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Cr and Mn play intriguing roles in determining the magnetic properties of CoFeNi-based
high-entropy alloys (HEA). In this study, we tune the stoichiometric Mn composition to
systematically explore the magnetic properties of (CoCrFeNi)1−xMnx HEAs. We observe a
change from ferro-to ferrimagnetism due to the incorporation of Mn atoms into the
CoCrFeNi HEA. In addition, we measure an 81% reduction in magnetization with the
incorporation of 7.6 (2)% Mn atoms. Such a significant reduction in magnetization cannot
be solely explained by the effect of the inversed moments on the Mn atoms. Hence, we
propose a mechanism whereby the Mn atoms flip the moments of neighboring atoms,
which results in the magnetization reduction observed in the CoFeNi-based HEAs.
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INTRODUCTION

High-entropy alloys (HEA) are promising for their potential and their possible applications (George
et al., 2019). Among the studies on HEAs (Yeh et al., 2004; Otto et al., 2013; Gludovatz et al., 2014;
Cong et al., 2016; Ye et al., 2016), research into their magnetic properties is challenging because the
geometry of HEAs, whether in bulk, powder, or thin-film forms, can change their magnetic
performance, even when the stoichiometries of the HEA composition are identical (Huang et al.,
2020). Regardless, owing to their good mechanical performance (Otto et al., 2013; Gludovatz et al.,
2014), magnetic applications of HEAs are hotly anticipated (Koželj et al., 2019; Huang et al., 2020;
Chaudhary et al., 2021; Na et al., 2021). Meanwhile, the exchange couplings between the many
elements of HEAs bring greater complexity for research and development. For example,
FeCoNiPdCu HEAs exhibit excellent magnetic softness (Koželj et al., 2019). HEAs can also have
tunable hard magnetism, which can be realized by making minor changes to the stoichiometry of the
elements (Na et al., 2021).

In investigations focused on the effects of various elements on magnetic properties, the roles
played by Cr and Mn in CoFeNi-based HEAs are particularly intriguing. The magnetic moments of
Co, Fe, and Ni are known to make them ferromagnetic, and those of Cr are known to make them
antiferromagnetic. On the other hand, Mn atoms exhibit multipole magnetic states (Song et al.,
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2017). However, when either Cr or Mn atoms are incorporated
into CoFeNi HEAs, such as CoCrFeNi (Kao et al., 2011; Lucas
et al., 2013; Chaudhary et al., 2020) and CoFeMnNi (Hariharan
et al., 2020), the HEAs unexpectedly remain ferromagnetic. Some
studies show that incorporating both Cr and Mn into HEAs, such
as in CoCrFeMnNi, leads to antiferromagnetism (Schneeweiss
et al., 2017; Zuo et al., 2017) while, in contrast, other studies
report ferromagnetism in CoCrFeMnNi HEAs (Acet, 2019). The
interactions between neighboring Mn, Cr, and other elements in
HEAs and the associated mechanisms have thus not yet been
conclusively defined.

In this work, we systematically explore the magnetic properties
of (CoCrFeNi)1−xMnx HEAs by tuning the stoichiometric Mn
composition. We found that Mn-free CoCrFeNi is ferromagnetic,
whereas Mn-incorporated (CoCrFeNi)1−xMnx HEAs is
ferrimagnetic. Interestingly, the marked reduction of
magnetization caused by a small amount of Mn atoms
suggests that some of the Co, Cr, Fe, and Ni magnetic
moments may be flipped by exchange interactions with the
Mn atoms.

MATERIALS AND METHODS

We cast single crystals of (CoCrFeNi)1−xMnx HEAs in a
proprietary Bridgman furnace. The master alloy was formed
from high-purity elements (>99.9%) in an arc furnace under a
500 mbar Ar atmosphere. We conducted subsequent single-
crystal casting with a temperature gradient of 6 K/mm and a
withdrawal rate of 3 mm/min. The vapor pressure of the Mn was
relatively lower than that of the other elements. The Mn
evaporated significantly during the growing of the single
crystal, resulting in a gradient in the Mn composition, as
shown in Figure 1A. We cut the single crystal perpendicular
to the Mn gradient into six pieces via wire electrical discharge
machining.

We used X-ray diffraction (XRD), scanning electron
microscopy (SEM), and energy-dispersive X-ray spectroscopy
(EDS) to characterize the single crystals. We performed the
XRD measurements on a Bruker D8 Discover diffractometer,

employing the standard setup for reflection geometry. We
observed the EDS spectra with an Oxford MAX150 detector
attached to a JEOL JSM-7800F PRIME scanning electron
microscope employing a standard setup to analyze three
portions each of size 75 × 60 μm for every sample. We
measured the magnetization using an MPMS 3 SQUID,
manufactured by Quantum Design, Inc., employing the
standard setup.

