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High-entropy Co19Cr18Fe22Mn21Ni20 thin films were obtained by the modernized method of three-

electrode ion-plasma sputtering of mosaic targets consisting of pure metals. The structure, electrical 

resistance, and magnetic properties of films were investigated. Single diffuse halo was seen on the XRD 

patterns of the as-deposited films, which confirms their amorphous structure. Some of the thin films, which 

were annealed at 900 K in a vacuum, were identified to be oxidized by a small amount of oxygen in the 

work chamber. After the heat treatment, the Co19Cr18Fe22Mn21Ni20 films were transformed from an 

amorphous state into a crystallized FCC solid solution with the lattice parameter a=0.3613 nm. Also, the 

cubic B2 phase of FeCo with a lattice parameter of 0.2857 nm was formed in the annealed films. As a result 

of oxidation processes, a dispersed phase of manganese oxide also arose after annealing. The temperature 

dependencies of electrical resistivity of films were measured by the four-point technique upon continuously 

heating in the high vacuum. Both as-deposited and annealed films clearly revealed a typical ferromagnetic 

behavior. The as-deposited high-entropy film exhibited the soft magnetic properties while the annealed 

films could be attributed to hard magnetic materials.  
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1. Introduction 

In 2004 the first papers on the study of high-entropy alloys (HEAs) were published 
(today along with term “HEA” definitions of multi-principal element alloys (MPEAs) and 
complex concentrated alloys (CCAs) are also used [1-3]). The HEAs are composed of at least 
5 major components with equiatomic or nearly equiatomic concentrations which are between 
5 and 35 at. % [1-3]. Due to the high mixing entropy, multicomponent HEAs typically consist 
of simple solid solutions with BCC or FCC lattices. At the same time, the selection of 

components makes it possible to obtain the structure of HEA, which is a combination of a 
simple solid solution, characterized by a high plasticity, and intermetallic compounds, 
characterized by high hardness. The HEAs are characterized by unique structures and many 
useful service characteristics, such as hardness, wear resistance, resistance to oxidation, 
corrosion, and ionizing radiation, high thermal stability, and biocompatibility [1-6]. Thus, 
HEAs are promising as materials for use in electronics, atomic energy, transport equipment, 
rocket and space technology, medicine, etc. The majority of HEAs were investigated in the 

as-quenched or homogenized state, while much less attention was paid to the study of thin 
films of high-entropy alloys (HEFs). However, recently such research has received much 
more attention. HEFs not only have excellent performance as HEAs, but even some of the 
properties have been enhanced [7]. HEFs have shown great potentials for application in the 
fields of high hardness coating, corrosion-resistant coating, diffusion barriers in the integrated 
circuit systems, etc. In the present work, the metastable states and properties of 
Co19Cr18Fe22Mn21Ni20 high-entropy thin films are discussed. 

2. Experimental details 

The HEFs with a nominal composition Co19Cr18Fe22Mn21Ni20 (in at. %) have been 
synthesized by the modernized method of three-electrode ion-plasma sputtering of composite 
targets. The cooling rate, which relates to the relaxation time of individual atoms on the 
substrate, was in this case theoretically evaluated to be 1012-1014 K/s. Sputtering was carried 

out on the sitall substrates, as well as on a fresh cleavage of NaCl single crystals. 
The sputtering  deposition process was  carried  out at room  temperature  with a pure Ar 
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atmosphere, the working pressure was controlled at 5∙10-2 Pa. The deposition rate for the 

HEA thin film was 0.19 nm/s. The as-deposited HEA film thickness was estimated to be 
~ 110 nm. Films deposited on single-crystal substrates after the dissolution of the salt 
were used for structural studies by X-ray diffraction analysis (with a photographic 
registration, in a Debye camera on the URS-2.0 diffractometer in filtered Co Kα 
radiation). Debyegrams were digitally microphotometered and processed using a 
qualitative phase analysis software Qualx2. Films obtained under identical conditions of 
deposition on the sitall substrates were used to study the thermal stability and physical 

properties of nonequilibrium structures. The temperature dependencies of electrical 
resistivity of films were measured by the four-point technique upon continuously heating 
in the high vacuum with a pressure of 4∙10-2 Pa. The magnetic properties of the HEFs 
were measured by a vibrating sample magnetometer (VSM) at room temperature with the 
magnetic field applied parallel to the film plane.  

