in multifunctional HEMs to identify governing principles, 
mechanisms and correlations common to such compositionally com-
plex solids, with a focus on identifying the underlying scientific princi-
ples and synergies of functional compositionally complex materials. 
We begin with materials with a lower number of functionalities to tune 
(such as electrical resistivity and conductivity, and thermal expansion) 
and then proceed to more complex multifunctional cases such as 
thermoelectrics, hard magnets and catalysts. A few important meth-
odological aspects are also discussed, such as high-throughput and 
artificial intelligence (AI)-assisted material design, and sustainability. 
The former is critical for efficiently identifying new materials when 

exploring this high-dimensional phase space. The latter is essential 
because many elements used in HEMs are forbiddingly expensive and 
are associated with high greenhouse gas emissions.

Design challenges and strategies for 
multifunctional HEMs
Discovering new multifunctional HEMs by high-throughput 
methods and AI
The multitude of states accessible to atoms in a HEM, considering all kin-
ematic and chemical degrees of freedom, spin orientations, electronic 
excitations and configurational attributes, is huge47,48. Adding to this 
the vast array of states created by the microstructural and processing 
cosmos with all its defect types, it culminates in a virtually boundless 
set of variants, as can be formally shown in terms of the corresponding 
partition functions for such materials.

Consequently, screening this vast space for new multifunctional 
materials, microstructures and processing pathways requires disruptive 
support by AI, data-driven methods and high-throughput screening49–53. 
Chemical composition, microstructure and processing can all have 
essential roles in the design of HEMs5. Therefore, classical compu-
tational high-throughput approaches based on thermodynamics or 
quantum mechanics alone are insufficient to search for new HEMs54,55, 
and phenomenological and empirical knowledge must also be consid-
ered. The identification of new equilibrium material crystal structures 
with complex chemical compositions is increasingly being addressed 
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Fig. 1 | Principles, property targets, constraints and opportunities for the 
design of multifunctional high-entropy materials. The figure sketches some 
of the main aspects of the compositional and microstructural design, governing 
principles and synthesis methods that need to be considered for balancing 

multifunctionality and sustainability of high-entropy-related mechanisms with 
respect to realizing materials with new multifunctional property profiles, at 
reasonable costs and responsible use of resources. TE, thermoelectric; TRIP, 
transformation-induced plasticity; TWIP, twinning-induced plasticity.
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by machine learning (ML) methods that use high-throughput elec-
tronic calculations and experimental structure data56. By contrast, the 
wide realm of non-equilibrium phenomena, such as those prevalent in 
microstructure and process design, is more challenging to consider 
in such a systematic ML-enhanced search51,57–61. Combinations of text 
mining via large language models in conjunction with agent methods, 
retrieval-augmented generation and graph theory might offer prom-
ising avenues for analysing cumulative knowledge from the literature 
and generating pathways towards active-learning-based (autonomous) 
material discovery51,62. This means that large language models will in 
future probably be used not as autonomous problem solvers in this field 
but rather to set up automated workflows that combine different ML 
techniques with established databases and classic simulation methods 
and operate them as autonomously as possible. This enhances them 
from stand-alone solvers into workflow automation techniques. Active 
learning is likely to remain a necessary approach for HEM research in 
the near future, because for complex scientific questions, most of the 
ground-truth content must still be labelled by a scientist.

As an example, a large language model approach was used for 
designing HEMs with up to eight principal elements63. The abstracts 
of 6.4 million papers were analysed, introducing a ‘context similarity’ 
method by leveraging text mining to identify suitable chemical ele-
ments for HEM design64. This technique addresses the limitations of 
conventional data mining methods by focusing on the mutual solubil-
ity of elements, a key factor in the design of HEMs. The work demon-
strated the effectiveness of the approach by identifying several known 
HEMs and suggesting nearly 500 promising lightweight HEMs out 

of 2.6 million possible candidate compositions, some of which were 
picked up in further works65. Another study used an active-learning 
strategy to accelerate the design of Invar HEMs66. This closed-loop 
approach integrates ML with density functional theory, thermody-
namic calculations and experiments. After processing and characteriz-
ing 17 new alloys from millions of compositions, a subset of Invar HEMs 
with extremely low thermal expansion coefficients was identified.

Overviews of the use of AI methods to identify new HEMs can be 
found in refs. 50,51,67,68. Yet, beyond the promising opportunities 
sketched in these papers, there are critical aspects to consider: current 
multipurpose large language models have been primarily trained on 
‘medium-quality’ corpora for alloy compositions and properties, using 
scientific abstracts, public webpages and open-access databases. Thus, 
they sometimes fail to deliver information of deeper scientific context, 
causality and comprehensive insight, which requires accessing the full 
content of quality-controlled publications, technical reports, digitized 
laboratory notebooks and commercial databases. Further progress in 
this field will rely on full publication and data content (for example, 
from self-archiving preprint servers and open-access publications) 
available to large language models combined with graph models, 
retrieval-augmentation and agents. Such combined approaches would 
equip models with higher-quality information and would be likely to 
enable better domain-grounded discovery of promising connections 
among chemical elements, materials, mechanisms, microstructures, 
properties and processing, which might otherwise be hard to extract. 
In addition, negative and outlier data need to be considered; otherwise, 
the AI training will be biased. In Fig. 2, we present the functional features  
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of HEMs (apart from their widely studied mechanical properties) and 
the connections between them, as identified by a natural language 
analysis (Supplementary section 1 and Supplementary Fig. 1). The analy-
sis used more than three million texts from the HEM literature, revealing 
interesting feature links, which might help to catalyse further discovery 
of multifunctional HEMs.

Achieving and optimizing a multifunctional  
property spectrum
The fundamental design challenge of HEMs lies in reconciling mul-
tifunctional properties in one material while avoiding property 
conflicts. Therefore, understanding the mechanisms underlying 
the conflicting properties is key. Here, we consider the electronic, 
magnetic and electrochemical features of the materials as well as 
additional microstructure-based effects in the design strategies to 
exploit their respective degrees of freedom without counteracting 
multifunctionality.

Important structure-dependent and composition-dependent 
material properties are thermodynamic stability, kinetics and trans-
port, spontaneous magnetization, Curie temperature, electrical 
and thermal conductivity, free energy landscapes of the phases, and 
the features of catalytic surfaces. These are mainly determined by the 
chemical compositions and the phase components as a function of 
temperature and pressure. Thermodynamic modelling and density 
functional theory, in conjunction with ML-based methods, can calcu-
late these features, as predictors for pre-screening the large composi-
tion space before doing experiments. Examples are the accelerated 
design of high-entropy Invar alloys, high-entropy metallic glasses69 
and HEMs for enhanced electrocatalytic oxygen reduction70. In addi-
tion, multifunctional properties71 can be optimized simultaneously 
by evaluating the Pareto front through a multiobjective optimization 
strategy72.

The microstructure of a material provides additional entry points 
for property shaping, for example by introducing microstructural 
features across different length scales. As an example, introducing 
well-tuned and controlled precipitates larger or smaller than the mag-
netic domain wall width in soft magnetic HEMs can improve mechanical 
strength without increasing coercivity. Non-homogeneous, structur-
ally and chemically graded HEMs consisting of regions with varying 
mechanical or physical properties could also provide property syner-
gies beyond the rule-of-mixtures35,73,74. In addition, multiple-length-
scale microstructure design can be supported by scale-bridging 
simulations. For instance, ML-enhanced interatomic potentials 
can bridge density functional theory calculations and mesoscale 
modelling75, thus providing a framework to simulate the interplay 
between all degrees of freedom.

Magnetic HEMs
Boundary conditions for HEMs with improved  
magnetic properties
Materials with spontaneous ordering of their magnetic moments 
along the same direction below the Curie temperature (Tc) are referred 
to as ferromagnetic. The physical origin of ferromagnetism is the 
quantum-mechanical exchange interaction. The magnetic moments of 
transition metals are mainly governed by the spin and orbital motion 
of unshielded electrons in the outermost subshell, particularly near the 
Fermi level. The maximum magnetic moment per unit volume when 
all magnetic moments are aligned along the direction of the external 
magnetic field is the saturation magnetization (Ms) or polarization ( Js). 

