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Abstract: High entropy intermetallic compounds (HEICs) are an interesting class of materials combining the 

properties of multicomponent solid solutions and the ordered superlattices in a single material. In this work, 

microstructural and magnetic properties of (CoCuFeMnNi)Al, (CoCuFeMnNi)Zn3, (FeCoMnNiCr)3Sn2, 

(FeCoNiMn)3Sn2 and Cu3(InSnSbGaGe) HEICs fabricated by induction melting are studied. The magnetic 

properties of the HEICs were determined mainly by the nature of the magnetic momentum of the constituent 

elements. (CoCuFeMnNi)Al and (CoCuFeMnNi)Zn3 displayed ferromagnetic behavior at 5 K while indicating 

linear dependency of magnetization vs. magnetic (i.e. paramagnetic or antiferromagnetic state) at 300 K. The 

magnetization of (FeCoMnNiCr)3Sn2, (FeCoNiMn)3Sn2 and Cu3(InSnSbGaGe) HEICs at 300 K exhibited a nearly 

linear dependency to magnetic field. Among all the investigated samples, (CoCuFeMnNi)Al exhibited the best 

magnetic properties with a saturation magnetization of about Ms= 6.5 emu/g and a coercivity of about Hc= 100 Oe. 
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1. INTRODUCTION 

Recently, high entropy alloys with ordered crystal 

structures consisting of five or more elements at 

one sublattice are considered as high entropy 

intermetallic compounds (HEICs), which 

typically exhibit interesting mechanical [1, 2], 

magnetic [3], catalytic [4] and thermal [1, 5] 

properties. Till now, both transition and refractory 

elements of the d-block of the periodic table  

have been mainly used to develop HEICs. This 

includes Fe, Co, Ni, Mn, Cr and Cu (transition)  

or Zr, Hf, Nb, Ta, Mo, V, and Ti (refractory) 

elements, which are used mainly because  

they exhibit close electronegativity and atomic  

sizes. However, a combination of transition and 

refractory elements may be also employed [6]. 

More recently, structurally ordered PtRhFeNiCu 

[7] consisting of noble elements, and 

Cu3(InSnSbGe) [8], Cu3(InSnSbGaGe) [8], and 

(FeCoNiMn)3Sn2 [9] consisting of p-block 

elements have been also developed. 

Several review papers have been published 

recently discussing different aspects of the 

formation and properties of HEICs. For example, 

Want et al. [10] briefly reviewed the fundamental 

rules for the formation of HEICs and their 

intricate functional properties. These HEICs are 

particularly interesting candidates for different 

catalytic reactions, including oxygen reduction 

[11, 12] and hydrogen evolution [13] reactions. 

Moreover, a TiZrHfCoNiCu HEIC was reported 

to exhibit superior yield strength of 1.58 GPa and 

fracture strength of 2.48 GPa [14]. Furthermore, 

it has been reported that microsegregation of  

the elements in HEICs during non-equilibrium 

solidification correlates with the existence of 

binary intermetallics with identical structure in 

the multicomponent HEIC phase [15]. It has been 

also revealed that mutual compensation of the 

fundamental properties of constituent atoms, 

electronegativity and atomic radius for example, 

are important factors determining the formation 

of single-phase HEICs [8]. However, the 

functional and mechanical properties of these 

HEICs are still unknown. Therefore, the major 

objective of this research is to study the magnetic 

properties of (CoCuFeMnNi)Al, (CoCuFeMnNi)Zn3, 

Cu3(InSnSbGaGe), (FeCoNiMn)3Sn2 and 

(FeCoMnNiCr)3Sn2 HEICs to provide more 

information about the effect of constituent 

elements and high entropy on their functional 

properties.  

2. EXPERIMENTAL PROCEDURES  

(CoCuFeMnNi)Al, (CoCuFeMnNi)Zn3, 

Cu3(InSnSbGaGe), (FeCoNiMn)3Sn2 and 
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(FeCoMnNiCr)3Sn2 were prepared by induction 

melting. Stoichiometric ratios of high purity  

(>99.9 wt.%) metal pieces were weighed and then 

transferred into alumina crucibles for melting. A 

blending of NaCl, CaF2 and KCl was utilized as 

flux to protect the surface of the elements and 

prevent material losses. The melting was carried 

out under a reducing atmosphere (CO). For 

homogenization, the melts were given a 15-

minute holding time. After this, the crucibles 

(cylindrical with an outer diameter of 20 mm and 

length of 15 mm) with melt were cooled in a 

laboratory atmosphere to reach the ambient 

temperature. The samples with a height of 

approximately 10 mm and a diameter of about 18 

mm were harvested from the crucibles.  

