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Role of magnetism in the stability of the high-entropy alloy CoCrFeMnNi and its derivatives
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Multiprincipal element alloys, called high-entropy alloys represent a promising group of materials. They
possess unique mechanical or electrical properties, which provide a wide range of potential applications. In
general, mechanical or electrical properties of a material are influenced by the magnetic behavior. Therefore, in
our work, we are exploring magnetic behavior of so-called “Cantor alloy” CoCrFeMnNi and its molybdenum
based derivatives. Mo alloys were studied not only to carefully describe their properties but also to probe the
magnetic behavior of the parent alloy by adding a nonmagnetic element. Based on ab initio calculations using
the TB-LMTO-ASA (tight-binding linear-muffin-tin-orbital atomic-sphere approximation) method within CPA
(coherent-potential approximation), we have found the ground-state magnetic structures of a particular alloy.
We deal with various magnetic structures including complex structures beyond the simple FM or DLM phases.
We show the influence of the presence of a particular element on the magnetic properties. It includes, e.g.,
magnitudes of magnetic moments or preferred magnetic phases. The calculations were extended by studying
the magnetic exchange interaction employing the Liechtenstein formula. We clearly show the contribution of
each element to the magnetism as a function of the composition or crystal structure. We provide a thorough

description of magnetic behavior in the mentioned compounds.
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I. INTRODUCTION

High-entropy alloys (HEA) represent the so-called multi-
principal element alloys, based on several chemical elements
unlike standard alloys. High number of constituents bring
a variability of their properties, promising a wide range of
applications. It includes great mechanical properties (e.g.,
high hardness [1] or extreme tensile strength [2]) as well as
distinct electric properties (e.g., an anomalous Hall effect [3]).

In general, these alloys should be composed of at least
five principal elements in a nearly equimolar ratio, where the
concentration of principal elements stay in the range between
5%-35%. Consequently, high values of configuration entropy
Sconf are reached. This constitutes HEAs due to stabilization
of a solid solution phase. For a sufficiently high temperature,
the entropic term (—7 AS, T is the temperature) can overcome
the formation enthalpy Hiym, in the definition of Gibbs free
energy G and favors the solid solution phase instead of an
intermetallic phase [4-6].

The formation enthalpy Hgym (1) is calculated there as a

difference between the total energy of a relaxed alloy Efnoy

and the weighted sum of total energies E of constituents
present with concentrations c;.:

Htorm = Ez?lloy - Z CiE,'O- (1)

“Corresponding author: dominik.legut@vsb.cz

2475-9953/2019/3(12)/124410(10)

124410-1

The most studied HEAs are alloys based on 3d elements
[7]. Well known HEA belonging to this group is the “Cantor
alloy” CoCrFeMnNi [8] with a fcc single solution phase. It is
one of the primal and model HEAs. It exhibits exceptional
ductility and toughness at low temperatures [9,10]. On the
other hand, the alloy possesses only weak magnetism. It
exhibits paramagnetic behavior at ambient temperatures [11].
Only at low temperatures experimental results suggest spin
glass behavior below 25 K [12].

In recent reviews [1,13], the question of magnetic ordering
in HEAs is recognized to be highly important. However,
the number of experimental or theoretical studies is rather
low. We recognize that magnetic order could largely affect
mechanical properties and phase stability, as it is in the case
of single constituent elements [14]. Hence it is appropriate to
study magnetism in order to find the proper ground-state mag-
netic phase and to probe the role of each particular element.
Furthermore, one of the most important parameters describing
magnetic behavior is the critical temperature because it is
related to the thermodynamic stability. Therefore studying
magnetic exchange interactions is needed. They determine
the value of the critical temperature as well as they provide
knowledge of the interplay between particular constituents.

In the present work, we are focusing on the ab initio
calculations of the Cantor alloys and its derivatives. We are
interested in the ground-state magnetic structure and magnetic
interactions in these compounds. We are looking beyond the
simple structures as complex magnetic phases are included.
The five studied derivatives contain Mo, which replaces in
each case separately one of the five constituent elements of
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the parent alloy. Mo has a rather similar electronic structure
as the original elements, but its lack of magnetic moment
allows us a deeper inside view into the role of magnetism here.
Furthermore, the importance of an individual element for the
stability and magnetic properties is studied as well. Such a
thorough research has not been conducted so far.

II. METHODS

Calculations were performed using the tight-binding linear
muffin-tin method based on the Green’s function formalism
within the atomic sphere approximation [15,16] (TB-LMTO-
ASA). The local spin density approximation with Vosko-
Wilk-Nursair exchange potential [17] and s, p, d atomic
model were involved. The method offers calculation of a
band structure in the scalar relativistic approximation, where
the on-site spin-orbit coupling is added to the scalar rel-
ativistic hamiltonian, or in a fully relativistic way solving
Dirac equation in the relativistic formalism [16]. To improve
electrostatics in disordered systems, a basic screened impurity
model was incorporated [18]. The TB-LMTO-ASA approach
allows for straightforward implementation of the single-site
coherent potential approximation (CPA) [19]. It was used
for treating the chemical or magnetic disorder. The CPA is
especially suitable for treating small perturbations as are small
concentrations or similar atoms, which is the case of CoCr-
FeMnNi. It is a computationally efficient method, because
instead of large supercells [20] only a small number of atomic
sites is sufficient. For a simple ferromagnetic fcc cell only
a single site is needed. More complicated magnetic ordering
as antiferomagnetic or noncollinear one requires an increased
number of sites.