The degree to which the material can withstand an opposing exter-
nal magnetic field without being demagnetized is quantified by the 
coercivity (Hc). The upper limit of this property is the anisotropy field. 
The connection between the saturation magnetization and coercivity 
is the microstructure. The shape of the hysteresis loop and the value 
of coercivity are used to categorize soft (Hc < 1 kA m−1), semihard 
(1  kA m−1 < Hc < 10 kA m−1) and hard (Hc > 10 kA m−1) magnetic materials, 
although these are only rough material classes, and market demand 
exists today for materials with practically any type and shape of hyster-
esis. Soft and hard magnets are key components in advanced energy 
conversion, electromobility, smart grids, electrification of transport 
and industry, data storage and more. Multifunctional magnets with high 
longevity are increasingly required to operate safely and efficiently even 
when parts are exposed to harsh mechanical and corrosive conditions. 
HEMs can play a pivotal role in that respect, owing to the vast material 
space that can be explored in chemical composition, continuous mix-
ing of magnetically coupling elements and microstructure design to 
obtain a wide variety of properties22,47,48,76 (Fig. 3a). Moreover, the lat-
tice defects that make up the microstructure and extend over several 
length scales (Fig. 3b) can interact efficiently with the characteristic 
micromagnetic length scales.

Soft magnetic properties based on the HEM concept
Interesting design opportunities for magnetic HEMs come from the 
large (and hence tunable) solid solution ranges of transition metal mix-
tures with strong magnetic moments such as Fe, Co, Ni, Mn and Cr, with 
the former three being ferromagnetic and the latter two being paramag-
netic and antiferromagnetic at room temperature, respectively. The 
advantage of such solutes, particularly with respect to soft magnetic 
features, is the moderate interaction between solutes and domain 
wall motion, which results in low coercivity and low hysteresis losses 
under alternating magnetic fields and enables tuning of the material’s 
electrical resistivity, an important feature for transformers and motors, 
where eddy current losses should be minimized. The attractiveness of 
this alloy system lies in its good mechanical and corrosion properties, 
showing that multifunctional magnetic HEMs are possible.

Some studies77,78 have summarized the key magnetic properties of 
HEMs in terms of Ms and Hc covering a wide composition space. Most 
of these magnetic HEMs contain a major fraction of ferromagnetic 
elements to provide ferromagnetism based on the ternary system 
Fe–Co–Ni. We compare the Ms against Hc of HEMs and of commercial 
magnetic materials in Fig. 4. The Ms values of HEMs with face-centred 
cubic (fcc) crystal structures are comparable to those of conventional 
Fe–Ni alloys (~100–150 A m2 kg−1). The addition of auxiliary elements 
for achieving multiproperty requirements usually leads to a decrease 
in the density of the magnetic moments and hence in Ms. The effect 
of different alloying elements on the magnetic properties has been 
screened, including for C (ref. 79), Al (refs. 80,81), Si (refs. 82,83), Mg 
(ref. 83), Cr (ref. 84), Cu (ref. 85), Mn (ref. 86), Co (ref. 86), V (ref. 87), 
Ti (ref. 88), Ag (ref. 89), Pt (ref. 89), Mo (ref. 89), Sn (refs. 90,91), Ge 
(refs. 88,90), Ga (ref. 91) and Ce (ref. 79).

As Ms depends on the chemical composition, crystal structure 
and electronic properties, enhancing Ms while using a less complex and 
expensive chemical composition is an essential yet challenging design 
task. A further promising aspect of exploiting compositional com-
plexity lies in stabilizing ferromagnetic ordering and electron-spin 
coupling at the Fermi level through alloying. As an example, the 
room-temperature Ms of equiatomic FeNiCoMn increased by 77% and 
177% on adding 10 at% and 20 at% of non-magnetic Cu, respectively25. 
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The increase in Ms is associated with forming a ferromagnetic Fe–Co rich 
phase stabilized by Cu. In addition, alloying enables phase engineering 
by forming stronger ferromagnetic components in higher-volume 
fractions. Introducing a strong ferromagnetic body-centred cubic 
(bcc) phase by adding Al into fcc CoFeMnNi enhanced the Ms from 
18  A m2 kg−1 to 148  A m2 kg−1 (ref. 91). The mechanisms behind these 
counterintuitive strategies lie in the change in chemical composi-
tion, electronic structure at the Fermi level, unit-cell volume paired 
with elastic stresses, and the related magnetic ordering, suggesting 

that non-ferromagnetic elements can also contribute to tuning the 
magnetic properties of HEMs.

Most reported HEMs show relatively high Hc (~0.1–10 kA m−1, 
Fig. 4). Based on the grain-size dependence of the coercivity (which 
is proportional to the sixth power of the grain size)92, low Hc values 
can be obtained by realizing a nanocrystalline structure (<50 nm). By 
contrast, larger grain sizes have the advantage of allowing domain wall 
motion with lower energy losses and having higher permeability and 
better thermal stability than small grains.
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A caveat to realizing these features in HEMs lies in the relatively 
high internal stress levels of such alloys, arising for example through a 
low stacking-fault energy and the resulting complex microstructures, 
which can increase coercivity. Nanocrystalline Co–Cu–Fe–Ni–Zn with 
grain sizes of ~5–20 nm was shown to have a high Hc of 1.6 kA m−1 (ref. 93). 
The formation of an additional incoherent microscale phase through 
co-alloying of Al and Si in Fe–Co–Ni–(Al–Si)x (grain size ~200 μm) 
from x = 0 (fcc) to x = 0.3 (fcc + bcc) led to a significant increase in 
Hc from 1.0 kA m−1 to 19.3 kA m−1 (ref. 94).

So far, few soft magnetic HEMs have surpassed the properties of 
commercial materials in terms of magnetic performance and cost37,39. 
However, the limitation of conventional soft magnetic materials is 
that they cover a relatively narrow feature portfolio. New alloy variants 
must be tuned for multifunctional property profiles to meet demand-
ing engineering needs arising from harsh service conditions, such 
as mechanical loads and corrosion. These include high and dynamic 
mechanical stresses, high or cryogenic temperatures, wear, corrosion 
and hydrogen exposure. This poses new fundamental design challenges 
because most mechanical strengthening and corrosion protection 
methods introduce lattice defects, phases and internal stress fields 
that can pin the motion of magnetic domain walls, thus increasing 
coercivity and the associated hysteresis losses.

A few attempts have been made to address such challenges and 
to develop HEM-based soft magnetic materials that reconcile mul-
tiple properties31,33,36,95. Certain types of second-phase precipitates 
can enhance mechanical strength without sacrificing coercivity. For 
example, introducing coherent nanoprecipitates into fcc Fe–Co–
Ni–Ta–Al increased the yield strength from ~500 MPa (no precipitates) 
to ~1,200 MPa (average nanoparticle size ~5–13 nm) while maintaining 
ductility (tensile elongation >15%)38. The pinning of the domain wall 
motion by nanoprecipitates (size below Bloch wall thickness) was 
found to be much smaller than that resulting from high-angle and 
twin boundaries, yet the coercivity slightly increased from 0.6 kA m−1 

to 0.8 kA m−1. This is because the type, composition, volume fraction 
and shape of the precipitate leave room for optimization.

Further investigations addressed the compositional and micro-
structural evolution of nanoprecipitates in Fe32Ni28Co28Ta5Al7 (ref. 37) 
to understand their effect on mechanical and magnetic properties 
(Fig. 5a). Two effects were observed. First, the internal stress level 
gradually decreases through the coarsening of the nanoprecipitates 
during isothermal heat treatment. This is driven by the reduction in 
the specific surface area, elastic lattice misfit and associated coherency 
stresses. While the coherency misfit between matrix and nanoprecipi-
tates slightly increases for each particle, the total elastic distortion and 
interface area become smaller because of competitive coarsening. 
Second, further coarsening of the nanoprecipitates increases the mag-
netostatic energy, and strong pinning arises when the nanoprecipitate 
size approaches the domain wall width. These features were balanced by 
a well-tuned nanoprecipitate size of ~90–100 nm, enabling an extremely 
low coercivity of 78 A m−1 and a high tensile strength of 1,336 MPa at 54% 
tensile elongation with good saturation magnetization of 100 A m2 kg−1 
and high electrical resistivity of 103 μΩ cm. These properties are 
compared with those of commercial soft magnets in Fig. 5b.

A similar nanoparticle approach was used in HEMs containing 
non-ferromagnetic TiC nanocarbides uniformly dispersed in a fer-
romagnetic Fe–Ni–Co matrix produced by powder metallurgy35. The 
nanocarbides suppressed the grain growth in the matrix, resulting 
in a fine grain size (tens of nanometres to ~300 nm). The material 
achieved a good combination of mechanical (yield strength ~1,125 MPa 
at 10% ductility) and magnetic properties (Ms ≈ 107.2 A m2 kg−1, 
Hc ≈ 263.1 A m−1).

