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ABSTRACT

Modern design of superior multi-functional alloys composed of several principal components requires in-depth studies of their
local structure for developing desired macroscopic properties. Herein, peculiarities of atomic arrangements on the local scale and
electronic states of constituent elements in the single-phase face-centered cubic (fcc)- and body-centered cubic (bcc)-structured
high-entropy Al,-CrFeCoNi alloys (x = 0.3 and 3, respectively) are explored by element-specific X-ray absorption spectroscopy in
hard and soft X-ray energy ranges. Simulations based on the reverse Monte Carlo approach allow to perform a simultaneous fit
of extended X-ray absorption fine structure spectra recorded at K absorption edges of each 3d constituent and to reconstruct the
local environment within the first coordination shells of absorbers with high precision. The revealed unimodal and bimodal
distributions of all five elements are in agreement with structure-dependent magnetic properties of studied alloys probed by
magnetometry. A degree of surface atoms oxidation uncovered by soft X-rays suggests different kinetics of oxide formation for
each type of constituents and has to be taken into account. X-ray magnetic circular dichroism technique employed at L, 3
absorption edges of transition metals demonstrates reduced magnetic moments of 3d metal constituents in the sub-surface
region of in situ cleaned fcc-structured Aly;-CrFeCoNi compared to their bulk values. Extended to nanostructured versions of
multicomponent alloys, such studies would bring new insights related to effects of high entropy mixing on low dimensions.
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cubic (bcc) or face-centered cubic (fcc)) alloys with minor
inclusions of other ordered phases due to high mixing entropy
[12, 13]. Nevertheless, depending on the composition, they reveal
a quite complex nature of lattice distortions and magnetic
behaviour resulting in a strong dependence of the spontaneous
magnetization and the long-range ferromagnetic order on the
aggregation of their components [14]. Due to a spin-driven nature
of a particular metal ordering in HEAs [15], clustering and

1 Introduction

High-entropy alloys (HEAs) present a broad class of
multicomponent materials with a high variety of their
composition and microstructure peculiarities. Exploration of
entropy stabilization concept and its influence on materials
properties began in the early XXI* century [1, 2] and attracts more
and more attention from the materials science community [3, 4].

In early works, HEAs have been reported to crystallize as single-
phase alloys with randomly distributed atoms among the phase
[5]. Nevertheless, more detailed studies suggested the existence of
atomic aggregation and long-range order [6-8]. It has been also
postulated that atomic aggregation, as well as formation and
dissolution of intermetallic secondary phases, may play a key role
in HEA’s structural and chemical stability and their physical
properties.

In general, HEAs exhibit high mechanical and chemical stability
under high-temperature and high mechanical impact [9], low
magnetic anisotropy, reasonably large saturation magnetisation,
and high Curie temperature [10] together with the absence of
ductile to brittle transition and high strength [11]. A number of
HEAs was proposed to be single-phase (mainly body-centered

dislocations can be considered as a way to reduce the magnetic
frustration of the magnetic interactions between nearest-
neighbours as it was shown for high-entropy oxides [16,17].
Despite intensive macroscopic studies of HEAs using high-
resolution imaging and X-ray diffraction, key questions are still
not clarified since local coordination/clustering on the atomic scale
and especially magnetic ordering, absolute values of the magnetic
moments, and the presence of magnetic phase transitions at high
magnetic fields in homogeneous single-phase alloys were barely
investigated using element-specific techniques up to now.
Al,-CrFeCoNi HEAs are considered as suitable model alloys for
studies of interdependences of structure and different macroscopic
and microscopic properties in compositionally complex systems
that form a chemically random solid solution. It is well known
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that light and relatively large Al atoms act as bcc-stabilizer and,
hence, the crystallographic structure of Al-CrFeCoNi can be
easily tuned by the changing of Al content [18]. For x < 0.3, a
single-phase fcc-structured alloy was detected whereas for x> 0.3 a
pure bec structure has been proposed [19,20]. That, in turn,
influences drastically its mechanical, resistivity, ductile, and
magnetic properties [21,22]. At the same time, Al-CrFeCoNi
HEAs show phase instability upon heating and compression and
undergo phase separation only above 900 K [23-25]. For our
studies, we chose fec-structured Alj;-CrFeCoNi and bcc-
structured Al;-CrFeCoNi HEA systems prepared by induction
melting in an Ar filled glove-box from powders of pure metals as
described in previous works [23-25]. Hereafter, these systems will
be denoted as fcc- and bec-HEA, respectively.

Local ordering and distortions related to the presence of specific
atomic species with different atomic radii were investigated in
recent works predominantly by X-ray and neutron diffraction
which cannot distinguish individual element contributions.
Several attempts to use extended X-ray absorption fine structure
(EXAFS) which is naturally an element-specific technique can be
considered as a primary tool to probe local structure, interatomic
distances, and their expected deviations due to non-equivalent
nearest-neighbours in complex alloys encountered some
difficulties. Applying a non-conventional approach to the data
analysis makes it possible to study HEAs comprised of five
different principal elements, e.g., Pd-NiCoFeCr, Mn-NiCoFeCr,
and Mg-Al-FeCuCr alloys, within several approximations [26-29].
In the current manuscript, to get a maximal benefit from EXAFS
spectroscopy, we employ another approach—atomistic
simulations based on the reverse Monte Carlo (RMC)
method—which provides the possibility to fit wavelet transforms
(WTs) of experimental EXAFS spectra taken at several K
absorption edges and to determine pair distribution functions
associated with local configurations of each constituent element in
the five-component HEAs. These outcomes are unattainable for
other techniques such as diffraction or atom probe tomography.

To probe the surface oxidation that may significantly influence
corrosion, catalytic, electrochemistry, and magnetic properties of
HEAs, X-ray absorption near edge structure (XANES) probed by
soft X-rays at the L,; absorption edges of 3d metals was used. A
signature of non-equivalent development of constituent
degradation on HEA surfaces under water and air conditions was
found. Besides, an impact of hybridization effects between Al and
3d electrons of transition metal elements was observed at the K
absorption edge of aluminum.

As a step towards understanding magnetic properties of HEAs
which are strongly dependent on symmetry, composition, and
local distortions [14, 21, 30], an element-specific technique like X-
ray magnetic circular dichroism (XMCD) can be employed in
addition to conventional magnetometry. It reveals the absolute
value of magnetic moments separately for each 3d component.
Herein, we apply XMCD technique to probe magnetic moments
of 3d atoms located in the sub-surface volume of the fcc-HEA.
Considering together the structural findings, electronic properties,
and magnetic results revealed by element-specific spectroscopy
with hard and soft X-rays, it becomes possible to gain new insights
of Al,-CrFeCoNi high-entropy alloys on the local scale.