In the construction of the elemental cell, various atomic
radii were used based on their metallic radii [21]. Actually,
the prescribed ratios between them had to be fulfilled as the
cell volume changes. Then the lattice relaxation of parameters
was done by changing the lattice parameter followed by an
appropriate change of atomic radii, where energetic depen-
dencies were evaluated. The employed calculation approach
does not allow a distortion of the crystal structure. Therefore,
in our calculation, a pristine crystal lattice is used. Muffin-tin
based methods employing CPA without lattice relaxations
(e.g., EMTO method) have already been applied in the field
of HEAs in a number of cases [22,23]. Recently, an Al-based
derivative of the Cantor alloy was successfully treated by the
same method used by us (TB-LMTO-ASA) [24]. Ab initio
calculations based on the supercell method have revealed
only a small effect of lattice distortions regarding magnetic
moments and equilibrium lattice constant in the Cantor alloy,
while this effect was more significant in refractory HEAs [25].
These calculations also provide the lattice distortion energy,
which is about 0.3 mRy [25] for the fcc phase of the Cantor
alloy. This is a relatively small value when compared to energy
differences that we encountered, and we do not expect it to
vary significantly with magnetic order. Therefore it should not
alter our main conclusions.

The calculation of the exchange interaction is possible
employing the Liechtenstein formula. It is based on the ob-
tained electron structure, where the LMTO potential parame-
ters and averaged Green’s function were employed [26,27].

TABLE I. Calculated lattice parameters and magnetic moments
for selected elements. In brackets, experimental magnitudes of mag-
netic moments and lattice parameters are stated (Co [28,39,40],
Cr [32,38,40], Fe [29,40,41], Mn [31,36], Ni [30,40,42], and Mo
[40,43]).

Magnetic Lattice
Lattice ~ Magnetic moment parameter
type phase (1p) &)
Co hep FM 1.60 (1.58) 2.46 (2.51)
Cr bee AFM ~0 (0.4-0.6) 2.82(2.88)
Fe bee FM 2.15 (2.26) 2.80 (2.87)
Mn bce AFM 0.87  (1.35-2.83)  8.42(8.88)
Ni fee FM 0.66 (0.61) 3.48 (3.52)
Mo bce NM - (=) 3.18 (3.15)

The electron structure calculations were mainly performed
in fully relativistic method. Due to the implementation of
the Liechtenstein formula the results obtained in the scalar
relativistic approximation were used as inputs for calculating
pair exchange interaction J;; in the effective Heisenberg’s
Hamiltonian [27]

Hep = — Zjijei - €ej, (2)
ij

where e; represents unit vectors in the directions of magnetic
spins. Observed differences between the scalar and fully rela-
tivistic approach will be discussed.

III. RESULTS AND DISCUSSION

A. Ground-state magnetic properties

Initially we studied ground-state magnetic and crystal-
lographic phases. In order to evaluate the formation en-
thalpy Hiorm of CoCrFeMnNi and its derivatives, the ener-
getic ground states of pure elements were found by lattice
parameter optimizations. Elements with the following lattice
types and magnetic structures were chosen. A nonmagnetic
bce molybdenum and ferromagnetic ordered hcp cobalt, bee
iron, and fcc nickel were calculated. The obtained lattice
parameters almost correspond to the experimentally measured
ones (Table I). Magnitudes of Co, Fe, and Ni moments fit
well to the experimental values [28-30]. On the contrary,
bce Mn and bee Cr possess significantly suppressed magnetic
moments as compared to the experimental results [31,32]
(Table I). Partly, it might be a consequence of the used
method. It does not allow a lattice relaxation due to un-
available interatomic forces. Therefore, for a simplified mag-
netic structure, we did not obtain comparable values. Hence
discrepancies could stem from the magnetovolume effect
[16,33]. However, the key problem is the complicated mag-
netic structures of chromium and manganese, namely, spin
density waves and the appearance of the noncollinear mag-
netism [32,34,35]. In the case of manganese, the antiferro-
magnetic (AFM) bcc structure with two atomic sites were
selected as a initial magnetic structure. Probably due to the
natural complex magnetic structure an underestimated lattice
parameter was obtained in comparison to the experimental
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value [36]. It also influences the magnitude of magnetic mo-
ments, because the calculated values dramatically vary with
changing lattice size, which corresponds to discrepancies in
their reported calculated values. They strongly depend on the
used method and selected lattice form [31]. Also, experimen-
tal values are not uniform. For a simple AFM bcc model of
Mn, the magnetic moment varies in the range of (1.35-2.83)
wup [31]. Lattice parameters in Table I belong to the complex
bee structure with 58 atoms. The chromium possessing a
complex magnetic structure did not converge to a magnetic
state. It gives a roughly zero magnetic moments. For example,
values between (0.4-0.8) up can be found in the literature
[32,37]. Nevertheless, the obtained lattice parameters fit quite
well to the experimental one [38]. By comparison, it is only
slightly underestimated.