Figure 1B shows the results of the EDS analysis for each HEA.
We performed the EDS measurements on both sides of all the
investigated specimens, giving average values for each element in
the composition. There was no obvious variation in the Co, Cr,
Fe, and Ni contents in each HEA sample. However, there was a
significant gradient from 7.6 (2)% to 11.8 (4)% in Mn content.
The samples with different Mn contents are hereafter designated
as (CoCrFeNi)1−xMnx HEAs with x = 7.6–11.8%.

From the XRD patterns, the reflections can be indexed as (220)
based on the face-centered cubic (FCC) structure, as shown in
Figure 1C. No reflection other than (220) was detected,
indicating the sampled HEA sections were from a single-
crystalline-structure region. There were no identifiable traces
of impurity phases in the XRD patterns. The lattice constants
increased from 3.583 to 3.587 Å as theMn content increased from
x = 7.6–11.8%. The atomic radius of the Mn atom is relatively
large compared to that of Co, Cr, Fe, and Ni, and results in an
increase in the lattice constants.

RESULTS AND DISCUSSION

Figure 2A displays the temperature dependency of the
magnetization, M(T), of the Mn-free CoCrFeNi HEA in the
zero-field-cooled process. A transition at 86 K can be clearly
observed in dM/dT (inset in Figure 2A). TheM(T) curve follows
the Curie–Weiss lawM = C/(T − θ), as shown in Supplementary
Figure S1, where C is the Curie constant and θ is the Weiss
constant. The negative intercept of the 1/M trace with the
temperature axis indicates a ferromagnetic behavior (Kittel
et al., 1996). By calculating the Curie constant as C = Nμeff

2/
3kB, an effective magnetic moment of 3.16 μB can be obtained.

FIGURE 1 | (A) Schematic of the six (CoCrFeNi)1−xMnx HEA specimens. (B) Compositions of Co, Cr, Fe, Mn, and Ni in each HEA specimen measured by EDS. (C)
XRD patterns of (CoCrFeNi)1−xMnx HEAs at x = 7.6, 9.3, and 11.8%.
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The effective moment is less than the calculated average spin-only
value of 4.38 μB found among Co, Cr, Fe, and Ni based on the
equimolar composition (3.87 μB/Co, 5.92 μB/Cr, 4.90 μB/Fe, and
2.83 μB/Ni). The positive Weiss constant θ = 122 K indicates a
ferromagnetic interaction between the magnetic elements.

Interestingly, the incorporation of the Mn atoms into the
CoCrFeNi HEA changes its magnetic behavior significantly. The
temperature dependency of the dc magnetic susceptibility, χ(T),
of the (CoCrFeNi)1−xMnx HEA at x = 7.6% is shown in
Figure 2B. Here, the dc magnetic susceptibility χ is the
magnetization divided by the applied magnetic field. A peak at
~20 K was clearly revealed in the low magnetic fields. However, it
was suppressed by the applied magnetic field, thus showing the
alignment of the antiparallel spins. The inverse M(T) curves
follow the Curie–Weiss law (Supplementary Figure S1). The

positive intercept of the 1/M trace with the temperature axis also
suggests the antiparallel alignment of the magnetic moments
(Kittel et al., 1996). However, the transition temperatures, as
shown in the inset in Figure 2B, increase with the applied
magnetic fields, suggesting ferromagnetic-like behavior.
Normal ferrimagnetism exhibits both ferromagnetic and
antiferromagnetic properties. Although antiparallel moments
exist, they do not exactly cancel out. The net moments
produce ferromagnetic behaviors. Combining these two
arguments, namely 1) the existence of the antiparallel
moments and 2) the ferromagnetic-like transition
temperatures, we propose the occurrence of ferrimagnetism in
(CoCrFeNi)1−xMnx HEA.

The field dependency of the isothermal magnetization, M(H),
taken at several representative temperatures, of the Mn-free
CoCrFeNi HEA is shown in Figure 3A, where H is the
applied magnetic field. The magnetization increases rapidly at
small H values and saturates at ~5 kOe. The field-increasing

FIGURE 2 | Thermal variation of the zero-field-cooled (A)magnetization
M of the Mn-free CoCrFeNi HEA measured during warming with Ha = 1 kOe
and (B) magnetic susceptibility of the (CoCrFeNi)1−xMnx HEA at x = 7.6%
measured during warming under several different applied magnetic
fields. The insets show the transition temperatures determined from the
derivative of magnetic susceptibility with respect to temperature.

