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Structural evolution of short-range order in CrCoNi and MnCoNi medium-entropy alloys
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Short-range order (SRO) is predicted in Cr- or Mn-containing face-centered-cubic (fcc) concentrated solid-
solution alloys. One possible reason for SRO is the magnetic frustration of parallel spin pairs. The presence
of SRO is expected to improve physical and mechanical properties. However, changes in atomic and magnetic
structures induced by SRO are not clear. In the current study, the SRO in fcc CrCoNi and MnCoNi medium-
entropy alloys was investigated using first-principles-based Monte Carlo simulations. In the initial stage of
SRO, L12-type ordering occurs by the formation of second nearest-neighbor (NN) Cr-Cr or Mn-Mn bonds with
decreasing first NN Cr-Cr or Mn-Mn bonds. These SROs originate from the energy gain caused by the decrease
in the number of Cr-Cr or Mn-Mn parallel pairs. After the initial stage of SRO in MnCoNi, Mn-rich and Mn-poor
layers were formed along one of the 〈100〉 directions, leading to L10-type ordering. Antiparallel Mn-Mn pairs
were formed in the Mn-rich layers. In contrast, in CrCoNi, the occupation of Cr atoms on the {110} planes in
every three layers was promoted after the initial stage of SRO. The difference in the SRO after L12-type ordering
was considered to arise from the lower magnetic moment of the Cr atoms in CrCoNi compared with that of the
Mn atoms in MnCoNi. The energy gain owing to the formation of SRO suggests that MnCoNi possesses a larger
driving force for SRO formation than CrCoNi.

DOI: 10.1103/PhysRevMaterials.8.013601

I. INTRODUCTION

The chemical short-range order (SRO) in a face-centered-
cubic (fcc) structure has recently attracted considerable
attention in Cr-containing medium-entropy alloys (MEAs)
and high-entropy alloys (HEAs), wherein the Cr atoms tend
to form antiparallel spin pairs with neighboring atoms [1–4].
In an fcc structure, parallel spin pairs are inevitably formed
because the triangles consist of three nearest-neighbor (NN)
bonds. In an fcc CrMnFeCoNi high-entropy alloy [5], an
antiferromagnetic arrangement is favored in the vicinity of
Cr atoms, even in the ferromagnetic state [6]. In addition,
antiparallel pairs are observed near the Mn atoms in the
ferromagnetic state. Therefore, in Cr- or Mn-containing fcc
concentrated solid solutions, SRO is expected to decrease the
magnetic frustration of parallel pairs.

Using Monte Carlo (MC) simulations combined with
first-principles calculations, Tamm et al. predicted that SRO
involves a decrease in the number of Cr-Cr pairs together
with an increase in the number of Ni-Cr and Cr-Co pairs
in CrCoNi and CrFeCoNi alloys [1]. Since then, several ex-
perimental [7–15] and theoretical [1,3,4,16–18] studies have
focused on SRO in CrCoNi alloys. For example, an increase
in the number of Ni-Cr and Cr-Co pairs was experimentally
suggested using extended x-ray absorption analysis [7]. The
increase in the electrical resistivity suggesting the formation
of SRO in CrCoNi was reported [14,15]. Regarding mechani-
cal properties, Zhang et al. [8] reported the hardening caused
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by the formation of SRO in CrCoNi, while several other
groups reported that no significant changes in the mechanical
properties were observed by the formation of SRO in CrCoNi
[9,10,14,15]. In addition, to quantitatively evaluate the degree
of SRO, the Warren-Cowley (WC) parameter [19] was used
for the first and second NN bonds. It was found that in the case
of CrCoNi, the WC parameters of the first NN and second NN
Cr-Cr bonds increased and decreased, respectively [1]. This
suggests that the corner sites are preferentially occupied by Cr
atoms to avoid the formation of first NN Cr-Cr bonds, which
leads to L12-type ordering. However, if the face-centered sites
on one of the {100} planes are also occupied by Cr atoms, the
atomic arrangement of the SRO can be regarded as L10-type
ordering, wherein the Cr-rich and Cr-poor layers are stacked
alternately along one of the 〈100〉 directions. Therefore, to
determine the ordering type of SRO, the change in atomic
concentration along a specific direction must be examined. If
an SRO evolves well, it can be recognized by visualizing the
three-dimensional arrangement of atoms. In this context, Du
et al. found two types of superlattices, namely Cr/CoNi {100}
and Cr/CoNi {110}, using a large-scale MC simulation with a
neural network potential [17]. A Cr/CoNi {110} superlattice
was also observed by Ghosh et al. and assigned to MoPt2-type
ordering [18]. Subsequently, the energy difference between
L12-type ordering and MoPt2-type ordering was discussed.
Furthermore, in their study on the linear response theory,
Woodgate et al. [4] found that a MoPt2-like order was favored
in the magnetically ordered state, whereas an L12-like order
was favored in the paramagnetic state in CrCoNi. However,
nonmagnetic density function theory (DFT) calculations by
Gosh et al. [18] also predicted the same type of ordering,

