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Comparative study of a high-entropy metal disulfide and its parent compounds
using x-ray absorption spectroscopy
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We study the local electronic structure of an equimolar-multimetal solid solution of high-entropy metal
disulfide (Fe, Co, Ni, Cu)S, and its parent compounds MS, (M = Fe, Co, Ni, and Cu) using x-ray absorption
spectroscopy (XAS). The Fe, Co, and Ni L, 3-edge absorption spectra indicate a divalent metal state both in
(Fe, Co, Ni, Cu)S, and its parent compounds, except for the Cu L, 3-edge absorption spectra. The Cu L, 3-edge
spectra of CuS, and (Fe, Co, Ni, Cu)S, show satellites, which rule out the divalent Cu but can be analyzed as a
combination of monovalent and trivalent copper states. The L, 3-edge XAS spectral analysis with charge-transfer
multiplet cluster model calculations was carried out for (Fe, Co, Ni, Cu)S, and its parent compounds. The
estimated electronic parameters indicate a negative charge-transfer energy for the parent compounds and high-
entropy compound (with the Ni L edge in the high-entropy compound being an exception), which corresponds
to a p-p type lowest energy excitation in the extended Zaanen-Sawatzky-Allen phase diagram. The analysis
shows that the charge-transfer energy A decreases and the on-site Coulomb energy U, increases systematically
from Fe to Cu. The results suggest that in the high-entropy compound compared to the parent compounds, the
hybridization strengths are weaker for Fe 3d-S 3p and Co 3d-S 3p and stronger for Ni 3d-S 3p and Cu 3d-S 3p
bonds. This behavior is consistent with the longer Fe-S and Co-S bond distances and shorter Ni-S and Cu-S bond
distances in the high-entropy compound compared to the parent compounds. The results indicate modifications
in the structural lattice parameters of the high-entropy compound are reflected in the electronic structure and

provides evidence for the so-called cocktail effect in the high-entropy compound.

DOI: 10.1103/PhysRevB.109.195129

I. INTRODUCTION

High-entropy alloys and compounds have attracted enor-
mous attention in the last 20 years [1-10] and constitute a
well-established field today. While early reports on metallic
alloys with a large number of constituents in equal or near-
equal proportions have discussed them in different ways such
as “multicomponent alloys” [2,3], “multimaterial cocktails”
[7], etc., the term “high-entropy alloys” was first used nearly
20 years ago [1]. In addition to alloys, the term “high-entropy”
material is now used even for oxides [7], nitrides [8], sul-
fides [9], etc. While the original concept was to describe the
properties of multicomponent materials in terms of their high
configurational entropy [1,2], it is not necessarily valid for
all multicomponent materials, because sometimes, they can
exhibit a very small number of phases with wide solubility
ranges [2]. Nonetheless, the salient features of multicom-
ponent materials and high-entropy materials [1,2] are often
discussed in terms of four principal features: (i) high-entropy
effect, which lowers the free energy of solid solutions leading
to their formation, especially at high temperatures, (ii) a slug-
gish diffusion effect, which happens because the neighboring
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atoms before and after a vacancy jump are different in such
materials compared to conventional alloys, (iii) lattice distor-
tion effect, which occurs because the strain energy increases
due to size mismatch of neighboring atoms and affects proper-
ties, and (iv) the cocktail effect, which is a general term used
to describe how properties of particular elements get modi-
fied and how component elements interact with neighboring
atoms.

In this work, we carry out a study of the electronic states of
a high-entropy metal disulfide (Fe, Co, Ni, Cu)S, that forms
in the pyrite structure and compare it with its parent isostruc-
tural compounds FeS,, CoS,, NiS,, and CuS,, using x-ray
absorption spectroscopy (XAS). The aim of this work is to
investigate the changes in the electronic states of the high-
entropy compound compared to individual parent compounds.
Such a study is not easy to carry out in high-entropy transition
metal alloys as the nearest neighbor of a transition metal is
another transition metal atom. In order to simplify this prob-
lem, we decided to measure the XAS of a transition metal
high-entropy compound because the spectra can be analyzed
using model calculations. In particular, as is well known, core-
level XAS and photoemission spectra can be modeled as a
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cluster consisting of a metal atom and nearest-neighbor lig-
ands [11-13]. In the present case of metal disulfides forming
in the pyrite structure, the XAS spectra can be calculated using
an octahedral MS¢ cluster, where M is a transition metal and
S is sulfur. Consequently, we can make a direct comparison of
the XAS spectral shapes and their connection with electronic
parameters obtained from the calculations for the parents as
well as the high-entropy metal disulfide (Fe, Co, Ni, Cu)S,.
Such a comparative study of a high-entropy compound and
its parents has not been reported to date and our attempt
is to effectively check if there is any interplay between the
so-called “lattice distortion effect” and the “cocktail effect,”
i.e., if there is an interplay of the modification of its crystal
structure with electronic states and electronic parameters in
the high-entropy compound compared to its parents.

XAS can provide us with the element-specific valence
state, charge transfer between the transition metal and ligand,
as well as the local electronic structure information of any
material including high-entropy compounds. Further, XAS
has the advantage that individual spectra can be analyzed in
detail using charge-transfer multiplet cluster model calcula-
tions [12,13]. Comparison of experiments with calculations
provides us with electronic parameters such as the crystal
field splitting (10Dq), the charge-transfer energy (A), the d-d
on-site Coulomb repulsion energy (U), and the hybridization
strength (pdo ) between the metal element and ligands. Thus, it
can allow us to describe the electronic structure of the parents
and the high-entropy metal disulfide (Fe, Co, Ni, Cu)S,. Such
analyses can also possibly provide us with the origin of the
physical and chemical property changes and the interplay
between metal elements bridged by sulfur atoms in the high-
entropy pyrite-type disulfide (Fe, Co, Ni, Cu)S,.

