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ABSTRACT

We identify the state-associated cohesive energy and band filling as descriptors to quantify the site-
to-site chemical bonding and magnetic moments of high-entropy alloys (HEAs). We find that the
s-state cohesive energy is indispensable in determining the bonding-strength trend while the s-band
filling is effective in determining the magnetic moments of CrMnFeCoNi HEAs. This unusual behavior
stems from the localized and transferred itinerant electrons. Our study establishes a fundamental
physical picture of chemical-bonding and magnetic interactions of HEAs and helps design advanced

structural alloys.
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Introduction

High-entropy alloys (HEAs) often exhibit highly desirable
combinations of mechanical and functional properties
that are promising for many practical applications [1-6],
because of their disordered multicomponent structures.
CrMnFeCoNi HEAs, one of the most promising HEAs
to date, possess the unique site-to-site chemical and mag-
netic disorder and exhibit superior damage tolerance and
fracture toughness [7-11]. However, the nearly randomly
distributed atomic species of HEAs limit understanding
the origin of their unique mechanical behavior. There-
fore, a fundamental issue for HEAs in general and for
CrMnFeCoNi in particular is how to estimate quanti-
tatively the local chemical-environment and magnetic
effects.

Several important attempts have been made to address
this issue. Atomic-scale short-range order (SRO) param-
eters are widely used in studying the chemical and
magnetic distribution of HEAs [12]. However, they are
mainly suitable for describing the statistical properties

instead of the site-to-site chemical bonding and mag-
netic moments. The magnetic frustration of anti-
ferromagnetic Cr atoms is expected to reduce the Cr-Cr
pairs in the nearest-neighbor (1nn) shell of CrCoNi and
CrMnFeCoNi alloys [13-18], while the strong chemi-
cal bonding of Cr-Cr pairs should promote the struc-
tural stability. There thus seems to exist a competition
between the magnetic frustration and chemical bonding
of the Cr-Cr pairs in determining the structure of CrM-
nFeCoNi. Furthermore, the widely used Slater-Pauling
curve is mainly applicable to characterize the average
magnetic moments of transition metals (TMs) and their
bi-metallics [19-21] but not those of HEAs [22]. In addi-
tion, the valence-electron concentration, electronegativ-
ity difference, atomic-size difference, and mixing entropy
(enthalpy) are also proposed as descriptors to study the
average bulk-related properties of HEAs like phase stabil-
ity and deformation mechanism [2,23-26] but are incon-
venient to capture the local chemical-environment and
magnetic effects.
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Herein we propose the mixed d- and s-state cohesive
energy and the s-band filling based on the tight-binding
(TB) and Friedel models as novel descriptors for char-
acterizing the local chemical bonding and magnetic
moments of CrMnFeCoNi HEAs. We find that the s-state
properties are effective and indispensable in determining
the bonding characteristics and local magnetic moments
of CrMnFeCoNi HEAs, which stem from the localized
and transferred itinerant electrons.

Materials and methods

The DFT calculations were performed via Vienna Ab
initio Simulation Package (VASP) [27] with the projec-
tor augmented wavefunctions (PAW) potentials [28] and
Perdew—Burke—Ernzerhof (PBE) functional [29]. Both
the non-spin-polarized and spin-polarized calculations
were carried out to study the chemical environments and
magnetic moments of HEAs. More computational details
are shown in Note S1.

Results and discussion

The chemical bonding and magnetic moments of HEAs
likely stem from the coupling of atoms’ different states.
For TMs and their bi-metallics, the TB and Friedel mod-
els [30,31] demonstrate that the chemical bonding is
mainly controlled by the d-band width (the cohesive
energy), while the Slater-Pauling curve [19,20] indicates
that the average magnetic properties are governed by
the d-band filling. We thus employ the state-associated
cohesive properties and band filling to characterize the
chemical bonding and magnetic effects of HEAs, which
are the cohesive energy E.on— and band filling #n; and
their s- and d-state components (Econ—s> Ecoh—d» #s> and
nq) (Note S2 and Table S1). For a given site in HEAs, its
complex chemical-environment and magnetic effects are
quantified with the geometric mean of E.op—¢ and n¢ of
its surrounding atoms, as,

e 1N
Econ-t = (1_[ Eioh—t) (1)
i

N 1IN
ne = (]_[ ni) (2)
i
where E!

toh .t and n are the cohesive energy and band
filling of ith involved atom in the bulk state and N is the
number of the involved atoms. Similarly, the correspond-
ing s- and d-state contribution as well as the mixed s-
and d-state contribution can be also obtained. Accord-
ingly, one can define the descriptors for the 1nn shell and
other-ranged shells of a given site in HEAs.