These examples show that structural defects with optimal size, 
dispersion, morphology and composition can maximize the interac-
tion strength with dislocations (providing strength and ductility) and 
minimize magnetic pinning of domain walls (thus maintaining soft 
magnetism). These considerations translate into two general design 
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criteria. First, the chemical composition and crystal structure deter-
mine the maximum magnetization and, to some extent, the minimum 
coercivity that shapes the envelope of the hysteresis curve of soft 
magnetic HEMs. Second, microstructural features needed to improve 
mechanical properties should avoid strong interactions with magnetic 
domain walls to keep coercivity low yet allow tuning of additional 
properties. HEM-based nanostructuring is thus an approach that is 
well suited to decoupling mechanical and magnetic length scales and 
mechanisms (Fig. 3b) for realizing mechanically strong multifunctional 
soft magnets.

Hard magnetic properties based on the HEM concept
The increasing supply risks for rare-earth (RE) elements require 
designing high-performance RE-free hard magnets or applying HEM 
design principles to RE-based hard magnets.

Compared with the extensive work conducted on soft magnetic 
HEMs, only a few studies were dedicated to compositionally complex 
and multifunctional hard magnets. This is due to a fundamental design 
challenge: most widely studied HEMs have high crystal symmetry, a 
feature well suited to soft magnets but not to hard magnets, as a strong 
magnetocrystalline anisotropy (Ha) requires non-cubic structure 

elements to obtain a high coercive force Hc. The strongest hard mag-
nets are based on RE-transition metal intermetallics, using RE elements 
such as Nd, Sm, Dy and Tb, and 3d transition metals such as Fe and Co. 
The single-electron spin–orbit coupling constant ζ is proportional 
to Z4, where Z is the atomic number. The RE elements provide strong 
spin–orbit coupling to achieve a high Ha and hence a large magnetic 
hysteresis. The 3d metals provide high spontaneous magnetization 
and a high Curie temperature. Cobalt and the RE metals are classified 
as resource-critical. RE-based hard magnets such as Nd–Fe–B (with a 
high magnetocrystalline anisotropy energy (MAE) of 5.0 MJ m−3 and 
Ms = 720 kA m−1) and Sm–Co (MAE = 17.0 MJ m−3, Ms = 910 kA m−1) are 
the benchmark systems, opening up a sizable cost and performance 
disparity to other classes of commercial hard magnets such as Al–Ni–
Co (MAE = 0.04 MJ m−3, Ms = 50 kA m−1) and ferrites (MAE = 0.03 MJ m−3, 
Ms = 125 kA m−1)96. The MAE originates from the spin–orbit coupling 
and sets an upper limit for the microstructure-dependent coercivity 
of hard magnets. A HEM-based hard magnet filling this gap, ideally 
paired with other multifunctional material prerequisites, in particular 
resistance to harsh operating conditions, would be a challenging but 
truly disruptive invention. For instance, hard magnetic HEMs with good 
mechanical performance (particularly improved fracture toughness) 
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would be compatible with manufacturing methods that cannot be 
used for conventional RE hard magnets because of their brittleness.

Rare-earth-free hard magnetic HEMs. When moving towards RE-free 
magnets, that is, truly novel substitutional (or gap) magnet types, we 
face the fundamental challenge of inducing a sufficiently high magnetic 
anisotropy. In a recent review97, four ways of enhancing the magne-
tocrystalline anisotropy in 3d magnets were specified. First, fine-tuning 
the number of electrons through alloying can enhance the MAE or 
strengthen the easy-axis anisotropy in Fe–Co alloys, for example by 
introducing tetragonal distortion. Second, a volume expansion of the 
unit cell increases Tc and enhances the spontaneous magnetization, 
increasing the orbital moment. Third, combining 3d elements with 
heavier 5d transition elements (4f not considered here owing to the 
criticality from a material point of view and non-direct hybridization 
between RE-4f and TM-3d shells) can help to overcome the issue of small 
spin–orbit coupling and anisotropy of 3d compounds. However, many 
5d elements are equally resource-critical and expensive. The fourth 
strategy is the exploration of the vast space of quaternary and quinary 
materials: possible metastable and/or even unknown phases might 
be found by high-throughput and ML-guided exploration methods.

Combining non-cubicity with the HEM concept, one could explore 
stabilizing tetragonality in Fe–Co–Ni–… –X compounds, where X could 
be H, C, B or N as interstitials. The effects of these interstitials on the 
MAE and orbital magnetization can be understood in terms of the local 
chemical bonding between them and the surrounding magnetic substi-
tutional atoms. H, B, C and N interstitials can break the cubic symmetry, 
inducing a global tetragonal distortion, thus yielding an interstitially 
induced magnetic anisotropy. This was initially demonstrated for cubic 
full Heusler compounds based on a detailed analysis of the Bain path 
and on the atom-resolved MAE, which showed corresponding changes 
in the local crystalline environment98. This strategy could provide an 
efficient way to design hard magnets.

An advance in the development of RE-free (semi-)hard mag-
netic HEMs was the discovery of Fe2CoNiAlCu0.4Ti0.4 (ref. 99). Com-
pared with the commercial alloy Alnico 2 under isotropic conditions 
(Hc ≈ 46.3 kA m−1, (BH)max ≈ 1.70 MG Oe), this HEM has a higher Hc of 
86.0 kA m−1 and a (BH)max of 2.06 MG Oe. Subsequent work further 
improved Hc to 101.4 kA m−1 via altering the chemical shape anisotropy 
of nanoprecipitates by magnetic annealing100.

Another avenue of research pertains to the FeCoNiAl system with 
tunable magnetic and mechanical properties. Half-replacing Co by Cr in 
CoxCr1−xFeNiAl (ref. 101) increases Hc from 1.1 kA m−1 to 7.6 kA m−1, yet Ms 
decreases from 100 A m2 kg−1 to 46 A m2 kg−1. Introducing eutectoid-like 
nanolamellar nanoprecipitates in CoFeNiAl0.3 (ref. 102) via isothermal 
heat treatment increases the Hc, Ms and Vickers hardness (Hv) simulta-
neously from 0.2 to 12.8 kA m−1, 127 to 139 A m2 kg−1 and 195 to 513Hv, 
respectively. In-depth characterization by electron microscopy reveals 
that the multilength-scale phase boundary exerts strong pinning on 
domain wall motion103, which is responsible for the significant increase 
in coercivity.

Finally, most research on magnetic HEMs is based on tailoring 
composition and thermomechanical processing to achieve the best 
performance. The future development of multifunctional magnetic 
HEMs should be combined with advanced computational tools 
(such as ML104,105) and experimental tools (such as in situ observa-
tions of material response triggered by a magnetic or temperature 
stimulus). The former can help to improve the efficiency and speed 
of alloy design and maturation through data-driven correlation 

studies and/or causal mechanism understanding, and the latter can 
help to uncover fundamental structure–property relationships down 
to the single-defect level. In addition, scientific questions regarding  
the interaction between microstructure and magnetic features need 
to be answered: for example, the magnetism at the ground state calcu-
lated by computational methods is limited to small system sizes and 
several magnetic configurations. Another challenge is characterizing 
the local interactions between magnetic and microstructural features, 
especially at the atomic scale.

Rare-earth-containing hard magnetic HEMs. A starting point for 
RE-containing hard magnetic HEMs is the ‘RE-lean’ intermetallic com-
pounds, such as ThMn12-type hard magnets. They are promising because 
of their magnetic properties, which surpass the benchmark material 
Nd–Fe–B, but face issues in terms of phase stabilization. NdFe12Nx struc-
tures can form in thin films, but their bulk counterparts remain elusive. 
Substituting Fe with non-magnetic elements, although it lowers their 
magnetic properties, helps to stabilize the ThMn12-type phase106. Inter-
stitial nitrogen is required in bulk Nd(Fe,X)12 to induce magnetocrystal-
line anisotropy. However, processing techniques such as sintering or 
hot compaction cannot be used, as nitrides in these systems become 
unstable at elevated temperatures. A related system, Sm(Fe,X)12, shows 
magnetocrystalline anisotropy without nitrogenation, thus probably 
qualifying as a more versatile processing alternative107,108. Multiple 
alloying elements can yield stable Nd-based and Sm-based 1:12-type 
phases with a tailored microstructure that hinders the onset of critical 
magnetization reversal processes109. Here, an opportunity arises to 
explore HEM design to master both the multielement and the multi-
functional complexity that affect phase stability, magnetic moments 
and microstructure-dependent coercivity effects110.