For the Cantor alloy and its derivatives basic magnetic
ordering phases (nonmagnetic NM, ferrromagnetic FM, and
antiferromagnetic AFM) were calculated. Also, more com-
plicated structures were studied. The paramagnetic state with
diluted magnetic moments (DLM) as well as a kind of non-
collinear magnetic structures with a possible fluctuation of
spin amplitude was simulated. We denote the latter as a spin
density wave (SDW).

Due to the presence of the fcc lattice, we choose the struc-
ture, where magnetic spins rotated along the [111] direction,
which is the direction of the stacking of the fcc lattice. For
the comparison, also [100] and [110] directions were studied.
The mentioned set of directions represents the main crystallo-
graphic directions in the cubic structure. In the case of the
fcc alloy with significant magnetic moments (Table II) the
lowest formation energy belongs to the SDW phase with [111]
direction (Table III). Also, due to the close packed structure
including small interatomic distances in the layer it possesses
the highest magnitudes of magnetic moments (Table II). Be-
sides, we study SDW phases in a similar way as in the bcc
structure along [100] and [110] directions. Similarly, the [110]
direction possessing smaller interatomic distances is almost
more favorable. In Fig. 1, SDW phases related to the lowest
formation enthalpy (Table III) are depicted. The Wigner-Seitz
radii of the employed atoms were chosen as their metallic
radii [44]. Use of differentiated atomic radii is important due
to their effect on the total energy, lattice parameters, and
magnetic moments. We checked that differences in atomic
radii cannot be neglected.

1. CoCrFeMnNi: Cantor alloy

Initially we studied the parent Cantor alloy, primarily
within the fcc structure, which is the experimentally reported
one [8,45,46], and in ab initio calculations, it is considered as
the high-temperature phase [47—49].

We found that for a simple fcc structure the Cantor alloy
prefers paramagnetic state (Fig. 1) with tiny diluted magnetic
moments (Table II). The obtained value of the equilibrium
lattice parameter (a = 3.48 10\, respectively, a = 3.49 A; de-
pending on the observed magnetic order) is comparable to the
experimental values (a ~ 3.59 A) [8,50-52)].

Noticeable magnetic moments were obtained only for more
complicated noncollinear SDW structures described above. It
indicates that the alloy likely prefers a noncollinear magnetic

= © -~ 125 mRy
gL mmm |
e — FCC
mm= ---BCC
6 mgap===- @05 . HCP 1
4 B
= .
~ =
=
E 0 L = = [ ]
Sl - - ne
S - L™ um =
= - = o1
-4+ : E : : - E
— NM : - mg m=
—FM - :- =
O ArM = =
— DLM - =
-8t SDW = =

Cocx\?e“‘“m Mol 110(CO) ygo(Fe) \\&0@\*‘&& AolCD)

FIG. 1. Calculated formation enthalpies for studied CoCr-
FeMnNi and its derivatives dependent on the magnetic structure. In
case of Mo derivatives, the substituted element is denoted.

structure. They also possess slightly higher values of the
lattice parameter. Therefore, one should be aware that the
lattice parameter likely increases with the proper magnetic
structure, which seems to be complex here. The obtained
values of the lattice parameter correspond to the range of
calculated ones reported in the literature (e.g., a = 3.50 A
respectively, a = 3.53 A for a (non)magnetic structure, VASP
SQS method [53]). There, the values of lattice parameter
appear in the range of ~3.50 to ~3.80 A as calculated by
various ab initio methods [47,53-56].

The CoCrFeMnNi alloy in the SDW phase shows ferri-
magnetic ordering in each layer of the simulated system with
magnetic moments of Co, Fe, and Ni atoms ordered in one
direction, whilst moments of Cr and Mo preferred the oppo-
site alignment. Generally, the ferrimagnetic phase is denoted
here as FM since composing of a single magnetic sublattice
with collinear moments. A ferrimagnetic ordering within a
single layer is supported by the antiparallel behavior which
was described in CoCrFeMnNi [45]. Moreover, the identical
ferrimagnetic phase was reported in Ref. [47] (CPA) and
our observations correspond to the distribution of magnetic
moments in Ref. [57] (SQS). Likewise, it possesses similar
directions and magnitudes of magnetic moments as in CoCr-
FeNi alloy [58]. Cr and Mn are elements with complicated
antiferromagnetic magnetic structures. Hence the tendency to
the ferrimagnetic structure instead of the ferromagnetic one
is not surprising. Finally, the combination of FM elements
with the AFM ones likely leads to a frustration of magnetic
moments in collinear magnetic structures. Therefore the alloy
should tend towards a complex magnetic structure. It is in-
dicated by increasing magnitudes of magnetic moments and
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TABLE II. Calculated lattice parameters and magnetic moments for CoCrFeMnNi and its derivatives depending on the lattice and the
magnetic structure. Values of magnetic moments are sorted by a position of a particular element in the name of the appropriate alloy. In the
case of SDW phase, magnetic moments rotate along the direction stated in the superscript. Magnitudes of magnetic moments on the single
atomic site are shown. Fully relativistic calculations.