To study the chemical-environment effect of HEAs,
we focus on the non-spin-polarized vacancy formation
energy (Hyr) of CrMnFeCoNi to exclude the contribu-
tion of magnetic properties. Figure 1 plots the correla-
tion between Hyr and the cohesive-energy descriptors
(obtained with atoms in the vacancies’ 1nn shell). Appar-
ently, Hyr shows a linear relation with the d-state cohe-
sive energy E.,h—dq (but not the s-state cohesive energy
E.on_s) for Fe, Co, and Ni vacancies with reasonable
accuracy (Figure 1a and b and Fig. Sla and b). Thus, the
d-states dominate the chemical-environment effect of Fe,
Co, and Ni sites in CrMnFeCoNi, compatible with the
TB and Friedel models [30,31]. However, both E.o,_qg
and E.oh—s perform poorly in describing the Hyf of Cr
and Mn vacancies (Figure 1c and Fig. Slc). Interest-
ingly, Econ—sq (involving the s-state cohesive energy of
Inn Cr atoms and the d-state cohesive energy of other
Inn atoms) describes well the Hyf of Cr and Mn sites
(Figure 1d). Note that we also attempt to use the s-state
cohesive energy of other components such as Mn to
describe the Hyr since Mn is also anti-ferromagnetic in
the ground state like Cr, however, the mixed cohesive-
energy descriptor involving the Mn atoms’ s-states and
other atoms’ d-states fails to capture the Hyf trends of
Cr and Mn sites (Fig. S1d). This seems to contradict the
conventional TB and Friedel models. For the interatomic
bonding, the Cr atoms’ behavior depends strongly on
their surrounding atoms in CrMnFeCoNi: the Cr atoms
bond to Fe, Co, and Ni atoms mainly with the d-states
and likely bond to Cr and Mn atoms mainly with the s-
states. The underlying mechanism will be discussed in
detail below.

Furthermore, the Hyr of different vacant species
can be correlated by combining the removed vacant
atoms’ cohesive energies (Ecoh,rva) and their environment
descriptors (Ecoh,inn)> @S Dcg = ki X Ecohrva + k2 X
E oh, 1nn> Where k1 and k; reflect the coupling between the
removed vacant atom and its nearest neighbors. Figure
le shows the relation of Hyf against Dcg: except Ni sites,
Fe and Co sites’ Hys comply with a consistently lin-
ear relation, whereas Cr and Mn sites do another one.
This implies that Fe atoms are similar to Co atoms in
the bonding characteristics of CrMnFeCoNi. In addition,
the bonding-strength trends of Cr and Mn atoms are
also similar although the d-band properties of Cr atoms
change in CrMnFeCoNi compared with their pure bulk
states while those of Mn atoms remain unchanged.

These findings clarify several crucial controversies and
have important implications for the chemical bonding of
HEAs. Figure 1 shows that Hyf of CrMnFeCoNi linearly
decreases with increasing of the cohesive-energy descrip-
tor, implying that the sites with more small-cohesive-
energy (the large absolute value) nearest neighbors
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Figure 1. The non-spin-polarized Hyf against the state-associated cohesive energies in CrMnFeCoNi HEAs. a and b, The Fe, Co and Ni's
Hyf against the Eoh_g. € and d, Comparison between Ecop_g and Econ_sq in describing Cr and Mn’s Hyt. e, The Fe, Co, Cr and Mn's Hy¢

against the combined descriptor Dcg.