X-ray diffraction (XRD) analysis was undertaken 

by a Rigaku Ultima IV X-ray diffractometer using 

Cu–Kα radiation. Finely grounded powders were 

used for collecting XRD patterns. The sample’s 

microstructure was studied via a scanning 

electron microscope (SEM) JEOL JSM7001F. 

The energy dispersive spectroscopy (EDS) 

detector (Oxford INCA X-max 80) on the SEM 

device was employed for analyzing the chemical 

composition of the samples.  

The magnetization M of the samples as a function 

of the magnetic field was recorded at 5 K and 300 

K in the magnetic field range from -20 kOe to 20 

kOe. The changes in the magnetization of the 

samples were measured as a function of 

temperature M(T) from 5 K to 300 K under zero-

field cooled (ZFC) and field-cooled (FC) regimes 

at a field of 10 kOe. All the measurements  

were performed on a Cryogenic CFS-9T-CVTI 

vibrating sample magnetometer. 

3. RESULTS AND DISCUSSION 

3.1.  Microstructural Properties  

Fig. 1 shows the SEM micrographs (in the back-

scattered electron mode, BSE-SEM) and the 

related EDS maps of the HEIC samples. In the 

EDS map of (CoCuFeMnNi)Al, Cu-Mn and  

Ni-Co segregated regions can be observed  

(Fig. 1a). For (FeCoMnNiCr)3Sn2, a clear Fe-Cr 

segregation is observed in the EDS map, 

meanwhile, other elements indicate a nearly 

homogenous distribution in the microstructure of 

the alloy (Fig. 1b). Moreover, when Cr is removed 

from (FeCoMnNiCr)3Sn2, the segregated region 

is disappeared and the resultant (FeCoMnNi)3Sn2 

indicates a uniform distribution of the  

constituent elements (Fig. 1c). Furthermore, the 

microstructure of (CoCuFeMnNi)Zn3 (Fig. 1d) 

and Cu3(InSnSbGaGe) (Fig. 1e) HEICs exhibited 

a homogenous dispersion of the constituent 

elements with no observable segregation. 

The XRD patterns, presented in Fig. 2, indicate 

that relatively pure ordered phases were  

obtained for all the samples. The XRD pattern of 

(FeCoNiMn)3Sn2 indicates that a nearly single 

hexagonal structure (Co3Sn2 prototype, space 

group P63/mmc, COD database code: 1524365) 

has been crystallized upon cooling from  

high temperatures. For (FeCoMnNiCr)3Sn2, the 

existence of FeCr (COD database code: 9016031) 

and MnSn2-type (COD database code: 2207460) 

phases is observed from the obtained diffraction 

pattern. (CoCuFeMnNi)Al exhibits a single B2-

type lattice (FeAl prototype with a space group  

pm3̅ m, COD database code: 1541193). Finally, 

crystal structures of Cu3(InSnSbGaGe) and 

(CoCuFeMnNi)Zn3 can be adapted with a single 

hexagonal Cu10Sn3 (space group P63/m, COD 

database code: 1524806) and cubic γ-brass (space 

group I 4̅ 3m, COD database code: 4001929) 

prototype structures.  

Table 1 shows the obtained chemical 

compositions of the samples from EDS analysis. 

It can be observed that all samples display a 

nearly similar chemical composition to those of 

their corresponding stoichiometric ratios and the 

constituent elements are highly integrated into the 

HEICs. 

3.2. Magnetic Properties 

To study the magnetic properties of the HEICs, 

magnetic hysteresis as well as field-cooled (FC) 

and zero-field cooled (ZFC) magnetizations as a 

function of temperature were recorded. The 

magnetic hysteresis loops of the samples are 

shown in Fig. 3. The hysteresis loop of 

(CoCuFeMnNi)Al indicates ferromagnetic 

behavior at 5 K (Fig. 3a), with a saturation 

magnetization of about Ms= 6.5 emu/g and a 

coercivity of about Hc= 100 Oe. It indicates a 

linear relationship between magnetization and 

magnetic field at 300 K, which is a feature  

of a paramagnetic or antiferromagnetic state.  