lattice FCC BCC HCP
. ‘% § g 5 Magnetic moments & é o Magnetic moments S é | Mag. mom. &
2 S| =z Q per atom glE8 per atom £ 8 per atom N
= il H R g = g
=2 (A) (pB) < | (A) (uB) < (A) (1B) <
FM 3.48 ~0 2.75 ~0 2.46 ~0
Z AFM | 3.48 | -0.01 0.00 0.20 -0.01 0.00| 0.04| 2.80| -1.31 0.66 2.07 1.73 -0.27| 0.57
§ DLM | 348 | 0.02 000 0.11 0.06 0.00|0.04] 279| 1.01 000 2.03 1.00 0.00| 0.81
© | sDwli | 349 | 0.16 -0.11 0.82 -0.17 0.06| 0.15
3 | SDWIL00l | 348 | 0.03 -0.02 0.50 -0.04 0.01|0.10| 2.79| 1.09 -0.08 2.09 1.33 0.14| 0.84
S| SDWI0l | 348 | 0.00 -0.01 0.30 -0.03 0.00|0.05| 2.79| 1.27 —-0.03 2.07 1.03 0.06| 0.96
FM 3.62 | -0.04 —-0.12 1.09 -0.22 0.04[ 0.15] 2.88[ -0.12 -0.21 2.06 1.38 0.20] 0.66 | 2.55 ~0
Z AFM | 3.62| 0.00 0.02 1.01 0.14 0.00|0.23 2.87| -0.09 0.13 1.84 0.60 -0.07| 0.52
§ DLM | 3.62| 0.00 000 0.98 0.17 0.00]0.23 2.88] 0.00 0.00 2.00 1.09 0.00| 0.62
© | sSpwll| 3,61 | -0.03 -0.11 0.99 -0.18 0.03| 0.14
3 | SDWI00l | 362 | —0.01 -0.04 1.02 -0.16 0.00| 0.16] 2.88| -0.01 -0.03 2.01 1.06 0.02| 0.61
< | SDWIHOl| 3,62 | —0.00 -0.02 0.97 -0.22 0.00| 0.15 2.88| -0.05 —0.08 2.03 131 0.01| 0.66
B FM 358 048 -0.05 1.53 -0.78 0.10[ 0.26] 2.87| 1.44 -0.19 222 192 030] 1.74 | 253 R8P X 8 | &
Z AFM | 359 | -0.09 0.01 1.33 0.76 -0.01|0.40| 2.89| -1.30 0.20 2.18 2.20 0.24]| 0.61 SS333|3
S DLM | 358 | 0.00 0.00 1.28 -0.65 0.00|0.13 2.87| 0.91 0.00 212 1.87 0.00| 0.98
© | sDwlil | 359 | 0.48 -0.05 1.53 -0.78 0.10| 0.26
< | SDWIO| 359 | 0.13 -0.00 1.41 -0.76 0.02| 0.16| 2.87| -0.92 0.05 2.12 -1.85 -0.03|-0.13
S SDWI10l| 359 | 0.05 -0.00 1.37 -0.90 0.00|0.10| 2.88| 1.21 -0.05 2.24 -0.61 0.04| 0.58
Z FM 3.61 ~0 2.87] —0.80 -0.20 -0.04 1.00 0.07] 0.01 | 2.55 ~0
E AFM | 3.61| 000 0.00 0.00 004 0.00|0.01 2.86| 0.88 0.21 0.06 0.94 —-0.22| 0.87
2 DLM | 3.61|-0.01 0.00 0.00 0.12 0.00]|0.02] 2.87| 0.92 0.00 0.00 1.44 0.00| 0.47
= | spwl1| 3.59 ~0
Q| spwlt00] 2.87| 0.97 -0.02 -0.01 1.41 0.02]| 0.47
© | spwltiol 2.87| 1.11 -0.03 -0.03 1.54 0.06| 0.52
FM 3.61 | 0.48 -0.28 1.46 -0.08 0.11]0.34| 2.87| 1.28 0.06 2.14 -0.06 0.13| 0.71
z AFM | 3.60 | -0.03 0.01 1.20 0.00 0.00|0.23 2.85| 0.63 0.03 1.84 0.06 -0.09| 0.49 | 254| co v oo |z
S| DLM |360| 000 000 121 0.00 0.00|0.2/ 2.87| 0.87 0.00 204 0.00 0.00] 0.58 sS2s23|s
& | sSpwll| 361 | 0.48 -0.28 1.46 -0.08 0.11]0.34
S | SDWI00 | 360 | 0.10 -0.07 1.25 -0.02 0.02| 0.26| 2.87| 0.95 -0.01 2.06 -0.01 0.03| 0.61
S| sDWI0l| 360 | 0.00 -0.03 1.20 -0.00 0.00| 0.23] 2.87| 1.20 0.06 2.10 -0.02 0.06| 0.67
FM 3.60 | 0.10 -0.10 0.86 -0.14 —0.03]0.14] 2.89| 1.48 —0.03 2.18 1.71 —0.11] 1.05 | 2.55 ~0
§ AFM not converged 2.87| -1.20 091 1.83 1.94 0.22| 0.7
= DLM | 361| 0.03 0.00 0.86 0.19 0.00]0.22| 2.88| 1.04 0.00 2.05 1.08 0.00| 0.83
é Sspwl1t1] not converged
5 SDWI00l | 361 | —0.01 -0.01 0.68 -0.09 —0.00‘0.11 2.88| 1.10 -0.02 2.07 1.06 -0.01| 0.84
3 SDWI10l | 361 | 0.02 -0.03 0.76 -0.09 -0.01|0.13| 2.89| 1.32 -0.02 2.13 1.54 -0.04| 0.99
COM‘;,FI\ZMONI 370 | 0.64 -0.11 1.75 -0.11 0.12‘0.46 - -