should have enhanced stability. In particular, the com-
ponent of the cohesive-energy descriptors is in the
order of Ecoh—d, Mn < Ecoh—d, Fe < Ecoh—s,cr < Ecoh—d,
Co < Ecoh—dni for the Cr sites, different from that of
the bulk TM d-state cohesive energy. Note that the
Cr-Cr pairs are found to present magnetically repul-
sive interactions [13-18]. Hence, Cr-Cr pairs are detri-
mental to the stability of CrMnFeCoNi from the view
of both chemical bonding and magnetic frustration,
eliminating the generally considered contradiction that
chemical bonding and magnetic frustration of Cr-Cr
pairs compete with each other. On the other hand, the
sites with more large-cohesive-energy (the small abso-
lute value) nearest neighbors like Ni are more prone
to form vacancies in CrMnFeCoNi, in agreement with
the findings that vacancies in CrCoNi, CrCoFeNi, and
CrMnFeCoNi alloys are more likely to generate at the
sites with a Ni-rich 1nn shell [32,33]. Overall, the near-
est neighbors of a given site of HEAs significantly
affect its stability, supporting the existence of SRO.
Notably, the SRO parameters are generally adopted to
understand the statistical average properties of HEAs
[12-18], whereas our scheme effectively quantifies the
local chemical bonding of HEAs by considering the
bonding strength between a given atom and its nearest
neighbors.

We now turn to understand the magnetism of CrM-
nFeCoNi HEAs. To elucidate the local magnetic effect,

a 108-atom supercell is divided into 27 different tetra-
hedrons, which are the minimum repeat unit of an fcc
crystal (Fig. S2). Figure 2 and Table S2 show the corre-
lation between the average magnetic moments of each
tetrahedron (Mtera) and the corresponding band-filling
descriptors. Interestingly, the s-band filling n, instead of
the total band filling n is effective in determining the
local magnetic moments of CrMnFeCoNi. Furthermore,
we also study the average magnetic moments of the atoms
around a vacancy site in CrMnFeCoNi. Remarkably,
the local magnetic moments around vacancies (vacan-
cies’ 1nn atoms, Mjy,) are still well-characterized by
ng rather than »; (Figure 3). In addition, the average
magnetic moments of atoms in the vacancies’ second-
nearest-neighbor shell (M), third-nearest-neighbor
shell (M3ny), fourth-nearest-neighbor shell (M4yy), and
long-range shell (Mjong) are also linearly related to the
corresponding #n, (Fig. S3). This is particularly encour-
aging, as the complex magnetic ordering of CrMn-
FeCoNi can be quantitatively captured by a simple
electronic descriptor. Moreover, by linearly combining
the environment-effect descriptor Ecoh 1nn and magnetic
moments, we demonstrate that the magnetic moments
exhibit the different range-reaching properties in deter-
mining the spin-polarized Hyf, depending on the sur-
rounding chemical distributions of vacancies (Note S3,
Fig. S4 and Table S3). Namely, the chemical distribu-
tions control the role of magnetic effects in the stability of
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Figure 2. Comparison between ns and n; in describing the local magnetic moments of CrMnFeCoNi HEAs. a-f, Tetrahedrons of six
different bulk structures T1-Té.

a € [ico: M, —4034n - 32.00 € v M, - 39.680, 3148
R?= 0.64, MAE = 0.19 R?=0.66, MAE = 0.18
ACr: M, =42.29n -33.62 2.0 | oFe: M, -4003n - 31.78 da.0 ®Ni: M, =38.12n_-30.22 14.0
R*=0.68, MAE = 0.18 R 0.64. MAE = 0.19 “, 2.0}  R=054,MAE=021 N
—_ i a
£ 20f
=]
S
<
<, "
= “ {20
e 00}
A
= - a
E 0.0
40.0
1 1 1 1
0.79 0.81 0.83 0.79
n
S
b d [co ™, = 04420 -2.699 f Famn:M,_=0417n -2.491
R°Z0.17, MAE = 031 t Z
ACr: M, =0390n,- 2261 oFe: M, = 0445n - 2.732 o )‘f;*f-(‘)sl';é‘AEo’%? 40
R*=0.14, MAE = 0.29 20F "RZois,MAEZ020 14.0 i M, = 0.196n;- 0. H4.
s 20 R?=0.04, MAE = 0.30 AA
A
g 20 A A‘A‘ ‘i
e ot Y St
~ A A ¥ G
= 4 £24 rm,f & J2.0 H2.0
. W% 2V Yo
= A2 l“
= Aa A
E 0.0 a A a
A A
40.0 40.0
L]
. . . A L L
7 8 9 7 8 9
n n
t nt t

Figure 3. Comparison between ns and n; in describing the average magnetic moments of each vacancy’s 1nn-shell atoms of CrMnFeCoNi
HEAs. a and b, Cr vacancies. c and d, Co and Fe vacancies. e and f, Mn and Ni vacancies.