2 Experimental

2.1 Sample preparation and prior characterization

As-cast fee-structured Aly;-CrFeCoNi (denoted as fcc-HEA) and
bee-structured Al;-CrFeCoNi (denoted as bec-HEA) samples (the
empirical formulas are given according to energy dispersive X-ray
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(EDX) analysis of the alloys) were prepared by induction melting
in an Ar filled glove-box from powders of pure metals that were
loaded in hexagonal boron nitride crucibles. The weight of each
sample was typically ca. 5 g (ca. 1 cm’). Complete melting of the
samples was achieved above 1,900 K. After 1-2 min at the melting
temperature, the samples were cooled down naturally to room
temperature (RT); the cooling process lasted no longer than a
minute. To ensure homogeneity three equivalent cycles of re-
melting were used; so, it can be assumed that the element
distribution of the samples prepared in such a way represents an
equilibrium state of the alloy near the melting temperature [31].
Then, the bcc-HEA sample was powdered using a Fritsch
Planetary Mill PULVERISETTE 5/2 (36 h, 250 rpm). fcc-HEA
sample was studied in the form of polished disks. More details
about sample preparation, alloy microstructure, differential
scanning calorimetry results (up to 1,300 K), and mechanical
properties can be found in Yusenko et al. [23].

Initial structural characterisation of studied HEAs was done by
synchrotron-based X-ray diffraction (SR-XRD) under hydrostatic
compression in diamond anvil cells. Powder SR-XRD data were
collected at room temperature at the P.02.2. beam-line, PETRA
I, DESY in Hamburg (A = 0.29036 A, Perkin Elmer XRD1621
(2,048 x 2,048 pixels, 200 pm x 200 um) flat panel detector, beam
size 3 um (v) x 3 um (h)), and have shown phase stability under
compression at room temperature up to 60 GPa [23]. An absence
of phase separation is clear proof for a truly single-phase nature of
both alloys. An example of diffraction patterns collected for the
samples studied at ambient conditions could be found in Fig. S1 in
the Electronic Supplementary Material (ESM).

The sample with a small nominal Al-content of x ~ 0.3 revealed
a stable fcc structure in agreement with the results of previous
works. The unit cell parameter and atomic volume of the fcc-HEA
were determined to be ag. = 3.572(2)A and V/Z. = 11.392)
Alatom™, respectively. By increasing x up to 3, an expected
structural transformation to a bee phase was realized. B2-type long-
range ordering of the bcc-HEA sample was confirmed by a
presence of (100) super-lattice peak in the SR-XRD patterns as
previously reported for Al-rich HEAs sub-lattice [32-35]. As soon
as a partially ordered bcc unit cell and a partially disordered B2
crystal structure are identical, herein we used the bec-notation for
the Al-rich Al,-CrFeCoNi alloy. The unit cell parameter became
smaller as a,.. = 2.877(2) A while the atomic volume of V/Z,.. =
11.97(3) A*atom™ was found to be enlarged compared to the fcc-
HEA sample. The powder grains of ~ 100 um predominant size
were found to be free from any non-equiaxed dendrites.

The precise elemental composition of as-cast fcc- and bec-
HEAs was determined using a Hitachi S-4800 field emission
scanning-electron microscope (SEM) equipped with an EDX
analyser and is presented in Table 1. The average elemental
composition was obtained from 2.5 mm x 1.5 mm maps. It was
also found that all elements are homogeneously distributed within
alloys on the um-scale.

2.2 EXAFS at K edges of 3d constituents

EXAFS spectra were recorded in transmission at the Fe (7.11
keV), Co (7.71 keV), Ni (8.33 keV), and Cr (599 keV) K
absorption edges at BAMline at the Helmholtz-Zentrum Berlin
(HZB, BESSY II, Berlin, Germany) [36] with horizontally
polarized hard X-rays from a 7 T shifter at room temperature in
air. fcc- and bec-HEA samples in powder form were mixed with
hexagonal boron nitride and pressed between two 50 pm Kapton
foils. The signal from the upstream ionization chamber filled with
air/argon mixture (ca. 1:1 (v/v)) was used for the normalization of
the X-ray incoming intensity.
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Table1 Structural parameters of as-cast fcc- and bec-HEAs determined from SR-XRD data and atomic compositions taken from EDX analysis

fcc-Aly ;CrFeCoNi as-cast ca. 1,900 K bee-Al;CrFeCoNi as-cast ca. 1,973 K

Structural parameters at ambient conditions

3.572(2)
11.392) (Z = 4)

2.877(2)
11.97(3) (Z=2)

Unit cell parameter, a (A)

Atomic volume, V/Z (A*atom™)

Sample composition (at.%)

Al 7.9(2) 44.4(3)
Cr 23.4(2) 13.6(2)
Fe 23.3(2) 14.3(4)
Co 22.2(2) 14.7(2)
Ni 23.2(2) 12.8(9)

2.3 Reverse Monte Carlo analysis of EXAFS

EXAFS spectra acquired at the 3d metal K-edges of Al,-CrFeCoNi
HEAs were analyzed using the reverse Monte Carlo method based
on the evolutionary algorithm (EA), which is implemented in the
EvAX code [37, 38]. The advantages of the RMC method are its
ability to simultaneously fit a single structural model to several
(four in the current case) EXAFS spectra, measured at different
absorption edges, and to include into the analysis multiple-
scattering (MS) effects and contributions from distant and
overlapping coordination shells.

The Cr, Fe, Co, and Ni K-edges EXAFS spectra y(k)k* were first
extracted using a conventional procedure [39] as implemented in
the XAESA code [40].

To conduct RMC simulations, a starting structural model (a
simulation box) was constructed in a form of the supercell with a
size of 4a x 4a x 4a for the fcc-structured HEA or 5a x 5a x 5a for
the bcc-structured HEA, employing the periodic boundary
conditions. The Al, Cr, Fe, Co, and Ni atoms were randomly
distributed in a proper concentration in the fcc (for Alys-
CrFeCoNi HEA) or bec (for Al;-CrFeCoNi HEA) lattices. The
experimental values of the lattice parameters (a = 3.572 A for the
fec lattice and a = 2.877 A for the bec lattice) refined from room
temperature XRD data were used. The fcc supercell included 256
atoms (20 Al, 60 Cr, 60 Fe, 57 Co, 59 Ni), whereas the bcc
supercell contained 250 atoms (111 Al 34 Cr, 36 Fe, 37 Co, 32 Ni).

The details of the RMC/EA method were described previously
in Timoshenko et al. [37, 38]. In the current study, the number of
simultaneously used atomic configurations in the EA method was
32. At each iteration, a new atomic configuration was generated by
randomly displacing all atoms in the simulation box with the
maximally allowed shift of 0.4 A to get the best possible agreement
between the Morlet wavelet transforms of the experimental and
calculated EXAFS spectra y(k)k* at the four 3d metal edges
simultaneously. The calculations were performed in the k-space
range from 3.0 to 12 A and in the R-space range from 1.0 to 6.0
A. No significant improvement in the residual was observed after
5,000 iterations. As a result of each RMC simulation, a set of
atomic coordinates was obtained, which was subsequently used to
calculate the partial distribution functions (PDFs) g(r), the mean
interatomic distances r, and the mean square relative
displacements (MSRDs) for each pair of atoms as well as the mean
square displacements (MSDs) for each type of atom. To improve
statistics, several sets of PDFs (12 for the fcc-structured HEA and
14 for the bec-structured HEA) were obtained starting from
different (independent) structural models. Note, that PDFs
obtained from RMC simulations include both thermal and static
disorder effects. There is a small difference between R-values in
Fourier transforms (FT) or WT and r-values in g(r) due to the
backscattering phase shifts present in the EXAFS equation [39].