the decreasing formation enthalpy in the case of SDW phases
(Tables II and III).

The calculated formation entropies Hgorm, (Fig. 1) do not de-
scribe exactly the stability of studied alloys since other effects
could be present there. One can mention the configuration en-
tropy, the entropy of vibrations, etc. [47]. Besides, the absolute
values of the formation enthalpy are influenced by the selected
description of Cr, Mn atoms, because of their complicated
magnetic structures. It leads to uncertainty in the position of
the zero level of Hiyy, in Fig. 1 for a particular alloy. Based
on our calculations, we estimated the error in the range of
(0.5-1.0) mRy/atom. Also, we study ground-state properties

instead of the high temperature ones, generally reported in
experiments. However, the results generally correspond to the
reported ones obtained by different approaches [47,54,59].
Magnetic moment magnitudes in the fcc case are highly
sensitive to the lattice volume [47]. We have found that the
calculated magnitudes of magnetic moments of all elements
(Table II) are rather suppressed as compared to their pure
compounds. These are in good agreement with the previous
calculation assuming the same volume that we considered
[47]. The calculated energy differences between different
magnetic phases for the fcc crystal structure are quite small.
This conforms the unclear experimental reports on magnetism
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TABLE III. Difference of the formation energy between three
SDW phases and the FM phase (AH = HSPY — HEM ) The parent

form form

alloy is compared to NM and AFM phases.

SDW phase
Alloy [111] [100] [110]
AH (uRy / atom)
fee
Cantor (vs NM) —34 —13 -3
Cantor (vs AFM) —-33 —12 -2
CoCrFeMnMo — 49 33
MoCrFeMnNi 47 49 74
CoCrMoMnNi —0.12 —0.12 —0.09
CoCrFeMoNi 0.05 174 228
CoMoFeMnNi 0.02 168 190
AH (mRy / atom)
bce

Cantor (vs NM) —-3.5 -5.0
Cantor (vs AFM) 0.4 —1.1
CoCrFeMnMo 3.7 2.0
MoCrFeMnNi 1.5 0.7
CoCrMoMnNi —-0.4 —-0.9
CoCrFeMoNi 1.7 0.9
CoMoFeMnNi 3.6 4.0

below 25 K [12], and the presence of paramagnetic phase at
ambient temperatures Refs. [11,60].

In addition, we have performed calculations of bcc and
hep crystal structures. They revealed that the hep structure
leads to the most stable ground state, which is in accordance
with other studies [47,49]. Relatively small energy differences
between crystal structures allow the occurrence of the high-
temperature fcc phase according to the experiments.

2. Mo derivatives

To clarify the magnetic behavior in the Cantor alloy it
is suitable to study derivatives of the parent CoCrFeMnNi
besides. For this purpose, a nonmagnetic molybdenum sub-
stitution in fcc CoCrFeMnNi, where all atoms are in principal
magnetic, was used. Mo derivatives were calculated in the fcc
structure, which is suitable for a comparison with the parent
Cantor alloy as well as in the bce structure mostly reflecting
their real structure [61] (the hcp structure was also checked
to confirm the ground-state configuration). Optimized lattice
parameters, obtained magnitudes of magnetic moments and
the formation enthalpy are summarized in Table II and Fig. 1.
Their behavior in bee and fec phases considerably differs.