Pyrite (FeS,) is the most abundant mineral among sulfides
with a simple cubic structure. The metal ions in the pyrite-
type disulfides are formally considered divalent (M>*) with a
coordination number of six and residing in octahedral sites,
while sulfur atoms form dimers (S%‘) with a coordination
number of four in tetrahedral sites [14]. Pyrite-type disulfides
can be synthesized under atmospheric as well as high-pressure
conditions, except for CuS, and ZnS,, which form only un-
der high-pressure conditions [15]. Based on their d-orbital
configurations, these compounds have diverse magnetic and
electronic properties, and here we focus on studying the par-
ent 3d transition metal cation series for M = Fe to Cu and
compare it with (Fe, Co, Ni, Cu)S, [16]. Briefly, it is known
that FeS, shows a Fe?* ion configuration (d6;t26geg) with a
band gap of E, = 0.9 eV, and is reported to be a diamag-
netic semiconductor [15]. CoS,, with Co?* ions (d7;t26ge;, ,
is a metallic ferromagnet with a Curie temperature 7, = 122
K [17], and has been recently identified as a Weyl metal
[18]. NiS, exhibits a Ni’>* ion configuration (dg;tfgeg) and
is considered to be a strongly correlated antiferromagnetic
insulator with a Néel temperature, Ty = 39.2 K [19]. CuS,
with a Cu** ion (d°%;15,€}) is the only sulfide showing charge
density wave order and superconductivity, but with a relatively
low critical temperature 7, = 1.50 K [20,21] compared to
the cuprate superconductors [22]. Several mixed two-cation
pyrites have also been studied, and for example, Ni;_,Cu,S;
shows paramagnetic metal behavior [23] while Co;_,Fe,S,
exhibits half-metallic ferromagnetic ordering [24]. In the

mixed pyrites case of Co;_,Fe,S,, it was shown that the S-S
bond distance remains nearly constant upon Fe substitution
[24].

Recently, a few pyrite-based high-entropy materials have
been reported that showed promising applications: (i) as an
electrocatalyst [9,25] and (ii) as an electrode material in Li-ion
batteries [26]. The low crystallinity and partially amorphous
phase of (Fe, Ni, Co, Cr, M)S, (M = Mn, Cu, Zn, or Al) [9]
behaved as an excellent electrocatalyst for oxygen evolution
reaction (OER) activity with an exceptionally low overpo-
tential of 199 and 308 mV at current densities of 10 and
1000 mA cm2, respectively. A high-performance electrocat-
alyst behavior for an OER with low overpotential and high
current density was also reported for nanoparticles of (Co,
Fe, Ni, Mn, Cu)S, [25]. Also, it was shown that high-entropy
disulfides (Fe, Mn, Ni, M, M»)S, (M, M' = Co, Ti, Cr, Cu)
perform well as electrode materials for reversible electro-
chemical energy storage, showing high specific capacities and
excellent rate capabilities in Li-ion batteries [26]. These sam-
ples were synthesized under atmospheric conditions at room
temperature. Recently, we succeeded in synthesizing poly-
crystalline high-entropy metal disulfides (Fe, Co, Ni, Cu)S,
and (Fe, Co, Ni, Cu, Ru)S, and studied their electrical and
magnetic properties. These samples were stabilized using a
high-pressure high-temperature (HP-HT) method using sealed
capsules that have the advantages of prevention from high
volatilization of sulfur, high reactivity, and a quick quench-
ing process after sintering. In particular, we found that the
HP-HT process is the key to forming an entropy-stabilized
phase that yielded homogeneous and well-crystallized sam-
ples [27]. The (Fe, Co,Ni, Cu)S, and (Fe, Co, Ni, Cu,
Ru)S, samples showed a ferrimagnetic ordering with 7, =
130 K in the soft magnetic category and metallic resistivity
behavior.

The electronic structure of the parent pyrite-type com-
pounds MS, have been studied by the methods of 2p
core-level (or L, 3-edge) photoemission spectroscopy [28] and
XAS [29,30]. The metal 2p photoemission spectra analysis
was done using cluster model calculations that yielded the
electronic parameters that showed fair agreement with the ex-
perimental results on metal disulfides M'S, with M = Fe to Ni
[28]. On the other hand, the metal L, 3-edge x-ray absorption
spectral analysis of MS, with M = Fe to Ni was carried out
using an atomic multiplet approach without charge-transfer
states. The authors concluded that an increase in covalency re-
sults in an increase in the mixed character of the ground states
and a charge-transfer model is required to model the spectra
[29]. Further, an analysis of the L, 3-edge absorption spectra
using band structure calculations and molecular orbital calcu-
lations was also reported. The authors concluded that FeS,,
CoS,, and NiS, exhibited a divalent M2t state while CuS,
was concluded to be a monovalent metal [30]. However, these
calculations did not reproduce the experimentally observed
atomic multiplet structure as well as the satellites in the XAS
spectra, and the authors pointed out the importance of charge-
transfer effects to model the spectra. In fact, CuS; has been
studied for a long time but the question about its valency
(Cu?*, Cu't, or a mixture of Cu?t and Cu'") and electronic
structure continues to attract attention [31-36], mainly due to
its unusual properties of low-T, superconductivity (7. = 1.5 K)
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and possible evidence for charge density wave order with
Tepw ~ 150 K [20,21].

In this study, we attempt to elucidate the relation of the
crystal structure and the local electronic structure of high-
entropy metal disulfide (Fe, Co, Ni, Cu)S, and its parent
compounds using the L, 3-edge absorption spectra analysis
with charge-transfer multiplet cluster model calculations. This
corresponds to investigating the relation between the lattice
distortion effect and the cocktail effect associated with elec-
tronic structure changes in the high-entropy metal disulfide
compared to its parent compounds. The Fe, Co, and Ni L; 3-
edge absorption spectra indicate a divalent metal state both
in (Fe, Co, Ni, Cu)S, and its parent compounds, while the
Cu L, 3-edge spectrum shows satellites and can be analyzed
as a combination of monovalent and trivalent metal copper.
The most suitable electronic parameters are obtained with a
negative charge-transfer energy A for the parent compounds
as well as the high-entropy compound, which indicates a p-p
type lowest energy excitation in the Zaanen-Sawatzky-Allen
(ZSA) phase diagram [37,38]. Only the Ni L-edge XAS of
the high-entropy compound is an exception, as it requires a
positive charge-transfer energy A. The electronic parameters
obtained from the calculations indicate an evolution with the
A decreasing while U increases systematically from Fe to Cu,
as expected for the 3d transition metal series [28,37,39]. The
results suggest that the hybridization strengths are weaker for
Fe 3d-S 3p and Co 3d-S 3p, and stronger for Ni 3d-S 3p and
Cu 3d-S 3p in the high-entropy compound, compared to the
parent compounds. This allows us to make a correlation of the
hybridization strengths with the longer Fe-S and Co-S bond
distances and shorter Ni-S and Cu-S bond distances in the
high-entropy compound.

