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ARTICLE INFO ABSTRACT

Keywords: The relatively novel family of materials known as high entropy alloys, popular for exceptional mechanical
High entropy alloy properties, is currently gaining increasing attention also for remarkable surface properties. Nevertheless, due
HEA to the intrinsic difficulties that these materials pose to first-principle modelling, there is a lack of knowledge
];F]; and understanding of the basics principles that govern their surface energetics. In this work the surface energy
urrace

of the Cantor alloy was systematically investigated by means of density functional theory within a supercell
approach that allows to tackle the effects of local atomic distributions. When properly accounting for the
effective simulation slab stoichiometry the Cantor alloy surface energy displays an average value of 1.77 J/m?,
ranging between 1.65 J/m? and 1.95 J/m?. Such values for the Cantor alloy’s surface energy are well below
those of its constituents also taking into account their variability, supporting the use of this material as anti-
corrosion coating. Finally, by well assessing a slab total energy decomposition, required to account for the
overall slab stoichiometry, an expression is derived which allows to infer the HEA surface energy, for any

Surface energy

bulk configuration and surface termination, avoiding slab calculations.

1. Introduction

The single fcc-phase equiatomic CrMnFeCoNi alloy, known also as
the Cantor alloy has distinguished itself for its excellent combination
of strength, ductility and fracture resistance even at cryogenic temper-
ature [1,2]. As a consequence, most of the available studies focus on its
bulk properties. Nevertheless this alloy also possesses superior surface
and tribological properties: such as anti-friction, antidiffusion, radiation
and corrosion resistance qualities, making it extremely attractive also
as a coating material [3]. In view of these applications, surface energy,
defined as the energy cost per unit area upon creating a surface from
an infinite bulk, is a key quantity. Indeed, the lower the surface energy,
the more corrosion resistant the surface [4], low surface energies are
linked to lower adhesions and friction coefficients, and surface energies
have also a direct impact on alloy’s intrinsic ductility.[5]

Despite their relevance and the vast amount of research on HEAs,
there are only a handful of studies that provide first principle estimates
of HEA’s surface energy and a systematic analysis of their surface
properties in general are extremely rare. In particular, besides the
work of Zang et al. devoted specifically to the study of the surface
energy of IrRuRhPdPt, NbMoTaTi and NbMoTaTiV alloys [6], and
those of E. Mak et al. [5] and of Hun et al. [7] where first principle
calculations of HEA surface energies were explicitly carried out for
the purpose of quantifying the intrinsic ductility of body-centred-cubic
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multicomponents alloys, most of the studies that concern first-principle
simulations of HEA’s surfaces focus on other features such as surface
segregation [8], and various molecule adsorption energies [9,10]. None
of these studies concern specifically the case of the Cantor alloy and,
moreover, the computational approach that is more often adopted,
does not allow to address the effects of local chemical environments
on the surface properties [11]. Indeed a systematic characterization of
the Cantor alloy surfaces is currently missing together with a proper
understanding of how specific local environments affect the surface
energy.

In this work we employed density functional theory (DFT) to char-
acterize the surface energy of the Cantor alloy. Our methodology, in
which we average over an increasing number of randomly generated
inequivalent supercells, allows to capture the intrinsic variability of this
property and to understand it in terms of surface composition.

The paper is organized as follows: first the computational method-
ology is introduced (it is worth noting here that also basic procedures,
such as the lattice constant determination, are far from being trivial
due to both the disordered nature of the Cantor alloy and its complex
magnetic behaviour); then the results on the surface energy of the
pure constituent metals within a fcc geometry are presented; finally
the Cantor alloy surface energy is analysed together with its intrinsic
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Fig. 1. (a) HEA fcc bulk unit cell of dimensions 5 x 4 x 3 modelled by considering the (111) surface as the xy-plane perpendicular to the z axis; (b) flowchart of
the algorithm that generates inequivalent configurations. The image shows the step in which the generated random matrix is enhanced and the algorithm checks
if inside it is contained at least one of the saved matrices, meaning that an equivalent matrix is already saved; (c) the black cube represents the enhanced matrix
(of dimensions 10 x 8 x 6) whereas the coloured cubes some of its 5 x 4 x 3 portions.

variability which is mainly determined by the surface layer chemical
composition.

2. Methods
2.1. Inequivalent bulk supercell generation

Several approaches have been used for DFT-based studies of HEAs.
The most widely used one employs the so called special quasi-random
structures (SQSs) [11-13]. SQS can be regarded as the best possible
periodic unit cell representing a given random alloy. Such unit cells
are built making sure that the correlation functions for the first few
nearest neighbour atomic shells are as close as possible to those of
the target random alloy. The clear advantage of the SQS approach is
to obtain reliable estimates of the target properties by performing ab-
initio calculations only on the few special structures. On the other hand,
the SQS approach does not allow to gain insights on how local atomic
distributions might affect the alloys properties.