FIGURE 3 | M(H) curves of (A) the Mn-free CoCrFeNi HEA and (B)
(CoCrFeNi)1−xMnx HEA at x = 7.6%, measured at several representative
temperatures. The insets show the magnetic hysteresis at 5 K.
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section of the M(H) curve can be fitted (Supplementary Figure
S2) by a Langevin function:

M(H) � MS(coth(x) − 1
x
) (1)

where x≡ μH/kBT, μ is themeanmoment of themagnetic domains,
kB is the Boltzmann’s constant, and MS is the saturation
magnetization. The Langevin function is understood to
represent the alignment of magnetic moments by H, indicating
that there are magnetic domains that can be polarized by H. This
agrees with the ferromagnetic behavior suggested by the M(T)
curves. The saturation magnetization obtained from the fit is
25.6 emu/g at 5 K, corresponding to an average atomic moment
of 0.3 μB. Themagnetic hysteresis is clearly seen at 5 K, as shown in
the inset in Figure 3A. The coercivity field obtained at 5 K is 29 Oe.

Figure 3B displays the M(H) curves of the 7.6 (2)% Mn-
incorporated (CoCrFeNi)1−xMnx HEA taken at several
temperatures. Interestingly, the field-increasing section of the
M(H) curve of the (CoCrFeNi)1−xMnxHEA at x = 7.6% cannot be
fitted only by a Langevin function (Supplementary Figure S3)—a
positive linear term is also needed. The M(H) curves can be
described very well by a Langevin profile plus a positive linear
term (Supplementary Figure S3):

M(H) � MS(coth(x) − 1
x
) + χferriH (2)

FIGURE 4 | (A) TheM(T) curves of the (CoCrFeNi)1−xMnx HEAs at x from
7.6 to 11.8% measured during warming with Ha = 1 kOe. Inset to (A), the
transition temperature can be clearly determined from the derivative of
magnetization with respect to temperature. (B) Variation of transition
temperature with Mn content from x = 0–11.8%. FIGURE 5 | (A) The field-increasing section of the M(H) curves of the

(CoCrFeNi)1−xMnx HEAs from x = 7.6–11.8% at 5 K. Solid lines are the fits to a
Langevin function plus a χferri term. (B) The magnetic hysteresis of the
(CoCrFeNi)1−xMnx HEAs at three representative Mn contents x
measured at 5 K. The inset in (B) shows a magnification of the coercivity field
by increasing the Mn contents.

Frontiers in Materials | www.frontiersin.org January 2022 | Volume 9 | Article 8242854

Lee et al. Ferrimagnetism in (CoCrFeNi)1-xMnx HEA

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


where χferri is the ferrimagnetic susceptibility, x ≡ μH/kBT, μ is the
mean moment of the magnetic domains, kB is Boltzmann’s
constant, and MS is the saturation magnetization. The positive
linear term may be understood as the flip from the anti-parallel
spins to the parallel direction by the applied magnetic field,
whereas the Langevin profile reveals the polarization of the
ferrimagnetic domains by the magnetic field. The magnetic
properties in the M(T) and M(H) curves indicate a possible
ferrimagnetic behavior in the Mn-incorporated
(CoCrFeNi)1−xMnx HEAs.

Figure 4A displays theM(T) curves of the (CoCrFeNi)1−xMnx
HEAs with various Mn contents. The magnetization was
suppressed significantly by the incorporation of the Mn atoms.
All of the M(T) curves follow the Curie–Weiss law
(Supplementary Figure S1). The positive intercept of the 1/M
trace with the temperature axis, together with a drop of the
magnetization below ~15 K, indicates that the ferrimagnetism
persists up to x = 11.8%. The ferrimagnetic transition
temperatures are determined by the dM/dT curves (inset of
Figure 4A). The transition temperatures TM can be enhanced
by the Mn atoms (Figure 4B), indicating the energy of exchange

coupling between the Mn and Co, Cr, Fe, and Ni is higher than
that between Co, Cr, Fe, and Ni.