II. EXPERIMENTAL DETAILS

The equimolar-multimetal high-entropy compound
(Fe, Co, Ni, Cu)S; and its parent compounds, namely, FeS,,
CoS,, NiS,, and CuS; were synthesized as polycrystals using
a cubic-anvil-type high-pressure high-temperature apparatus
(Try Engineering, 180-ton press). The samples were prepared
by mixing a powder of FeS, CoS, NiS, Cu,S, and S, or Fe,
Co, Ni, Cu, and S with a purity higher than 99%. The mixed
powder was heated at high-pressure conditions of 2-4 GPa
with two steps; prereaction at 500 °C for 30 min preventing
from explosion by the gas of sulfur, and sintering at 900 °C
for 30 min, then quenched within 5 s. This quenching process
allowed us to obtain an entropy-stabilized phase. The crystal
structure of all samples was adapted as a single phase of
pyrite type collected by an x-ray diffractometer (Rigaku,
SmartLab), and the lattice parameters were determined by the
whole-pattern fitting method.

XAS measurements of (Fe, Co, Ni, Cu)S, and its parent
compounds were carried out at the Dragon beamline 11 A of
the Taiwan Light Source. The sample surfaces were scraped
in situ by a diamond file in an ultrahigh-vacuum condition
with pressures lower than 10~ Pa to obtain clean surfaces
at T = 80 K. The samples were cooled using a liquid-N,
flow-type cryostat and the measurements were performed at a
temperature of 7 = 80 K. The XAS data were measured in the
total electron yield mode. Reference samples of Fe, 03, CoO,
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FIG. 1. (a) X-ray diffraction patterns of high-entropy metal
disulfide (Fe, Co, Ni, Cu)S;, and its parent compounds. (b) Lat-
tice parameter a of high-entropy metal disulfide (Fe, Co, Ni, Cu)S,
and its parent compounds plotted vs ionic radii of divalent six-
coordinated 3d transition metal cations [40].

NiO, and Cu,0 were simultaneously measured at 7 = 300 K
in a chamber positioned upstream and in-line with the main
chamber to calibrate the photon energy. The O K-edge XAS
spectral intensity from the sample surface for all the measure-
ments was monitored and was less than 2% compared to the
corresponding reference sample O K-edge spectra.

III. RESULTS

A. Structure analysis

Figure 1(a) shows powder x-ray diffraction patterns of the
high-entropy metal disulfide (Fe, Co, Ni, Cu)S, and its par-
ent compounds, indicating a single-phase simple cubic pyrite
structure. The lattice parameter a of the parent compounds
plotted as a function of the ionic radii [40] varies nearly
linearly, from a = 5.418(2) A for FeS, to a =5.791(3)A
for CuS,, as shown in Fig. 1(b). The equimolar solid solu-
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FIG. 2. Comparison of XAS L-edge experimental spectra of high-entropy metal disulfide (Fe, Co, Ni, Cu)S, with its parent compounds

(a) FeS,, (b) CoS,, (c) NiS,, and (d) CuS,.

tion of the high-entropy compound (Fe, Co, Ni, Cu)S, shows
a lattice parameter, a = 5.583(12) A, lying between CoS,
and NiS,. It can be understood that the high-entropy
compound is expanded compared to FeS; and CoS, and com-
pressed compared to NiS, and CuS,. In a recent study, we
discussed the qualitative relation between the lattice param-
eters and interatomic bonding in the high-entropy compound
[27]. Given the isostructural behavior of all the samples, the
lattice parameter differences suggest it should be possible
to quantify and compare the metal 3d-S 3p hybridization
strengths in the samples, and we will discuss this later.

B. XAS of high-entropy metal disulfides
and their parent compounds

Figure 2 shows the XAS L-edge experimental spectra
of high-entropy metal disulfide (Fe, Co, Ni, Cu)S, with its
parent compounds measured at 7 = 80 K. All the spectra
shown in Fig. 2 have been normalized to the highest inten-
sity main Ls-edge peaks, except for the Cu L-edge XAS of
CuS; and (Fe, Co, Ni, Cu)S,. The Cu L-edge XAS of CuS,
and (Fe, Co, Ni, Cu)S, shows relatively larger changes in the
satellite intensities and hence, they are plotted after normal-
izing for area under the curve. We also observed that the Ls-
and L,-edge main peaks of high-entropy pyrite (Fe, Co, Ni,
Cu)S, tend to shift the higher photon energy compared to its
parent compounds as the detail of shift photon energy can be
seen at Table I. Figure 2(a) shows the Fe L-edge XAS of FeS,
compared with that of (Fe, Co, Ni, Cu)S,. It is seen that the Fe
L3-edge energy range of FeS; shows a main peak consisting
of feature a at 707.8 eV photon energy consistent with an

Fe?* configuration, followed by a shoulder b at 709 eV and
a weak broad satellite ¢ spread between ~712 and 714 eV.
The Fe L,-edge energy range shows a main peak feature d at
~720.6 eV photon energy, followed by a very weak satellite e
between ~725 and 728 eV. In comparison, the Fe L; edge of
(Fe, Co, Ni, Cu)S;, shows a main peak feature a at a slightly
higher photon energy of 708 eV, followed by a lower intensity
shoulder b at 709 eV and a slightly higher intensity broad
satellite ¢ spread between ~712 and 714 eV. The L,-edge
energy range shows a main peak feature d at ~720.3 eV
photon energy and a very weak satellite e between ~725 and
728 eV.

In Fig. 2(b), we plot the Co L-edge XAS of CoS, and
(Fe, Co, Ni, Cu)S,. The Co Lj3-edge energy range shows a

TABLE I. The L;-edge and L,-edge XAS main peak’s energy
positions of high-entropy metal disulfide (Fe, Co, Ni, Cu)S, and its
parent compounds.