2475-9953/2024/8(1)/013601(14) 013601-1 ©2024 American Physical Society

https://orcid.org/0000-0002-7231-4469
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.8.013601&domain=pdf&date_stamp=2024-01-08
https://doi.org/10.1103/PhysRevMaterials.8.013601


MASATAKA MIZUNO AND HIDEKI ARAKI PHYSICAL REVIEW MATERIALS 8, 013601 (2024)

(a)                 CrCoNi                                (b)                MnCoNi

Cr-Cr
Cr-Co

Cr-Ni
Co-Co

Co-Ni
Ni-Ni

Co-Ni
Ni-Ni

Mn-Mn
Mn-Co
Mn-Ni
Co-Co

Po
te

nt
ia

l e
ne

rg
y

(e
V/

at
om

)
W

ar
re

n-
C

ow
le

y 
pa

ra
m

et
er

pets CMpets CM

FIG. 1. Change in the potential energy and Warren-Cowley parameters for the first NN and second NN pairs during the MC simulations in
(a) CrCoNi and (b) MnCoNi.

which suggests that the magnetism is not the driving force
in determining the ground state in CrCoNi. Therefore, the
contribution of the magnetic structure to the formation of
MoPt2-type ordering remains unclear since the evolution of
MoPt2-type ordering in CrCoNi has yet to be confirmed using
first-principles calculations. One possible reason for this is
the size of the supercells used in the MC simulations. In a
supercell composed of 108 lattice sites with an fcc structure
(3×3×3 unit cell), such as those used in previous works [1,3],
a second NN bond was formed between the second NN atoms
across the cell boundary, thereby contributing to the stability
of the L12-type ordering. Thus, to clarify the difference in
stability between L12-type and MoPt2-type ordering, a larger
supercell is required.

In previous works, the L12-type ordering was experimen-
tally examined using atom probe tomography [10], while the
Cr-enriched {113} planes in CrCoNi (similar to MoPt2-type
ordering) were observed using aberration-corrected transmis-
sion electron microscopy [11]. More recently, Umemoto et al.
carried out neutron scattering experiments on MnCoNi and
CrCoNi alloys [20]. The obtained neutron scattering profiles
demonstrated the coexistence of the tetragonal long-range or-
dered phase (L10) and the short-range ordered phase in the
MnCoNi samples, while no significant signals correspond-
ing to short- or long-range ordering were observed in the
CrCoNi samples. These results therefore indicate the require-
ment for theoretical approaches to clarify the origin of SRO in

MnCoNi. Although Mn atoms are known to occupy both the
corner and face-centered sites in CrMnFeCoNi during MC
simulations [21], no theoretical studies have been carried out
on SRO in MnCoNi to support L10-type ordering.

Thus, in the current study, first-principles-based MC simu-
lations are performed for fcc CrCoNi and MnCoNi MEAs to
investigate the changes in their atomic and magnetic structures
due to the formation of SRO. The importance of the magnetic
moments of the Cr and Mn atoms is also highlighted in terms
of the formation of SRO. Furthermore, the formation of L10-
type ordering in MnCoNi is predicted, wherein the Mn-rich
and Mn-poor planes are stacked alternately along one of the
〈100〉 directions.

II. COMPUTATIONAL METHOD

To calculate the energies of the ideal solid solutions of
CrCoNi and MnCoNi, a supercell composed of 216 lattice
sites and with an fcc structure (6×6×6 primitive cells) was
employed. A disordered arrangement was constructed using
the special-quasi-random structure (SQS) approach [22]. In
a perfectly random AB alloy, the probability of finding a
B atom on the jth nearest-neighbor shell of an A atom,
defined as PA-B( j), should be equal to the concentration
of B (xB). Thus, the Warren-Cowley parameter [19], ex-
pressed as α

j
A−B = 1 − PA−B( j)/xB, should be close to zero

in a disordered model. Thus, the atomic configurations were
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FIG. 2. Changes in the average concentrations of the various elements in pairs of (100), (010), and (001) planes during the MC simulations
in (a) CrCoNi and (b) MnCoNi.

determined to set the Warren-Cowley parameter such that
the shells up to the seventh nearest neighbor (NN) were
close to zero. Positive values of α

j
A-B show a decrease in

the number of jth NN A-B pairs, while negative values cor-
respond to the opposite case. To examine chemical SRO,
first-principles-based MC simulations were performed at
300 K, and Metropolis-Hastings sampling was employed to
determine the acceptance probability of the position swap
[23]. To calculate the energy during the MC simulations, the
Vienna ab initio simulation package (VASP) [24,25] was em-
ployed with the Perdew-Burke-Ernzerhof (PBE) generalized
gradient approximation [26]. The potentials used were based
on the projector augmented wave (PAW) method [27,28].
Structural relaxation of the atoms was continued until the total
energy change was reduced to <0.001 eV. To simulate the
paramagnetic state, the up and down spins were distributed
using the binary SQS model for the initial magnetic moment
of the paramagnetic state prior to carrying out the MC sim-
ulations [6]. A kinetic energy cutoff of 350 eV and gamma
point (1×1×1) mesh were used during the MC simulations.
The results of evaluations of kinetic energy cutoff and k mesh
are listed in Table S1 in the Supplemental Material [29].

