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High-Entropy Film Alloys: Electrophysical <o
and Magnetoresistive Properties

Yu. Bereznyak, L. Odnodvorets, D. Poduremne, 1. Protsenko,
and Yu. Shabelnyk

2.1 Introduction

In the last decade, research was carried out on the crystal structure and mechanical
properties of a new class of materials—high-entropy alloys (HEA)—whose
improved properties were first noticed by the authors [12]. Since these alloys are
formed from 5 to 13 elements with face centric cubic (fcc), base centric cubic (bcc),
or hexagonal (hcp) lattice, they have high entropy of mixing (AS,,.;,), and have more
stable phase as a bec or fee solid solution (s.s.) compared to intermetallic compounds
and other complex structures (see, e.g., [4]).

In a bulk AICrFeCoNiCu high-entropy alloy can simultaneously stabilize the
fcc and bee s.s [2, 4, 5] or bec s.s. a-Fe(Cr) and intermetallic AINi [11] depending on
the concentration of some component (e.g., atoms Ni).

The authors [4] concluded that stabilizing the fcc or bec completely determined
by the average concentration of valence electrons per atom located in the valence
band of the alloy. At the concentration less than 7.2 el/at bcc phase formed, at
7.2-8.2 el/at two-phase composition fcc + bee stabilized and at concentrations
greater than 8.2 el/at—fcc phase s.s. HEA.

The peculiarity of our experiments consists in the fact that formation of s.s. made
by layered or simultaneous deposition of some individual components of thickness
up to 8 nm (total thickness up to 60 nm), which, thanks to condensation-stimulated
diffusion and low thickness, causes mixing of atoms and forming of s.s.
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The aim of our work was to study phase state, electrophysical and
magnetoresistivity properties of high-entropy film alloys, which was established in
our previous work [10].

2.2 Methodology and Techniques Experiment

The film samples are condensed by controlling the thickness of the layers by quartz
crystal method. For the diffraction and electron-microscopic studies, C-substrate
(S) was used, and for the resistance and magnetoresistance measured, sitall-
substrates were used.

Strain coefficient was measured by the method [9] using polystyrene substrates.
The concentration of component was calculated and refined by energy dispersive
X-ray (EDX) analysis. The calculation was performed on the ratio
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where D is density, u is molar mass, d is thickness of individual layers at the layered
deposition or effective thickness at the simultaneous deposition.

It is known (see, e.g., [6, 13]) that the formation of HEA occurs under the
following conditions: the value of AS,,x should be greater than AS,,;x = 1.61
R = 13.38 J/(mole-K) (for five-component alloys) or AS;x = 1.75 R = 14.54 J/
(mol-K) (for six-component alloys) and parameters of atomic size differences

n
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where r; is the atomic radius of i-component; r= E ciri, the average atomic
\/ i=1

radius, should be less than 6.6% (in our case, these conditions are fulfilled).
Calculation of mixing entropy (ASyx) as a criterion of HEA was performed on
ratio [13] (see also [4])

n
AS.ic = —R Z ¢ilnc;,
i=1

where i and ¢; are the number and atomic concentrations of i-components.

Table 2.1 shows general characteristics of the samples. Note that the No 1’ and
No 2’ samples with seven components are different from the six-component No 1
and No 2 samples only by the additional layer of Ti. Also note that the elemental
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Table 2.1 General characteristics of HEA films

TCR'10°,
ASmixs K 'at
Ne | Sample (thickness, nm) ¢, at. % J/(mol'K) | T =300 K
1 | Cr(7.5)/Al(4.5)/Co(7.3)/Cu(4.8)/Ni 19/8/21/12/19/19/S 14.58 1.80
(7.0)/Fe(7.0)/S
1" | Ti(2.2)/Cr(7.5)/Al(4.5)/Co(7.3)/Cu 4/18/9/20/12/19/18/S | 15.33 1.75
(4.8)/Ni(7.0)/Fe(7.0)/S
2 | Al(4.0)/Cu(3.2)/Co(4.5)/Cr(5.2)/Fe 11/13/19/20/19/17/S 14.76 2.00
(4.7)/Ni(4.0)/S
2" | Ti(2.5)/A1(4.0)/Cu(3.2)/Co(4.5)/Cr 6/11/12/18/18/19/16/S | 15.54 1.75
(5.2)/Fe(4.7)/Ni(4.0)/S
3 | Cr(10)/Fe(9)/Ni(10)/S 33/30/37/S 9.12 1.20
Cu(32)/Co(9)/Cr(10)/Nij gFeq »(19)/Al 32/15/16/19/5/14/S 14.02 1.80
(12)/S
5 | Cu(10)/Co(9)/Cr(10)/Nig gFeo »(19)/Al 18/17/17/24/8/15/S 14.38 1.22
(12)/S