L;-edge main  L,-edge main

XAS Compound peak (eV) peak (eV)
Fe L edge FeS, 707.8 720.3
(Fe, Co, Ni, Cu)S, 708.0 720.6
Co L edge CoS, 780.3 795.1
(Fe, Co, Ni, Cu)S, 780.3 795.2
Ni L edge NiS, 852.5 869.7
(Fe, Co, Ni, Cu)S, 852.8 870.2
Cu L edge CuS, 930.8 950.8
(Fe, Co, Ni, Cu)S, 931.1 951.1
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main peak feature a at 780.3 eV photon energy confirming
its Co*t configuration, a weak shoulder b at 781 eV, which
makes the main peak asymmetric, and a weak broad satellite
¢ spread between ~784 and 787 eV. The L,-edge energy range
shows a main peak feature d at ~795.2 eV photon energy
and a very weak satellite e between ~800 and 803 eV. In
comparison, the Co Lz-edge (Fe, Co, Ni, Cu)S, main peak
feature a is at the same photon energy of 780.3 eV like
CoS;,; the energy positions of shoulder b at 781 eV and the
broad satellite ¢ between ~784 and 787 eV are also like
CoS,, but their intensities are lower compared to CoS,. For
example, the inset of Fig. 2(b) shows weaker intensity of the
shoulder feature b of (Fe, Co, Ni, Cu)S, compared to CoS,.
The L,-edge energy range shows a main peak feature d at
~795.2 eV photon energy and a lower intensity satellite e be-
tween ~800 and 803 eV, i.e., with energy positions quite close
to CoS,.

Figure 2(c) shows the Ni L-edge XAS of NiS, and
(Fe, Co, Ni, Cu)S,. The Ni L3 edge of NiS, exhibits a main
single-peak feature a at 852.5 eV photon energy, consistent
with a Ni?* configuration, and a weak broad satellite ¢ spread
between ~856 and 860 eV. The Ni L, edge exhibits a main
peak feature d at ~869.7 eV photon energy and a very weak
satellite e between ~873 and 877 eV. In comparison, the Ni
L3 edge of (Fe, Co, Ni, Cu)S, shows a main peak feature a at
a higher photon energy of 852.8 eV, a low intensity feature b
at ~854 eV, and a broad satellite ¢ spread between ~858 and
862 eV. The L, edge also shows a 0.3 eV shift for the main
peak feature d at 870.2 eV photon energy and a very weak
satellite e between ~875 and 878 eV.

In Fig. 2(d), we plot the Cu L-edge XAS of CuS, and
(Fe, Co, Ni, Cu)S, after normalizing to the area under the
curve. The Cu L3 edge of CuS, shows a main peak feature
a at 930.8 eV photon energy and a well-separated small peak
b at 933.4 eV. These two features have been discussed in the
literature as originating from a Cu?* and Cu'* configuration,
emphasizing the difficulty of a chemically stable pyrite phase
of CuS, [29,30,33,34]. Interestingly, the Cu L; edge shows
three additional satellites ¢, ¢», and c3 spread between ~935
and 945 eV, as labeled in Fig. 2(d). The Cu L, edge shows
a main peak feature d at ~950.8 eV photon energy, a weak
peak e at ~953.4 eV, and a weak broad satellite f between
~955 and 962 eV. While similar satellites have been observed
in CuS,; XAS spectra earlier, surprisingly, their origin has
not been discussed. This is mainly because only the Cu**
and Cu'* valence states corresponding to Cu d° and Cu d'°
initial state configurations have been considered, respectively
[41]. Using a cluster model for a Cu?t d° initial state, the
calculated Cu L-edge XAS spectrum can give rise to only
a single-peak spectrum. This is because only one XAS final
state is allowed for the Cu?>* ¢ initial state, corresponding to
the 2p%3d° — 2p33d'° transition. Consequently, the L-edge
(2p — 3d) excitation can only lead to a single-peak feature
for the Cu?t initial state (as in CuO [41]) and cannot ac-
count for the satellite features. Further, for a Cu'* initial state
(as in CupS), it was shown that the L, 3 main peaks can be
explained only in terms of a density of states picture, i.e., it
is derived from hybridized states consisting of Cu 4s and 3d
unoccupied states, which gives a small peak at about 933.4 eV
and broad bump features up to 10 eV above the main peak

[35], as is also seen in Cu,O [41]. Based on the observed
energies of the features for CuS,, in the L3 range, we assign
feature b to the Cu'* derived state. As we show in detail
later in this work, by considering the possibility of Cu'* and
Cu** states, we can explain all features of the Cu L-edge
XAS spectra. In particular, using the cluster model calcula-
tions as shown in Figs. 6 and 7, feature a mainly consists of
a Cu*t (d®) — Cu'tL? derived state. The satellite features
¢; and ¢, consist of a mixture of Cu!* and Cu’t derived
states while satellite feature c3 is attributed to Cu't states.
Similarly, in the L, range, feature e is assigned to Cu'* states
and feature d and satellite f are assigned to Cu®*-derived
states. Moving on to the Cu L3 edge of (Fe, Co, Ni, Cu)S,,
the spectrum shows a broadened main peak feature a that is
shifted to 931.1 eV photon energy and a well-separated small
peak b at 933.4 eV. Interestingly, the relative intensity of peak
a is reduced while peak b remains nearly the same as CuS,
(see inset). The intensity of the satellite ¢; is reduced while
¢, and c¢3 spread between ~935 and 945 eV remains nearly
the same as CuS,. The Cu L, edge shows a main peak feature
d at ~951.1 eV photon energy that is broadened and shifted,
while peak e at ~953 eV and the satellite f between ~956
and 960 eV show very small differences compared to CuS,.
In the following, we analyze all the spectra using full atomic
multiplet charge-transfer calculations.