CrMnFeCoNi, and thus both the chemical bonding and
magnetic effects determine the SRO of HEAs.

Our findings uncover a novel physical picture of the
chemical-environment and magnetic nature of HEAs,
which can be understood in the framework of the itin-
erant electron model [34]. The itinerant electrons, differ-
ent from the localized d-electrons and free-electron-like
s-electrons, refer to the d-electrons located around the
Fermi level and are widely used to explain the magnetism
of TMs and their bi-metallics. The electronic localization
function (ELF) [35] shows that there are electrons local-
ized mainly between Cr and Cr atoms and between Cr
and Mn atoms but not between other atoms in CrMnFe-
CoNi (Figure 4). In particular, there is no obvious elec-
tron localization between Mn atoms and non-Cr atoms
such as Fe, Co, Ni and Mn atoms. Accordingly, these
localized electrons generate a covalent-like bonding for
Cr-Cr pairs and Cr-Mn pairs, but not for the other atom
pairs such as Cr-Fe, Cr-Co, Cr-Ni, Mn-Mn, Mn-Fe, Mn-
Co, and Mn-Ni pairs. Consequently, the mixed metallic
and covalent-like bonding for Cr-Cr pairs and Cr-Mn
pairs makes the d-state cohesive energy of Cr atoms in
Cr-Cr pairs and Cr-Mn pairs increase from ~ —8 eV to
~ —4 eV, which s just similar to the value of s-state cohe-
sive energy Ecoh—s of bulk Cr atoms. Meanwhile, the other
atom pairs experience a less change and their component
atoms exhibit the d-state bonding highly similar to that in
the bulk state. This explains well the proposed cohesive-
energy descriptors for the chemical-environment effect
of different sites in CrMnFeCoNi (Figure 1). Overall, it is
the localized electrons that change the d-states of Cr-Cr
pairs and Cr-Mn pairs and the d-states of atoms in CrMn-
FeCoNi still determine the chemical-environment effect,
complying with the TB and Friedel models [30,31].

(111) plane
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The Slater-Pauling curve demonstrates that the aver-
age magnetic moments of TMs and bi-metallics are deter-
mined by the d-band filling [21,22], which seems to con-
tradict our results in CrMnFeCoNi HEAs. This can also
be elucidated by the localized electrons between Cr and
Cr atoms and between Cr and Mn atoms, which most
likely stem from a part of itinerant electrons. The elec-
tron localization of Cr and Mn decreases the number
of itinerant electrons and induces the energy level split-
ting and pronounced magnetic moments of Cr and Mn.
In contrast, Fe, Co and Ni experience a less change of
itinerant electrons as well as a minor change of mag-
netic moments. The Bader charge analysis [36] shows
that Co, Ni, and Fe atoms accept itinerant electrons from
Cr and Mn atoms, and their electron-transfer amount
reflects the change of their average magnetic moments
(Table S4). In addition, by analyzing the local magnetic
moments of atoms in CrMnFeCoNi, we find that Cr
atoms always prefer an anti-ferromagnetic order while
Mn atoms tend to have both the ferromagnetic and
anti-ferromagnetic states in the lowest-energy config-
urations, consistent with the findings by George et al
[14] and Wang et al [37]. This indicates that Cr and
Mn atoms play different roles in determining the local
magnetic properties of CrMnFeCoNi HEAs: Cr atoms
favor maintaining their own anti-ferromagnetic order
despite the variant chemical environments whereas Mn
atoms’ magnetic moments are prone to be affected by the
surrounding environments. Indeed, it has been demon-
strated that the chemical environments present different
effects on the magnetic moments of Cr and Mn atoms.
When adding Al atoms into CrMnFeCo and MnFeCoNi
alloys, the anti-ferromagnetic Mn atoms are suppressed
to favor a ferromagnetic order but the magnetic order of

