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Abstract
The properties of high-entropy alloys containing five or more elements show systematic evolutions with varying valence-
electron concentration. This can allow them to be tailored to carry a particular feature or a property. We have prepared a 
six-component alloy (MnFeCoNiCu)

75
Al

25
 , where MnFeCoNiCu makes up the high-entropy part with e∕a = 9.0 and the 

added 25 at.% Al causes the whole of the material to take up a B2-ordered structure with e∕a = 7.5 . Because the structure 
becomes ordered, the material partially loses its high-entropy character but acquires a ferromagnetic Heusler-like property 
with a Curie temperature of 525 K and an average magnetic moment of 0.8 μ

B
 . The whole of the system mimics Co

3
Al, 

which cannot be stabilized under normal conditions.
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Introduction

The magnetic properties of 3d alloys and compounds are 
governed by the number of s- and d-valence electrons 
per atom, e/a, they carry and, to a large extent, also their 
structural properties [1]. This rule based on band magnet-
ism also applies for multi-element alloys as well as high-
entropy alloys and allows to predict their magnetic proper-
ties through the Slater–Pauling rule and the variation of the 
crystal structure along the transition-element series of the 
periodic table. The validity of the e/a-rule is mainly limited 
to the combination of the elements through the 3d series. 
To a certain extent, they also apply for interstitial alloys and 
compounds of 3d elements with B, C, and N and for alloys 
incorporating group 13–15 elements forming Heusler-type 
alloys [2, 3].

3d high-entropy alloys make up no exceptions to this 
rule. The equiatomic Cantor alloy CrMnFeCoNi [4, 5] has 
e∕a = 8 , which is also the value for Fe. The difference is 
that the Cantor alloy is FCC at room temperature so that 

from the electronic aspect, the Cantor alloy is equivalent 
to FCC-Fe [6–8]. Indeed, we had shown that the Cantor 
alloy possesses the predicted room-temperature properties 
of anti-Invar FCC-Fe. Based on this observation, one can 
predict that also Invar properties can be made to emerge 
in non-equiatomic, multi-component 3d alloys by adjusting 
e/a to a value around 8.7. Such a multi-component alloy 
did indeed show features related to Invar properties in the 
thermal expansion, magnetization, and elastic modulus [9].

In this work, we prepare a multi-component compound 
based on the high-entropy alloy MnFeCoNiCu. We add Al 
to this alloy so that the end composition is tailored to be a 
(MnFeCoNiCu)

3
Al-ordered compound. MnFeCoNiCu has 

e∕a = 9 , namely equivalent to Co. In this manner, we expect 
to stabilize a pseudo-Co

3
 Al compound with e∕a = 7.5 which 

under normal conditions cannot be stabilized. The substitu-
tion of one of the elements in a 3d high-entropy alloy by 
Al tends to form mixed FCC–BCC phases with the BCC 
phase exhibiting B2 ordering in some cases [10–14]. We 
prepare and examine here the structural and in particular the 
magnetic properties of the ordered B2 (MnFeCoNiCu)

3
 Al 

compound expecting a magnetic moment of about 0.8 μ
B
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Experimental

We prepared polycrystalline (MnFeCoNiCu)
75

Al
25

 by arc 
melting Mn, Fe, Co, Ni, Cu, and Al of 99.95% purity under 
Ar atmosphere in a water-cooled Cu crucible. We carried out 
a further homogenization for 5 days at 1273 K and quenched 
the sample in water at room temperature. The chemical com-
positions and homogeneities of the samples were determined 
by energy-dispersive X-ray analysis (EDX) using a scan-
ning electron microscope (SEM). We determined the actual 
composition of the sample to be Mn

14.1
Fe

15.3
Co

15.0
Ni

14.9
Cu

14.9

Al
25.9

.
We carried out X-ray diffraction (XRD) measurements at 

room temperature using Cu K-alpha radiation. The results 
were refined using Le Bail fitting with Jana2006 software 
[15]. Magnetization measurements were carried out in a 
superconducting quantum interference device (SQUID) 
magnetometer in the temperature range 10 ≤ T ≤ 750 K.

Results

The microstructure of the sample is shown in Fig. 1. The 
circle-diameter equivalent size of the grains is about 
300−500 μ m. As will be presented below, the crystallo-
graphic structure is BCC/B2. The equiatomic high-entropy 
alloy MnFeCoNiCu is FCC [16]. Al stabilizes the BCC/B2 
phase.

We show the results of EDX mapping in Fig. 2. The 
investigated area is shown in Fig. 2a along with the 116 μ m 
line-scan length. The results of the line-scan are given in 
Fig. 2b showing that the elements are homogeneously dis-
tributed. The homogeneity is also seen in the even distribu-
tion of all elements in Fig. 2c–h.

We give the results of the XRD measurements in Fig. 3. 
The sample used is a polished bulk specimen since obtain-
ing a powder from the ductile specimen is not readily pos-
sible. The refinement was carried out using the Pm-3m 
space group. The structure is BCC with the emergence of 
the superstructure peaks (100), (111), and (210) evidenc-
ing the presence of the B2 phase. The lattice parameter a is 
estimated to be 0.2900 nm.