C. Comparison of experimental XAS with cluster model
calculated spectra

The Fe, Co, and Ni metal L, 3-edge x-ray absorption anal-
ysis was carried out using a charge-transfer multiplet cluster
model calculation using the CTM4XAS5.5 program [12,13].
The local MS, electronic states are approximated by a model
consisting of an MLg cluster (where L is the ligand sulfur
atoms in the present case) in octahedral (O;) symmetry and
uses the following electronic parameters to describe the initial
state: the crystal field splitting 10Dg, which is the bare energy
separation between the e, and 1, orbitals, Uy, is the on-site
d-d Coulomb repulsion energy, A is the charge-transfer en-
ergy between the 3d" and 3d4"*'L' (where L' corresponds
to one hole in ligand states, and (pdo) is the metal 3d-S 3p
hybridization strength [18]. However, for the Cu L, 3-edge
x-ray absorption analysis we used the CRISPY-QUANTY pro-
gram [42,43] as we needed to consider three basis states (3d®,
3d°L', and 3d'°L?) to suitably model the Cu* configuration.
We also checked the Ni L, 3-edge XAS calculation with three
basis states but it was found to be very similar to the two-basis
state calculations for the same parameters. For the final states,
which correspond to exciting a 2p electron from the L edge
to the unoccupied 3d states, an on-site core hole potential,
U,q, is included in addition to the above-described param-
eters. The calculation method is described in Refs. [12,13].
The calculated spectrum consists of all possible final states
reached by the initial state and is obtained by convoluting the
discrete states by broadening it with a Lorentzian function
representing the lifetime and a Gaussian function represent-
ing the experimental resolution. The electronic parameters
are varied to obtain a suitable match of the calculated spec-
tra with the experimental spectra. XAS spectral calculations
for the parent compounds FeS,, CoS,, NiS;, CuS,, and the
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FIG. 3. (a) Experimental Fe L-edge XAS of high-entropy metal
disulfide (Fe, Co, Ni, Cu)S; and its parent compound FeS,. (b) The
calculated Fe L-edge XAS describing the changes in high-entropy
metal disulfide (Fe, Co, Ni, Cu)S, with a small increase in 10Dg and
small reduction in hybridization strength (pdo) compared to FeS,,
obtained using a full atomic multiplet charge-transfer cluster model.

high-entropy compound (Fe, Co, Ni, Cu)S, are shown in
Figs. 3-6 for the Fe, Co, Ni, and Cu L-edge XAS results, re-
spectively, comparing the parent and high-entropy compounds
for each case. The obtained electronic parameters for the
parents and the high-entropy compound are listed in Table II.
Figure 3(a) shows the experimental spectra of the Fe L-
edge XAS of FeS, and (Fe, Co, Ni, Cu)S,, plotted with the
intensity normalized for the main peak. It can be seen from
Fig. 3(b) that the spectral features for FeS, are suitably re-
produced in the calculations. In particular, it is noted that the
energy positions and intensities of the main peak, shoulder,
and the satellite of the L3 edge, as well as the main peak
and weak satellite of the L, edge are well reproduced. The
electronic parameters in Table II indicate that we need a neg-
ative charge-transfer energy A =-1.0 eV and Uyy; = 4.5 eV
to obtain a suitable match of the calculated spectrum with the
experimental spectrum. Further, in Fig. 3(b), it is also seen
that for (Fe, Co, Ni, Cu)S,, the energy positions and intensi-
ties of all the L3-edge and L,-edge features are reproduced
by increasing 10Dg from 1.2 to 1.6 eV and reducing the
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FIG. 4. (a) Experimental Co L-edge XAS of high-entropy metal
disulfide (Fe, Co, Ni, Cu)S, and its parent compound CoS,. (b) The
calculated Co L-edge XAS describing the small changes in high-
entropy metal disulfide (Fe, Co, Ni, Cu)S, are obtained by a small
reduction in the hybridization strength (pdo) compared to CoS,.

hybridization strength (pdo) from 1.4 to 1.3 eV, as listed in
Table II.

In Fig. 4(a), we show the normalized experimental spectra
of the Co L-edge XAS of CoS; and (Fe, Co, Ni, Cu)S,. As
seen in Fig. 4(b), we can reproduce the spectral features of
the L; and L, edges suitably with the electronic parameters
listed in Table II. In particular, Table II shows that for charge-
transfer energy A = —1.5 eV and U,y = 4.8 eV, a suitable
match between calculation and experiment is obtained for
CoS,, while for (Fe, Co, Ni, Cu)S,, a reduction in hybridiza-
tion strength (pdo ) from 2.0 to 1.8 eV with no other change in
parameters results in reducing the main L3 and L, peak widths
by reducing the intensity of feature b at 781 eV, and also
increases the satellite intensities a little as seen in experiment.

Next, we show the normalized experimental and calculated
spectra of the Ni L-edge XAS of NiS, and (Fe, Co, Ni, Cu)S,
in Figs. 5(a) and 5(b). The spectral features of the L; and
L, edges of NiS, and (Fe, Co, Ni, Cu)S, can be reproduced
by the electronic parameters as listed in Table II. While the
large on-site Coulomb energy of Uy, = 6.0 eV is consistent
with other Ni compounds including divalent NiO [11,36,44],
the hybridization strength (pdo) needs to be increased from
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FIG. 5. (a) Experimental Ni L-edge XAS of high-entropy metal disulfide (Fe, Co, Ni, Cu)S, and its parent compound NiS,. (b) The
calculated Ni L-edge XAS describing the changes in high-entropy metal disulfide (Fe, Co, Ni, Cu)S, required a small positive charge-transfer
energy A and higher hybridization strength (pdo) compared to NiS,, which is better described using a small negative charge-transfer energy
A. (c) Comparison of Ni L-edge experimental XAS spectrum of high-entropy metal disulfide (Fe, Co, Ni, Cu)S, with calculations for different
values of A = —3 to +1 eV, in steps of 1 eV (keeping all other parameters fixed as for NiS,), which shows that the shoulder (b) can be
reproduced in the Ni L-edge XAS of high-entropy metal disulfide only with positive A = 41 eV. Also shown in (c) is the comparison with
the calculated spectra for negative A = —2.0 eV using CTM4XAS with two basis states (black full line) and the CRISPY-QUANTY program with

three basis states (brown dotted line).