To address the variability of the Cantor alloy surface energies due to
local chemical configurations, instead, we generated random unit cells
with fixed overall stoichiometry (constituents in equiatomic concentra-
tion) and we performed individual calculations on each of them. The
physical quantities of interest were then computed for each random
structure and averaged until their distribution was stable in terms of
both average and standard deviation. In this way, it was made sure that
the intrinsic variability of the observable was properly being captured.
This kind of approach has also been used in several other studies, such
as in [14] to study the suitability of HEAs for use within a nuclear
reactor environment, in [15] to study the formation and structure of V-
Zr amorphous alloy thin films and in [10] to reconstruct the adsorption
energy distribution of oxygen intermediates on HEAs made of earth-
abundant metals. The number of random configurations, required to
converge the lattice parameter and cohesive energy is of the order of
1-2 tens, in agreement to what found in literature [10,14,16].

2.1.1. Non-equivalent configuration generation algorithm

The HEA fcc bulk was modelled considering the (111) surface as
the xy-plane. Within this plane the lattice has a hexagonal geometry
and perpendicularly to the plane the atoms geometrically arrange in
an A-B-C stacking. We choose the bulk unit cell, shown in Fig. 1(a),
it has dimensions (5,4,3) and therefore contains 60 atoms in total
(20 atoms for each of the 3 inequivalent lattice planes). This cell size
is large enough to avoid that artificial ordering, due to the imposed
periodicity, affects significantly the energetics of the structure, indeed
similar supercell sizes were also used in Refs. [7,14].

Due to translational invariance, different randomly generated unit
cells could yield to the same infinite lattice. To generate non-equivalent
random bulk supercells we proceeded as follows:

1. A new random 5 X 3 x 3 supercell is generated;

2. The generated random 5 x 4 x 3 supercell is “enhanced” to a
10 x 8 x 6 cell, by doubling it along all three dimensions. The
10 x 8 x 6 cell is shown in black in Fig. 1c;

3. Each previously generated (and stored) 5 x 4 x 3 supercell is
compared to all possible 5 x 4 x 3 portions of the enhanced
10 x 8 x 6 cell. Examples of such portions are shown as coloured
cubes in Fig. 1c;

4. If none of the previously generated 5 x 4 x 3 supercells is
equivalent to any of these portions, the generated 5 x 4 x 3
supercell is stored with the others;

5. Else the 5 x 4 x 3 supercell is discarded and a new one is
generated.

This procedure is repeated until the number of inequivalent config-
urations that guarantees the convergence of the lattice parameter and
cohesive energy is reached.



L. Berghenti et al.

a)

-466.10

-466.15

energy [eV]

-466.20

-466.25

660.0 662.5 665.0 667.5 670.0 6725 675.0 677.5 680.0
volume [A%]

—)

Applied Surface Science 718 (2026) 164848

b)

-466.00

-466.05

-466.10

—466.15

energy [eV]

-466.20

—466.25

volume [A%]

Fig. 2. (a) First set of relax calculations for different values of the lattice parameter a. The Murnaghan fit applied to HEA bulk unit cell produced scattered
results; (b) Murnaghan fit produced by regularizing the previous plot following the protocol described in the text.

2.2. Bulk lattice constant determination

For each randomly generated supercell, at the optimal cutoff and
k-mesh, the equilibrium lattice parameter is determined. Following a
procedure which is completely standard within the solid state com-
munity, for each of the 15 different unit cell configurations, several
relax calculations were performed varying the value of the lattice
parameter. The optimal value of the lattice parameter for each config-
uration should have been, in principle, straightforwardly determined
through a Birch-Murnaghan fit. However, when collecting the total
energy against volume data, unpredictable scattered results, like the
ones showed in Fig. 2(a), were obtained. This anomalous behaviour
is a reflection of the complexity of the total energy landscapes of this
material. Such complexity is due to the different magnetic properties
of the Cantor alloy metal constituents: namely, Fe, Co, Ni are ferro-
magnetic elements, whereas Mn and Cr are antiferromagnetic. This
diversity strongly influences the stability of the system. For example
if Mn, antiferromagnetic, happens to be combined with ferromagnetic
elements, Ni, Co and Fe, and another antiferromagnetic element, like
Cr, the preferred antiparallel alignment of Mn spins cannot be com-
pletely satisfied [17]. Moreover, pure Mn in a fcc structure would
be magnetically frustrated due to geometric constraints on nearest
neighbour exchange interactions [18]. Additionally, in the particular
case of HEAs, magnetic frustration also depends on local composition,
i.e. the type and concentration of the different elements [17]. There-
fore, to regularize the E,, vs volume curves and to be able to identify
the equilibrium lattice parameter for each configuration, a two step
procedure was implemented: first of all a first set of relax calculations
was carried out starting from a good guess of the input, unrelaxed,
magnetic moments per atom, which assured smooth convergence at all
lattice parameters, and secondly, a second round of relax calculations
was run using as input the relaxed set of magnetic moments of the
lowest energy structure obtained in the first run. For example, in the
case shown in Fig. 2, the relaxed magnetic moments of the ~ 667.5 A2
volume cell of Fig. 2(a), were used as input magnetic moments for all
the relax calculations whose results are collected in Fig. 2(b).