The configuration-averaged EXAFS spectra for atomic
configurations during RMC simulation were calculated for each
type of atom using ab initio real-space multiple-scattering
FEFF8.50L code [41,42] including the MS effects up to the 4"
order. The scattering potential and partial phase shifts were
calculated for each absorption edge only once within the muffin-
tin (MT) approximation [41,42] for the cluster with a radius of
4.8 A, centered at the absorbing metal (Cr, Fe, Co, or Ni) atom.
Small variations of the cluster potential due to atom displacements
during the RMC/EA simulations were neglected. The
photoelectron inelastic losses were accounted for within the one-
plasmon approximation using the complex exchange-correlation
Hedin-Lundqvist potential [43]. The amplitude reduction factor
Sy was included in the scattering amplitude [41, 42], calculated by
the FEFF code, and no additional correction of the EXAFS
amplitude was performed. The values of the E, energies for each
absorption edge, which are used in the definition of the
photoelectron wavenumber k = [(2m/i*)(E — E;)]*, were set to
values that were carefully determined in advance by performing
the RMC simulations of reference compounds (pure metallic
foils).

24 XANES and XMCD with soft X-rays

XANES/XMCD experiments at the Fe (690-740 eV), Co
(770-820 eV), Ni (840-890 eV), and Cr (560-640 eV) L3
absorption edges have been performed for the fcc-HEA at the
recently installed VEKMAG end-station of PM2 beamline at the
Helmholtz-Zentrum Berlin [44]. The absorption spectra for
circular polarized X-rays from a bending magnet were recorded
by the total electron yield (TEY, drain current) under magnetic
fields of +1.8 T applied along the incident beam. The experiment
was done at low temperature of 10 K and in 45° of incidence. The
detected signal was normalized on the incoming intensity
measured by a Ta coated mesh upstream to the end-station. Prior
the measurements the sample was cleaned by Argon sputtering at
1 keV potential for 25 min. For the hysteresis measurements in the
field range of +4 T, the sweep rate of the magnetic field was
2 T-min™".

XANES spectra have been also recorded at the Fe, Co, Ni, and
Cr L,; absorption edges as well as oxygen and aluminum K
absorption edges (520-570 eV and 1,550-1,690 eV, respectively)
at the XUV diffractometer end-station of UE46_PGM-1 beamline
at the Helmholtz-Zentrum Berlin (BESSY II, Berlin, Germany)
[45, 46] for both samples. The geometry of the experiment and the
detection mode were the same as above (45° of grazing incidence,
TEY mode). The measurements at the Cr L,; edges and the O K
edge were done without vacuum protective windows. Spectra have
been measured with horizontally polarized X-rays from the third
harmonic of the elliptical undulator at RT. TEY of the Pt coated Si
mirror before the end-station was used for the normalization of
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the intensity of the incoming photons. EXAFS spectra at the Al K-
edge (1,550-1,950 eV) were also recorded at RT with horizontally
polarized X-rays.

25 Magnetic measurements

Magnetometry measurements were carried out on the fcc-HEA
(bulk piece, 52.03 mg) and bee-HEA (powder, 36.62 mg) samples
using a commercial magnetic properties measurement system
(MPMS, Quantum Design) in magnetic fields up to 7 T and in a
temperature range of 2-360 K. For the fcc-HEA, the vibrating
sample magnetometer (VSM) mode with a frequency of 14 Hz
was used. To avoid grain movement in the powder bec-HEA, the
slow direct current (DC) mode was employed. The powder
sample was kept in a plastic capsule. The macroscopic magnetic
moments per formula unit for both samples were calculated from
the measured total magnetic moment (in emu units) using the
mass of the sample measured by a microbalance, the molar weight
of the sample constituents, and the precise composition of the
alloy. The results are given in Table 4.

3 Results and discussions

Two single-phase fcc- and bee-structured Al,-CrFeCoNi HEA
alloys were originally characterised by X-ray diffraction upon
heating under ambient pressure and hydrostatic compression in
diamond anvil cells [23], and exhibited their truly single-phase
nature below 600 °C and up to 60 GPa (see Section 2.1 for details).
Upon heating and compression, diffraction patterns did not show
any peculiarities that are characteristic for multiphase systems of
similar cell parameters [47]. Nevertheless, microscopic study
suggests possible local aggregation of elements without a
formation of admixture phases or two-phase regions on the
macroscopic level [23]. Spectroscopic EXAFS, XANES, and
XMCD studies as well as conventional magnetometry were
necessary to complement prior findings for a deeper
understanding of classical well characterised Al-based HEA
systems.

3.1 EXAFS spectroscopy

Element-specific EXAFS spectroscopy has been exploited to probe
the local environment of 3d constituent elements in the alloys
under consideration. X-ray absorption spectra recorded at the K
absorption edges of Cr, Fe, Co and Ni at room temperature for
powders of the fcc- and bec-HEAs as well as the reference foils are
shown in Fig. 1 and represent the local coordination of a particular
type of atoms in the bulk volume. The shape and positions of
EXAFS oscillations found above each absorption edge for the fcc-
HEA (Fig.1(a)) are very similar and indicate a dominantly
homogeneous local environment of all 3d constituents adopted in
the fcc-structured HEA on the atomic scale. Moreover, these
spectra are very close to the spectra of Co and Ni reference foils
shown in Fig. 1(c).

Contrary to this, the shape of EXAFS oscillations found for the
bec-HEA (Fig. 1(b)) allows one to split the absorption spectra into
two groups: One of them contains the spectra recorded at the Fe
and Cr absorption edges while another one includes the spectra
recorded at the absorption edges of Co and Ni. More specific
consideration allows to conclude that spectra from the former
group are similar to the spectra of Fe and Cr bec- reference foils
with the only suppressed intensity of the main oscillations (Fig.
1(c)) whereas the shapes of EXAFS spectra recorded at the K
edges of Co and Ni for the bec-HEA and reference foils are
significantly different.

The EXAFS spectra of the reference foils related to the bee (Cr,
Fe) and fcc/hexagonal close packed (hep) (Ni/Co) crystallographic
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Figure1 X-ray absorption spectra recorded at the K absorption edges of Cr
(E, = 5989 eV), Fe (E, = 7,112 eV), Co (E, = 7,709 eV), and Ni (E, = 8,333 eV)
at RT for the fcc- and bec-HEA samples ((a) and (b)), respectively) and the
reference foils (c). E, was determined as the energy corresponded to the first
maximum of the first derivative of each particular spectrum. The spectra are
normalized to unity and shifted vertically for clarity.

structures can be also divided into two groups as obviously seen
from Fig. 1(c) (it is well known that the local environment in the
first coordination shell of fcc and hep crystallographic structures is
similar). Comparison with spectra of the fcc- and bec-HEAs
brings to an inference that elements which initially prefer to be
arranged in the bcc-structure can be easily adopted in the fec-
structured HEA while an adaptation of initially fcc-/hcp-arranged
elements in the bec-structured HEA is much more intricated and
could be done only partially. Nevertheless, it does not lead to the
phase separation following the results of prior studies where XRD
peaks characteristic only for the bcc crystallographic structure
were found, and the absence of their segregation under the
pressure demonstrates the existence of only a single-phase in this
HEA on the macro- and micro-scales.