2.0 eV for NiS; to 2.6 eV for (Fe, Co, Ni, Cu)S,. The charge-
transfer energy A = —2.0 eV for NiS,, and it follows the
trend of becoming slightly more negative compared to the
FeS, and CoS, parent compounds. It is noted that our Ni
L-edge XAS of NiS, shows a single main peak and the weak
satellite feature at higher photon energies is absent. On the
other hand, an earlier study showed a weak satellite feature
b, and a relatively large positive charge-transfer energy of
A = 5.0 eV was required to reproduce the Ni L-edge XAS
of NiS, [45]. However, our experimental and calculated XAS
spectra are consistent with DFT+DMFT results reported by
Kunes et al. [46], which showed a p-p type gap in NiS, with
the antibonding unoccupied p,* band just above the Fermi
level. Further, an important change is seen in the Ni L-edge
XAS of metallic (Fe, Co, Ni, Cu)S,. As shown in Fig. 5(a),
the Ni L-edge XAS of (Fe, Co, Ni, Cu)S, exhibits a weak
shoulder b at ~854 eV and leads to a small asymmetry just
above the main peak. We first tried to reproduce the Ni L-edge
XAS of (Fe, Co, Ni, Cu)S, using a negative A. In Fig. 5(c),
we plot a set of spectra with different values of A = —3 to
+1 eV, in steps of 1 eV, keeping all other parameters fixed as
for NiS,. We also tried varying (pdo) but could not reproduce
the weak shoulder b at ~854 eV. In order to reproduce the

weak shoulder b at ~854 ¢V in (Fe, Co, Ni, Cu)S,, it was nec-
essary to use a positive charge-transfer energy A = 4+1.0 eV
if we restrict the analysis to the single-site cluster model.
It is noted that it may be possible also to reproduce the
shoulder feature “b” by using a cluster model with more than
one transition metal site as was done for NiO [47], but this
calculation is beyond our scope. For NiS,, it is also important
to check whether the Ni L-edge XAS calculations with three
basis states (3d®, 3d°L', and 3d'°L?) show any remarkable
difference compared to the two-basis states calculation shown
in Fig. 5(b). In Fig. 5(c), we also plot the Ni L-edge XAS
calculations with three basis states using the CRISPY-QUANTY
program and the same parameters as for the calculation with
two basis states shown in Fig. 5(b). As shown in Fig. 5(c),
the results indicate that both the two- and the three-basis state
calculations provide very similar Ni XAS spectra and confirm
that the two-basis state calculations suffice to describe the Ni
L-edge XAS of NiS,.

It is interesting to note that the first spectroscopic vali-
dation of negative charge-transfer compounds also involved
the electronic structure of a formally d® electron system,
NaCuO; [38]. The behavior seen in the Ni L-edge XAS of
NiS; is similar to the Cu L-edge XAS spectrum of NaCuO,,
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FIG. 6. (a) Experimental Cu L-edge XAS of CuS, and the
high-entropy metal disulfide (Fe, Co, Ni, Cu)S,. (b) Calculated
Cu L-edge XAS of CuS, and the high-entropy metal disulfide
(Fe, Co, Ni, Cu)S,, obtained as a sum of the Cu!*- and Cu’*-derived
spectra. In this case, we have used the sum of a single-peak Voigt
function for the Cu'* L3 and L, features and full multiplet charge-
transfer Cu* calculations to simulate the spectra. (c) shows the Cu'*
contribution (green curve) for both cases, while the Cu** contribu-
tions for CuS, and the high-entropy metal disulfide are shown as the
red and blue curves, respectively.

which also exhibits a single main peak and was well simulated
with a negative charge-transfer energy A [38]. It was shown
that the band gap of NaCuO, corresponds to charge fluctua-
tions mainly of the p-p type, with d"+'L! + d"'L' — d" +
d"*2L2, unlike the conventional Mott-Hubbard (d-d) type or
the charge-transfer (p-d) type. Thus, the p-p type gap in NiS;
is also like the p-p type gap of NaCuO,. Further, as shown
by Kunes et al. [46], this insulating p-p type gap gets closed
in the metal phase of NiSe,. Such a metal-insulator transi-
tion is similar to the metal-insulator transition mechanism of
negative-A compounds, as was pointed out for the insulating
vs metallic behaviors of NaCuO, and LaCuO; [38,48], re-
spectively. Here, for the metallic LaCuOj3, the leading peak
in the Cu L-edge XAS is split into two peaks, demonstrating
the breakdown of the single-site cluster model, as in the case
of the Ni L-edge peak for the metallic (Fe,Co,Ni,Cu)S,. The
present results suggest a similar picture is the likely origin of
the apparent significant change in charge-transfer energy A
from —2 to 4+1.0 eV for describing the Ni L-edge XAS of
insulating NiS, and metallic (Fe, Co, Ni, Cu)S,, respectively,

which is coupled to the increase in S-S distance and the de-
crease in the M-S distance, resulting in a small increase in the
hybridization strength (pdo) [27]. In fact, one must employ a
multisite cluster model to reproduce the core-level spectra of
LaCuO3, as demonstrated by Okada and Kotani [49].

Figure 6 shows the normalized experimental and cal-
culated spectra of the Cu L-edge XAS of CuS, and
(Fe, Co, Ni, Cu)S,. CuS, is known to show low-T, supercon-
ductivity (7, = 1.5 K) and has also been discussed to show
evidence of charge density wave order [20,21]. As discussed
in the Introduction, early studies of CuS, discussed the Cu
L-edge XAS of CuS; in terms of a monovalent metal [30]
but did not reproduce the experimentally observed atomic
multiplet structure as well as the satellites in the XAS spectra.
The authors pointed out the importance of charge-transfer
effects to model the Cu L-edge XAS of CuS,. Recently, it was
shown by Streltsov et al. [50], that it is possible to discuss
the electronic structure of gold ditelluride, AuTe,, in terms
of negative charge transfer. AuTe; is also a formally divalent
material with Au?* and Te%‘, as was shown by Ootsuki et al.
[51]. Thus, AuTe, is considered to be like CuS, with Cu?t
and S%’, and interestingly, it also exhibits low-7, supercon-
ductivity like CuS,. It was shown by Streltsov et al. [50]
that AuTe, is a negative charge-transfer material, which can
be described in terms of charge configurations as follows:
2AuTT(d%) — Au't(d'?) + Aut(d?), which can be written
as 2Au’t = 2Au'tL — Au't 4+ Au!*TL?, with two holes in
the ligand L? of the Te p band forming an antibonding state
with the symmetry of a low-spin d® state of Au®*.