For the bec structure, simple ferrimagnetic structures pre-
vail. They possess large magnetic moments on Co, Fe, and
Mn atoms, whereas tiny moments appear on Ni and Cr atoms.
The most significant on-site magnetic moments respect the
ferromagnetic order. The opposite alignment occurs on Co
and Ni atoms in particular. It depends on the studied magnetic
phase and the alloy. One can notice that the most important
elements for magnetic ordering seem to be Fe and Co. The
absence of Fe atoms leads to the suppression of magnetic
moments and to the SDW ground state. Similarly, in the FM
phase, it changes directions of magnetic moments in com-
parison to the other derivatives. It shows that the directions

-1.00

Ap/ 1 (Cantor atloy)

Substitution Site

OG [ g\&\ @ ¢o é\
Element

FIG. 2. Relative change of atomic magnetic moments in depen-
dence on the position of Mo doping for alloys in the fcc structure.
Magnitudes of magnetic moments of the parent alloy within the SDW
magnetic structure were used for the comparison.

are driven by Fe magnetic moments. The substitution of Co
leads to a paramagnetic DLM phase, which is favorable only
in this case. It is accompanied by smaller Mn and Fe magnetic
moments. An interplay between antiferromagnetic elements
Cr and Mn was observed while they are substituted. The
magnitudes of their magnetic moments become more positive
when the counterpart element disappears (Table II). Calcu-
lating the formation enthalpy, we found that the most stable
derivative from this point of view is the alloy with substituted
Cr atoms. One can notice that it provides the highest values
of magnetic moments, the induced Mo moment included.
Slightly less favorable are the paramagnetic derivatives with
substituted Co and the SDW one related to the Fe substitution.

In all the cases, the fcc structure leads to a strong sup-
pression of magnetic moments, but partly the behavior re-
mains unchanged. The order of the most stable Mo based
derivatives and also the order of their ground-state mag-
netic phase is maintained. However, the energy differences
especially between the magnetic phases are changed. Fe is
still the most important element to establish the magnetic
ordering. Moreover, it does not exist without the presence
of Fe atoms. Taking into account the calculated formation
enthalpies and obtained magnitudes of magnetic moments, a
tendency towards relevant magnetic ordering appears either
in the case of the substituted Cr or Mn, alternatively both
of them. This indicates that the antiferomagnetic elements
as Cr and Mn are probably obstacles for magnetic ordering,
regardless of the crystallographic structure. This is likely pro-
nounced in the increase in magnitudes of magnetic moments
of FM phases obtained by the substitution of Cr or Mn in
comparison to SDW phase of the parent alloy (Figs. 2 and
3). Any comparable rise of magnitudes of magnetic moment
caused by the Mo substitution was not observed for bcc
structures. One can also notice that chromium and manganese
form a magnetic sublattice antiparallely ordered to the rest
of elements similarly to the parent alloy, especially for FM
phases. Besides they express their mutual competition in the
magnitude of magnetic moments (Fig. 2). It might indicate the
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FIG. 3. Dependence of atomic magnetic moments on the crystal
structure and the position of the Mo substitution. Alloys are sorted in
order of the increasing total atomic number of the appropriate alloy.
Unfilled point denotes almost zero magnetic moments.

existence of the spin frustration. The other substitutions with
molybdenum, which reduce formation enthalpy Hyorr, tend to
the paramagnetic DLM or the nonmagnetic state. The men-
tioned paramagnetic DLM state appears in the MoCrFeMnNi
alloy for both structures. It may indicate the importance of Co
for the magnetic ordering. Still it does not cause significant
changes of magnetic moments in the fcc structure. Finally, it
was observed that Ni has no significant effect on the evolution
of magnetic moments. Its absence gives an FM state, but it
leads to increase the formation enthalpy. At the end, we have
to note that a substituted alloy might not form single-phase
solution as it is reported [61].

B. DOS

To clarify the observed differences in values of mag-
netic moments obtained for different types of studied crystal
structures, we calculated densities of states (DOS) for the
parent alloys and its Mo derivatives (Fig. 4, see Ref. [62]
for more details). The DOS obtained for the nonmagnetic
structures allows us to deduct that the relatively high values
of magnetic moments in the bcc crystal structure (Table II)
are related to the presence of d states in the vicinity of the
Fermi level [Figs. 4(a) and 4(c)]. Considering the Stoner
model of itinerant magnetism, significant values of the DOS
at the Fermi level are able to cause a band splitting leading to

TABLE IV. Calculated lattice parameters and magnetic moments
for CoCrFeMnNi and its derivatives obtained within the scalar
relativistic method.

;% q;) 8 Latticel Magnetic moments
(]
§o§ E par. per atom
<k 3 (A) (1B)
wn
CoCrFeMnNi
SDW| FCC| 3.48| 0.05 -0.05 0.34 -0.07 0.02
MoCrFeMnNi
DLM BCC| 2.88 | 0.00 0.00 1.96 1.07 0.00
FCC| 3.62| 0.00 0.00 0.74 -0.03 0.00
CoMoFeMnNi
FM BCC| 2.87| 1.40 -0.22 2.22 1.97 0.28
FCC| 3.59| 0.35 -0.05 143 -0.77 0.08
CoCrMoMnNi
SDW| BCC | 2.87 | 1.00 -0.04 -0.03 1.53 0.06
CoCrFeMoNi
M ‘ BCC‘ 2.88‘ 1.26 -0.04 2.14 -0.08 0.12
FCC| 3.61| 0.36 -0.28 1.35 -0.08 0.08
CoCrFeMnMo
FM | BCC| 2.88| 1.38 -0.04 2.12 1.64 -0.11

the occurrence of itinerant magnetic moments. On the other
hand, in the case of close packed fcc and hcp structures
[Figs. 4(b) and 4(d)], d states are wider and stay further from
the Fermi level. Therefore lower values of magnetic moments
are assumed here, in general.