III. RESULTS

A. Warren-Cowley parameter

Figure 1 shows the changes in the potential energy and
the WC parameters for the first and second NN pairs during

the MC simulations carried out for CrCoN and MnCoNi. No
significant change was observed in the potential energy and
the WC parameters near the end of the MC simulations both
in CrCoNi and MnCoNi, which suggests that the MC simula-
tions reached the equilibrium state in CrCoNi and MnCoNi.
The enlarged view of the potential energy near the end of MC
simulations is shown in Fig. S1 in the Supplemental Material
[29]. The decrease in the potential energy of CrCoNi was
approximately half of that of MnCoNi. Similar trends were
observed for the Cr-Cr bonds in CrCoNi and the Mn-Mn
bonds in MnCoNi up to 400 MC steps, wherein the WC
parameter of the first NN pair increased, but that of the second
NN pair decreased, indicating that the second NN pairs were
formed by decreasing the number of first NN pairs. However,
significant differences were observed for the two alloys in
terms of the variation in the WC parameter of the second
NN pairs after 400 MC steps. More specifically, in MnCoNi,
the WC parameter of the second NN Mn-Mn pair decreased
gradually during the MC simulation, while in CrCoNi, the WC
parameter of the second NN Cr-Cr pair decreased during the
initial 450 steps and then began to increase again. These re-
sults indicate that the second NN Cr-Cr bonds formed during
the MC simulation of up to 450 steps are broken again. In
CrCoNi, the other WC parameters of the second NN pairs also
began to increase or decrease toward 0.

A common feature observed in both CrCoNi and MnCoNi
is the increase in the WC parameter of the first NN Co-Ni
pairs. As discussed below, in the Cr-poor layers of CrCoNi
and the Mn-poor layers of MnCoNi, the Co and Ni atoms
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FIG. 3. Atomic structures in the (a)–(c) Mn-rich and in the (g)–(i) Mn-poor layers, along with the magnetic structures in the (d)–(f) Mn-rich
and (j)–(l) Mn-poor layers of MoCoNi after 904 MC steps. The red and blue shadings in parts (d)–(f) and (j)–(l) represent the magnitudes of
the magnetic moments normalized by 3.0μB for the spin-up and spin-down states, respectively.

tend to form Co and Ni clusters, respectively. Therefore, the
number of first NN Co-Ni pairs decreased during the MC
simulations. The formation of Co clusters was observed as an
increase in the WC parameters of the first NN Co-Co pairs in

MnCoNi. However, the WC parameters of the other first NN
pairs in CrCoNi were close to zero. This difference arises from
the formation of Co clusters in the Mn-rich layers in MnCoNi,
as described below.
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FIG. 4. Atomic structures in one of the (a) (100) and (c) (010) planes, along with the magnetic structures in one of the (b) (100) and (d)
(010) planes of CrCoNi after 410 MC steps. The red and blue shadings in parts (b) and (d) represent the magnitudes of the magnetic moments
normalized by 3.0μB for the spin-up and spin-down states, respectively.

The effect of temperature on the formation of SRO has
been investigated experimentally by electrical resistivity mea-
surements [14,15] and theoretically using MC simulations
with machine learning potentials [17,18]. Li et al. [14] re-
ported that The SRO is present in the temperature range
673–973 K in CrCoNi, and the degree of SRO is higher
at lower temperatures, but the kinetics of SRO are slower
at lower temperatures. This result suggests that the SRO is
energetically stable below 673 K in CrCoNi. The SRO in the
temperature range 50–2000 K in CrCoNi was investigated
using the MC simulations with machine learning potentials
by Ghosh et al. [18]. They reported that the MoPt2-type
ordering occurred in the temperature range 180–975 K. On
the other hand, Du et al. [17] reported that the SRO structure
was formed below 800 K. To clarify the effect of temper-
ature, we are performing more MC simulations at various
temperatures in CrCoNi. Although the MC simulations have
not yet reached the equilibrium state, the decrease in the
potential energy suggesting the formation of SRO was ob-
served below 900 K as shown in Fig. S2 in the Supplemental
Material [29].