If we apply the same picture to CuS,, 2Cu**(d’) —
Cu!t(d'%) + Cu?*(d?), which can be written as

2Cu** = 2Cu!'*L — Cu't + Cu'fL?,

then the two holes in the ligand L? of the S p band form
an antibonding state (corresponding to the S%’ dimer), with
the symmetry of a low-spin d% state of Cu’*. It is in-
teresting to note that a similar picture involving 2Ni** =
2Ni**L — Ni?* + Ni**L?, was also used to discuss the
charge ordering transition and metal-insulator transition
in NdNiOs [52].

Based on this picture, to simulate the experimental spectra
shown in Fig. 6(a), we have calculated the Cu L-edge XAS of
CuS; and the high-entropy metal disulfide (Fe, Co, Ni, Cu)S,
as a sum of Cu'*- and Cu®*-derived spectra. We first car-
ried out full multiplet charge-transfer Cu** calculations with
a negative charge transfer and the parameters are shown in
Table II. Then, using a single-peak Voigt function to represent
the Cu!t contribution, the sum of Cu!*- and Cu3*-derived
spectra was used to simulate the total spectra, as shown in
Fig. 6(b). In Fig. 6(c), we plot the Cu'* contribution (green
curve) for both cases, while the Cu3* contributions for CuS,
and the high-entropy metal disulfide are shown as the red
and blue curves, respectively. While this reproduces the main
peaks a and b suitably, the relative intensity in the satellites
ci-c3 is smaller than in the experimental data, indicating that
the relative intensity of the Cu'* states is significantly lower
than the intensity of the Cu’t states. However, if we subtract
out the Cu®* contribution from the total spectrum, as shown
by the difference spectrum in Fig. 7(a), the spectral intensity
at photon energies higher than peak a shows spectral weight
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FIG. 7. (a) Experimental Cu L-edge XAS of CuS, together with
the calculated Cu* spectrum (red curve) and the green curve shows
the difference spectra obtained after subtracting the Cu** contribu-
tion at higher photon energies. (b) Experimental Cu L-edge XAS of
the high-entropy metal disulfide (Fe, Co, Ni, Cu)S, together with the
calculated Cu* spectrum (blue curve) and the green curve shows the
difference spectra obtained after subtracting the Cu>* contribution at
higher photon energies.

nearly equal to the Cu* contribution, but spread over roughly
10 eV [green curve in Fig. 7(a)]. Further, the difference spec-
trum looks quite similar to the reported Cu,S spectrum in
the literature [29,34], which was suitably simulated in terms

of hybridized Cu 4s and 3d density of states [30,35]. This
suggests that the experimental spectra is best explained as
a sum of the calculated charge-transferred Cu’* states and
Cu,S-like Cu'? states.

For the Cu L-edge XAS of the high-entropy metal disul-
fide (Fe, Co, Ni, Cu)S,, surprisingly, if we just added the
difference spectrum [green curve in Fig. 7(b)] representing
the Cu,S-like Cu't states to the calculated Cu’t states [blue
curve in Figs. 6(c) and 7(b)], with a slightly larger hybridiza-
tion strength compared to the parent material [keeping all
other electronic parameters fixed (see Table II)], we could
suitably simulate the experimental spectrum as shown by dot-
ted blue curve in Fig. 7(b). This suggests that the unoccupied
states of the high-entropy metal disulfide (Fe, Co, Ni, Cu)S,
mimic the unoccupied states of CuS; in the Cu L-edge XAS
spectrum with small differences, although it must be noted
that the high-entropy metal disulfide (Fe, Co, Ni, Cu)S, does
not show superconductivity or charge density wave order
down to 4 K. It is noted that for CuS,, valence band photoe-
mission spectroscopy studies also concluded a predominantly
monovalent character with a fully occupied d band below the
Fermi level and p-band character states near the Fermi level
[33]. A recent density functional theory calculation of the
electronic structure also concluded that the electronic struc-
ture for CuS, shows dominantly sulfur p states at and within
1 eV below and above the Fermi level [36]. Thus, the negative
charge-transfer character ” p”-band metal or “anionic conduc-
tor” consistently explains the electronic structure of CuS, as
probed by photoemission [33] as well as x-ray absorption
spectroscopy.

IV. DISCUSSION

Overall, the electronic parameters listed in Table II indicate
that there is a systematic evolution of the electronic structure
parameters A and U,y for the parent compounds. The charge-
transfer energy A becomes increasingly more negative from
Fe to Ni while it is the same for Ni and Cu. This trend is
considered to be associated with the increasing electronega-
tivity of 3d metal cations in the series from Fe to Cu. The
only exception is the positive charge-transfer energy A =
1.0 eV that is required for (Fe, Co, Ni, Cu)S; to reproduce the
small shoulder feature at ~854 eV in (Fe, Co, Ni, Cu)S,. On
the other hand, U, increases systematically from Fe to Cu,
which is well known, as the number of electrons n increases
with d" configuration [28,37,39]. It is noted that the crystal
field energy 10Dg does not show systematic changes in the

TABLE II. The electronic parameters 10Dg, A, (pdo’), Ugq, and U, obtained from a full atomic multiplet charge-transfer cluster model.

XAS Compound 10Dg +/-02(eV) A+/—05(V) pdo +/-02(eV) Uy +/—05V) Uy +/-0.5(V)
Fe L edge FeS, 12 -1.0 1.4 45 55
(Fe, Co, Ni, Cu)S, 1.6 -1.0 1.3 4.5 5.5
Co L edge CoS, 3.0 -15 2.0 4.8 6.0
(Fe, Co, Ni, Cu)S, 3.0 -15 1.8 4.8 6.0
Ni L edge NiS, 1.0 -2.0 2.0 6.0 7.0
(Fe, Co, Ni, Cu)S, 1.0 +1.0 2.6 6.0 7.0
Cu L edge CuS, 2.0 2.0 2.0 6.0 75
(Fe, Co, Ni, Cu)S, 2.0 2.0 2.6 6.0 75
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parent and high-entropy compounds. In our analysis, the 10Dg
does not change for the Co, Ni, and Cu L-edge absorption
spectra (see Table II), but for the Fe L edge, it increases
in the high-entropy compound compared to the parent com-
pound, and suggests a more ionic picture for the Fe?* states
in the high-entropy compound with weaker (pdo) compared
to FeS,.