The benefits of applying the HEM concept on the RE site in 
a RE-based hard magnetic intermetallic compound remain to be 
explored. Using a natural RE element distribution from a monazite 
or bastnäzite ore, the ‘RE ore basket’, might be a promising approach. 
Similarly, the use of a RE mischmetal composition (55% Ce, 25% La, 
~15–18% Nd) might offer a worthwhile avenue for the synthesis of hard 
magnetic HEMs.

Magnetocaloric HEMs
The magnetocaloric effect (MCE) is the reversible change in the thermo-
dynamic variables of a material — temperature (T) and entropy (S) — as 
a result of the application and removal of an external magnetic field. 
If this magnetization or demagnetization is performed adiabatically, 
heating or cooling of the material can be obtained111–113. The total S 
remains constant for this step, and the MCE manifests itself in an adi-
abatic temperature change, ΔTad. Alternatively, by keeping T constant 
during magnetization or demagnetization (isothermal conditions), a 
transfer of thermal energy between the sample and the environment is 
achieved. The amount of heat transferred is Q = T ∙ ΔSm, with ΔSm being 
the isothermal magnetic entropy change. The MCE is at its maximum 
near the phase transition temperature, where ideally the transition is 
sharp yet non-hysteretic, that is, it is on the verge of a first-order and 
second-order transition. Ideally, the magnetization is initially high 
and drops at the transition temperature.

The development of an energy-efficient and sustainable magnetic 
refrigerator is linked to the availability of a magnetocaloric mate-
rial combining a large reversible MCE in a magnetic field of around 
1 T, non-criticality and non-toxicity, as well as excellent secondary 
properties such as high corrosion resistance, mechanical stability 
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and machinability. About 90% of prototypical magnetic refrigerators 
use elemental heavy RE Gd or Gd-based compounds, which are highly 
critical and expensive. The MCE in Gd is based on a second-order 
phase transition, giving rise to small reversible isothermal entropy 
changes, which limit the transferable heat. La(Fe,Si)13-based alloys 
are used as magnetocaloric heat exchanger materials, enhancing 
the transferable heat due to the underlying isostructural first-order 
phase transition. However, first-order materials are inherently prone 
to functional fatigue and often suffer from poor machinability, which 
is also true for the Fe2P-type family of magnetocaloric materials114,115. 
Again, we encounter partially contradictory requirements that mag-
netocaloric HEMs could potentially help to resolve: some recent 
work in this context has focused on equiatomic compositions using 
RE elements116–119, while other work considered mixtures of transi-
tion metal elements120–124. However, all the reported magnetocaloric 
HEMs125 tend to show a gradual change in the magnetization as a func-
tion of temperature, that is, essentially a second-order phase tran-
sition. Tuning magnetocaloric HEMs towards a first-order phase 
transition is a fundamental challenge126. We consider it especially inter-
esting to explore and extend the families of all-d-Heusler-type127–129, 
MM′X-type124,130,131, and Fe2P-type compounds towards the HEM design 
concept, as these systems are in principle already multielement 
materials. An understanding of the physical mechanisms leading to 
an enhanced MCE, which includes both adiabatic temperature and 
entropy changes, as well as of the mechanical properties, needs to be 
developed from crystal, electronic structures, microstructure and 
configurational entropy considerations. Another attribute in this 
multifunctionality quest is corrosion resistance, because magne-
tocaloric heat exchange materials are exposed to millions of cycles 
over their lifetime, during which they are in constant contact with 
heat exchange fluid, typically water. Here, the HEM design concept 
could reconcile these multifaceted constraints. As the parameter 
space for the different synthesis routes (which include conventional 
melting, non-equilibrium and additive manufacturing) and deposition 
techniques, post-heat treatments and multielement space are hard to 
conceptualize, theory and ML guidance will be needed.

Thermal HEMs
Entropy engineering of thermoelectric HEMs
Thermoelectric materials convert thermal gradients (for example, 
from waste heat sources) into electricity through the Seebeck effect. 
Their conversion efficiency is determined by the figure of merit 
(ZT ): ZT = S2σT/κ, where S is the Seebeck coefficient, σ is the electri-
cal conductivity, T is the absolute temperature, and κ is the thermal 
conductivity132. This imposes specific design constraints on two main 
intrinsic material features when trying to enhance efficiency. First, 
strengthening of phonon scattering lowers the thermal conductiv-
ity and thus reduces heat equilibration to keep up the temperature 
gradient. Second, the mobility and density of the charge carriers 
should be high to enhance the electrical conductivity and the gain 
from electrical energy harvesting. Reconciling these correlated and, 
to some extent, mutually exclusive properties is a longstanding chal-
lenge owing to electron–phonon interactions133. In addition, when 
exposed to harsh environments, thermoelectric materials require 
multifunctional performance134 such as high damage tolerance135–137, 
oxidation resistance138,139, good mechanical properties140, low cost141,142 
and high cyclable temperature stability143.

The HEM concept can be used to tune thermoelectric materials for 
higher conversion efficiency and safer operation144–154. This includes 

entropy engineering and composition modification. Supplementary 
Table 1 compares the maximum ZT values of thermoelectric HEMs and 
of conventional thermoelectrics. A few thermoelectric HEMs surpass 
the properties of commercial thermoelectric materials. This shows 
that entropy manipulation and composition design is a promising 
material design pathway to better thermoelectric properties, and also 
to additional multifunctional benefits.

For example, increasing the configurational entropy can stabilize 
solid solution ranges beyond the solubility limits of thermoelectric 
materials explored so far. This could be used to create higher lattice 
distortion, thus enhancing phonon scattering to lower the thermal 
conductivity. Alternatively, increasing the S and Te contents in a 
Pb–Sb–Se–Te–S thermoelectric HEM triggers a multiphase state due 
to enthalpy-driven phase separation. This multiphase structure trans-
forms back to a single-phase state when another element, SN, is added, 
beyond the equilibrium solubility limit155. This effect was attributed  
to the faster increase in entropy over enthalpy when adding Sn, leading to  
entropy-driven structural phase stabilization. The severely distorted 
lattice in Pb0.89Sb0.012Sn0.1Se0.5Te0.25S0.25 (lattice strain ~0.45%) compared 
with that of the reference material (Pb0.99Sb0.012Se, lattice strain ~0.16%) 
strongly affects thermal transport, producing a high maximum ZT value 
of 1.8 at 900 K. Although the high configurational entropy and slug-
gish diffusion in HEMs can help to stabilize materials against property 
degradation at high temperatures156, the possible influence of thermal 
cycling on thermal decomposition and the associated changes in ther-
moelectric performance of the reported Pb0.89Sb0.012Sn0.1Se0.5Te0.25S0.25 
materials during service require further study.

The Seebeck coefficient of thermoelectric HEMs can be enhanced 
by exploiting compositional complexity and high configurational 
entropy. The former helps to tune electronic band features close to 
the Fermi level (such as band degeneracy or band convergence)157 
at optimal carrier concentration. The latter can help to produce 
higher-symmetry crystal structures with a larger electronic density 
of states and effective mass158, especially for material systems with low 
initial crystal symmetry159.

A downside of deploying the HEM concept for thermoelectrics is 
the decrease in electrical conductivity due to the Anderson localization 
of electrons in highly disordered systems160. This is considered a general 
trade-off between thermal and electrical conductivity, as expressed 
by the Wiedemann–Franz law. The reduced carrier concentration 
should be compensated by other means to enable high conversion 
efficiency. Recent work has shown the enhancement of thermal conduc-
tivity without sacrificing electrical properties by entropy engineering, 
achieving a maximum ZT value of 2.7 at 750 K in a GeTe-based HEM147. 
This was explained by the suppression of transverse phonons by local-
ized phonons due to entropy-induced disorder. At the same time, the 
increased crystal symmetry delocalizes the distribution of electrons 
and enhances the electrical properties.

HEMs with low thermal expansion
Another research direction of HEMs is dedicated to low-thermal-
expansion (Invar) materials. Thermal expansion is described by the vol-
ume change upon temperature change at constant pressure. The linear 
thermal expansion coefficient (TEC, α) is calculated by161 α L L T= Δ / Δ0 , 
where L0, LΔ  and TΔ  are the initial length, change in length, and tem-
perature difference, respectively. Low thermal expansion is required 
in precision instruments and for liquefied gas storage and transport162. 
The Invar alloy Fe65Ni35 (at%), which has a TEC value of ~1.6 × 10−6 K−1 
around room temperature, has been the reference for over 100 years. 
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The low TEC of Invar alloys is mainly attributed to spontaneous mag-
netostriction during the high-spin to low-spin transition. The positive 
thermal expansion of the lattice is assumed to be counterbalanced by 
the contraction induced by the magnetic transition, thus leading to a 
very low TEC in a certain temperature range.