It should be taken into account that in the studied bcc-HEA,
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there is a large amount of Al atoms (44 at.%) among 3d elements
(56 at.%), and Al atoms are arranged in the fcc crystallographic
structure in the bulk; so, there are more than 70% of atoms (see
Section 2.1 for details) for which bcc-arrangement is not typical.
As a result, the presence of local inhomogeneities related to these
atoms is assumed and will be considered more precisely in the
next section.

3.2 Reverse Monte Carlo simulations

HEA systems as Al,-CrFeCoNi are multi-component compounds
where all elements can be potentially positioned in the nearest
coordination shell(s) of a particular absorber, and those local
structures could be described by a set of PDFs g(r). The
experimental EXAFS spectra recorded at the K absorption edges
of Cr, Fe, Co, and Ni (see Fig. 1) are available for further analysis
in the k-space range from 3.0 to 12 A, and the first peak in their
FTs that appears between R = 1.2 A and R = 3.0 A is quite well
isolated. In the case of the fcc structure, it originates from the
contributions of the twelve atoms located in the first coordination
shell, whereas for the bcc-structure its origin is more complex
owing to contributions of the eight atoms in the first and six
atoms in the second coordination shells (fourteen atoms in total).
According to the Nyquist criterion, the maximum number of
parameters allowed in the parametric EXAFS model is

Ny = (2Ak X AR) /=2 x 9 x 1.8/3.14 ~ 10 (1)

so, no more than three coordination shells could be effectively
fitted within a common EXAFS analysis considering a total
number of nearest-neighbors N, radial distance r, and mean
square relative displacement ¢® as free parameters.

In AL-CrFeCoNi HEA, there are five different types of atoms
that can follow not only unimodal distributions; comprising
additional distortions due to the local structure relaxations are also
possible. Therefore, conventional EXAFS analysis (multi-shell
fitting) will lead to unreliable or strongly biased results. The
inclusion of additional outer shells in the model will make the
analysis even more complicated, because in addition to PDFs, the
contributions from many-atom distribution functions (multiple-
scatterings) should also be taken into account.

Thus, to address the challenging case of HEA, it was worth
applying an atomistic simulation approach to EXAFS analysis
based on the reverse Monte Carlo method. As the first step, the
starting structural model (a supercell with a size defined by the
unit cell parameters taken from prior XRD studies) was
constructed for the fcc and bec lattices by randomly distributed
atoms taken in the right proportion according to the
stoichiometry known from the EDX analysis. Secondly, this
structural model was relaxed to take into account disorder effects
and to fit the wavelet transforms of experimental EXAFS data
simultaneously at the four absorption edges of all 3d constituents
using the RMC method [48]. As a result, a set of atomic
coordinates was obtained and used for the PDF calculations.
Finally, the PDFs were used for further local structure analysis
(e.g., calculation of mean interatomic distances, coordination
numbers, particular atom displacements). More details about the
computational procedure and RMC method could be found in
Section 2.3.

Two-dimensional WT is a powerful tool to represent the
behaviour of EXAFS spectra in the k- and R-spaces
simultaneously. It allows one to disentangle relative contributions
from different types of backscatters in the first and outer
coordination shells of the absorbing atom in a complex
compound, and it is rather often used as an alternative to the
conventional Fourier transform of EXAFS spectra. It not only
offers the possibility to visualize the contributions depending on a
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particular backscatter but for instance, it allows also to distinguish
contributions from light and heavy backscattering elements. The
theoretical background of WT analysis and some cases of its
application could be found elsewhere [48-52].

3.2.1 Local configurations and PDFs

The starting and final configurations of atoms used in the RMC
simulations for the Al-deficient fcc- and Al-rich bec-HEAs are
presented in Fig 2. Starting atomic configurations were
constructed as 4a x 4a x 4a and 5a x 5a x 5a supercells for the fcc-
(a = 3572 A) and bec-lattices (a = 2.877 A), respectively. The
periodic boundary conditions (PBC) were applied in such a way
that the longest interatomic distance that was potentially accessible
in the simulations (~ 7.1 A) is larger as compared to the value
used during the RMC fitting (6.0 A). For both HEA systems, the
particular structural model was simultaneously fitted to EXAFS
spectra that were measured at four absorption edges. The EXAFS
calculations were performed within the multiple-scattering
formalism considering the scattering paths up to the fourth-order.
This approach has allowed performing a reliable analysis of the
experimental EXAFS data and to reconstruct the local
environment taking into account thermal and structural (radial
and angular) disorders in the first five (or even six) coordination
shells around the absorbing 3d atom (distances up to ~ 6.0 A). To
improve statistics and to achieve a required precision of fitting
results, different (independent) starting structural configurations
were considered (see Section 2.3).

The comparison of the experimental and RMC-fitted EXAFS
x(k)k* spectra together with their Fourier and wavelet transforms
are shown in Fig.3 for both HEAs. For the fcc-HEA the
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Figure2 Starting and final configurations of atoms (supercells) used in the
RMC simulations for simultaneous fitting of EXAFS spectra of the fcc- ((a) and
(b)) and bec- ((c) and (d)) HEAs at four absorption edges. The supercells were
randomly filled with atoms according to the stoichiometry and the periodic
boundary conditions were applied. Color scheme: Al (gray), Cr (green), Fe
(brown), Co (blue), Ni (red). The top views of the supercells are shown (along z
direction in chosen xyz coordinates as depicted on the figures). The schematic
borders of the fcc- and bec-unit cells highlight different numbers of atoms in
each of them (4 and 2 atoms, respectively).