The field-increasing section of the M(H) curves of the
(CoCrFeNi)1−xMnx HEAs at various Mn contents are plotted
in Figure 5A. All of the M(H) curves can be described by a
Langevin profile plus a positive linear term (Figure 5A). The
positive linear term reveals the ferrimagnetic behavior of the
(CoCrFeNi)1−xMnx HEAs. The ferrimagnetic susceptibility χferri
is defined as the slope of the linear term. The variations of the
coercivity, saturation magnetization, and ferrimagnetic
susceptibility with Mn content, plotted in Figure 6, can be
obtained from the fits. The susceptibility χferri appears to be
smaller at high Mn contents, revealing that it is difficult for
the applied magnetic field to flip the anti-parallel spins. The
magnetic hysteresis is clearly seen in all curves, as shown in
Figure 5B. As seen in Figure 6, the coercivity increases with the
increase of Mn content, while the saturation magnetization
decreases. The coercivity fields can be increased by 2.76 times
by raising the Mn content from 7.6 (2) to 11.8 (4)%.

The saturation magnetization of 4.9 emu/g at 5 K in the
(CoCrFeNi)1−xMnx HEA at x = 7.6% was unexpectedly small
compared to the Mn-free CoCrFeNi. The saturation
magnetization was suppressed by up to 81%. The calculated
spin-only magnetic moment for a Mn atom is 5.92 μB, which
is larger than that of the average value (4.38 μB) among Co, Cr, Fe,
and Ni. Calculating using the spin-only values and assuming that
the magnetic moment of Mn is the only moment that points in
the opposite direction, we expect a 17.9% reduction in the
saturation magnetization with 7.6 (2)% of Mn incorporated.
That is, 7.6 (2)% of the atoms with 4.38 μB have been replaced
by atoms with −5.92 μB from x = 0–7.6%, giving a difference in
moment of −5.92 μB × 7.6% −4.38 μB × 7.6% = 0.783 μB. This
corresponds to a 0.783 μB/4.38 μB = 17.9% reduction. However,
we observed an 81% reduction at x = 7.6%, and the remaining
63.1% reduction cannot be explained solely by the inverse
moment of Mn. Such a huge observed reduction (81%)
indicates that the magnetic moments in some of the other
elements (Co, Cr, Fe, and Ni) may have been flipped to the
opposite direction by the exchange interaction with the Mn
atoms. To contribute the remaining 63.1% reduction, 63.1%/2
= 32% of the magnetic moments on the other elements need to be
flipped. This indicates that 7.6 (2)% of Mn is enough to trigger the
antiferromagnetic coupling between the other moments. For the
FCC structure, there are twelve nearest neighbors surrounded by
a Mn atom. On average, there are 4.3 atoms neighboring the Mn
atom pointing in opposite directions. Theoretical and
experimental results suggest that the antiferromagnetic
couplings appear mostly on the Cr and Mn atoms in the
equimolar CoCrFeMnNi HEA (Schneeweiss et al., 2017; Zuo
et al., 2017). They also suggest that antiferromagnetic couplings
may also appear on Ni, Fe, and Co atoms, but with a lower
probability.

At the highest Mn content (x = 11.8%) in the studied
(CoCrFeNi)1−xMnx HEA systems, we expect a (5.92 μB ×
11.8% + 4.38 μB × 11.8%)/4.38 μB = 27.4% reduction of the
saturation magnetization based on the spin-only values.
However, we observed a 91% reduction of the saturation

FIGURE 6 | Variations of (A) the saturation magnetization and coercivity
fields, and (B) the ferrimagnetic susceptibility at 5 K with Mn content x.
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magnetization at x = 11.8%. The remaining 91–27.4% = 63.6%
reduction may be attributed to the flipped magnetic moments of
the other elements (Co, Cr, Fe, and Ni) due to the exchange
interaction with the Mn atoms. To contribute the remaining
63.6% of reduction, 63.6%/2 = 32% of the magnetic moments on
the other elements need to be flipped. In fact, 32% is also the value
expected for (CoCrFeNi)92.4Mn7.6, which has low Mn content
(x = 7.6%). The reduction in magnetization from 81 to 91% is
proportional to increasing the Mn content from 7.6 (2)% to 11.8
(4)%. The inverse relationship between magnetization reduction
and increased Mn content is based on the mechanism that the
increase of Mn will increase the number of spins that point in the
opposite direction. Compared with 7.6 (2)% Mn, 11.8 (4)% Mn
does not induce more antiparallel moments in Co, Cr, Fe, and Ni.
This shows that 7.6 (2)% Mn is the upper limit of our system to
saturate the antiferromagnetic couplings between the
other atoms.