We show the temperature dependence of the magnetiza-
tion M(T) in Fig. 4. Figure 4a and b shows the data obtained 
under 5 mT and 2 T, respectively, using zero-field-cooled 
(ZFC) and field-cooled (FC) protocols for 10 ≤ T ≤ 300 K. 
Before the measurement, the sample was demagnetized at 
300 K and cooled to 10 K in zero field. 5 mT was then 
applied, and the data were taken on increasing tempera-
ture up to 300 K. The FC measurement was then continued 
by obtaining data on decreasing temperature. No splitting 
between data obtained under ZFC and FC conditions is Fig. 1  The microstructure of the sample. The orientation of the grains 

is given with the color scale (Color figure online)

Fig. 2  EDX mapping. a The general area ranging over 166 μ m and b the line scan over the region in a in pink. Elemental mapping of c Cu, d Fe, 
e Ni, f Mn, g Co, and h Al. The elements are uniformly distributed (Color figure online)
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observed indicating the absence of any mixed antiferro-
magnetic/ferromagnetic interactions. The sample was then 
placed in a high-temperature oven accommodated in the 
SQUID, and the measurements were carried out only on 
increasing temperature. We estimate the Curie temperature 
T
C
 as 525 K. Whereas M(T) measured in small fields pro-

vides the determination of T
C
 with good precision, M(T) 

measured in fields corresponding to saturation provides the 
temperature behavior of the saturation magnetization. In this 
case, the magnetization obtained under 2 T corresponds to 
the saturation magnetization and conforms to a mean-field 
Brillouin behavior.

To understand if any post-annealing thermal 
treatments have an effect on the magnetic prop-
erties, we have carried out a sequential anneal-
ing M(T) run with a temperature-change protocol 
300 → 500 → 400 → 600 → 400 → 650 → 400 → 700 → 400 → 750 K. 
The results are shown in Fig. 5. Figure 5a shows the data 
in the full temperature range, and Fig. 5b shows the same 
data in the vicinity of T

C
 . The measurements were carried 

out at a rate of 4 K min−1 . T
C
 shows an increase each time 

the temperature is brought up above 600 K. When the tem-
perature is decreased from each maximum temperature of a 

given run, the data retrace their path. T
C
 increases from 525 

K to about 570 K within the time and temperature interval 
of the experiment.

We have measured M(B) at 10 K to reveal any feature that 
would be due to mixed magnetic interaction and to estimate 
the average magnetic moment (Fig. 6). We find no substantial 
high-field susceptibility that would have been evidence for the 
presence of non-ferromagnetic components. This is in agree-
ment with the absence of ZFC–FC splitting in M(T) at low 
temperatures. The coercivity is essentially zero. The satura-
tion magnetization M

s
= 81.5 A m 2 kg−1 corresponding to a 

magnetic moment value of 0.8 μ
B
 per atom. Our results show 

that T
C
 increases when the sample is sequentially annealed. 

This is likely to be an effect of the increase in the degree of B2 
ordering as the sample is progressively annealed.

Discussion

There have been attempts to stabilize the Co
3
 Al phase in 

the past, and much theoretical work had been carried out to 
predict the properties. It was also shown that rapid solidifica-
tion could lead to a metallic glass state.
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Fig. 3  Refined XRD showing observed, calculated, and difference 
spectra. (100), (111), and (210) are B2 superstructure peaks
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High-entropy alloys are capable of acquiring crystallo-
graphic structures which do not occur in simple 3D metals 
with equivalent valence-electron concentrations. FCC-Fe 
is one example and Co

3
 Al is a second one with its elec-

tronic equivalent high-entropy alloy taken into hand in 
this work. (MnFeCoNiCu)

3
 Al is purely ferromagnetic with 

e∕a = 0.8 μ
B
 . Low-field M(T) measurements show no indi-

cation of any mixed antiferromagnetic interactions. Their 
absence is also supported by the attainment of full satura-
tion observed in M(B).

The B2 ordering can only be compatible with the uni-
form distribution of the 3d elements if Al takes up only 
body-centered position. The rest of the elements should 
then be randomly positioned so that the nearest neighbor 
atom to Al can be any one of the five 3d species at random. 
In this manner, we have what could be regarded as a high-
entropy B2 Heusler. The sequential annealing measure-
ments show that full B2 ordering is yet to be achieved. 
This would depend on the time and temperature at which 
the annealing is carried out. The present results indicate 
that T

C
 increases as the temperature is cycled sequentially 

with the sample being exposed to elevated temperature for 
the time interval of the M(T) experiments taking place at 
4 K min−1 . The degree of B2 ordering is known to affect 
T
C

 of B2 FeCo [17] so that a similar situation can be 
expected for the compound investigated in this work. Fur-
ther neutron diffraction studies are needed to understand 
the degree of ordering and the stabilization conditions of 
the B2 phase.

Conclusions

We have prepared a multi-component B2 compound start-
ing with the high-entropy alloy MnFeCoNiCu and adding 
25 at.% Al. The resulting compound (MnFeCoNiCu)

3
 Al 

is B2 and ferromagnetic with T
C
= 525 K. The value of 

the magnetic moment 0.8 μ
B
 fits well to the Slater–Paul-

ing scheme representing Heusler compounds. In this man-
ner, we understand that unstable structures at certain e/a-
values can be made to become stable by preparing their 
high-entropy alloy counterpart and adjusting the e/a-value.
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