B. Average concentrations

To discuss the structure formed by SROs, the average con-
centrations of the various elements in the (100), (010), and
(001) planes were examined. Figure 2 shows the change in
the average concentration of each element in the (100), (010),
and (001) planes during the MC simulations for CrCoNi and
MnCoNi. It should be noted that if L12-type ordering occurs
by SRO, a deviation in the average concentration should be
observed in all {100} planes. During the MC simulations of up
to 300 MC steps, the average concentrations of Cr in CrCoNi
and Mn in MnCoNi deviated from 0.333 in all {100} planes,
indicating that L12-type ordering took place. In L12-type or-
dering, Cr or Mn atoms preferentially occupy corner sites to
avoid the formation of first NN bonds. However, in the case of
equimolar ternary alloys, the face-centered sites are inevitably
occupied by Cr or Mn atoms because the concentration of
corner sites in the L12 structure is 0.25. If the occupation of
face-centered sites is promoted in a particular direction, other
types of SRO can begin to evolve after the initial stage. In
the case of the MnCoNi alloy, the average concentration of
Mn atoms in the (001) plane was found to steeply increase
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FIG. 5. Atomic arrangements of the Cr atoms in CrCoNi after (a) 410 and (b) 1223 MC steps.

after 300 MC steps. As a result, a maximum concentration of
0.667 was reached, leading to L10-type ordering wherein the
Mn-rich and Mn-poor layers were alternately stacked along
the [001] direction. It should be noted here that L10-type
ordering in MnCoNi was recently confirmed by neutron scat-
tering [20]. In contrast, in the case of CrCoNi, deviations in
the average concentrations of Cr atoms were still observed
in the (100) and (010) planes after the initial stage, although
these gradually decreased after 400 MC steps. Although the
SRO along the 〈100〉 direction was reduced after 400 MC
steps, the WC parameters of the first NN pairs continued to
exhibit large deviations from zero after 400 MC steps, with the
exceptions of the Co-Co and Ni-Ni pairs, thereby suggesting
that other types of SRO still exist.

C. Atomic and magnetic structures

In the L10-type ordering of MnCoNi, the Mn-rich and Mn-
poor layers are alternately stacked along the [001] direction.
Figure 3 shows the atomic and magnetic structures in the Mn-
rich and Mn-poor layers of MoCoNi after 904 MC steps, in
which the potential energy exhibited a minimum value. In the
Mn-rich layer, all first NN Mn-Mn bonds formed antiparallel
spin pairs. The Co clusters were found to be randomly dis-
tributed and exhibited parallel spin-up and spin-down states.
As shown in Fig. 2(b), the concentration of Ni atoms in the
Mn-rich layers was lower than that of Co atoms, and the Ni
atoms mainly formed second NN Ni-Ni bonds with parallel
spin states. In addition, the magnitude of the Ni spin was
smaller than that of the Mn and Co atoms. In the Mn-poor
layers, Co and Ni clusters were randomly distributed and
exhibited parallel spin-up or spin-down states. Furthermore,
the magnetic moments of the Co and Ni atoms in the Mn-poor
layer were smaller than those of the Mn atoms. It should be
considered that magnetic frustration in an fcc structure arises
from the triangles formed by three first NN bonds, and so

the triangles are not located in the {100} planes but between
adjacent {100} planes. As a result, the formation of Mn-rich
and -poor alternating layers along the 〈100〉 direction led to
a decrease in the magnetic frustration induced by the Mn-Mn
parallel pairs.

Figure 4 shows the atomic and magnetic structures in the
(100) and (010) planes of CrCoNi after 410 MC steps, where
the WC parameter of the second Cr-Cr pair exhibited the
minimum value. In the (100) plane, while a second NN Cr-Cr
bond was formed, a first NN Cr-Cr bond was also observed.
Unlike the first NN Mn-Mn bonds in MnCoNi, some of the
first NN Cr-Cr bonds form parallel spin pairs. In the (010)
plane, the Cr atoms were found to align along the [101] di-
rection, and a similar trend was observed in the adjacent (010)
planes. Moreover, all first NN Cr-Cr bonds formed antiparallel
spin pairs in the (010) plane, suggesting that the Cr atoms
preferentially occupy the (101̄) planes. To clarify the ordering
of the Cr atoms, their atomic arrangements after 410 and 1223
MC steps were determined, as shown in Fig. 5. More specifi-
cally, after 410 MC steps, the Cr atoms preferentially occupied
every six (101̄) planes, and Cr atoms were also located on the
(100) and (001) planes. After 1223 MC steps, the number of
Cr atoms located on the (100) and (001) planes decreased, and
the (101̄) planes between the Cr-enriched (101̄) planes were
occupied by Cr atoms. Consequently, all three (101̄) planes
were preferentially occupied by Cr atoms. As shown in Fig. 1,
the number of second NN Cr-Cr bonds reached a maximum
after 410 MC steps and decreased with an increasing occu-
pation of Cr atoms on the (101̄) planes. The changes in the
average concentrations of the various elements over the six
(101̄) planes of the supercell are shown in Fig. 6, wherein
it can be seen that the corner sites of the L12 structure were
located every two (101̄) planes. The occupation of Cr atoms
on the (101̄) planes was therefore promoted every six layers
from the initial stage of SRO, which was suppressed every six
layers owing to competition with the L12-type ordering in the
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FIG. 6. Changes in the average concentrations of the various elements on the six (101̄) planes in the supercell during the MC simulation
for CrCoNi.