To summarize, for each randomly generated supercell the equilib-
rium lattice parameter was determined by:

1. performing a first set of relax calculations for different values of
the lattice parameter g in order to identify the lattice parameter
amin giving minimum energy, as shown in Fig. 2 (a). In these
step the initial magnetic moments pyy, are set using Materials
Project’s [19] values of magnetic moments: uc, = 2, pc, = —2,
Hpe =3 fvin = =2, Hni = 1;

2. extracting the final relaxed magnetic moments yyypy belonging
to the relaxed structure having minimum energy;

3. using these magnetic moments as input magnetic moments
for new relax calculations at all lattice parameter and per-
form the Birch-Murnaghan fit, obtaining regularized curves as

Table 1
Methfessel-Fiorentini fit for different sets of number of layers: first using N =
4,7, then N =4,7,10 and eventually N =4,7,10, 13 for a fixed configuration.

#Layers ABC BCA CAB
y (J/m?) y (J/m?) y J/m?)
4 / / /
7 1.82 2.62 2.36
10 1.81 2.64 2.35
13 1.85 2.65 2.34

those shown in Fig. 2(b), and extracting the equilibrium lattice
parameter a.g;

Once a.q is determined, the structure is relaxed again and the cohesive
energy €conesive 15 Obtained dividing the total free energy Ey; by the
number of atoms is the bulk.

2.3. Slabs for surface energy calculations and surface energy convergence

The bulk unit cells used for this study are composed by the three
inequivalent planes ABC, which differ not only by their geometrical
stacking, but also for their chemical composition. Therefore, in order
to characterize how local chemical configurations affect the surface
energetics, we put care in using slabs where the same surface layer
is exposed at both edges. For example considering the A-termination,
some possible surface structures, with increasing numbers of layers,
correspond to the stacking ABCA, ABCABCA, ABCABCABCA, etc. Fol-
lowing standard approaches, the number of layers making up the
slab was identified through surface energy convergence. Namely the
surface energies y were determined using the Methfessel-Fiorentini
method [20] where the total energy of the slab E;,,(N) is considered
as a function of the number N of layers, E,,(N) = 2y - A+ NE, .,
A being the supercell area. The surface energy is then calculated from
the angular coefficient obtained from the linear fit of this expression.
An often underestimated advantage of using Methfessel-Fiorentini ap-
proach is that it does not oblige to refer to a value for the bulk cohesive
energy, unlike when calculating the surface energy using directly the
calculated value of the surface energy for increasing slab thicknesses.
For all three termination of a bulk configuration we thus performed
the fit for different sets of number of layers: first using N = 4,7, then
N = 4,7,10 and eventually N = 4,7,10,13. The results are shown in
Table 1. We see that the 4 to 7 layers fit is enough to obtain surface
energy convergence. Finally because the details of the Cantor alloy
energetics are strongly influenced by the initial magnetic moments that
we set in input, it is worth mentioning that we used as initial magnetic
moments for the slab the output magnetic moments of the three layers
A, B and C, obtained from the bulk calculations.
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Fig. 3. (a) The table shows the values of the lattice parameter and cohesion energy obtained for each of the 15 inequivalent configurations. The mean values
obtained for the lattice parameter and cohesion energy are respectively: a.q = (3.54 +0.01) A and E.,, = (=7.78 £0.01) eV. Running average for both the lattice
parameter (b) and cohesion energy (c) of their mean and standard deviation: cohesion energy mean and its standard deviation as a function of the number of

configurations used to calculate it.

2.4. Computational parameters

All computational simulations are performed using VASP (Vienna
Ab initio Simulation Package) [21-23] which implements Projector-
Augmented-Wave (PAW) pseudopotentials [24] and PBE-GGA exchange
correlation functionals [25]. The bulk unit cell of our HEA is made of
3 layers parallel to the (111) plane and it has dimensions (%, y, z) =
(5,4,3), for a total of 60 atoms, which is in line with the minimum
size (54 atoms) required by the averaging method to converge the
energy [7,14,26]. To obtain the optimal computational parameters,
self-consistent field (scf) calculations were performed on a single ran-
dom bulk configuration, at lattice parameter equal to ap.=3.6 A,
increasing the kinetic energy cutoff and k-point sampling until the
energy per atom varied by less than 0.5 meV/atom. For all calculations
the smearing was set to ¢ = 0.1 eV, and atomic positions were relaxed
until the forces were converged within 0.05 eV/A. Convergence was
reached for a kinetic energy cutoff of 400 eV and a (4 x 5 x 6) k-
point grid . Both the convergence cutoff energy and k-points sampling
compare well with the other available DFT studies [27,28]. For surface
calculations we used 15 A vacuum.

3. Results
3.1. Bulk properties

The 60-atom supercells used in this work have a randomly gener-
ated equiatomic distribution of atoms. In principle, at low tempera-
tures, such structure would not be thermodynamically stable. Indeed,
the stability of the HEAs random phase is guaranteed only by suffi-
ciently high temperatures, when the contribution of the configurational
entropy (maximized when all the components are present in the same
proportion) to the Gibbs free energy becomes dominant [29]. Actually,
coarse-grained Cantor alloy samples are found to be thermodynamically
stable above 800 °C annealing temperature, kinetically stable below
450 °C annealing temperatures [29], with de-mixing and precipita-
tions only being found after several years of intermediate annealing
temperatures [30].