Finally, one can also compare the calculated DOS for the
nonmagnetic bee and fcc derivatives [Figs. 4(b) and 4(c)] with
the appropriate magnitude of magnetic moments depicted
in Fig. 3 for different Mo substitutions. There is a clear
correspondence with the values of DOS at the Fermi lever
for the bcc structures. However, the evaluation of the fcc
case is more complicated due to the obvious small differences
between DOS curves.

C. Exchange interaction

Having the relation between the composition and the
magnetic structure or magnetic moments, we calculated the
exchange interactions in the parent Cantor alloy and its
derivatives for both bee [Fig. 5(a)] and fcc [Fig. 5(b)] crystal
structures. We expect to obtain an extra piece of information
to the above-described behavior. In the calculations, the FM
Green’s functions were mostly used. The exceptions were
the Cantor alloy, where significant nonzero moments were
found only in the SDW case, and MoCrFeMnNi alloy, where
interactions for parallel spins in the paramagnetic ground
state were obtained. Further, fcc CoCrMoMnNi alloy was
excluded due to the absence of magnetism, and the SDW
phase was used for its bce analog. Otherwise, the FM phase
is the ground state (Fig. 1, Table II). We remind the readers
that we are using the scalar relativistic approach instead of
the fully relativistic one due to the implementation of the
Liechtenstein formula [27]. In general, this approach leads to
a small suppression of magnetic moments (Table IV). There
are only two significant differences. The first one is the bcc
CoCrMoMnN:i alloy, where the directions and magnitudes of
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FIG. 4. Calculated DOSes for the nonmagnetic parent CoCrFeMnNi alloy and Mo derivatives. Energy zero marks the Fermi level. The

spin polarized results are shown and more details are given in Ref. [62].

magnetic moments are changed. The second one is the fcc
CoCrFeMnMo, which appears to be nonmagnetic in the scalar
relativistic approach.

Our analysis shows, that the dominant interactions in fcc
and bcc structures differ by one order of magnitude (Fig. 5).
It confirms larger magnetic moments and the tendency to the

30.00 +
25.00 +
20.00 | 1 v <« <y
__15.00f AV (¥ A
> — Co 0 MoCrFeMnNi
~ 600F — Cr v CoMoFeMnNi v
£ Fe A CoCrMoMuNi
400/ — Mn @ CoCrFeMoNi A"
g = — Ni < CoCrFeMnMo
= 200f v v |
° _ OA. °
| |
0.00 Mﬁﬁt—tﬂ’—iﬂv—%
° v
-2.00 + 1
\ i 4 \ \ \
Cr Mn Fe Co Ni

(a) BCC

FM ordering for the bce structure (Fig. 1). We can assume
that the difference is caused by the crystal symmetry and
not by the volume effect, because the equilibrium lattice
parameters refer to the same Wigner-Seitz radii for both bcc
and fcc structures. Exchange interactions in the bcc structure
[Fig. 5(a)] are dominated by ferromagnetic interactions of Co,

1.50 + A
O CoCrFeMnNi g
1.00 t v MoCrFeMnNi gA
A CoMoFeMnNi
0.50 F o CoCrFeMoNi
;% <« CoCrFeMnMo N
2 0251 oA 1
= n °A m
B2 evi
g 0.00
i A oo A
-0.25 ¢+ . — Cr
Fe
180 ] — M
200} A N
Cr Mn Fe Co Ni
(b) FCC

FIG. 5. Sums of exchange interaction Jj; in bce and fce crystal structures with resolved alloys and counterparts. The sum is over ten nearest
neighbor shells. Unfilled point denotes interactions related to Mo atoms.
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Fe, and Mn atoms, which likewise show the largest magnetic
moments. The interactions related to Cr and Ni atoms are even
weaker. It corresponds to their small magnetic moments in
their various alignments. It comes from the interplay of their
comparable parallel and antiparallel exchange interactions.
The DLM phase in the case of MoCoFeMnNi should prevail
due to the loss of strong ferromagnetic interactions originating
from the Co atoms, since the magnetic ordering relies only on
diluted Fe atoms.

The situation in the fcc structure [Fig. 5(b), Table II] is
much more complicated due to the nonexistence of such dom-
inant interactions as in the case of the bcc structure (similar
to [23]). The most significant interactions are related only to
Fe atoms. Depending on the position of the Mo substitution,
the interactions with Co, Cr, and Mn become important. In
comparison to the bce structure, where Cr related interactions
are negligible, similar interactions are essential in the case of
fcc CoCrFeMoNi alloy thanks to the relatively weak exchange
interactions and the absence of the Mn counterpart.