0.25

0.20

0.15

0.10

0.05

0.00

(010) plane

Figure 4. The electron localization function ELF of CrMnFeCoNi HEAs projected on (111) (a) and (010) (b) planes. The region with the

deeper red color indicates the more electrons accumulated.
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anti-ferromagnetic Cr atoms remains almost unchanged
[37,38]. The density of states (DOS) also shows that Cr
and Mn atoms donate electrons while Co and Ni atoms
mainly accept electrons compared to their pure bulk
states (Fig. S5). It is noteworthy that for Cr and Mn atoms
the up-spin electrons of anti-ferromagnetic atoms and
the down-spin electrons of ferromagnetic atoms mainly
participate in the itinerant-electron transfer. Accordingly,
the up-spin electrons of Cr atoms contribute crucially to
the transfer of itinerant electrons, whereas either the up-
or down-spin electrons of Mn atoms do the case, depend-
ing on their specific magnetic order. This likely corre-
sponds to the different magnetic behavior of Cr and Mn
atoms. Indeed, the local magnetic-moment trends can
be approximately captured by the number of Cr atoms
(but not that of Mn atoms) for CrMnFeCoNi HEAs (Fig.
S6) and this dominant effect is not due to the significant
change of Cr atoms’ magnetic moments. Ritchie et al [18]
proposed that the magnetic moments of CrCoNi alloys
are mainly related to the SRO of Cr atoms. Hence, Cr
atoms govern the magnetic moments of both CrCoNiand
CrMnFeCoNi alloys. Overall, the localized and trans-
ferred itinerant electrons between different atoms control
the magnetic properties of CrMnFeCoNi HEAs.

Furthermore, our scheme predicts that the atoms in
alloys (without a strong magnetic frustration) are prone
to bond with the strong-cohesive-energy elements, lead-
ing to the SRO of atom pairs with the same elements.
This prediction indeed has been fulfilled by the SRO of
Co-Co, Fe-Fe, Ni-Ni, and Cu-Cu pairs in AlICoFeNiCu
and AlCoFeNi alloys [39]. Moreover, our scheme also
suggests that the atoms with similar bonding character-
istics are more likely to bond with each other such as the
s- and s-state bonding and the d- and d-state bonding.
Hence, Al prefers to bond with Cu but not Co, Fe, and Ni
in AICoFeNiCu HEAs as the s-states dominate the bond-
ing of Al and Cu atoms (Al doesn’t have d-states and the
d-states of Cu are fully filled) [39]. On the other hand,
both the magnetic frustration and cohesive bonding sup-
press the Cr-Cr pairs, making Cr atoms bond with the
Co and Ni atoms in CrCoNi alloys. This rationalizes the
SRO of Cr-Co and Cr-Ni pairs instead of Cr-Cr, Co-Co
and Ni-Ni pairs in CrCoNi alloys [12,16]. Overall, our
scheme can be alternative to the SRO parameters and the
alloy-design strategies based on the SRO comply with the
predictions of our scheme.

Conclusions

In summary, we have identified the mixed d- and s-state
cohesive energy and s-band filling as effective descrip-
tors in determining the chemical bonding and mag-
netic moments of CrMnFeCoNi HEAs, based on the TB

and Friedel models. The effectiveness of s-state prop-
erties is due to the localized and transferred itinerant
electrons in CrMnFeCoNi HEAs. These results build
a novel picture for the chemical bonding and mag-
netic moments of HEAs, which resolves the controversy
between the chemical bonding and magnetic frustration
of Cr-Cr pairs in CrMnFeCoNi HEAs, outlines the prin-
ciples governing the elusive local magnetic moments of
HEAs, and supports the existence of SRO. Our descrip-
tors can be alternative to the widely used SRO parame-
ters by estimating the site-to-site bonding and magnetic
moments and serve as a design tool to engineering HEAs’
properties.
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