However, conventional Invar alloys, such as Fe65Ni35 and Fe63Ni32Co5, 
are not generally ideal materials when additional constraints such as 
strength, ductility, mass density, corrosion resistance and/or cost come 
into play. Accordingly, new Invar alloys are needed for emerging appli-
cations, in particular the cryogenic storage and transport of chemical 
energy carriers such as liquid hydrogen, ammonia or natural gas, which 
are often coupled with harsh corrosive and mechanical conditions.

Several approaches were proposed to design novel Invar-type 
HEMs. An active-learning strategy combining density functional the-
ory, thermodynamic calculations and experiments enabled the design 
of two Invar-type HEMs66, Fe41.8Ni9.4Co40.9Cr8 and Fe54.1Ni22.8Co17.2Cr5.9,  
with extremely low TEC around 2 × 10−6 K−1 at 300 K. In addition, the key 
strategies for designing conventional Invar alloys based on the empiri-
cal Masumoto rule, which considers Ms and Tc, are applicable to HEMs 
containing 3d elements163–165. This is because the elementary magnetic 
properties are mainly determined by the electronic structure, parti
cularly near the Fermi level where the s and d states are hybridized166,167. 
Accordingly, Invar-type 3d transition HEMs can be designed by 
adjusting the valence-electron concentration168.

Along similar lines, an equiatomic fcc CrMnFeCoNi alloy with a 
valence-electron concentration of eight electrons per atom, which is, 
in principle, equivalent to fcc Fe, was shown to have similar thermal 
expansion properties to the anti-Invar material fcc Fe, with the dif-
ference that the HEM is entropy-stabilized throughout its solid-state 
temperature range165.

The thermal expansion response of Fe30Co30Ni30Cr10−xMnx HEMs 
(x: 0, 5 and 10 at%) between 400 K and 1,200 K was found to be compa-
rable to that of the Cantor reference alloy169, while a decrease in Cr and 
Mn content significantly lowered the TEC by up to 45.2%.

A downside of some of these Invar alloys with potential multifunc-
tional property profiles (and of some other multifunctional HEMs) is the 
high alloying costs (see Supplementary Table 2). For example, using Co 
instead of Ni in an alloy increases its costs by about 20% per mass frac-
tion replaced and its carbon footprint by up to 60%. Such an increase in 
price and environmental impact can only be justified by a correspond-
ing improvement in functionality. A more systematic discussion of this 
trade-off is provided in the ‘Future perspectives’ section.

Electrical HEMs
Resistive materials with small temperature coefficients of resistance 
(TCR) and, at the same time, high values of the electrical resistivity 
are important components in resistive heating and precision elec-
tronic applications such as resistors, strain gauges and thermocouples. 
Achieving high and constant resistivity in a specified temperature 
range is challenging due to temperature-dependent electron–phonon 
scattering. In addition, resistive electrical materials in mobile systems 
exposed to temperature and loading variations require multifunctional 
properties, including high mechanical strength, ductility, and good 
resistance to oxidation, fatigue and corrosion. Conventional low-cost 
Fe–Cr–Al alloys show a good combination of high resistivity and low 
TCR values. Yet the high Peierls barriers for dislocation motion in the 
bcc lattice tend to make them brittle. Most approaches to address this 
fundamental challenge — that is, increasing strength and ductility 
without changing or decreasing resistivity — use oversaturated solid 

solutions. However, when the oversaturation becomes too high, brittle 
phases can form, and these may harm ductility and abruptly change 
the electrical resistivity.

HEMs are promising as multifunctional resistive materials for 
several reasons36,170–172. First, the chemical and associated microstruc-
tural complexity (grain boundaries, nanoprecipitates, ordering effects 
and so on) induced by the multiple principal elements can induce 
high lattice distortion, increasing the inelastic scattering of conduc-
tion electrons. For instance, a FeCrAlTiSi HEM was developed with 
a high electrical resistivity of 183 μΩ cm, a high compressive yield 
strength of about 1 GPa, and a uniform compressive strain of 17% 
at room temperature173. This was achieved by introducing ordered 
coherent L21 multicomponent nanoprecipitates, which enhance flow 
stress and strain hardening. The coherent interfaces between the L21 
nanoprecipitates and the bcc matrix were claimed to contribute to 
the high electrical resistivity, although incoherent interfaces usually 
have higher scattering cross-sections. Second, the complex electronic 
structure and high electronic scattering coefficients enable effective 
electron–phonon and inelastic electron scattering, thus leading to low 
TCR values76,170,174–176. Conduction electrons interact with phonons at 
higher temperatures (300–1,000 K) and undergo inelastic scattering 
at intermediate temperatures (100–300 K), whereas Kondo scattering 
can occur at low temperatures (0–50 K). For instance, an Al2.08CoCrFeNi 
HEM was designed with a near-constant resistivity of 117.24 μΩ cm 
at 4.2 K and 119.90 μΩ cm at 300 K in an ordered B2-bcc structure177. 
Third, the complex compositional and structural configuration of 
HEMs can equip materials with a range of strengthening and tough-
ening mechanisms aside from improving their electrical properties. 
However, formability measures obtained from compression tests alone 
are insufficient to qualify such materials for mechanically demanding 
load scenarios, so tensile ductility also needs to be tested.

Recent attempts were also undertaken to study whether HEMs 
might qualify as superconductors (Supplementary Fig. 2). The clas-
sical Bardeen–Cooper–Schrieffer (BCS) theory of superconductivity 
for metals requires Cooper pairs178, which carry the superconducting 
current as they move without electrical resistance. Cooper pairs can 
form in an undistorted lattice when phonon and lattice scattering are 
very small. Seeking superconductivity in metallic HEMs, characterized 
by highly disordered lattices, thus appears to be a counterintuitive 
approach179–181. Although superconductors might potentially profit 
from a multifunctional alloy design approach to reconcile supercon-
ductivity with good forming properties as well as fatigue and corrosion 
resistance, the lattice symmetry required by the BCS theory seems to 
be too highly disrupted by the compositional disorder of HEMs. There-
fore, promising superconducting HEM candidates have not yet been 
identified. However, recent findings suggest that certain HEMs show 
unconventional superconductivity182. These differ from conventional 
BCS superconductors and seem to have pairing mechanisms that 
do not rely solely on phonon interactions and undistorted lattices. 
Unconventional superconductivity is assumed to emerge from other 
mechanisms, such as electronic correlations, magnetic fluctuations 
or exotic pairing symmetries, which can also exist in disordered or 
complex alloy systems. The disorder in HEMs could thus potentially 
even support the emergence of new superconducting states through 
mechanisms that do not rely on a perfectly undistorted lattice.

Radiation-resistive HEMs
Materials exposed to radiation need to have a multifunctional prop-
erty profile to withstand stringent radiation conditions (up to 200 
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displacements per atom), temperature (up to 1,000 °C), stress and 
corrosion. This is because non-equilibrium point defects, mainly vacan-
cies, self-interstitials and transmuted atoms, can form under extreme 
conditions and annihilate at other defects (particularly grain bounda-
ries). The resulting radiation-enhanced diffusion and/or formation 
of higher-order defects, such as nanoporosity and dislocation loops, 
often cause material failure due to the change of mechanical, physical 
and chemical properties.

The irradiation performance of HEMs can be enhanced compared 
with their dilute radiation-resistant counterparts owing to the massive 
solid solution, entropy-driven phase stability and sluggish diffusion 
coefficients183–187. More specifically, different types of complex chemi-
cal decorated defects (point defects, dislocations and grain bounda-
ries) with high number density and good structural stability can induce 
a complex correlation and high binding factors between vacancies and 
lattice atoms184–186,188. With this, they can serve as effective sinks that 
impede the formation, migration and accumulation of point defects 
(such as vacancies and self-interstitials) and the subsequent coales-
cence of these features into larger pores and dislocation loops and 
further into more complex radiation-induced defects, thus reducing 
damage accumulation and catastrophic defect formation189,190. Some 
of these effects were revealed in thin-film samples of a four-element 
single-phase bcc refractory HEM (Cr15Ta36V11W38)183. Radiation exposure 
at doses of up to eight displacements per atom produced no signs of 
radiation-induced dislocation loops but instead induced the forma-
tion of second-phase precipitates. This HEM showed good radiation 
resistance including negligible irradiation hardening, as well as good 
microstructural and thermal stability.