3.1.1. Lattice parameter

The procedure described in the Method (Section 2) has been applied
for an increasing number of non-equivalent bulk configurations until
the convergence of the cohesive energy and lattice parameter distribu-
tions was reached. Their tabulated values, together with the running
average and running standard deviation, are shown in Fig. 3. It can be
seen that 15 configurations are enough to converge the cohesive energy
and the lattice parameter up to an error of 0.1%. The mean values
obtained for the lattice parameter and cohesion energy are respectively:
deq = (3.54£0.01) A and €con = (=7.78 £0.01) eV, both very close to the
average values of lattice parameters and cohesion energy of the metal
constituents fcc bulks, which correspond to 3.53 A and —7.73 eV/atom
respectively.

3.2. Surface properties of single transition metal constituents

Since the Cantor alloy has a fcc lattice structure, as a reference, we
preliminarily study all the pure metal constituents in this crystalline
structure, assessing the surface energies of their (111) faces within the
same computational setup. The results are collected in Table 2.

The lower surface energies pertain to Ni and Co. Ni is most stable
in the fcc crystalline structure, whereas Co most stable phase is the hcp
one [32]. Actually, DFT calculations show that the fcc and hpc phases of
Co are very close in energy, their relative stability strongly depending
on the choice of the xc functional [33]. Higher surface energies are
associated to Fe, Cr and Mn, whose most stable phase is also different
from the fcc one (for brevity we will call this set of elements “high-
surface energy species”) When compared with the surface energy of
their most stable face in their equilibrium crystalline structure, shown
in parenthesis in Table 2, we see that the surface energy of the high-
surface energy elements further increases when they are set in their
most stable crystalline phase. This is a consequence of the more stable
bulk from which the formation of a surface is thus more energetically
expensive. The electron configuration of the 3d transition metals ele-
ments that constitute the Cantor alloys display an increasingly filled
d-shell that goes from half-filling, in the case of Cr and Mn, to an 8-
electrons filling in the case of Ni. Despite possible complications due to
magnetism, the computed surface energies follow the expected trend:
when displayed against the d-shell occupation, the computed points
belong to the decreasing interval of a parabola whose maximum is
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Surface energies of: (111)-surface of the HEA constituents fcc crystalline structures; the most stable structure, in parenthesis, from
Legacy Materials Project Database [19,31] for the non-fcc elements Co(hpc), Fe (bcc), Mn (complex A12), Cr (bcc). The last row
contains the surface energy descriptor values S, for the 5 atomic species Cr, Mn, Fe, Co, Ni of the Cantor alloy.

Ni Co Fe Mn Cr Mean Std
Structure fee fee fee fee fee / /
Miller a1n a1 a11n 111 111 / /
y (J/m?) 1.94 2.08 (2.11) 2.32 (2.45) 2.64 (3.39) 2.75 (3.22) 2.01 0.10
Sury 15.06 16.13 19.67 26.06 33.51 / /

a)
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[CABCABC 2.62 1.86 2.36 1.89 2.49 2.39 2.59 2.14 1.83 1.94 | 2.17 | 2.30 | 2.29 | 2.31 | 2.36
b) 10
c)
8 HEA surface energy y (J/m?)
] mean std
g — 2.25 0.30
[
=
&, constituents surface energy y (J/m?)
(111) - surface fcc lattice
5 mean std
2.35 0.35
0 T
1.0 5 2.0 25 3.0 35
y ()/m?)
d) 20
0.6
26 .
05 .
24 -
Sy o® E 04 L
£ e £ o
S22 . pe il ®oce
- .: o5 LV P 0000000,
° g ®0000%00%°
2.0
0.2
18
(] 0.1
16
0 10 20 30 40 0 10 20 30 40

# of configurations

# of configurations

Fig. 4. (a) Table of the values of the surface energy of the 15 different bulk configurations having 3 different termination each; (b) histogram of the surface
energy values; (c) mean and the standard deviation of the Cantor alloy and of its constituents surface energies; (d) running average of the surface energy and

running standard deviation.

located at half-filling. In fact, it has been verified for both 3d [34]
and 4d [35] transition metal series that the surface energy shows a
parabolic trend which originates from the increasing d-band filling of
the different metals. Indeed, within a simple bond-cutting model, the
surface energy per atom is directly proportional to the d-bond energy.
Therefore such parabolic dependence is a reflection of the parabolic
dependence of the nearest-neighbour d-bonding strength against the
number of d electron (maximal for half-full band), explained, within
the Friedel model, in terms of filling of bonding (before half-filling)
and anti-bonding (beyond half filling) d states [36].