The fact that the most important exchange interactions
rely on Fe atoms confirms their importance for magnetic
ordering (Table II). Similarly, Co related interactions are also
significant. Their absence within the structure leads to the
DLM state (Fig. 1). It is observed that interactions related to
Cr and Mn atoms are strengthened if the counterpart element
is absent. It likely proves their mutual dislike in the system
as was already discussed above (Fig. 2). We suppose that the
observed dependence of magnitudes of Fe magnetic moments
on the composition (Fig. 3) likely comes from mutual interac-
tions with other atoms as we observed in Fig. 5(b), especially
with the antiparallel elements. A similar feature does not
occur in the case of the bec structure (Fig. 3) probably due
to the presence of strong ferromagnetic exchange interactions
related to Fe atoms [Fig. 5(a)].

We would like to point out that despite using the scalar
relativistic approach in our calculation of pair exchange in-
teractions, which cause a little mismatch with full-relativistic
results (Tables II and IV), the significance of Fe and Co
atoms for magnetic ordering is confirmed by its very strong
exchange interactions. Similarly, the correlation between the
enhanced exchange interactions and strong magnetic mo-
ments in the case of bee structures was shown.

D. Layered CoCrFeMnNi

In addition to the investigation of nonmagnetic substitution
(e.g., molybdenum), we study the importance of a particular
element in the CoCrFeMnNi alloy by a layer system with the
varying concentration of elements, where the total concentra-
tion was kept constant. This allows us to compare the total
energy due to the same total composition. We employ the
SDW phase along the [111] direction possessing the highest
magnetic moments.

A periodic system composed of four different layers was
chosen. In the first layer atomic concentrations were lowered
by 8% and 14% per site for a selected element.

We have obtained the dependence of the total energy
and the magnetic moment caused by the suppression of the
selected element, see (Fig. 6). Due to the small number of
layers in the simulation, the effect of the underdoped first

’é‘ 0r : . ° ® .
g : ~
< -10} o —o— ¢ = 0.08 ®
E o c=0.14
£ -20 - .
KR -30} .
< ®
0.9} 1
c=0.08
0.7¢L i
= 027 ° Co ~
3 (] L 4 Ni °
=t ol o o ° ° °
Cr
° ° s S 8
021 ’ Mn 1
) L . . .
Cr Mn Fe Co Ni

FIG. 6. Dependence of the total energy difference and mag-
nitudes of magnetic moments on the selective underdoping of a
particular element in the reference layer. The total stoichiometry
is preserved and x axis denotes the suppressed element with a
given concentration ¢ in the reference layer. The change of the total
energy is related to the energy of the unperturbed alloy (AE =
Eo — EIS;"““"). Magnetic moments are related to the reference layer,
where elements are distinguished by colors.

layer does not prevail. The resulting complex behavior leads
to energy curves, which differs from our previous result.
Therefore calculating much larger and more time-consuming
layered structures is needed. It might be the scope of a future
study. However, we observed a similar behavior as for the
nonmagnetic substitutions in the dependence of magnetic
moments magnitudes in the first layer on the suppressed
element (Fig. 6) which is similar to the dependence on the
Mo substitution (Fig. 3).

The obtained similarity between the Mo substitutions and
varied concentrations proves the use of nonmagnetic sub-
stitution serves as a good probe to the magnetic behav-
ior in such alloys. Furthermore, it also confirms that Cr
and Mn atoms significantly suppress magnetism in such
alloy.

IV. CONCLUSIONS

By using the Mo substitutions in CoCrFeMnNi alloy,
we investigate the contribution of a particular constituent
element to the alloy stability. We treated a wide range of
magnetic structures. It includes complex SDW structures be-
yond common FM or DLM structures. Likewise, thanks to
the nonmagnetic substitution we evaluated the contribution
of a particular element to magnetic behavior as well as the
preferred magnetic ground state.

Generally, we found the suppression of magnetism for the
investigated fcc and hep crystal structures with respect to the
bce one. It is the bee structure that carries well pronounced
magnetic behavior with high values of magnetic moments.

Calculations showed that the parent Cantor alloy in
the high temperature fcc phase tends to the paramagnetic
DLM state, but a complicated noncollinear magnetic or-
dering can not be excluded as well due to the observed
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small energy differences. Here, tiny magnetic moments are
expected.

Based on studying Mo substitutions, the crucial role of Fe
and Co atoms to establish magnetic ordering was discovered.
For fcc structures we found that nonzero magnetic moments
rely on the presence of Fe atoms. In the bcc structure, their ab-
sence leads to the FM ground state with suppressed magnetic
moments of the rest atoms, whereas the absence of Co atoms
leads to the DLM phase for both crystal structures.

Furthermore, calculations reveal a destabilization effect of
Mn and Cr atoms. Not only does its absence decrease the
formation enthalpy as showed in the case of Mo-derivatives
or layered CoCrFeMnNi systems but it also shifts the system
towards the magnetic state. Therefore we assume that Mn and

Cr atoms likely act as obstacles for the magnetic state. We can
sum up that except for the case of substituted Co and Fe atoms
the Mo derivatives tend to acquire FM ordering in both fcc and
bec lattice.
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