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



4850

Nano Res. 2022, 15(6): 4845-4858

fcc-HEA (Alos-CrFeCoNi)

_ fecHEA _ foc HEA _ fec HEA 3 fec HEA
o2 CrK-edge g Fe K-edge T2 Co K-edge 3 Ni K-edge
= —Exper. < ——Exper. = —gper. ] < 2 —Exper
:&\1 ——RM 5&1 =—RMC '%1 = RMC ;&\1 A A—RMC
=z . z <
> A /\ A § ;\ 0 /\ a0 I\V VI\V
4 ¢ o 3
= 0 o &y V o
VYUV TV \/VVLU VMV
o . o o [SHPY
2 2 3
3 4 7 8 9 10 11 12 3 5 7 8 9 10 11 12 3 7 8 9 10 11 12 3 4 § 6 7 8 9 10 11 12
Wa\enumberk A" Wa»enumberx A7) Wnenumberk A" Wavenumber k (A™)
10 Cr K-edge in fcc HEA 10 Fe K-edge in fcc HEA Co K-edge in fcc HEA 15 Ni K-edge in fec HEA
—Cxper. h — Exper. 1.0 Exper. — Exper.
~ 05 ——RMC ~ ——RMC ~ ——RMC
) Los Zos
% 0.0 jeerod % 00 % 0.0 Cau Y
¢ \va V2 UUV Uik VUV i
£ =05 =
0.5 1% =
1.0
10
10 12 3 4 8 12 3 4 5 o 1 2 3 4 2 4
Distance (A) Distance (A) Distance (A) Distance (A)
3
M CrK-edge Fe K-edge Ni K-edge
S Exper. Exper. < Exper.
=4 =
8 8
EE E
a a
2
1
3456780910112 3456789101112 3456789101112 3456789101112
Wavenumber & (A™) Wavenumber & (A™) Wavenumber k (A™) Wavenumber k (A)
6 60 70 6 80
~ i K- 70
s Cr K-edge 50 Fe K-edge s Co K-edge 22 s Ni K-edge I
<, IS 40 < M RMC
=4 S RMIC 40 <4 50
] 30 8 ] 40
g3 20 g3 %23 %
QY R ——— P | P | R
10 10 10
1 0 1 0 1 0
3456789101112 3456789101112 3456789101112 3456789101112
Wavenumber & (A™') Wavenumber k (A™') Wavenumber  (A™') Wavenumber k (A)
bee-HEA (Al-CrFeCoNi)
@ bec HEA _ becHEA | _ 4 L bee HEA
& CrK-edge T2 FeK-edge a CoK-edge] & Ni K-edge
< 2 —Exper] < —_—per] T _E::é' < — Exper.
P —— RMC 2 ——RMC | o —_— o —RMC
% “ N X
<1 B ! AI\A ML S M,,\A
= X /\ < vy VN < )
2 oA W 2 A { ¢ 2 V Vv
WUV BTV :
o] o] a4 &
-1
2 P
SETETTTE TR M e BT T e i e 45 6 7 8 9 10 11 12 475 6 7T 8 8 0 1112
Wavenumber k (A Wavenumber k (A) Wavenumber k (A) Wavenumber k (A™)
15 04
CrK-edge in bec HEA 10 FeK-edge in bec HEA 04 Co K-edge in hee HEA Ni K-edgein bee HEA
1.0 —— Exper. b ——Exper. N = Exper. —— Exper.
PN ——RMC P ——RMC - ——RMC ~02 ——RMC
< 05 < 05 < 02 <
% 00 WA % o0 Y o = < 0
v v 00
Sos ] V i < YoV £
(= £ -0s [») )
-10 02 02
-1.0
15 12 3 4 5 12 3 4 5 o4 12 8 4 8 12 3 4 5
Distance (A) Distance (A) Distance (A) Distance (A)
3 6
s Cr K-edge Fe K-edge ] Co K-edge _
N Exper. E : =< S 2
<, p xper. <, Exper. <
3 3 8
ER ER E
a a a
2 2 -
1 1
3456789101112 3456789101112 3456789101112 3456789101112
Wavenumber k (A™) Wavenumber k (A) Wavenumber k (A) Wavenumber k (A™)
6 70 8 60 5 Ni Keed
Ml CrK-edge 50 Ml Fe K-edge 50 5 - Soee
< 50 < =
=4 RMC 40 =4 RMC a0 = 4
s s 2
g 2 30 3
53 0 53 53
N cwnnn | N emene |
2 10 2 10 2
1 0 1 0 1

3456789101112
Wavenumber & (A )

3456789101112
Wavenumber & (A )

3456789101112
Wavenumber & (A )

3456789101112
Wavenumber & (A )

Figure 3 Experimental and RMC-calculated Cr, Fe, Co, and Ni K-edge EXAFS spectra x(k)k* and their Fourier and Morlet wavelet transforms for the fcc-structured

Aly;-CrFeCoNi and the bee-structured Al,-CrFeCoNi HEAs at 300 K.

agreement between the experiment and calculations is very good
in both k- and R-spaces, and the final structural model represents
well all peculiarities in FTs. For the bcc-HEA, the agreement is
also reasonably good, despite some deviations at low-k values that
reflect a small discrepancy in the most outer shells of the final
model (peaks above 4 A in FTs). Therefore, for both HEA systems
and each type of 3d absorber, the final structural configurations
reproduce well the arrangement of nearest atoms which are
responsible for FTs peak(s) in the range of R=1-3 A.

A set of partial distribution functions extracted from the atomic
coordinates obtained in the final structural models for both HEAs

TSINGHUA

UNIVERSITY PRESS

is presented in Fig. 4. A clear difference in the characteristic peak
positions for the fcc and bec structures is visible, and the most
crucial peculiarities are observed in the region of the first peak for
the bec-structured Al-rich HEA. Note, however, that due to
similar scattering amplitudes of Cr, Fe, Co, and Ni, these elements
cannot be reliably distinguished by EXAFS when they act as
neighboring atoms. Thus, similarities in the scattering amplitudes
conceal essentially possible differences in the individual PDFs
expected due to a partial B2 ordering of 3d constituents: As seen
from Figs. 4(e)-4(h), the intensities of peaks that represent
contributions of 3d nearest-neighbours are very close to each
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Figure4 Pair distribution functions g(r) for the fcc- and bec-HEAs extracted from K-edge EXAFS spectra of Cr ((a) and (e)), Fe ((c) and (g)), Co ((b) and (f)), and Ni
((d) and (h)) using the RMC method. Orange curve is a linear smoothing (over 13 points) of the PDFs related to Al atoms.

other despite the intensities of Cr-Cr, Cr-Fe/Fe-Cr, Fe-Fe,
Co-Cr, and Co-Fe PDFs are visibly larger around r = 2.5 A as
compared to Cr-Co, Cr-Ni, Fe-Co, Fe-Ni, Co-Co, and Co-Ni
PDFs. These distinctions could be considered as a signature of the
preferential site occupation by a particular type of atoms;
nonetheless, strong conclusions should be avoided. An example of
distinct differences in PDFs extracted from simulations for a liquid
phase of Al ;CoCrCuFeNi alloy could be found in Ref. [7].
Therefore, instead of individual PDFs obtained in the RMC
simulations, only PDFs averaged over the four atom types (e.g.,
Cr-Cr + Cr-Fe + Cr-Co + Cr-Ni) were further analyzed. Also,

even though EXAFS spectra at the Al K absorption edge could not
be measured with a required accuracy up to 12 A due to the
presence of the Si K absorption edge (Fig.S2 in the ESM), the
PDFs of Al atoms can be estimated with reasonable accuracy from
the structural models obtained through RMC simulations (Fig. S3
in the ESM).