Another plausible mechanism for the good irradiation perfor-
mance of HEMs is the local self-healing capability. Molecular dynam-
ics simulations showed that in a NiCoCrFe HEM, enhanced thermal 
spikes and low thermal conductivity lowered the heat dissipation rates, 
increasing the local recombination efficiency190.

The radiation-tolerant HEMs concept was recently also applied 
to radiation-resistant ceramics, specifically (CrNbTaTiW)C (ref. 191). 
In this study, no displacement damage or amorphization occurred in 
the material exposed to doses of up to 10 displacements per atom. The  
implantation of Xe showed the expected formation of bubbles, yet 
these were smaller than in conventional materials exposed to such 
conditions. However, the radiation was much lower than that required 
for realistic uses (>200 displacements per atom) so that further studies 
are required.

HEMs for shape memory actuation and 
multicaloric cooling
Compositional complexity can be used to design and optimize multi-
functional properties in materials with reversible phase transforma-
tions, such as shape memory alloys (SMA) and ferromagnetic SMA. 
These materials are usually tuned for large switchable and reversible 
strain values. They can also be designed for uses in (multi)caloric 
solid-state cooling, such as elastocaloric and magnetocaloric cooling192. 
The multifunctionality of these materials lies in the possibility to couple 
thermal, mechanical, electric and magnetic properties, for example 
using magnetic fields to induce large strains for fast actuation, using 
resistivity as a transformation-sensor and mechanical stress, and/or 
magnetic or electric fields for solid-state cooling.

Controlling the hysteresis curves of these materials and making 
the irreversible transformation effects small is essential for optimizing 
their properties. One example is the minimization of the reversible 

phase transformation hysteresis and, with that, functional fatigue. For 
example, in the quaternary SMA system Ti–Ni–Cu–Pd, theory-guided 
design combined with high-throughput experimentation led to opti-
mized compositions around Ti50.2Ni34.4Cu12.3Pd3.1 with close-to-zero ther-
mal hysteresis193. Compositionally complex alloys were also designed 
to achieve extreme values of superelasticity, namely, up to 15% in single 
crystals of Ni35Co20Fe18Ga27 (ref. 194) and 13% in textured polycrystalline 
Fe40.95Ni28Co17Al11.5Ta2.5B0.05 (ref. 195). Furthermore, Fe43.5Mn34Al15Ni7.5 
showed a low-temperature dependence on superelasticity196. It should 
be noted though that these optimized HEM alloys were quite far from 
their respective equiatomic compositions.

An extension of the classic SMA concept towards equimolar 
high-entropy SMAs (HESMAs) was proposed by Georgiy Firstov197,198 
for TiZrHfCoNiCu (refs. 135,136). Expected advantages of HESMAs 
compared with binary or ternary systems are increased phase trans-
formation temperatures (high-temperature SMAs) and solid solu-
tion hardening, needed, for instance, to improve transformation 
reversibility, especially at high transformation temperatures.

Another group of SMAs are intermetallic compounds with B2 
structure, such as the Ni–Ti-based alloys, or Heusler structured materi-
als for the case of ferromagnetic SMAs (such as Ni2MnGa). As mixing 
entropy in ordered intermetallics is lower than in solid solutions, their 
design principles are different. For Ni–Ti, compositional extensions 
towards HESMAs are related to substitutions on the lattice positions 
of Ni (such as Cu, Pd, Pt) and Ti (such as Zr, Hf). The ratio of Ni to Ti 
equivalents (base element plus all substituents) should, however, 
remain close to 1:1, to maintain the ordered intermetallic B2 phase state 
of the materials and avoid additional formation of other intermetallic 
precipitates199, such that the compositional flexibility for the design 
of Ni–Ti-based HESMAs remains limited.

For alloys with reversible phase transformations, corresponding 
HEM design targets lie in optimizing the compositions within the limits 
of stabilizing the governing transformation phase while achieving the 
largest possible transformation strains at maintained material integrity 
and reduced fatigue. Pursuing these targets can be supported by ML 
to establish correlations between composition, transformation strain 
and transformation temperatures200,201.

Catalytic HEMs
The polyelemental nature of HEMs provides a platform to design cata-
lytically active materials or surfaces. Key reactions in electrolysers 
and fuel cells, such as the hydrogen evolution reaction, the oxygen 
evolution reaction and the oxygen reduction reaction, require multi-
functional electrocatalysts, which need to be both active and stable and 
should (in future) preferably consist of sustainable elements and their 
oxides. HEM electrocatalysts could reconcile these conflicting require-
ments in one material, providing functionalities by their different 
constituents and tunability of properties by their specific composition. 
Furthermore, the unique chemically complex features and properties 
of HEM surfaces make them suitable for designing electrocatalysts 
for further important reactions such as the CO2 reduction reaction 
and N2 conversion, and also for more complex multistep and cascade 
reactions202,203. Although the unique and promising properties of HEM 
electrocatalysts were discovered only recently204–206, many publications 
prove that HEMs are interesting new catalysts for many reactions42,207. 
The design of HEM surfaces is also a promising route for developing 
multifunctional materials for other electrochemical applications207–212.

Surface regions of HEMs that form out of compositionally 
complex solid solutions offer unique access to a large and diverse 
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number of polyelemental surface atom arrangements (SAAs). SAAs 
are defined as the arrangement of surface and subsurface atoms 
(first four atomic layers) within a simple crystal structure (typically 
fcc) and the chemical identity of these atoms with regards to binding 
species and binding sites (on-top, bridge, hollow site). SAAs in HEMs 
are abundantly available across the surface, offering a large design 
space to create optimal multifunctionality, in principle, for all pos-
sible electrochemical reactions. This is because the surface binding 
energies for reaction intermediates can, in principle, be continuously 
tuned by adjusting the content and distribution of the different atom 
species in the SAA. By this continuous coverage of binding energy, 
the shapes of the ‘volcano plot’ representations can be expected to 
change accordingly and hence can assist in identifying suitable HEM 
surface compositions. Volcano plots are representations of the rela-
tionship between the activity trends for a range of catalysts and their 
ability to bind to reactants or intermediates. They help to identify an 
optimal balance in catalyst properties, highlighting catalysts with 
intermediate binding energy at the peak of the volcano, which yield 
the highest activity (Sabatier principle). These plots can therefore 
serve as search maps to find catalysts offering a good compromise 
between the binding energy needed for reactant adsorption and the 
ease of product desorption.

Conceptually, the main difference between conventional ele-
mental or binary catalysts (hitherto the best electrocatalysts, most 
frequently made of scarce and expensive noble metals such as Ir, Pt 
and Rh) and a compositionally complex solid solution is the statisti-
cal abundance of different SAAs on their surface41. Within the large 
range of SAAs on a HEM surface, a sufficient number of SAAs with high 
electrochemical activity are likely to form. Active sites are atomic-scale 
arrangements of specific atoms on the surface that provide high elec-
trochemical activity. Enabling the design of these active sites, HEM 
SAAs can overcome the limitations of conventional electrocatalysts, 
paving the way to sustainable catalyst materials with excellent multi-
functionality in terms of activity, stability and selectivity. Most impor-
tantly, some electrochemical functionalities that can currently only 
be provided by using scarce noble metals could be achieved by com-
positionally complex solid solutions comprising few or even no noble 
elements204. The reduction or replacement of active noble metal atoms 
in SAAs enables tuning of the active site through its binding-energy 
distribution pattern41. Furthermore, using polyelemental SAAs to 
reconcile conflicting requirements, replacing some of the most active 
but unstable elements with more stable but less active elements, should 
lead to overall improved performance. Recently213, a combined experi-
mental and theoretical search from an eight-element noble metal space 
was used to identify an optimum system for the oxygen evolution 
reaction. It was shown that in AuIrOsPdRu, Pd improves the already 
known activity of Ir and Ru (oxides). Osmium improves the surface area 
through selective dissolution, and Au acts as a structural support for 
the catalyst. Depending on the applied potential and relative content 
of Ru, Pd and Ir (at fixed Au and Os contents), the extrapolated relative 
catalytic activity (within the same system) could vary by a factor of 2–3. 
Compositionally complex solid solutions might also overcome limita-
tions of current catalysts such as scaling relations, and are promising 
for catalysing multistep or cascade reactions.