initial stage. If every three {110} layers are perfectly occupied
by Cr atoms, the WC parameters of the first and second NN
Cr-Cr pairs become 0.5 and 0.0, respectively, which agrees
with the WC parameters observed in the MC simulations for
CrCoNi. The Co and Ni atoms were almost equally distributed
in the other (101̄) planes. Furthermore, Fig. 7 shows the
atomic and magnetic structures in the Cr-rich (101̄) plane of
CrCoNi after 1223 MC steps. It can be seen that the first NN
Cr-Cr bonds, with the exception of those around the Co atom,
were antiparallel pairs in the Cr-rich (101̄) planes. Moreover,
the magnitude of the magnetic moment in the Cr-rich (101̄)
plane of CrCoNi was smaller than that in the Mn-rich (001)
plane of MnCoNi.

In addition to the {100} superlattice, the {110} superlat-
tice with an alternating arrangement of {110} Cr-rich and
Co/Ni-rich layers was reported by Du et al. based on a
large-scale MC simulation with a neural network potential
[17]. The energy difference between the {100} and {110}
superlattices was investigated using 108-atom supercells and
it was concluded that the average enthalpy difference between
the two superlattices was only 0.027 eV/atom. In the current
study, the Cr-rich (100), (001), and (101̄) planes coexisted
after 410 MC steps, and the Cr-rich (100) and (001) planes
almost disappeared after 1223 MC steps. The energy gain after
410 MC steps was 0.019 eV/atom, which is in reasonable
agreement with the results of a previous study. The {110}
superlattice was also confirmed using machine learning po-
tentials by Ghosh et al. [18]. They have identified the {110}
superlattice as the MoPt2-type ordering. The alignment of
magnetic moments of the MoPt2-type ordering was deter-

mined using 108-atom supercells and it was found that Co
atoms are aligned ferromagnetically and Cr atoms reveal an
antiparallel magnetic moment with neighboring Cr and Co
atoms. However, some of the Cr atoms have zero magnetic
moment and the antiferromagnetic alignment of the first NN
Cr-Cr pairs is not well reproduced. This may be because the
atomic arrangement of Co and Ni-rich layers in the supercell
does not sufficiently reproduce the atomic arrangement of the
SRO. The antiferromagnetic alignment of Cr atoms located
in (101̄) planes is the same magnetic ordering that has been
predicted for the Cr sublattice in CrNi2 [30].

The Cr-rich (101̄) plane of CrCoNi shown in Fig. 5(b) was
formed across the supercell boundary, which suggests that
larger supercells are necessary to estimate the domain size of
the MoPt2-type ordering. While it is difficult to employ larger
supercells in first-principles-based Monte Carlo simulations,
the average domain size obtained by the Monte Carlo sim-
ulations using a 2916-atom supercell with machine learning
potentials is about 6 Å at temperatures above 800 K [17].

As mentioned above, Inoue et al. reported the modula-
tion from a random distribution along the [001] direction
in CrCoNi using atom probe tomography [10]. In contrast,
Zhou et al. proposed the alternating Cr-enriched and Co/Ni-
enriched {113} planes in CrCoNi based on observations using
aberration-corrected transmission electron microscopy [11].
Since the lattice sites on every two {113} planes coincide
with those on every four {110} planes in the fcc structure,
the stacking sequence of the Cr-enriched planes does not
agree with that in the MoPt2-type ordering. Every three {110}
planes occupied by Cr atoms in the MoPt2-type ordering,
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FIG. 7. (a), (c) Atomic and (b), (d) magnetic structures in the Cr-rich (101̄) planes in CrCoNi after 1223 MC steps. The red and blue
shadings in parts (b) and (d) represent the magnitudes of the magnetic moments normalized by 3.0μB for the spin-up and spin-down states,
respectively.

which is consistent with the atomic fraction of Cr atoms in
CrCoNi. Although the MoPt2-type ordering of Cr atoms in
the SRO of CrCoNi has been supported by recent theoretical
works [4,17,18], further studies are still needed to clarify the
structure of the Cr/CoNi {110} superlattice. The detail of the
relationship between {110} and {113} planes was provided in
the Supplemental Material [29].