According to the Bethe–Slater curve (Slater, 1930a; Slater,
1930b), the sign of the exchange coupling integral J can be
estimated from the ratio between the interatomic distance D
and the diameter of the 3d orbital r. The negative J, giving the
antiferromagnetic couplings, is estimated to appear at small D/
r. On the other hand, at large D/r, J becomes very weak because
of the long interatomic distance, resulting in the paramagnetic
behavior. The ferromagnetic behavior, with positive J, appears
at the intermediate D/r value between the antiferromagnetic
and paramagnetic behaviors. In this work, the lattice constants
for x = 0, 7.6%, and 11.8% are 3.570, 3.583, and 3.588 Å,
corresponding to the distances D of 2.520, 2.533, and 2.536 Å,
respectively. The average diameters r are 1.528, 1.545, and
1.555 Å for x = 0, 7.6%, and 11.8%, respectively. This gives a
1.0% reduction in the D/r ratio from x = 0–11.8%. The
incorporation of the Mn atoms leads to a relatively smaller
D/r ratio, resulting in the greater possibility of antiparallel
alignment of the magnetic moments.

On the other hand, magnetic frustration caused by the
presence of the Cr atoms was expected in the body-centered
cubic (BCC) Fe-Cr alloy according to density functional theory
[DFT (Klaver et al., 2006)]. At a Cr content near 50%, the
magnitudes of the antiferromagnetically aligned Cr moments
were reduced to nearly zero by the frustration, giving it a
ferromagnetic behavior. In the BCC Fe-Mn alloy, the flipping
of theMnmoments by increasingMn contents was also predicted
by DFT calculations and spin Monte Carlo simulations
(Schneider et al., 2021). Furthermore, the FCC lattice is the
best-known frustrated antiferromagnet (Coey, 2010). The FCC
(CoCrFeNi)1−xMnx HEA may exhibit a more significant
frustration than the BCC Fe-Cr alloy expected by Klaver et al.
(2006). However, from the ab initio calculation, the appearance of
the Mn atoms in the FCC CoCrFeNiMn HEA stabilizes the
antiferromagnetic configurations (Wu et al., 2020). In our Mn-
free equimolar CoCrFeNi HEA, the 25% Cr content exceeds the
dilute limit of 8% of the magnetic frustration proposed by Klaver
et al. (2006). A significant magnetic frustration took place,
resulting in the possible ferromagnetism in the Mn-free
CoCrFeNi HEA. When the presence of the Mn atoms

stabilizes the antiferromagnetic configuration, the system will
become antiferromagnetic.

The exchange interactions in (CoCrFeNi)1−xMnx HEAs are
extremely complicated. The equimolar CoCrFeNiMn FCC
random solid solution has been investigated via ab initio
calculations (Schneeweiss et al., 2017). The combined special
quasirandom structure (SQS) and Vienna Ab initio Simulation
Package (VASP) results by Schneeweiss et al. suggest the
ferromagnetic ordering of the Ni and Co moments. In
contrast, the Fe, Cr, and Mn moments prefer to align
antiferromagnetically. Our experimental results suggest that
there are at least three elements aligned antiferromagnetically
in the incorporation of theMn atoms. TheMn atomsmay reverse
the Fe and Cr moments to minimize the total energy.

The saturation magnetizations of the (CoCrFeNi)1−xMnx
HEAs are smaller than those of ferrites, which are the best-
known ferrimagnets. There are large amounts of
antiferromagnetically aligned moments to cancel out the total
magnetic moment. However, ferrites exhibit high electrical
resistivity, which is suitable for high-frequency applications.
The metallic (CoCrFeNi)1−xMnx HEAs are electrically
conductive, which is suitable for magnetic-damping or low-
frequency applications.

CONCLUSION

In this report, we demonstrated the magnetic behavior of
(CoCrFeNi)1−xMnx high-entropy alloys (HEA). The Mn-free
CoCrFeNi HEAs exhibited ferromagnetic behavior. However, a
shift from ferro-to ferrimagnetism caused by the incorporation of
Mn atoms into the CoCrFeNi HEA was identified. We observed
an unexpected 81% reduction of the saturation magnetization
with only 7.6 (2)% incorporation of Mn atoms. This indicates that
theMn triggered the neighboring moments to align in antiparallel
directions. However, in our systems, this effect of increased Mn
content has an upper bound of 11.8 (4)%, after which it does not
increase the antiparallel moments of neighboring atoms as
effectively as with smaller amounts of Mn. The ferrimagnetic
transition temperature increased by 13% from x = 7.6–11.8%,
showing the exchange coupling strength from Mn atoms is
slightly stronger.
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