composition of No. 1 and No. 2 samples corresponds to samples studied by the
authors of [4, 11]. We will indicate that the permalloy (Py) Nij gFe(» as a separate
layer has been selected in order to determine whether Py is stored as a separate layer
in the HEA, or dissociation of the NiFe complexes in the film occurs. As we have
established, there is a dissociation of these complexes (Sect. 2.3.1). According to [1],
the magnitude of the enthalpy of mixing AH,,;, can make a prognosis of the phase
state of the HEA: solid solution, ordered phase, or chemical compound.

The thermal coefficient of resistance (TCR) was calculated based on the temper-
ature dependence on the resistivity (p) (the second temperature cycle at the cooling)
and the ratio

5= p(T) — p(300)
p(300)(T —300)°

Integral value of strain coefficient determined based on depending AR/R(0) versus
on the value of longitudinal strain &; on the ratio

R(e)) — R(0)

= TR(0)e

The value of magnetoresistance (MR) calculated on the basis of field dependence
R(B) on the ratio

R(B) — R(0)

MR=""R0)

To measure p(T), R(¢;), and R(B) and calculate 3, y; and MR used appropriate
computerized complex.



20 Yu. Bereznyak et al.

2.3 Results and Discussion

2.3.1 Crystalline Structure

Electron microscopic study indicates that in the initial state (after condensation) the
crystal structure are high-disperse (the average crystallite size L < 10 nm). Beside
with the high-disperse fraction is formed a structure with L =2 50 nm after annealing
to 850 K (Fig. 2.1). The character of electron diffraction indicates that at the stage of
condensation in HEA film, two fcc and one bcc phases (so-called B2 phase) were
formed. A similar phase composition was observed by [4]. The fccl and fcc2 phases
formation associated with the unfinished process of s.s. HEA formation. Although
with annealing of the samples to 850 K homogenization alloy appears and s.s.
HEA forms with fcc lattice based on the fccl and fcc2 (the lattice parameter
a = 0.3604 nm) (Fig. 2.1, Table 2.2). Most likely, one of the fcc phases initially
formed as s.s. HEA, the other was a metastable phase based on Al and Ni [11], which
decomposited during annealing. According to conclusions [11] bcc phase can be
magnetic s.s. a-Fe (Cr). The gray background between the diffraction lines (111) and
(200) indicates its specific nonuniformity and vacancy defect.

Fig. 2.1 Microstructure and diffraction pattern from system Cr(7.5)/Al(4.5)/Co(7.3)/Cu(4.8)/Ni
(7.0)/Fe(7.0)/S. Annealing temperature, K: 600 (a) and 850 (b)

Table 2.2 Decryption of Ne dpyg, NM hkl a, nm Phase
diffraction pattern from HEA 1 02175 11 03616 os.

2 0.2088 200 0.3600 S.S.

3 0.1420 200 0.2840 bee

4 0.1272 220 0.3597 S.S.

5 0.1010 220 0.2850 bee

6 0.10870 311 0.3605 S.S.

a(s.s.) = 0.3604 nm
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Annealing of samples contributes to the healing of defects and some ordering
s.s. and leads to the formation of a small number of Al,O3 oxides, (dyiq = 0.237 nm)
and Cr,03 (dng = 0.261 and 0.247 nm), whose reflexes are of a point character and
of low intensity (not shown in Table 2.2) due to the low effective thickness layers of
Cr and Al In addition, we note that two very weak lines (200) and (220) are
recorded from the bce phase (phase B2), which was observed by the authors [4],
and the most intense line (110) is not fixed. Note that the average value of the
parameter fcc lattice s.s. is in very good agreement with the corresponding parameter
for s.s. Cu(Ni) a = 0.352-0.366 nm [3]. Also, we note that the addition of a thin
layer of Ti (specimens 1’and 2') or Py (see 4 and 5) does not affect their phase
composition.

It is known (see, e.g., [6, 13]) that the formation of HEA is due to the performance
of the following conditions: the value of AS,,;x six-component alloy should be more
ASnix = 1.75 R = 1454 J/(mol-K) for equiatomic alloy and parameters of difference
in atomic size. The fact that in our case annealed HEA actually has only one fcc
phase is explained by the corresponding value of AS,,;x and é. It should also be noted
that the described phase composition does not depend on the method of film material
formation—simultaneous or layered condensation—which is explained by the active
mixing of the components in the process of deposition.