D. Magnetic moments

Figure 8 shows the changes in the average magnetic mo-
ments in the two alloys during the MC simulations. More
specifically, the average magnetic moment of the Cr atoms
in CrCoNi increased for up to 400 MC steps and then
decreased continuously, whereas the other atoms exhibited
gradual changes during the MC simulations. As discussed
below, the increase and decrease in the average magnetic
moment of the Cr atoms in CrCoNi originate from the de-
crease in the minority-spin and majority-spin density of states
(DOS) near the Fermi level, respectively. Compared to the
magnetic moment in CrCoNi, the Mn, Co, and Ni atoms in
MnCoNi were found to possess larger magnetic moments. The
change in the magnetic moment during the MC simulation
was not significant, with the exception of a slight increase

observed for the Mn atoms in the initial stage of the SRO.
Furthermore, Fig. 9 shows the change in the sum of the
products of the magnetic moments of all bonds in the su-
percells during the MC simulations of CrCoNi and MnCoNi.
In MnCoNi, the number of parallel pairs of Mn-Mn bonds
decreased during the MC simulations, which suggests that
the SRO mainly originates from the decrease in the magnetic
frustration of Mn-Mn bonds. Although the Cr-Cr bonds in
CrCoNi show a similar trend, the product of the magnetic
moments of the Cr-Cr bonds is significantly smaller than that
of the Mn-Mn bonds. Instead, the antiparallel pairs of Co-Co
bonds in CrCoNi showed a steep decrease in the initial MC
steps.

The magnetic properties have systematically been inves-
tigated in Ni-based equiatomic fcc alloys by Jin et al. [31]
and in fcc CrxCoNi alloys by Sales et al. [32]. The au-
thors concluded that CrCoNi was paramagnetic above 5 K.
Therefore, the magnetic state of CrCoNi is paramagnetic at
300 K. Although, to simulate the paramagnetic state, the
up and down spins were distributed using the binary SQS
model for the initial magnetic moment; the antiferromagnetic
order appears as shown in Fig. 7 during the MC simulation
due to the lack of finite-temperature effects [33]. To evalu-
ate the energy gain by the antiferromagnetic alignment, the
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(a)            CrCoNi                 (b)          MnCoNi

FIG. 8. Changes in the average magnetic moments of the various elements during the MC simulations for (a) CrCoNi and (b) MnCoNi.

potential energies after 410 and 1223 MC steps were ob-
tained by non-spin-polarized calculations. The energy gain
by the antiferromagnetic alignment after 410 and 1223 MC
steps was 0.0067 and 0.0023 eV/atom, respectively. The dif-
ference in the energy gain arises from the decrease in the

magnetic moment observed after 410 MC steps in CrCoNi.
Therefore, compared with L12-type ordering formed in the
initial stage, the contribution by the antiferromagnetic align-
ment to the occupation of Cr atoms on the {110} planes is
small.

(a)                    CrCoNi                            (b)                 MnCoNi

FIG. 9. Changes in the sums of the products of the magnetic moments of all bonds in the supercells during the MC simulations for
(a) CrCoNi and (b) MnCoNi.
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DOS (states / eV atom)

(a)    0 MC step                (b)   410 MC step             (c)  1223 MC step

CrCoNi                                    CrCoNi                                    CrCoNi

(d)    0 MC step                (e)   300 MC step             (f)    904 MC step

MnCoNi                                   MnCoNi                                   MnCoNi

FIG. 10. Average partial DOS for each element (a) before the MC simulation (0 MC steps), (b) after 410 MC steps, and (c) after 1223 MC
steps for CrCoNi, along with those (d) before the MC simulation (0 MC steps), (e) after 300 MC steps, and (f) after 904 MC steps for MnCoNi.

IV. DISCUSSION

To clarify the origin of the SRO, changes in the DOS
induced by the SRO were examined. Figure 10 shows the
average partial DOS for each element in CrCoNi and Mn-
CoNi before and after the MC simulations. A common feature
observed for each element was a decrease in the DOS near
the Fermi level, which led to an energy gain induced by the
SRO. This can be attributed to the fact that the DOS near the
Fermi level is primarily composed of antibonding states. As