The mean interatomic distances r and the mean square relative
displacements o for each pair of atoms were numerically obtained
as the first and second moments of PDFs (see Table 2), whereas
the coordination numbers were evaluated as an area under the
PDF peaks (see Fig.5). In such a way, it was found that the
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Table2 Mean valuesofinteratomic distances rand mean square relative displace-
ments ¢ calculated numerically as moments of PDFs

fcc-HEA bce-HEA
Atom pair - - - z
r(A) (A% r(A) a*(A%)
. 2.47 0.010
Cr-Cr/Fe/Co/Ni 2.53 0.038 2.86 0.012
. 2.47 0.010
Fe-Cr/Fe/Co/Ni 2.54 0.032 287 0.015
. 2.49 0.019
Co-Cr/Fe/Co/Ni 2.53 0.028 285 0.016
. . 2.52 0.024
Ni-Cr/Fe/Co/Ni 2.54 0.024 286 0.015
Cr/Fe-Al 2.55 0.027 2.67 0.065
. 2.52 0.016
Co/Ni-Al 2.54 0.022 303 0.018
7 L] L] L] L] L]
6.17 I fcc-HEA (RMC)
g 61 [ ]fcc-HEA (ideal) -
2 bce-HEA (RMC)
2 I e
% 5 4 [ Ibcc-HEA (ideal) J
o
S 4- ]
1]
(]
£ 3l 2.84 2.82 2.9 i
< 2.6
§ 2 1.94 03 20 1.78
]
E
0.84
2 14 ]
0-

Al Cr Fe Co Ni
Type of nearest-neighboring atoms
Figure5 The number of Al nearest-neighbours extracted from PDFs obtained

for the fcc- and bec-HEAs by the RMC method. A strongly increased number
of Al-Al nearest-neighbours for the Al-rich bec-HEA is evident.

distribution of the interatomic distances in the first coordination
shell of all atoms in the fcc-HEA is nearly unimodal with the
mean distance of about r = 2.53-2.55 A and the MSRD factor ¢® =
0.022-0.038 A% This suggests a rather close local structure around
all metal atoms in the fcc-HEA in agreement with close shapes of
EXAFS spectra shown in Fig. 1(a). The situation in the Al-rich bec-
HEA is more fascinating: As it was already indicated in Section
3.1, there is a well visible difference between Cr/Fe (both have bcc-
lattice in the bulk) and Co/Ni (which have fcc/hep lattices) EXAFS
spectra and, hence, in their Fourier and wavelet transforms.
Therefore, an enlarged relaxation of the local environment can be
expected around Co and Ni atoms in the bcc-HEA. The difference
between the aforementioned groups of atoms is well visible in
their first coordination shells (a group of peaks between r = 2 A
and r = 3.5 A in PDFs) and is less evident in the outer shells: All
distributions of Cr, Fe, Co, and Ni in the first coordination shell
are bimodal with the peaks centered at r = 2.47-2.52 A and r =
2.85-2.86 A, respectively. A distribution of Al atoms was found to
be broad around Cr and Fe atoms with the mean interatomic
distance r(Cr/Fe-Al) = 2.67 A, while it is bimodal around Co and
Ni atoms with two peaks centered at #(Co/Ni-Al) = 2.52 A and
r(Co/Ni-Al)=3.03 A,

The availability of atomic coordinates makes it possible to
evaluate quantitatively the MSDs for each type of atoms. Such
information is usually retrieved from diffraction data and is not
typical for EXAFS data analysis. The values of MSDs were
calculated directly from the atomic coordinates of atoms in the
simulation box relative to the ideal starting configuration. As
follows from Table 3, the elemental constituents in the fcc (bec)-
structured HEAs exhibit MSD(Al) = 0.14(0.21) A, MSD(Cr) =

Nano Res. 2022, 15(6): 4845-4858

0.23(0.16) A, MSD(Fe) = 0.20(0.16) A, MSD(Co) = 0.18(0.19) A,
and MSD(Ni) = 0.16(0.20) A, respectively. Thus, it can be
concluded that metals having a lattice type in the bulk similar
(dissimilar) to ones of HEA experience less (more) relaxation: In
the fcc-HEA, Al Co, and Ni atoms displace less than Fe and Cr,
whereas in the bec-HEA, Cr and Fe displace less than other atoms.
Moreover, it seems that the concentration of atoms with dissimilar
bulk lattices as Cr and Fe in the fcc-HEA (46.7 at.% in total) and
Al, Co, and Ni atoms in the bcc-HEA (71.5 at.% in total) does
crucially influence an adaptation of these elements in the HEA
structure as it was qualitatively described in Section 3.1.

Finally, considering the starting (ideal) and final (relaxed)
configurations, the number of Al nearest-neighbours in the HEAs

Table3 Mean square displacements determined directly from the coordinates
of atoms in the RMC simulation box

Arrangement in foils fcc-HEA bec-HEA

MSD (A) MSD (A)
Al fec 0.141 +£0.003 0.212 +0.004
Cr bec 0.226 £ 0.002 0.161 + 0.007
Fe bec 0.199 +0.001 0.155 +0.008
Co hep 0.181 £ 0.002 0.192 + 0.007
Ni fec 0.162 +0.001 0.203 +0.004

under consideration was determined. As follows from Fig. 5, the
ideal and relaxed models suggest very close values for all types of
Al neighbours with an evident difference for the Al-deficient and
Al-rich systems: The number of Al-Al nearest-neighbours is
larger for the Al-rich bcc-HEA while the number of Al-3d metal
nearest-neighbours is larger for the fcc-HEA. Taking into account
the distribution of Al atoms around 3d elements in both HEAs
represented by PDFs and their mean interatomic distances, it may
be assumed that hybridization effects associated with the
interaction of Al 2p electrons and 3d orbitals of transition metals
are stronger in the Al-deficient fcc-HEA system.

3.3 Soft X-ray XANES

Despite EXAFS spectroscopy revealed only metallic states for all
3d elements in studied HEAs, the surface oxidation does still occur
and had to be additionally clarified. To this end, XANES with soft
X-rays at the L, absorption edges of 3d constituents as well as at
the K absorption edges of 2p ones has been applied to check the
surface and sub-surface volume of the samples, down to several
nm. The raw data are presented in Fig. 6, where a different degree
of surface oxidation is seen for each constituent of each particular
sample.