As shown in Fig. 3c, (CoCuFeMnNi)Zn3 also 

indicates ferromagnetic behavior at 5 K, however, 

magnetization does not reach saturation level 

under an applied field of 2 T. 
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Fig. 1. BSE-SEM micrographs and the related maps of the (a) (CoCuFeMnNi)Al, (b) (FeCoMnNiCr)3Sn2, (c) 

(FeCoMnNi)3Sn2, (d) (CoCuFeMnNi)Zn3 and (e) Cu3(InSnSbGaGe) HEICs in the as-cast state.  
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Table 1. Crystal structures and the corresponding chemical composition of the HEICs. 

  Chemical Composition determined by EDS (at.% ) Crystal 
structure HEICs  Co Cu Fe Mn Ni Cr Al Zn Sn 

(CoCuFeMnNi)Al 

Formula 10 10 10 10 10 - 50 - - 
B2 

FeAl-

type, 

COD: 
1541193 

Average 10.17 9.83 9.77 9.96 9.44 - 50.83 - - 

(CoCuFeMnNi)Zn3 

Formula 5 5 5 5 5 - - 75 - 
D82 

cubic  

γ-brass, 

COD: 
4001929 

Average 4.56 5.76 5.13 3.45 5.95 - - 75.15 - 

(FeCoMnNiCr)3Sn2 

Formula 12 - 12 12 12 12 - - 40 

Co3Sn2-

type 

(COD: 
1524365)+ 

CrFe 

(COD: 

9016031) + 

MnSn2 

(COD: 
2207460) 

Average 12.68  11.65 12.5 11.54 11.74 - - 39.89 

(FeCoNiMn)3Sn2 

Formula 15  15 15 15 - - - 40 Co3Sn2-

type 

(COD: 
1524365) 

Average 15.76 - 14.98 14.49 14.64 - - - 40.13 

Cu3(InSnSbGaGe) 

Formula 75 5 5 5 5 5 -   Cu10Sn3-

type 

(COD: 
1524806) 

Average 75.24 5.13 5.11 5.26 4.42 4.85 -   

 

 
Fig. 2. XRD patterns of the HEICs in the as-cast state. 

The XRD patterns of the related reference phases are 

also shown. 

This sample also indicates a linear dependence of 

magnetization vs. magnetic field at 300 K, i.e. 

paramagnetic or antiferromagnetic behavior. 

Moreover, (CoCuFeMnNi)Zn3 exhibits a high 

coercivity of Hc= 1000 Oe, which is 10 times higher 

than that of (CoCuFeMnNi)Al. Magnetizations 

decrease with increasing temperature from 5 K  

to 300 K for both (CoCuFeMnNi)Al and 

(CoCuFeMnNi)Zn3 HEICs. Under a magnetic field 

of 1 T, the magnetization of (CoCuFeMnNi)Zn3 

decreases from 1.13 emu/g at 5 K to 0.12 emu/g 

at 300 K, indicating a decline of about one order 

of magnitude. These values were 5 emu/g at 5 K 

and 0.15 emu/g at 300 K for (CoCuFeMnNi)Al. 

For both samples, the FC and ZFC highly 

coincide with each other and display a continuous 

decline in magnetization in the entire temperature 

range measured (Figs. 3b and d). The ZFC and  

FC curves did not display the occurrence  

of bifurcation, which typically occurs when 

magnetically inhomogeneous states are present  

in the materials. Moreover, the presence of  

different ordered magnetic phases (for example 

antiferromagnetic and ferromagnetic) in multi-

phase materials could also lead to the bifurcation of 

ZFC and FC data. However, both (CoCuFeMnNi)Al 

and (CoCuFeMnNi)Zn3 HEICs exhibited a uniform 

microstructure, in which the constituent elements 

were homogeneously distributed. This can be the 

reason for the absence of bifurcation in ZFC and 

FC data.  

The magnetization curves of the other three 

(FeCoMnNiCr)3Sn2, (FeCoNiMn)3Sn2 and 

Cu3(InSnSbGaGe) HEICs exhibited nearly linear 

changes with increasing magnetic field (Figs. 3e-g).  
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Fig. 3. Magnetization curves (a, c) and temperature dependence (b, d) of the field cooled (FC) and zero field 

cooled (ZFC) at 0.1 T for as-cast (CoCuFeMnNi)Al (a, b) and (CoCuFeMnNi)Zn3 (c, d) HEICs. Magnetization 

curves for the as-cast (FeCoMnNiCr)3Sn2 (e), (FeCoNiMn)3Sn2 (f) and Cu3(InSnSbGaGe) (g) HEICs at 300 K. 
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Ferrimagnetic or canted antiferromagnetic state 

indicates some extent of magnetization saturation 

and an aberration from the linear relationship 

between magnetization and magnetic field. It can 

be seen that magnetization of (FeCoMnNiCr)3Sn2 

(Fig. 3e) indicates a higher aberration from a 

genuine linear relationship compared to the 

(FeCoNiMn)3Sn2 (Fig. 3f) and Cu3(InSnSbGaGe) 