3.3. Cantor alloy surface energy

Surface energies, computed using the Fiorentini-Methfessel method
[20], described in the Methods Section 2, for the 45 surfaces are
reported in 4, together with the corresponding running average and
standard deviation. The stability of the distribution, in terms of both
average and standard deviation, is reached using a number of bulk
configurations equal to 15 (corresponding to 45 surface structures). The

value of the surface energies for the 45 structures ranges between 1.58
J/m? and 2.84 J/m?, averaging over the whole set we obtain y = (2.25+
0.30) J/m”. While the average surface energy of the Cantor alloy almost
perfectly matches the average surface energy of the five constituents
(yeonst = (2.35 +0.35) J/m?), its large variability (values range between
1.58 J/m? and 2.84 J/m?) deserves further investigation. First of all we
check how our calculations are affected by the fact that the two surfaces
of each slab, despite having the same chemical composition, are not
exactly equivalent due to a different sub-surface layer. Namely, from
a chemical composition point of view, the slabs expose the same faces
(either both A, B or C); however, the layer beneath the two surfaces is
not of the same kind. For example considering the slab ABCABCA, the
bottom surface has a B-type layer above it, while the top surface layer
has a C-type layer below it.

To assess how much the coupling with the sub-surface layers affects
the energetic of the surfaces, we apply systematic shifts in the xy-plane
to the first and second superficial layers. The surface energy variations
for these new configurations are shown in Fig. 5 (a). Shifting the surface
layer with respect to the sub-surface one changes negligibly the surface
energy, well below the variability of this quantity due to the specific
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a)
conf - termination y no shift (1/m?) Ay 1-layer shift (J/m? Ay 2-layers shift (J/m?)
2- ABCABCA 2.50 -0.05 -0.05
2 - BCABCAB 2.59 -0.01 -0.03
2 - CABCABC 1.80 0.05 0.09
3 - ABCABCA 1.87 0.07 0.00
3 - BCABCAB 2.75 -0.02 -0.01
3 - CABCABC 2.39 0.04 0.06
4 - ABCABCA 2.73 0.00 -0.03
4 - BCABCAB 2.23 0.02 0.10
4 - CABCABC 1.91 0.04 0.01
5 - ABCABCA 213 -0.02 -0.03
5 - BCABCAB 1.95 -0.11 -0.05
5 - CABCABC 2.47 -0.02 -0.01
matic shift no shift Ay 1-layer shift |Ay 2-layers shift
mean (J/m?) 2.28 0.00 0.00
std (J/m?) 0.34 0.05 0.05

b)
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16
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Fig. 5. (a) The first table illustrate HEA surface energies for the configurations 2, 3, 4, 5 (having 3 terminations each) obtained by the systematic shift of one
and two layers below the superficial layer. The data are visualized in the histogram while the mean and standard deviation of these values are summarized in
the table below. (b) The shows the charge density at the bottom and top surface planes of the slab ABCABCA. Even if the bottom surface has a B-type layer
above while the top surface has a C-type layer below, the charge density at their respective surface planes presents the same pattern in both cases.

termination. This decoupling allows us to consider, to a good extent, the
two faces as equivalent. Indeed, when looking at the charge density at
the surface planes shown in Fig. 5 (b), very similar patterns can be
recognized for the two faces.

The fact that the surface energy is almost completely independent
on the relative position of the surface layers with respect to the bulk
ones, suggests to look at the intrinsic properties of the surface lay-
ers themselves to account for the wide surface energy variability. In
this view, it is worth noting that, while the bulk unit cell overall
stoichiometry is preserved, the individual layers, therefore also the
surface layers, are not equiatomic and their composition varies. It is
then possible that the constituents concentration at the surface plays a
major role. To this aim, we define an “expected” surface energy y*Pe¢
in terms of constituents surface concentrations, as the weighted average
of the constituents surface energies, the weights being the element
concentration at the surface, namely:

5

yoee = Y ny M
i=1

where the index i runs over the five constituents Ni, Co, Fe, Mn, Cr

and the values for y; are those present in Table 2. The values of the

computed surface energies y against the corresponding expected surface

energies y**P¢¢ for each surface are shown in Fig. 6. The plot clearly

shows an anti-correlation relation between the expected surface energy

y*Pe¢ and the surface energy y which is actually calculated.

To understand this behaviour, we go back at Table 2 and observe
that Ni and Co have lower surface energy than Fe, Mn and Cr. Therefore
lower y®*Pe¢ values correspond to surfaces having a higher concen-
tration of high surface energy elements; while higher y**P¢¢ values
correspond to surfaces having a higher concentration of low surface
energy elements. In other words, ordering the different configurations

in terms of y**P¢¢  is a way of actually ordering them in terms of the
surface layer atomic species concentrations. This is indeed the case, as
shown in Fig. 6(b), where surface energies y are set against the sum
of the concentrations of high surface energy elements (HSEE), namely

nzng £ = ﬁ ¥, N; with i = Cr, Mn, Fe, and N:*/ being the number

of atoms of the surface of the slab.
3.4. A simple descriptor for the surface energy

Also in Ref. [6], for the cases of IrRuRhPdPt, NbMoTaTi and NbMo-
TaTiV HEAs, it was found that surface energies seemingly depended
only on the species of atoms present in the HEA single surface layer. In
the same paper, to account for the specific structure-property relation-
ship, a surface energy descriptor was used in terms of the surface atoms
period and group number, valence electron number (correlated with
bandwidths, usually considered as an index of bond energy), and Paul-
ing electronegativity, (governing charge transfer among different atoms
and thus used to characterize adsorbate-surface bond distances [37]).
Further physical insights on this descriptor can be found in Ref. [38]
where it was first introduced to quantify surface energies material’s
dependence on a vast variety of materials.