It comes as a surprise that for the fcc-structured HEA (bulk
sample), where a homogeneous local environment was
demonstrated by EXAFS, only partial oxidation of Co and almost
metallic-like state of Ni atoms were found while Fe and Cr atoms
were oxidized in much higher content. The shape of XANES
spectra recorded at the Cr L, ; absorption edge is characteristic for
Cr* ions in Cr,O; oxide. A well-pronounced peak at ~ 532 eV
associated with the hybridization of oxygen with 3d elements is
clearly seen. For the bec-structured HEA (powder sample), the
situation is different: All constituents are in more pronounced
oxidized states while the 2p-3d hybridization peak at the O K edge
is less prominent. These results are in agreement with outcomes of
detailed studies by X-ray photoelectron spectroscopy (XPS) of
passive layers at the top of CrFeCoNi and Al,-CrFeCoNi [53, 54],
which were shown that Ni atoms from an alloy almost do not
participate in the formation of the passive layer while Cr and Al
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Figure6 Raw XANES spectra recorded from the fcc- and bec-HEA samples at RT with horizontally polarized X-rays by TEY at the L, 5 absorption edges of Cr, Fe,
Co, and Ni ((a)-(d)) and at the K edge of oxygen ((a) and (c)). XANES spectra recorded at the aluminum K absorption edge by TEY for both HEAs (e) were rescaled
for a better comparison of the edge fine structure. The vertical dotted line in the inset indicates the position of the Al,O; peak.

atoms actively contribute in it in the form of Cr,0O; and ALO,
oxides. Depending on the stoichiometry these oxides have a
certain depth-distribution, and in the case of Al-containing HEAs,
Al-enrichment makes the bec-structured alloys less corrosion-
resistant. Fe and Co atoms can form different types of oxides and
could be in different valence states depending on the elemental
composition and oxidation environment.

XANES spectra recorded at the Al K absorption edge
demonstrate a higher degree of Al oxidation for the Al-deficient
fcc-HEA. Meanwhile, the shoulder in the pre-edge region has a
higher intensity which correlates with an assumed higher
hybridization between Al 2p and transition metal 3d electrons in
this sample. Such a shoulder is a characteristic well-pronounced
feature of the Al K edge absorption spectra observed previously
for FeAl, CoAl, and NiAl systems experimentally by electron
energy loss spectroscopy and it is in agreement with the theoretical
first-principals density of states calculations [55]. It was also

observed by XANES at the Al K edge for FeyAl,, thin films in
Smekhova et al. (unpublished). For the Al-rich bcc-HEA where a
larger amount of Al atoms is surrounded by Al nearest-
neighbours (see Figs. 2 and 5), such a shoulder has smaller
intensity; however, a much more pronounced fine structure found
at the smaller energy side of the white line reflects dissimilarity in
electronic states of Al atoms in samples studied.

Since the studied HEAs have a different ratio of surface to bulk
fractions, a higher degree of surface oxidation found for the bcc-
HEA sample was expected; however, an influence of the
crystallographic structure can not be excluded. The results found
would trigger further studies related to surface activity of HEAs by
X-ray absorption spectroscopy like XANES and XMCD
depending on the structure, stoichiometry, and elemental
composition of the alloy to complement the existing knowledge
acquired by other techniques [56], and will help to understand
more deeply some macroscopic findings like corrosion stability or
magnetometry results.
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3.4 Magnetometry

Conventional magnetometry studies revealed a very different
magnetic behaviour of two examined HEAs in terms of saturation
magnetization, coercive fields, shape of the hysteresis curve, and
their change with temperature (Fig. 7). Both samples were found
to be soft ferromagnets with small coercive fields at low
temperature of 12 K, although the bcc-HEA sample exhibits a
larger coercive field and magnetic moment in saturation as
compared to the fcc-structured one. The estimates of the total
magnetic moment per formula unit for both systems are given in
Table 4. The value of the saturation moment found for the bcc-
HEA in the present work is smaller as compared to another HEA
like Al,-CrFeCoMn thin film (bec) of 1 um thickness at RT [14].

The field dependence of the total moment measured at 360 K
(Figs. 7(a) and 7(b)) shows the presence of magnetic hysteresis
and indicates the existence of the long-range ferromagnetic order
at temperatures above RT only for the bcc-HEA. The Curie
temperature for the fcc sample is obviously much lower. The
observed temperature dependencies of the magnetisation and the
coercive field (Figs. 7(c) and 7(d)) are very different for these two
HEAs.

The derivative oM/0T(T) of the fcc-HEA sample (see Fig. $4 in
the ESM) shows a clear minimum around ~ 50 K, which is below
the temperature of 83 K found for a minimum of the derivative
for Al-free CrFeCoNi alloy synthesized by arc-melting and than
the temperature of 118 K found for Cu,-CrFeCoNi HEAs (x = 0.5
and 1.0) [57], where such a minimum was associated with a
temperature  of  ferromagnetic-to-paramagnetic  transition.
Nevertheless, the temperature dependence of the inverse
susceptibility (~ 1/M) does not show linear behaviour for the
samples studied in the present work as shown in Fig. 4 in the
ESM. That is not surprising because the 3d metal ions most likely
contribute to the total magnetization with different moments and,
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more importantly, potentially also with a distribution of Curie
temperatures. Therefore, the consideration of such a minimum as
areal Curie temperature of the system is questionable.

The temperature dependence of the coercive field, in general, is
determined by different effects related to magnetic anisotropy,
magnetic defects, various pinning effects, etc., depending on the
structure and morphology of the sample studied. The fcc-HEA
exhibits a very small coercivity at low temperatures being
unobservable at 360 K. This fact is in good agreement with the
magnetization as a function of temperature which suggests the
absence of ferromagnetism above T ~ 100 K. For the bcc-HEA, a
larger coercivity is found, and it decreases with increasing
temperature to very low values. However, the hysteresis curve
suggests that at T = 360 K, this compound is still in the
ferromagnetic phase, in contrast to the fcc-structured sample.
ZEC/FC curves (not shown) do not exhibit a blocking
temperature as it would be expected in the case of
superparamagnetic particles or spin-glass behaviour. For the
temperature dependence of the coercive field, however, many
other explanations remain possible: Among them are intra- and
inter-granular  couplings, complex domain wall pinning
mechanism at low temperatures as well as antiferromagnetically
coupled Cr* ions at the sample surface and Cr atoms inside the
grains.

A larger value of total magnetic moment for the bcc system
compared to the fcc one and observed differences in the
temperature dependences correlate with a more complex local
coordination of 3d atoms in the bcc-HEA. Moreover, the presence
of local distortions caused by a significant amount of Al atoms
which have ~ 15 % larger atomic radius than other elements of the
alloy may play an important role. The theoretical calculations
performed on model AL-CrFeCoNi alloys of different
stoichiometry [22] confirm such a general trend.
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Figure7 Magnetometry results: Magnetic hysteresis at 12 and 360 K for the fcc- (a) and bec- (b) HEAs. The temperature dependence of the magnetization at +500
Oe field (c) and the coercive fields (d). A vertical dashed line at (c) indicates the minimum of the derivative OM(T)/0T for the fcc-HEA sample. The temperature

dependence of the inverse magnetization for both HEAs can be found in ESM.
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Table4 Magnetic moments per formula unit (in pg,,) at 12 K estimated from
the hysteresis curves in a field of 2 T (the field has been chosen for comparison
to the XMCD data, and the moment will be slightly larger at higher fields)

fcc-HEA bcc-HEA

Upon: Per formula unit

0.91 +0.02 3.1+0.2

3.5 XMCD (after in situ Ar cleaning)

X-ray magnetic circular dichroism technique is a powerful
element-specific tool to probe orbital and spin contributions into
the total magnetic moments of a particular type of atoms in a
multicomponent system. It is highly sensitive to the valence states
and local coordination of probed atoms and can reveal tiny
changes in the local environment when other methods are
forceless. Herein, we employ XMCD technique to determine
magnetic moments of each 3d constituent element in the bulk fcc-
HEA sample after cleaning the surface from oxides by in situ Ar
sputtering.