3. Results and discussion 

The XRD patterns of the films are shown in Fig. 1. Single diffuse halo observed on 
the XRD patterns of the as-deposited films confirms their amorphous structure. The 
coherently scattering domain size (crystallite size) of films estimated by the Sherer 
equation (L= Kλ/βcos θ) is ~ 4 nm. Some of the thin films annealed at 900 K in a vacuum 
furnace were identified to be oxidized by a small amount of oxygen in the chamber (as 

pointed in [8], all the as-deposited thin films contained 7–8 at % oxygen which was from 
the deposition process). These films transform from an amorphous state into a 
crystallized FCC solid solution structure with the lattice parameter a=0.3613 nm with 
coherently scattering domain size ~30 nm, on the base of FCC-iron. Such crystalline 
structure was reported earlier for the bulk as-casted samples and thin films (with the 
lattice parameter of 0.359 nm for the as-casted sample) of Co20Cr20Fe20Mn20Ni20 alloy 
[9,10]. The cubic B2 phase of FeCo with a lattice parameter of 0.2857 nm is also formed 
in the annealed films. The occurrence of this phase was noted in the study of 

CoCuFeNiMn samples subjected to prolonged annealing at 500oC [10]. As a result of 
oxidation processes, a dispersed phase of cubic FCC manganese oxide MnO is also 
formed after annealing because of diffusion of atoms and oxidation.  

 
Fig.1. XRD patterns of Co19Cr18Fe22Mn21Ni20 HEA films 

Let us consider the temperature dependence of the relative electrical resistivity of 
the films.  The temperatures  of the  single - stage  phase  transformations  (crystallization 
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processes) in Co19Cr18Fe22Mn21Ni20 films are ~ 540 K for heating rate 4.5 К/min and        

~ 580 K for heating rate 9 К/min. The mean activation energy of phase transitions (EA), 
calculated by the Kissinger method is ~ 6100 K (50.7 kJ/mol). This value is several times 
lower than determined for the decay of nonequilibrium structures in alloys obtained by 
quenching from the liquid state. It should be mentioned that this feature is characteristic 
of films obtained by quenching from the vapor phase. Obviously, it is due to the 
increased contribution of surface diffusive processes. The films in the initial amorphous 
state are characterized by a very low value of the temperature coefficient of resistance 

(average value ~3.5·10-5 1/K, while after crystallization it increases up to 5.1·10-4 1/K.  
In Fig. 2 the magnetic hysteresis loops of the as-deposited and annealed 

Co19Cr18Fe22Mn21Ni20 high-entropy films measured at room temperature are presented. 
Both resemble typical ferromagnetic behavior. The as-deposited HEA film shows the soft 
magnetic properties and the saturation magnetization (Ms), and coercivity (Hc) are 29.4 
A∙m2/kg and 400 A/m. After annealing the values of these parameters increase, 
respectively, to 57.6 A∙m2/kg and 8760 A/m. So, the annealed films can be referred to 

hard magnetic materials.  

 
Fig. 2. Hysteresis loops of Co19Cr18Fe22Mn21Ni20 HEA films: (a) as-deposited; (b) annealed. 

Compared with the magnetic properties of CoCuFeNiMn HEA in some of the 

available literature [11], the Co19Cr18Fe22Mn21Ni20 HEA films show much higher 
saturation magnetizations. On the other hand, the CoCuFeNiMn samples obtained by 
mechanical alloying showed an even greater value of the magnetization 94.29 A∙m2/kg 
[12]. A relatively high value of magnetization obtained in Co19Cr18Fe22Mn21Ni20 films and 
its growth after annealing can be explained considering that the saturation magnetization 
M of the alloy depends mainly on structure and composition, specifically, the magnetic 
exchange interaction. For example, Mn and Cr addition dramatically reduce the 

magnetization M of CoFeNi because they favor the antiferromagnetic order with the other 
elements in this alloy. Thus, the crystallization is accompanied by structure coarsening, 
and phase transformation could result in magnetic property changes. The key role in the 
increase of magnetization is obviously played by the FeCo phase, which is characterized 
by high values of saturation magnetization. Forming the minor phase of manganese oxide 
also should contribute to the fact that the antiferromagnetic order associated with Mn 
atoms is suppressed to favor ferromagnetism. The increase of Hc is also taking place 
evidently due to the formation of the microcrystalline structure contained a lot of defects 

and nanoprecipitates, which hampers the domain walls displacements during 
magnetization reversal. 
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4. Conclusions 

High-entropy films with a nominal composition Co19Cr18Fe22Mn21Ni20 have been 
deposited successfully by the modernized method of three-electrode ion-plasma 
sputtering of composite targets. XRD patterns of the as-deposited films confirm their 
amorphous structure. Some of the thin films, which were annealed at 900 K in a vacuum 

furnace, were found to be oxidized by a small amount of oxygen in the chamber. These 
films transform into a crystallized FCC solid solution structure with the lattice parameter 
a = 0.3613 nm. A minor phase of manganese oxide is also formed after annealing 
together with the B2 phase of FeCo. Investigations of the temperature dependence of 
electrical resistivity have shown that the films in the initial amorphous state are 
characterized by a very low value of the temperature coefficient of resistance (3.5·10-5 

1/K). The magnetic properties of as-deposited and annealed Co19Cr18Fe22Mn21Ni20 films 
have been investigated by a vibrating sample magnetometer. The as-deposited HEA films 

are the soft magnetics, the annealed films can be referred to semi-hard magnetic 
materials.  
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