We used a simplified version of the proposed descriptor, namely

Seurf = N\/Hi’i , S;» the geometric average, over the atoms belonging

to the surface layer (labelled with the index i), of a chemical species-

specific descriptor given by §; = —2 where Sjj is the d-shell filling

and y; is the Pauling electronegativit}ll of the ith atom. As explained in
Ref. [6], a geometric averaging procedure is used to define the surface
descriptor instead of the arithmetic one. This choice is motivated by the
need of capturing non-local environment effects, in an analogy with the
single electron approximation in quantum mechanics, where complex
non-local effects are better caught by geometric means [39].
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Fig. 6. (a) Surface energies calculated using the Methfessel-Fiorentini method compared to the surface energies estimated from the constituents concentrations
at the surface. The plot shows an anticorrelation relation between the two quantities; correlation coefficient: —0.92, mean absolute error: 0.10 (J/m?). (b) surface
energy as a function of the concentration of high surface energy elements (Fe+Mn+Cr) at the surface; correlation coefficient: —0.90, mean absolute error: 0.11
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Fig. 7. Computed surface energy against the surface energy descriptor S;.
The two quantities clearly correlate with a correlation coefficient of 0.98 and
a mean absolute error of 0.054 J/m>.

Surface energies are displayed against Sy, in Fig. 7 (a). The two
quantities clearly correlate with a correlation coefficient of 0.98 and a
mean absolute error of 0.05 J/m?.

The S; values for each of the 5 atomic species are reported in the
last line of Table 2. Clearly the S; index is able to discriminate between
high surface energy elements (Cr, Mn, Fe), which have lower S;, and
low surface energy ones. At the same time, it also weights each element
in a finer manner than n;‘;’SfE  yielding a better correlation. However,
while in this case y displays a positive correlation with Sy, in Ref. [6]
the surface energies of the IrRuRhPdPt HEA show a quite different
trend. First of all, surface energies and S,,,+ anticorrelate, secondly the
correlation coefficient is ~ —0.7, quite lower, in absolute value, than
what found here for the Cantor alloy’s y, and, finally, the IrRuRhPdPt
HEA surface energy values range in much smaller intervals, namely
~ 0.4-0.8 J/m?, depending on the surface orientation. The extremely
strong dependence of the computed y on Sy, s and especially its trend
opposite both to y**?*¢ and to what found in the literature on Sg;,
suggest that some important physical ingredient is missing.

3.5. Bond-cutting model analysis of the surface energy

As already mentioned when discussing the single constituents sur-
face energies, within the Friedel model transition metals d-series bond
energies e¢p have a parabolic dependence with d-band filling. The
maximum of the parabola is located more or less at half-filling [35].
Therefore decreasing bond energies are expected following the series
Cr, Mn, Fe, Co, Ni.

Bond energies ¢,,,, can be roughly estimated directly from bulk
cohesive energies ¢,,,, namely €., = %63, where CP is the bulk
cloordination number. For FCC crystals Cﬁcc = 12, therefore 615; de =
€con- Indeed, the computed ¢, (see S.I.) follow a decreasing trend
along the series which then implies decreasing bond energies.

Within a simple bond-cutting model, the surface energy per atom
is expected to be roughly proportional to the difference in bulk and
surface atoms coordination numbers, i.e. the number of absent bonds
per surface atom, times half the bond energy. The factor 1/2 originates
from the fact that each bond is shared between two atoms. In the case
of the (111) surface of FCC metals the number of absent bonds per

atoms is equal to 3 so that energy loss per atom should approximately
FCcC

be a(FlélC) =3 eb"T"" = iecoh. Therefore, when a surface displays a
larger concentration of the atomic species with larger bond energies
(for the Cantor alloys Cr, Mn, and Fe) larger surface energies would be
expected, at odds with the anti-correlation found between y and y¢*?,
or similarly between y and nSH";fE e

The reason for such anti-correlation can be found with a more
careful application of the bond-cutting model and keeping in mind
that, when creating the ABCABCA-type slabs, the stoichiometry with
respect to the equiatomic -ABC- bulk is actually being slightly changed.
Indeed, building the ABCABCA slab could be imagined as appending to
an equiatomic ABCABC one an additional layer A. In this view the total

energy of the 7 layers slab E;LL 4 could be decomposed as:

i _ p6L Ly i
“Con = EBULK +2 ENi €con>
i

@

is the total energy of a 6 layers ABC bulk, N; is the

number ggLalioms of species i in the surface layer, eioh is the bulk

cohesive energies of species i, the index i running along the Cr, Mn,

Fe, Co, Ni series. Analysing the first expression of Eq. (2), this de-

composition acquires a clear physical meaning: starting from a 6-layer

bulk (-ABCABC-) of energy Eg%] 1 x> @ six layer slab ABCABC is formed
Ny-el

iCcon

paying a price equal to Y, 7+ per atom to form a surface A plus
a similar contribution to form a surface C. The latter contribution,
i.e. the energy required to form the surface C, is immediately cancelled
out when appending the second surface layer A to form the 7 layers
slab ABCABCA. At the same time, upon appending the A layer, the
energy of the bonds present within the A layer itself and between the
A layel;‘ gcpd the sub-surface C layer is gained, such energy amounts to
>.9: e””T”” "N, =3, %N,- -¢! ., being 9 the coordination number of the
surface atoms of the (111) face of FCC metals.