XANES and related XMCD asymmetry spectra recorded at the
L, absorption edges of 3d constituents are shown in Fig. 8(a). The
fine structure of both XANES and XMCD spectra demonstrates a
metallic character of Fe, Co, and Ni atoms while chromium is still
in the oxidized Cr* state. These results confirm that oxygen is
initially present only at the surface of the alloy and not in the bulk
volume, and that chromium oxide layer has the largest thickness
and/or the strongest Cr-O bonds compared to Co and Fe surface
oxides in the studied HEA sample. An important question about
the kinetics of these oxides formation and removal from HEAs
surface depending on the crystallographic structure and
stoichiometry is beyond the scope of the current manuscript.

The sign and the amplitude of the XMCD asymmetry spectra
demonstrate the sizable Fe, Co, and Ni magnetic moments which
are aligned ferromagnetically with the external magnetic field
while Cr* ions bear a small magnetic moment which is aligned
antiferromagnetically. The absolute values of orbital and spin
contributions to each atoms detected magnetic moment were
estimated according to well-known optical sum rules analysis [58,
59] and are presented in Table 5. Despite a very small probing
depth of soft X-rays (several nm), these values could be considered
as estimations of characteristic magnetic moments in the bulk
HEA volume.

The orbital (#7144 11za) and effective spin (1%, 1pa) moments
of Fe, Co and Ni atoms are reduced compared to their bulk values;
however, the ratio of orbital-to-effective-spin moments
(Mg 1zl M* i ea) for Fe and Co in the studied fcc-HEA is
enlarged compared to the bulk (77,4, /71" gpin_pur)- The strongest
enlargement of this ratio was found for Co magnetic moment
(approx. two times larger) while for Ni it was found to be the same
as in the bulk. In general, an enlargement of orbital-to-effective-
spin moments reflects a non-symmetric environment around the
absorbers, so, this result is not very surprising taking into account
the final configuration shown in Fig. 2(b). The total magnetic
moments of Fe, Co, and Ni atoms in the studied HEA (1,0 11z4)
considering the number of 3d holes as in the bulk volume
(134 holes bur) Were found to be approx. 73%, 70%, and 97%
compared to their bulk values (m, pu), respectively. Such a
reduction of total magnetic moments could be a result of
hybridisation between Al and 3d transition metals, which is rather
strong in the studied fcc-HEA as it was mentioned in Sections
3.2.1 and 3.3 above.

The estimation of orbital, effective spin, and total magnetic
moments of Cr™ ions at the surface of the fcc-HEA provided the
values of (0.011 £ 0.002) ppyp» (—0.05 £ 0.01) ppyy» and (-0.039 +
0.008) ppop» respectively. The element-specific hysteresis loops
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Figure8 XANES and XMCD asymmetry spectra recorded at the Cr, Fe,
Co, and Ni L, ; absorption edges at 10 K for the in situ cleaned fcc-HEA (a) and
element-specific hysteresis curves recorded at the maximum of the XMCD
signals as indicated (b). XMCD asymmetry spectra were calculated as
(TEY(+1.8 T) — TEY(-18 T))/((TEY(+1.8 T) + TEY (-1.8 T))/2). The
patterned area shows the signal instability region at small magnetic fields.

measured at energies corresponded to the maximum of the
XMCD signal for Fe, Co, and Ni have shown a saturation of the
magnetic moments at magnetic fields smaller than 0.5 T (see

Fig. 8(b)).

4 Conclusion

Applying complementary element-specific X-ray absorption
spectroscopy techniques to studies of local coordination, electronic
states, and magnetic behaviour of constituent atoms in
multicomponent high-entropy alloys in addition to X-ray
diffraction and conventional magnetometry makes it possible to
get more clear insights about processes that determine the
macroscopic  behaviour of HEAs depending on their
crystallographic structure and stoichiometry. It was demonstrated
that it is feasible to employ the EXAFS technique in conjunction
with the reverse Monte Carlo based analysis to reveal key
peculiarities of individual atoms’ nearest-neighbour arrangements
on the atomic scale, and to estimate quantitatively a degree of local
atomic structure relaxation in systems commonly considered as
uniform. Besides, local inhomogeneities attributed to a particular
type of atoms can be proven. These methods could be further used
to check the limits of atoms adaptation possible in single-phase
HEAs before the phase separation; especially in cases, when
individual constituents possess crystallographic structures in the
bulk dissimilar to one realised in the multicomponent system. The
methodology used is well adapted to studies of the short-range
order in bimetallic nanocatalysts [65, 66] and can be extended to
the case of nanostructured HEAs [67].

A degree of surface atoms oxidation and hybridization effects
between constituents probed by soft X-rays have to be taken into
account for the explanation of enhanced corrosion stability and
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Table5 Element-specific orbital (11,4, 14) and effective spin (m*y,;, 14) contributions to total magnetic moments (114 yra) of 3d atoms in gy, in the in situ cleaned
fcc-HEA at 10 K estimated by sum rules analysis, and corresponded bulk values of magnetic moments (1, 1) and numbers of 3d holes (1134 ples bur)

fce-Aly;CrFeCoNi (cleaned in situ)

Fe Co Ni
Mo, s (per 3d_hole) 0.030 + 0.006 0.078 +0.016 0.036 + 0.007
mM* s (per 3d_hole) 0.45 + 0.09 0.40 +0.08 0.36 +0.07
Mo, 1Eal M pin HEA 0.067 0.194 0.100
Mot bulkd T spin_bulk’ 0.042 (bec) 0.099 (hep) 0.100 (fcc)
Mo nsa (per 3d_hole) 0.48 +0.10 0.48 +0.09 0.40 +0.08
Mo bt (per 3d_hole) 0.65 0.69 0.41
134_holes_bulk’ 34 2.5 1.5
Mot HEA 1.63 £0.33 1.20 + 0.24 0.60 +0.12
Myor_bulk’ 222 1.72 0.62
Ratio Mg, ppa/ Mo puk 0.73 0.70 0.97

‘Reference [60]. "Reference [61]. ‘References [62, 63]. ‘Reference [64].

structure-dependent magnetic properties of HEAs. Furthermore,
they can be also helpful for understanding degradation effects,
changes in magnetic properties as well as electrochemistry and
catalytic activities of HEAs with a varied set of components.
Element-specific magnetic studies performed on oxide-free HEAs
will allow an even deeper understanding of these interde-
pendencies.

In such a way, it will be possible to build composition—
structure-magnetic properties diagrams and to understand
general trends not only in bulk high-entropy alloys but also in a
broad range of other multicomponent systems that expected to
reveal phase transitions between fcc, bec, and hep structures under
heating, compression, or torsion as well as in high-entropy oxides
and ceramics in their bulk and nanostructured modifications.
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