2.3.2 Electrophysical Properties

Figure 2.2 shows the typical dependence of resistivity and TCR (insert) for HEA.
The typical features of the samples are: the relatively large value of the TCR (order
of magnitude 10> K™ ") and the defect concentration of the crystalline structure of
the «vacancy-intersite atom» type, which is indicated by the reduction of the specific
resistance during ignition in the I cycle of «heating <+ cooling».

During the study of strain coefficient (SC) of HEA, we, probably, first observed
the strain effect feature. At the strain in the range Ag; = (0-1) % at the sgtr ~0.5%
transition from elastic to plastic strain occurs (we call it plastic strain type I). At the I
strain cycle on the range Ag; = (0 — 1)%, the value strain coefficienty; = 12.0, and
range Ae;; = (0 —0.5)%, y,;1. 11 = 25. In IT and IIT cycles of strain were observed
linear dependence of AR/R(0) versus g, value of strain coefficient y; = 12.5. At this
stage, sold, most likely after the relaxation effect quasiplastic strain of I type. With
further strain to &, = 2% is the transition to plastic strain of II type at ¢}, = 1%. This
transition is accompanied by an increase of value strain coefficient to y,py 1y = 12.5
to 7,1y = 90, which is a significant value for metal films. At the V and VI strain
cycles, there is also a kind of strain to quasiplastic because there was a relaxation of
plastic strain of the II type. The described two-stage feature of the strain effect was
not observed in the case of single-layer or multilayer films (see, e.g., reviews [7, 8])
with their plastic deformation.
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Fig. 2.2 Dependence of resistivity and TCR (insert) versus temperature for samples No. 2 (a),
No. 2/(b), and No. 5 (¢). I, II—numbers of annealing cycles

2.3.3 Magnetoresistivity Properties

Research of MR was performed in geometry CIP (current j in the film plane) at the three
mutual orientation of the magnetic field: longitudinal (B || j), transverse (B + j ), and

perpendicular (B L j) at an operating current from 0.5 to 1 mA. Typical dependences of
MR on the induction B is shown in Figs. 2.3 and 2.4.

Since bec HEA is typical ferromagnetic [11], without elements of granular state,
it is anisotropic magnetoresistant (AMR), which is clearly shown in Fig. 2.3a and
Fig. 2.4 (curve 1) on one side and Fig. 2.3b, c and Fig. 2.4 (curves 2 and 3) on the
other side. The effect of annealing to 800 K leads to some increase in the amplitude
of the MR with longitudinal and transverse geometries of measurement, while in the
case of perpendicular geometry, the amplitude MR practically does not change
(Fig. 2.3), although the coercivity decreases significantly. The relatively small
amplitude is due to the small thickness (up to 60 nm) and the volume of samples.
A very noticeable difference in the shape of the magnetoresistive dependence and
the value of the coercive force on Fig. 2.3c and Fig. 2.4 (curve 3) can be explained by
the stabilization of planar anisotropy in film alloys.
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Fig. 2.3 Dependence of MR versus induction B for the sample Al(4.0)/Cu(3.2)/Co(4.5)/Cr(5.2)/ Fe
(4.7)/Ni(4.0)/S with three mutual orientations of induction and electric current: longitudinal (a),
transverse (b), and perpendicular (c)
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Fig. 2.4 Dependence of MR versus induction B for the sample Cu(10)/Co(9)/Cr(10)/
Nig gFe(2(19)/A1(12)/S with three mutual orientations of induction and electric current: longitudinal
(1), transverse (2), and perpendicular (3)

2.4 Conclusions

The crystalline structure, electrophysical (resistivity, TCR, and SC) and magnetic
resistive (AMR) properties of HEA films based on Cr, Fe, Al, Cu, Ni, and Co are
investigated. It has been established that the films consisted of three phases: fccl
(s.s. HEA), fcc2 (possibly metastable AINi) and becc (possibly s.s. a-Fe(Cr))
after condensation. In the process of annealing fcc2 the phase breaks down, and
s.s. a-Fe(Cr) actually disappears, since even weak lines are not fixed on it diffraction
pattern.

In the study of electrophysical properties (the strain effect), for the first time, there
was a two-stage plastic deformation, each of which corresponds to a very large value
of the strain coefficient (up to 90 units); the obscure cause of high sensitivity
resistance of s.s. HEA to strain.
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The results of the investigation of the magnetoresistive properties unambiguously

indicate that the anisotropic MR with a relatively small amplitude up to 0.13% is
implemented, which is due to the small thickness of the films.

The work has been performed under the financial support of the Ministry of

Education and Science of Ukraine (2018-2020 years).
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