While Eq. (2), has been derived for the (111) face of an FCC metal,
similar reasoning could be applied for any other crystalline structure

E7L

N; €
_ 6L ! coh 9
sLas = Epurk _Z 4 + 4 12Ni
1 1

where ESL




L. Berghenti et al.

3.0 4
//’
281 &
1‘/
2.6 1 o
>
0.

2.4
& o & L)
= l”’ [
£ s .
S22 e
> **

2.0 1 }’3

(]
e
1.8 o’
.
x4
o
16 /,x >
-0.38 -0.37 -0.36 -0.35 -0.34 -0.33

25N eloy (€V/A?)

Fig. 8. Surface energy against Z >N, € ,, a linear relationship is expected
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and/or face. Indeed care should only be put into properly considering
how the bulk cohesive energy is related to the bond energy, i.e. through
the appropriate bulk coordination number, and in counting how many
bonds are cut upon forming a surface, whose number can be easily
determined for any FCC and BCC crystal face [40].

Inserting Eq. (2) in the expression surface energy y its dependence
on surface species concentration {N; -} can made explicit obtaining:
y= 2{4 [E;IiAB N7Lewh] = Const+ — Z N € 3)
Where N7 is the total number of atoms of a 7-layers slab, and €, is
the average cohesion energy of the equiatomic bulk -ABC- of the Cantor
alloy, obtained by averaging over the 15 bulk configurations. Actually
for each bulk configuration the specific ¢, listed in Fig. 3a are used,
but they are in fact extremely close to €,,;,. Fig. 8 shows y as a function
of ¥, 2N . A correlation coefficient of 0.98 is be found, with a
mean absolute error of 0.041 J/m?2.

This result suggests that the computed y are not properly a measure
of surface reactivity but are instead related to how and by which
amount the ABCABCA-type slab is off-stoichiometry. Indeed, they re-
flect how the presence (absence) of higher cohesive energy elements
beyond stoichiometry is actually stabilizing (de-stabilizing) the slab
with respect to the reference equiatomic condition, leading to smaller
(larger) surface energies.

To obtain a quantity that relates directly to surface reactivity a e,,;,
pertaining to the ABCABCA-slab actual stoichiometry should be used.
For this purpose it is possible to introduce 7 given by:

Z N7L cah:| ’ (4)

where NI.7L is the number of atoms of the species i in the 7-layers slab.
Fig. 9 shows 7 against y°*. 7 average value is 1.77 J/m? with a small
standard deviation of 0.07 J/m?. Indeed, the vertical axis interval width
has been specifically chosen to match those of Figs. 6, 7, 8, emphasizing
how values, varying between 1.63 J/m? and 1.95 J/m?, range in
a much more limited interval with respect to y. A slightly positive
correlation coefficient of 0.63 is found between 7 and y¢*?*¢, the surface
energy expected from the surface concentration of the different species,
with a mean absolute error of 0.045 J/m?. As shown in Section S2
of the Supplementary Material, 7 anticorrelates with S, . (correlation
coefficient: —0.56, mean absolute error: 0.047 J/m?), closer to the trend
found for IrRuRhPdPt HEA in Ref. [6], where surface energies were
estimated using as a reference the single constituent pure bulk cohesive
energies multiplied by the constituent concentration, as done in our

- 7L
Y=3a [ESLAB
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Fig. 9. Modified surface energy 7 vs surface energy expected from the species
surface concentration. Correlation coefficient: 0.63; mean absolute error: 0.045
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definition of ¥. However, while in the case the IrRuRhPdPt HEA the
computed surface energies are well above the average of the surface
energies of its constituents (as extracted from the Materials Project
DataBase [19]) in our case 7 are smaller, supporting the use of the
Cantor alloy as anti-corrosion coating [41].

3.6. A simplified predictive expression for the surface energy

Despite the fact that y does not provide a measure of surface
reactivity, the almost perfect agreement by which Eq. (3) describes its
behaviour (also displayed in Fig. 8) indicates that the decomposition
of the slab energy in terms of a bulk contribution and a surface
layer term is very reliable. Interestingly, both quantities stem only
from bulk calculations. This means that the slab total energy could
actually be inferred simply from bulk calculations and the knowledge
of the surface composition. Moreover, this implies that the HEA surface
energy, for any bulk configuration, could be predicted simply from the
bulk calculation itself, by using the decomposition given by Eq. (3) in
the definition of 7 (Eq. (4)), and obtaining:

=X (- N e ] - 5)
i
where E™

uLk 1S the total energy of the m-layers bulk, NI.'”+1 is the
number of atoms of species i in the (m+ 1)-layers slab, N, is the number
of atoms of species i in the surface layer, and eioh is the bulk cohesive
energies of species i. In this work we took into account the equiatomic
situation, nevertheless, Eq. (5) could be easily extended to study HEAs
with non-equiatomic stoichiometry or with elemental substitutions.
This would require tuning the bulk configuration generation algorithm
to the target concentrations and computing the bulk cohesive energies
of the novel chemical species.