(Fig. 3g) HEICs. This is probably due to the 

presence of FeCr and MnSn2-type second phases 

in (FeCoMnNiCr)3Sn2. As observed above, when 

Cr is removed from (FeCoMnNiCr)3Sn2, the 

resultant (FeCoNiMn)3Sn2 exhibits a single 

hexagonal Co3Sn2-type structure, which seems  

to behave like a ferrimagnetic or canted 

antiferromagnetic state with lower deviation from 

the linear behavior. However, it should be  

noted that (FeCoNiMn)3Sn2 displays higher 

magnetization (2.5 emu/g at B= 2T) compared to 

(FeCoMnNiCr)3Sn2 (1 emu/g at B= 2T) and the 

negligible magnetization of Cu3(InSnSbGaGe) 

(~0.004 emu/g). 

3.3. The Correlation Between Microstructure/ 

Chemical Composition and Magnetic 

Properties  

While saturation magnetization is mainly 

determined by chemical composition, coercivity 

is also affected by microstructural features  

such as lattice defects, grain size, elemental 

segregation, amount of magnetic/nonmagnetic 

phases, etc. [16, 17]. Here, all the samples were 

fabricated by the same induction melting process, 

and hence, the grain size, pores and internal stress 

may be considered relatively identical for all the 

samples. Therefore, the chemical composition, 

chemical inhomogeneity and the synergistic 

effect of local magnetic momentum of atoms 

occupying the high entropy sublattice are the 

main factors dictating the magnetic properties of 

HEICs. In this study, (CoCuFeMnNi)Al exhibited 

high saturation magnetization at 5 K consistent 

with the parallel and relatively high magnetic 

moments of Fe, Co and Ni. On the other hand, 

when Co-Cu-Fe-Mn-Ni are used to construct a 

high entropy sublattice with XZn3 formula, the 

resultant (CoCuFeMnNi)Zn3 displays lower 

magnetization and significantly higher coercivity 

at 5 K compared to (CoCuFeMnNi)Al owing  

to the diamagnetic nature of Zn that can  

strongly affect the ferromagnetic ordering of  

Fe, Mn, Co, and Ni atoms. The same reason  

may explain the linear magnetization and the 

ensuing ferrimagnetic or canted antiferromagnetic 

states in (FeCoMnNiCr)3Sn2 and FeCoNiMn)3Sn2 

high entropy stannide at 300 K, considering the 

paramagnetic nature of Sn. Finally, Cu3(InSnSbGaGe) 

exhibited the lowest magnetization among all the 

investigated HEICs, which is consistent with the 

non-magnetic nature of the constituent elements. 

All these indicate the wide chemical composition 

window available in HEICs to tailor their 

chemistry and consequently magnetic or other 

functional properties. 

4. CONCLUSIONS 

In summary, the microstructure and magnetic 

properties of several HEICs with different types 

of orders were studied. (CoCuFeMnNi)Al  

and (CoCuFeMnNi)Zn3 exhibited ferromagnetic 

behavior at 5 K and a linear relationship  

between magnetization and magnetic field at  

300 K, which is a feature of a paramagnetic  

or antiferromagnetic state. (FeCoMnNiCr)3Sn2, 

(FeCoNiMn)3Sn2 and Cu3(InSnSbGaGe) HEICs 

also displayed an approximately linear 

dependence of magnetization at 300 K, with 

(FeCoMnNiCr)3Sn2 showing the highest 

deviation from pure linear dependency compared 

to (FeCoNiMn)3Sn2 and Cu3(InSnSbGaGe) 

HEICs. This can be attributed to the precipitation 

of FeCr and MnSn2-type second phases in 

(FeCoMnNiCr)3Sn2. As the fabricating process 

and consequently the grain size, pores and 

internal stress are almost identical for all the 

samples, chemical inhomogeneity and the 

synergistic effect of local magnetic momentum of 

atoms occupying the high entropy sublattice are 

the main factors dictating magnetic properties of 

HEICs. Finally, the magnetic properties of the 

samples could be further explained by the non-

magnetic nature (diamagnetic or paramagnetic) of 

the constituent elements filling the low-entropy 

sublattices in the crystal structure of HEICs. 
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