The abundance of SAAs means that for a reaction of choice, the 
chances of SAAs acting as active sites being present on the surface 
and remaining there during operation are high. This is because there is 
not only one perfect active site but many such possible sites close to 
the desired optimum catalytic activity. This circumstance suggests 

that such complex solid solutions might be robust regarding the 
synthesisability of surfaces with the right SAAs and long-term stability.

A challenge lies in efficiently exploring and exploiting the 
immense (surface) composition space of HEMs and their SAAs. This 
can be addressed by high-throughput calculations coupled with 
high-throughput experiments43,70,214. The electrochemical properties 
of compositionally complex solid solutions can be calculated by com-
bining density functional theory and ML-enhanced computations215. 
Using the adsorption energy of a reaction intermediate (such as *H, 
*OH or *O) as a descriptor, the surface constitution of a catalyst and 
its electrochemical activity can be correlated. The Sabatier principle 
states that the decisive species involved in a reaction (that is, reactants 
or reaction intermediates) should neither bind too strongly nor too 
weakly on a surface: maximum activity can be expected for optimal 
binding energy.

An important issue in electrocatalysts made of complex solid 
solutions is to control the surface composition rather than only the 
volume composition: surface segregation effects need to be considered 
to achieve the desired surface composition. Stability is, in general, as 
essential as activity for electrocatalysts. Here, HEMs offer new possibili-
ties: specifically, entropy stabilization in highly multinary HEMs216,217 
could help overcome the frequently observed duality of (good) activity 
versus (insufficient) stability. Furthermore, at HEM surfaces, material 
candidates with elements that are not mixable in the bulk state can be 
potentially synthesized, often using non-equilibrium methods205, in 
a metastable state, offering rich design possibilities. However, meta-
stable materials could eventually demix into competing phases during 
operation. This aspect touches on the important problem of insufficient 
long-term stability of many new catalysts. Issues include changes in the 
surface oxidation states, gradual environmental contamination, and 
‘poisoning’ as well as abrasion and material loss during prolonged cata-
lyst exposure to real reactants, including their respective contaminants. 
Further kinetic features are the gradual changes and consequences of 
surface faceting as well as nanoparticle defects, which can all influence 
the ageing of catalysts operating under realistic conditions. The pros-
pects of HEMs providing a pathway to active and stable catalysts need 
to be assessed with in situ techniques wherever possible. There are only 
a few publications as yet addressing this challenge218–221.

HEMs have also been studied for heterogeneous photocatalytic 
reactions. For this application, catalysts need to both absorb photons 
to generate electron–hole pairs and catalyse the targeted redox reac-
tions. The motivation for studying HEMs for photocatalysis is the 
expectation that an increase in the number and diversity of (near-)
surface elements can promote photocatalytic yield, target new reac-
tions, create new catalytic sites, alter the electronic structure and 
modify the surface properties of the material. This can improve light 
absorption, promote surface reactions and increase efficiency. Possible 
mechanisms comprise generating new surface reconstruction fea-
tures, a wider variety of active sites, a broader photon absorption 
spectrum, a tunable bandgap and enhanced charge separation203.

HEMs have also been considered in low-dimensional form as elec-
trocatalysts for barrier reduction for certain redox reactions relevant to 
energy conversion problems222,223. The rationale behind this approach 
is the good electrical conductivity and multiple catalytically active 
sites of certain low-dimensional compounds. The specific advantages 
expected from extending low-dimensional materials to chemically 
highly complex systems are based on the potential increase in the 
number of charge carriers, greater selection and diversification of 
active sites, lower self-diffusion rates, and improved chemical and 
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thermal stability in catalytic applications. Challenges exist — like for 
many other catalysts — in the robustness of these materials on cycling, 
exposure to real chemical environments, and applications in reactors 
with less pure reactant mixtures. Also, it must be noted that good 
electron mobility in planar materials is an important but insufficient 
feature for a successful electrocatalyst.

High-entropy hydrides for hydrogen storage
Metal hydrides are used for solid-state hydrogen storage and transport 
applications. They store hydrogen by absorbing it from metal to hydride 
and releasing it reversibly. This cycling profile can be tuned through 
the underlying pressure–composition isotherms. Metal hydrides need 
to be tailored for a multifunctional property profile, including high 
hydrogen storage capacity (which affects efficiency), thermodynamics 
of hydrogen absorption and desorption (which determines the mini-
mum working temperature), fast charging and discharging kinetics, 
high cycling stability, low mass density and safe hydrogen handling.

HEM hydrides have been considered for hydrogen storage224–228 
because compositionally complex solid solutions offer possibilities for 
adjusting properties via chemical composition modification. Moreo-
ver, the complex microstructural features, incorporating various ele-
ments and constituent phases with different compositions, lattice 
distortions and crystal structures, offer a high variety and number 
density of trap sites for improved hydrogen storage capacity and tun-
able low-barrier release kinetics. Finally, reducing the dehydrogena-
tion enthalpy and increasing entropy via the HEM concept can lower 
the minimum working temperature by well-designed destabilization.

This means that tuning the interstitial sites available to host hydro-
gen via the high-entropy effect might lead to higher storage capacity. 
In TiVZrNbHf, a phase transition from bcc to body-centred tetragonal 
and finally to fcc was observed during hydrogenation, suggesting that 
the high build-up of lattice strain due to the atomic size differences in 
this HEM results in a larger spectrum of interstitial sites for hydrogen 
uptake and in the formation of the body-centred tetragonal structure229.

Another type of HEM for hydrogen storage with good revers-
ibility and fast kinetics was reported in the C14 Laves phase230–232. As 
an example, TiZrCrMnFeNi, which contains 95 wt% of the C14 Laves 
phase, absorbs and desorbs 1.7 wt% of hydrogen at room tempera-
ture without activation231, comparable with other room-temperature 
hydrogen-storage materials (Mg4NiPd (ref. 233)).

However, the high mass density and poor room-temperature 
hydrogen storage capacity of many HEMs hinder their applications. 
Therefore, designing low-density HEMs with large room-temperature 
hydrogen storage capacity is an essential target. For example, 
lightweight TiMgLi-based HEMs (~2.83–4.47 g cm−3) with good 
room-temperature hydrogen storage capacities were developed234:  
a TiVMgLi HEM (2.83 g cm−3) absorbs 2.62 wt% hydrogen at 50 °C under 
100 bar of H2. The hydrogen storage capacity of TiVFeMgLi (3.50 g cm−3) 
increases slightly from 2.31 wt% to 2.42 wt% hydrogen at 50 °C under 
50 and 100 bar of H2, respectively.

The recent progress of HEMs for hydrogen storage has been dis-
cussed in several reviews235–237. However, improving storage capaci-
ties by increasing H2 pressure can lead to technological challenges 
and safety concerns during hydrogen storage and transportation 
(evaporation, embrittlement).

Photovoltaic HEMs
The HEM concept can be exploited to obtain photovoltaic materials with 
multifunctional profiles reconciling higher absorption coefficients, 

charge carrier concentrations, improved electron and hole mobilities, 
better carrier lifetimes and material longevity238.

This can be achieved by compositional and structure-dependent 
bandgap design via elemental doping: by selecting suitable constitu-
ents and composition ratios, it is possible to engineer bandgaps suit-
able for absorbing wider portions of the electromagnetic spectrum. 
Compositional complexity can help to adjust the carrier mobility and 
concentration and allow incorporating a broader range of elements 
with different atomic sizes and electronic properties, potentially 
leading to improved electron and hole transport characteristics.

Following these ideas, several groups have tried to design multi-
functional HEMs for solar cell applications, using metal oxides, sulfides, 
tellurides and selenides. These HEMs often use more than five or six 
different cations and anions, providing access to a large spectrum of 
crystal structures, bandgap ranges and carrier features, yet often with 
reduced material stability239.

A multifunctional solar-selective absorbing high-entropy nitride 
coating was developed through computational guidance240, opti-
mizing conformational entropy and reactive magnetron sputtering 
methods. The synthesized AlCrTaTiZrN high-entropy nitride shows 
a combination of high solar absorption of 93.5% (as a reference, the 
solar absorption for an encapsulated standard c-Si photovoltaic cell 
is around 90%), a thermal emittance below 10%, a high photothermal 
conversion efficiency of 87.7% at 600 °C and good thermal stability, 
maintaining good optical properties even after annealing for 168 h in 
vacuum at 600 °C.