Surface segregation effects were not considered in this work, the
chemical composition of our surface layers being only randomly out of
stoichiometry. While surface segregation is common in solid solutions,
in the case of the Cantor alloy its role is being debated. Classical
force field molecular dynamics and static calculations showed the
tendency of Mn to segregate towards the surface [42], whereas ab-
initio DFT calculations showed that surface segregation is negligible
in vacuum and at room temperature, Mn and Cr segregating instead in
the presence of oxygen [43]. Experimentally, it was shown that, up to
673 K annealing, the Cantor alloy surface composition is close to the
nominal one. However, by raising further the temperature, the surface
concentration of Mn and Ni rises [44].

The tendency of a chemical species towards surface segregation is
often explained in terms of three competing driving forces: a surface

. _ 1
=352 I:EgULK
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energy term, that favours the segregation of low surface energy ele-
ments; an alloy interaction term, related to the enthalpy of mixing and
the number of bonds present within and among atomic planes; and,
finally, an elastic strain energy term [42].

Within our approach, by systematically modifying the surface com-
position, surface segregation effects could be studied. The ab-initio
DFT determination of the HEA alloy surface energy would naturally
capture all three, surface energy, alloy interaction, and elastic strain
energy, effects; whereas Eq. (5) would be limited to the surface energy
contribution. Similarly to surface segragation, the proposed ab-initio
approach could be also applied to study systematically the effect of bulk
local short-range order on the surface energy. Indeed, the algorithm
for the generation of non-equivalent bulk configurations should be
modified to produce bulk supercells with target Warren-Cowley like
parameter values [45]. In this way, the amount of “local short-range
order” in the alloy would be controlled and its impact on surface
energy could be revealed. The 7 model, on the other hand, would
not be capable of considering clustering effects. In Section S3 of the
Supplementary Materials, we show, with two illustrative examples, how
to apply the proposed approach when varying stoichiometry or taking
into account surface segregation.

4. Conclusions

In this work we systematically investigated how the randomly vary-
ing atomic distribution affects the surface energy of the Cantor alloy
by means of DFT. For this purpose, we employed a supercell approach
that allows to introduce the variability of the target quantities due to
the specific atomic configurations. Random equiatomic 60-atoms bulk
supercells were generated, carefully computing for each of them the
equilibrium lattice constant and cohesive energy per atom. Due to the
complex magnetic behaviour of this system a specific procedure was
needed to regularize the total-energy vs lattice parameter curves. 15
non equivalent bulk configuration were enough to provide a stable
distribution for the equilibrium lattice constant and the cohesive energy
in terms of both average and standard deviation. Both quantities closely
match the corresponding average values of the five metal constituents
fee bulks.

Converged surface energies were computed employing the standard
Fiorentini-Methfessel procedure in which increasingly thick slabs ex-
posing the same surface were built from equiatomic bulk configurations
whose 60 atoms supercell consisted in 3 layers perpendicular to the
(111) direction. Increasing the slab up to 7-layers was enough to reach
converged value. In agreement with what found in Ref. [6] for the
IrRuRhPdPt, NbMoTaTi, and NbMoTaTiV HEAs, the surface energetics
seems dictated by the atomic configuration of the surface layer only,
with very little dependence on the subsurface layers. However the
dependence of the computed surface energies on the surface concentra-
tion of the different species displayed an opposite trend with respect
to both what found in Ref. [6], and what would be expected by
considering the relative amount of high surface energy or low surface
energy species present at the surface.

To identify the source of this disagreement, by carefully applying
the bond-cutting model, the slab total energy was decomposed in terms
of a bulk and a surface layer contribution (Eq. (2)), from which a
relation between the computed y and surface concentration of atomic
species was derived (Eq. (3)). This relation matches almost perfectly
the computed quantities, assessing the validity of the slab total energy
decomposition for this class of systems, and allowing to identify the
source of disagreement of the computed y with the expected trends.
Indeed the computed y appear not to be properly a measure of surface
reactivity but are instead strongly influenced by how and by which
amount the ABC(...)ABCA type slabs are off-stoichiometry.

When properly accounting for the simulation slab stoichiometry,
the Cantor alloy surface energies shows a trend which is consistent
with what present in the literature and a positive correlation with the
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y®*P¢¢ meaning, for instance, that it is larger for those surfaces that
have greater concentrations of high-surface energy metals. Its value
range between 1.63 J/m? and 1.95 J/m?, displaying an average value
of 1.77 J/m?, and standard deviation of 0.07 J/m?. Therefore, also
considering its intrinsic variability, the Cantor alloy’s surface energy
is significantly lower than that of its individual constituents, which
implies improved anti-corrosion properties, as lower surface energy
generally correlates with a more stable and less reactive surface. Fi-
nally, the favourable assessment of the slab total energy decomposition
in terms of a bulk contribution and a surface layer term, permits the
derivation of an expression that allows to infer the HEA surface energy,
for any bulk configuration and surface termination, simply from the
bulk calculations itself and the knowledge of the surface composition.
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