However, the most interesting behavior relevant to the
properties of the high-entropy compound is the behavior of
(pdo) in the parent compounds compared to the high-entropy
compound. A careful look at the (pdo) values of the different
metals hybridizing with sulfur ligands in the high-entropy
compound with respect to the lattice parameter values sug-
gests a direct correlation between crystal structure and the
metal 3d-anion 3 p hybridization strength. The results suggest
that the hybridization strengths for Fe 3d-S 3p and Co 3d-S
3p are weaker in the high-entropy compound compared to the
parent compounds, as obtained in Table II. This is attributed
to the lattice parameter of the high-entropy compound being
larger than FeS, and CoS, [Fig. 1(b)]. In contrast, the hy-
bridization strengths for Ni 3d-S 3p and Cu 3d-S 3p in the
high-entropy compound are stronger compared to the parent
compounds, because the lattice parameter of the high-entropy
compound is smaller than NiS, and CuS,, as obtained in
our analysis. It is noted that for Ni and Cu L-edge XAS a
shift to higher energy can be explained by a stronger (pdo)
and shorter lattice parameters in the high-entropy compound.
However, for Fe, the slightly weaker (pdo ) in the high-entropy
compound and larger lattice parameters does not explain the
shift to a higher energy in the high-entropy compound and
suggests that a change in 10Dgq also plays a role in determining
its energy. For Co, the nearly similar parameters for par-
ent and high-entropy compounds with just a small reduction
of 0.2 eV in (pdo), results in a negligible change of en-
ergy position in the high-entropy compound compared to the
parent CoS,.

Finally, it is important to discuss the electronic structure of
the parent and high-entropy compounds in relation to the ZSA
phase diagram [37]. It was shown by Zaanen et al. that in gen-
eral, transition metal compounds fall into two main regimes,
namely, the Mott-Hubbard (MH) region with U < A and the
charge-transfer (CT) region with U > A [37], for positive
values of A. In the MH region, the lowest energy excitation
is a d-d excitation, while in the CT region, the lowest energy
excitation is a p-d excitation. There is also another region
associated with negative charge-transfer energy (negative-A)
values. This region occurs in the extended ZS A phase diagram
when the dominantly ligand character p-band crossing the
Fermi level results in a split-off p state, and results in the
lowest energy excitation to become a p-p excitation. It was
pointed out in the ZSA phase diagram that metallic transition
metal sulfides and selenides belong to this region with no gap
in the p-p excitations and are effectively self-doped by holes.
On the other hand, for insulating pyrites like NiS,, the authors
described that the ligand holes would be accommodated in the
antibonding orbitals of sulfur pairs and form a band gap. This
was explicitly shown to be the case based on DFT+DMFT
studies reported recently for NiS, by Kunes et al. [46]. In an
independent study, using Born effective charge and density
functional perturbation theory calculations, it was shown that

FeS, can also be similarly described as a negative charge-
transfer material with the antibonding state lying at the top
of the valence band [53].

Several negative-A materials are now well known to oc-
cur for high valence states in oxides such as Cu®* states
in NaCuO, [38] and Ni** in NdNiO; [52]. In the present
case of parent pyrite sulfides as well as the high-entropy
compound, our results indicate that they are also well de-
scribed as negative charge-transfer materials. Theoretical and
experimental studies have also concluded that the series of
parent compounds FeS,, CoS,, and NiS, [46,54,55] and also
CuS; [33,36] exhibit significant anion ”“p” character states
just below and above the Fermi level and are thus negative
charge-transfer materials. While the insulating FeS, and NiS,
can be described as materials showing a p-p gap, CoS, and
CuS,; exhibit metallic ground states, which can be described as
p-band metallic materials self-doped by holes. In addition, for
CuS,, the obtained results showed the presence of Cu'*t and
Cu’t with negative charge transfer (A), thus suggesting that
the charge density wave behavior of CuS, is likely associated
with the ligand hole states. Further work is necessary to con-
firm this picture of a possible charge density wave transition
in CuS,. Interestingly, the behavior of Fe, Co, and Cu L-edge
XAS in the high-entropy metal disulfide (Fe, Co, Ni, Cu)S,
follows the same trend as the parent compounds with a neg-
ative charge-transfer energy, and only the Ni L-edge XAS
indicates a positive charge-transfer energy.

V. CONCLUSIONS

In this study, we investigated the relation between the lat-
tice distortion effect and the cocktail effect in the form of
crystal structure changes coupled to the electronic structure
of the high-entropy metal disulfide (Fe, Co, Ni, Cu)S,. The
L, 3-edge XAS spectral analysis with full atomic multiplet
charge-transfer cluster model calculations was carried out for
(Fe, Co, Ni, Cu)S; and its parent compounds. The Fe, Co, and
Ni L, 3-edge absorption spectra indicate a divalent metal state
both in (Fe, Co, Ni, Cu)S, and its parent compounds, while
the Cu L, 3-edge spectrum shows satellites, which can be
analyzed as a combination of monovalent and trivalent copper
states. The estimated electronic parameters for XAS spec-
tra indicate a negative charge-transfer energy for the parent
compounds and the high-entropy compound (with Ni L-edge
XAS for the high-entropy compound being an exception),
which corresponds to a p-ptype lowest energy excitation in the
extended Zaanen-Sawatzky-Allen phase diagram. The results
indicate a systematic evolution with the A decreasing and
U,q increasing from Fe to Cu. The study suggests that in the
high-entropy compound compared to the parent compounds,
the hybridization strengths are weaker for the Fe 3d-S 3p and
Co 3d-S 3p bonds and stronger for the Ni 3d-S 3p and Cu
3d-S 3p bonds. This behavior is consistent with the longer
Fe-S and Co-S bond distances and the shorter Ni-S and Cu-S
bond distances in the high-entropy compound compared to the
parent compounds.

The authors are willing to share data with readers upon
request, subject to data policies from respective institutions
[Shibaura Institute of Technology (structural data); National
Synchrotron Radiation Research Center (spectroscopy data)].
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