shown in Fig. 1, the most pronounced change around the Cr
atoms was a decrease in the number of the first NN Cr-Cr
bonds, which reduced the magnetic frustration of the Cr-Cr
parallel pairs. After 410 MC steps, the minority-spin DOS
near the Fermi level of the Cr atoms decreased in CrCoNi
compared to that before the MC simulation. This change in
the WC parameters indicated that the number of first NN
Cr-Cr pairs decreased, reducing the magnetic frustration in-
duced by the parallel-spin pairs, and leading to a decrease in
the minority-spin DOS near the Fermi level. Therefore, the
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magnetic moments of the Cr atoms increased during the MC
simulation. However, after 1223 MC steps, a decrease in the
DOS was observed around the Fermi level in the majority-spin
band of the Cr atoms. It should be noted here that in equimolar
ternary solid-solution alloys with an fcc structure, the average
number of neighboring Cr atoms is 4. As shown in Fig. 6,
the occupation of Cr atoms on the (101̄) planes progressed
after 410 MC steps. If the Cr atoms occupy every three (101̄)
planes, the first NN Cr-Cr bonds exist only in the (101̄) plane,
and the average number of neighboring Cr atoms becomes 2.
Therefore, the number of first NN Cr-Cr pairs continued to
decrease after 410 MC steps. In contrast, the number of first
NN Cr-Co and Cr-Ni pairs increased, leading to a decrease in
the majority-spin DOS of the Cr atoms near the Fermi level.
Therefore, the magnetic moment of the Cr atoms decreased
after 410 MC steps. A decrease in the DOS near the Fermi
level was also observed in the minority spin band of the Co
atoms and in the majority and minority bands of the Ni atoms
during the MC simulation, which contributed to the energy
gain by SRO. Similar decreases in the DOS of the Co and Ni
atoms in MnCoNi were observed during the MC simulation.
Comparing the DOS of the Mn atoms in MnCoNi and that of
the Cr atoms in CrCoNi, it was clear that the Mn atoms exhibit
a larger difference between the majority- and minority-spin
DOS, which gives rise to larger magnetic moments for the Mn
atoms.

To clarify the change in the DOS of the SRO, the magnetic
quantum number-resolved DOS was examined. Thus, Fig. 11
shows the average partial DOS for each 3d orbital of the
Cr atoms in CrCoNi and of the Mn atoms in MnCoNi both
before and after the MC simulations. In an ideal fcc solid
solution, the 3d orbitals are split into two groups; one consists
of the 3dxy, 3dyz, and 3dzx orbitals, which are known as the
t2g orbitals, while the other consists of the 3dx2−y2 and 3dz2

orbitals, which are known as the eg orbitals. It was possible
to split the 3d orbitals of the CrCoNi and MnCoNi alloys
into these two groups before the MC simulations, indicating
that the SQS models employed in this study can accurately
reproduce the electronic structures of ideal solid solutions.
The splitting of the 3d orbitals can be used to determine
the type of SRO. In addition, if L12-type ordering occurs by
SRO, no further splitting is observed, and the occupation of
the face-centered sites by Cr or Mn atoms randomly occurs
in the {100} planes. If the face-centered sites in one of the
{100} planes are preferentially occupied, further splitting of
the DOS takes place due to a lowering of the symmetry. In
the case of the MnCoNi alloy, although the shape of the DOS
slightly changed after 300 MC steps, no further DOS splitting
was observed. Therefore, L12-type ordering was still observed
after 300 MC steps. After 904 MC steps, in which the Mn-rich
and Mn-poor layers were alternately formed along the (001)
direction by L10-type ordering (see Fig. 2), the 3dxy orbital
was split from the 3dyz and 3dzx orbitals in the majority-spin
DOS, and as a result, a decrease at around the Fermi level
and an increase at approximately −1.5 eV was observed.
The 3dz2 orbitals exhibited similar changes, leading to an
energy gain through L10-type ordering. However, in the case
of the CrCoNi alloy, the WC parameter of the second NN
Cr-Cr pair exhibited a minimum value after 410 steps, and
further splitting was observed near the Fermi level in the

majority-spin DOS. This was due to the occurrence of both
L12-type ordering and the occupation of Cr atoms on the (101̄)
planes. After 1223 MC steps, an increase in the DOS of the
3dzx orbital was observed at −1.3 eV in the majority- and
minority-spin DOS, which originated from the formation of
first NN Cr-Cr pairs along the [101] direction in the (101̄)
planes.