Non-toxic lead-free high-entropy perovskite halides with high 
absorption coefficients and good carrier lifetimes were also developed 
for optoelectronic devices241. These materials showed good colloidal sta-
bility, narrow band emission, high photoluminescence quantum yields 
and short fluorescence lifetimes, but decomposed into multiple phases.

Biologically active HEMs
Materials used in biomedical applications have to match multifunc-
tional profiles. These include good mechanical properties (high 
yield strength, ductility, fatigue resistance, fracture toughness, 
bone-compatible Young’s modulus) to withstand loads from physical 
activity and suppress bone decay; tribological and corrosion resistance 
to ensure durability in the human body and avoid infections that can 
be caused by abrasive material debris; biocompatibility to coexist with 
surrounding tissues; and thermal conduction coefficients that prevent 
proteinous synovial degeneration242.

Biologically active HEMs have been studied since 2017 
(refs. 242–249). The entropy-driven phase stability and sluggish dif-
fusion of such massive solid solutions slow down the formation and 
growth of structural defects. This can protect against fatigue dam-
age and related gradual degradation effects when exposed to physio
logical environments for prolonged times250. Following these ideas, 
TiZrTaHfNb HEMs were designed251 that show enhanced wear, corrosion 
resistance and mechanical performance compared with conventional 
load-bearing 316L, CoCrMo and Ti6Al4V alloys242,252. Alloy systems 
based on the hcp metals Ti, Zr and Hf blended with refractory bcc 
metals such as Nb, Ta or Mo have been studied widely in this context, 
mainly owing to their often low elastic modulus (when the resulting 
solid solution is in the bcc phase state), good strength and high corro-
sion resistance. The low Young’s modulus of implants helps to avoid 
the stress-shielding effect that arises when the moduli of the implant 
and bone are very different under mechanical loading, which leads to 
unbalanced load sharing where the stiffer implant alloy takes up most 
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of the mechanical forces while the softer bone decays. A better stiffness 
balance can be realized when compositionally shifting such alloys into a 
(near-metastable) bcc phase field, in the vicinity of its transition back to 
the hcp structure. A possible shortcoming of such highly alloyed mate-
rials is their relatively high mass density relative to that of bone. This 
shows that in this field, a fine balance must be found between elastic 
modulus, biocompatibility, strength, wear, mass density and corrosion.

For biomedical applications, it is desirable to combine good anti-
bacterial performance, high fracture toughness, low (bone-like) elastic 
stiffness (as a reference, the Young’s modulus of cortical human bone 
is 17–25 GPa) and good fatigue resistance. This is a fundamental design 
challenge, as good antibacterial performance usually requires high 
amounts of Cu, which acts on bacteria via ion release. However, this 
element can also form unwanted intermetallic phases, causing galvanic 
corrosion and embrittlement253. A HEM that suppresses the formation 
of brittle phases even with higher amounts of Cu is an Al0.4CoCrCuFeNi 
HEM with a dual fcc phase structure254, one rich in Cu (>22 at%) and the 
other rich in Co, Fe, Ni and Cr. Above >18 at% Cu, this material shows 
good antibacterial and mechanical performance.

Although most reported biomedical HEMs show enhanced mechan-
ical performance compared with conventional materials, existing stud-
ies mainly focus on microstructural evolution and mechanical strength. 
Further research should target their in vivo biomedical properties.

Future perspectives
Among the many features of HEMs, perhaps the most pivotal is their 
seamless adjustability across a broad spectrum of chemical composi-
tions. This characteristic holds promise for realizing properties that 
would otherwise be arduous to achieve or even unattainable. Notewor-
thy attributes accessible through the HEM concept encompass a high 
variability and complexity in electronic conductivity, chemically active 
surface sites, biocompatibility and enhanced magnetic moments, often 
paired with good mechanical properties.

Moreover, the microstructures of HEMs can be tailored through 
chemical adjustments, particularly through microstructure design 
routes that slightly deviate from the ideal solid solution yet are appeal-
ing and can be modulated through alloying and heat treatment. Attaina-
ble microstructure features include new multielement phases, spinodal 
decomposition, multiple order–disorder transitions, customized 

chemical surfaces and chemically decorated defect states. These mate-
rial states not only display new electronic, magnetic, transport and 
thermal properties but also allow their reconciliation with beneficial 
mechanical features, which establishes a more holistic design target for 
real-world applications with harsh mechanical loading and environmen-
tal conditions. Realizing both design paradigms within one HEM, with 
a blend of functional attributes minimally reliant on lattice defects and 
mechanical features and significantly influenced by microstructure, is 
thus a viable pathway for advanced multifunctional material design.

This approach offers avenues to realize materials with interesting 
functional properties, such as specific thermal expansion or effective 
catalytic sites, combined with additional properties, integrating con-
trasting or effects previously deemed incompatible. This is important, 
as the use of real-world materials is not confined to a solitary property 
dimension but frequently requires fulfilling a spectrum of conflicting 
properties, and enhancing one (for example, high strength) typically 
triggers a decline in another (for example, soft magnetic properties).

A sometimes overlooked facet in the HEM field is concerns associ-
ated with sustainability, CO2 balance and costs255,256 (Fig. 6). Numerous 
compositionally complex materials possess alluring properties that 
can rival those of established commercial materials. However, these 
materials often lack competitiveness in their sustainability, respon-
sible production and pricing. This point has not yet been sufficiently 
reflected in the literature. Another pressing issue is recyclability, which 
is expected to be increasingly challenging owing to the increasing 
chemical complexity of HEMs.

Many elements ideally suited for multifunctional, chemically 
complex materials suffer from limited availability, severe environ-
mental repercussions, or exceedingly high and volatile market values. 
Therefore, it becomes imperative to target the development of multi-
functional HEMs that are both more performant and more sustainable 
than established materials. Applications requiring minimal volumes 
are particularly interesting even when reliant on critical and less sus-
tainable alloy constituents: these include catalysts, protective thin 
coatings, magnets, low thermal expansion alloys and functional wires.

Another interesting possibility is to widen HEM design from the 
bulk to defects (dislocations, interfaces, surfaces and so on). For some 
applications, specific properties can be achieved by tuning the chemi-
cal composition of the defects and not of the entire bulk material, 
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Fig. 6 | Sustainability and cost considerations for high-entropy materials. 
Aspects such as sustainability, responsible use of elements, absolute price 
and cost variations need to be considered when designing new high-entropy 
materials (HEMs): new multifunctional materials that aim to surpass existing 

ones must also offer better performance in these categories and not just in the 
functional and mechanical properties. The figure shows the huge differences in 
these properties among typical HEM alloying elements. Data from ref. 261 and 
http://www.leonland.de/elements_by_price/list.
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in which expensive alloying elements can get ‘lost’ by dilution. Such a 
lattice defect-oriented HEM development can be guided by the Gibbs 
adsorption isotherm, that is, by using elements with a high tendency 
to segregate to interfaces, surfaces or dislocations, together with 
other segregating elements. In this way, the chemical complexity of 
the defects and their functionalization can be promoted over that of the 
bulk. For such a design strategy, it is not the elements with the highest 
but those with the lowest solubility in the bulk solid solution that are 
interesting (additional) alloy candidates because they usually have  
a high segregation trend to lattice defects. This means that elements 
with high bulk solubility must be chosen to stabilize a massive solid 
solution matrix and those with low solubility must be additionally 
blended to form high-entropy lattice defects. The entropy-driven design 
principle is then turned upside down, because elements with a high 
segregation trend to interfaces usually have a low solubility in the bulk 
and vice versa. Such a design principle might open up new opportuni-
ties for more sustainable functional interface and dislocation design 
by using chemical complexity only where needed and not throughout 
the entire bulk material. Specific target materials might be catalysts, 
multifunctional coatings, and materials resistant to corrosion, fatigue 
and hydrogen intrusion.

Another avenue for material exploration lies in widening the scope 
from the current four-element to five-element HEMs to a wider range 
of materials and alloying elements, including interstitials (such as C, 
N, H, B and O). As an example, many possible HEMs with six, seven and 
even eight alloying elements have been suggested63 by combining text 
mining along a ‘chemical similarity index’ with physics-based descrip-
tor filtering of the results. In general, owing to the practically infinite 
compositional and microstructural space of HEMs, it is essential to 
include (combined) methods from artificial intelligence based on text 
mining, active learning and graph theory into the (high-throughput) 
material development, in concert with existing thermodynamic and 
kinetic databases257–259.

Published online: xx xx xxxx
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