The most pronounced difference in the DOS between the
CrCoNi and MnCoNi alloys was the magnitude of the spin
polarization, which led to differences between the majority-
and minority-spin DOS. Although the contribution of the
minority-spin band of the Mn atoms is particularly small in
MnCoNi, the shape and size of the minority-spin band of
the Cr atoms was similar to the majority-spin band below
−1.0 eV in CrCoNi. As a result, the minority-spin band of
the 3d-t2g orbitals of the Cr atoms played an important role
in the formation of the {110} superlattice by SRO. Thus,
to clarify the role of the Cr atoms in SRO, MC simulations
were performed for CrFeCoNi and CrMnFeCoNi. Although
the change in energy induced by SRO did not converge,
a difference in the DOS of the Cr atoms was observed.
Figure 12 shows the average partial DOS of the Cr atoms in
the CrCoNi, CrFeCoNi, and CrMnFeCoNi alloys after the MC
simulations, in which the energy gain reached 0.06 eV/atom.
More specifically, for both CrFeCoNi and CrMnFeCoNi, the
spin polarization was enhanced by SRO, and the shape of
the majority-spin band of the Cr atoms was similar to that
of the Mn atoms in MnCoNi. In addition, the occupation
of the {110} planes by Cr atoms was not observed for the
CrFeCoNi and CrMnFeCoNi alloys. These results suggest
that a decrease in the spin polarization of the Cr atoms de-
termines the type of SRO in Cr-containing fcc concentrated
solid-solution alloys. There are two possible reasons for the
smaller spin polarization of the Cr atoms in CrCoNi. First,
Mn or Fe atoms, which induce spin polarization of the Cr
atoms, are not present in CrCoNi. In CrMnFeCoNi, the Cr
atoms exhibited large spin polarization in the Cr-Mn and Cr-
Fe pairs. Second, the Cr concentration of CrCoNi was higher
than those of CrFeCoNi and CrMnFeCoNi. In future studies,
the effect of the Cr concentration on the SRO in CrCoNi will
be investigated. It is expected that if a lower Cr concentration
induces spin polarization of the Cr atoms, CrCoNi alloys
could exhibit larger spin polarization of the Cr atoms, and
L10-type ordering could be observed upon reducing the Cr
concentration.

V. SUMMARY

Due to the magnetic frustration of parallel spin pairs in
Cr- or Mn-containing face-centered-cubic (fcc) concentrated
solid-solution alloys, short-range order (SRO) is expected.
Thus, in the current study, the SRO in fcc CrCoNi and
MnCoNi medium-entropy alloys was investigated using first-
principles-based Monte Carlo (MC) simulations. It was found
that in the initial stage of the SRO, the first and second nearest
neighbor (NN) Cr-Cr bonds in the CrCoNi alloy were found
to decrease and increase, respectively. A similar trend was
observed for the Mn-Mn bonds in MnCoNi. These changes
led to L12-type ordering, which originates from the energy
gain owing to the decrease in the magnetic frustration of
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FIG. 11. Average partial DOS for each 3d-orbital of the Cr atoms (a) before the MC simulation (0 MC steps) [34], (b) after 410 MC steps,
and (c) after 1223 MC steps for CrCoNi, along with those of the Mn atoms (d) before the MC simulation (0 MC steps), (e) after 300 MC steps,
and (f) after 904 MC steps for MnCoNi.

the Cr-Cr or Mn-Mn parallel pairs. In the case of equimolar
ternary alloys, Cr-Cr or Mn-Mn parallel pairs were inevitably
formed by L12-type ordering because the concentration of
corner sites in the L12 structure is 0.25. Therefore, other
types of SRO began to evolve after this initial stage. After
the initial stage, it was found that the change in the Mn
concentration progressed along one of the 〈100〉 directions in
MnCoNi. This led to L10-type ordering, wherein the Mn-rich

and Mn-poor planes were stacked alternately along one of the
〈100〉 directions. In the Mn-rich layers, antiparallel Mn-Mn
pairs were formed, while clusters of Ni and Co atoms were
distributed throughout the Mn-poor layers. The formation of
Mn-rich and Mn-poor layers in the L10-type ordering led to
a decrease in the number of Mn-Mn parallel pairs between
the {100} layers. However, the occupation of Cr atoms on
one of the {110} planes in CrCoNi began to increase steeply
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DOS (states / eV atom)

(a)    0 eV / atom              (b)   -0.06 eV / atom

FIG. 12. Average partial DOS for the Cr atoms in CrCoNi,
CrFeCoNi, and CrMnFeCoNi (a) before the MC simulations and
(b) after the MC simulations in which the energy gain reached
0.06 eV/atom.

after the initial stage. Although the occupation of Cr atoms on
the {110} planes increased every three layers, the occupation

of Cr atoms on the {110} planes was suppressed every six
layers. This was due to the competition with the L12-type
ordering in the initial stage. With an increasing occupation
of the {110} planes by the Cr atoms, the number of sec-
ond NN Cr-Cr bonds decreased, and antiparallel Cr-Cr pairs
were formed in the Cr-rich {110} planes. The key difference
in the SRO observed after the initial stage for the CrCoNi
and MnCoNi alloys was induced by the different magnetic
moments of the Cr and Mn atoms: The Cr atoms in Cr-
CoNi possess the lower magnetic moment compared with the
of Mn atoms in MnCoNi. Although the majority-spin band
of the Mn atoms contributes to the formation of antiparal-
lel pairs in the L10-type ordering, both the majority- and
minority-spin bands of the 3d t2g orbitals play an important
role in the formation of the {110} superlattice referred to
as MoPt2-type ordering in CrCoNi. The energy gain due to
the formation of SRO in MnCoNi was determined to be ap-
proximately twice that in CrCoNi, suggesting that MnCoNi
possesses a larger driving force for the formation of SRO than
CrCoNi.
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