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At the phenomenological level, a theoretical analysis of the concentration dependence of the thermal
resistance coefficient (fr), strain sensitivity coefficient (SC) and Curie temperature (®c) for film high-entropy
solid solutions based on Fe, Ni, Co, Cu, Cr was carried out. It was found that fr of 4- and 5-component film
alloys varies within (1,00-1,75)-10-3 K-1, and SC — (4.00-5.75) units, which corresponds well to the data for
single-component metal films. It was concluded that, from the point of view of Ar and SC, solid solutions of
HEA have no advantage over single-component films, but they can be more effective sensitive elements of
various sensors due to the thermal stability of the phase composition. The situation is different in the case
of Oc, when Oc can decrease or increase by 350-400 K. Since the information about the HEA domain structure
is limited, we assume that the domain structure is realized in magnetic granules based on Cu atoms. But in
this case, the size effect can cause a ¢ decrease, which, unfortunately, we could not take into account within
our concept of additivity of the physical quantities of the solid solution of HEA.
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1. INTRODUCTION

The great interest of researchers in the physical
properties of high-entropy alloys (HEA) stimulates not
only experimental (for example, [1-3], but also
computational studies based on the phenomenological
approach [4]). The latter is due to the fact that
experimental studies of HEA, especially in the film state
[1-3], are very complex and financially costly. Despite
the approximate nature of the calculations, they can be
successfully used to predict various physical properties
of HEA depending on the concentration of magnetic and
non-magnetic components. For example, in works [1, 2],
the electrical and magnetic properties of HEA with a
very close elemental composition were studied, which in
our notation has the following form:
s.s. (CoFeNiCr): - xAlx [1] or s.s. (CoFeNiCr): - xCux [2],
where s.s. is a solid solution. We will additionally
explain that the notation s.s. (CoFeNiCr) corresponds to
the basic (phase-forming) s.s. based on the main group
of elements, and s.s. (Co, Fe, Ni, Cr)1 - Al«(Cuy) is the
designation of s.s. of Al [1] or Cu [2] atoms in s.s.
(CoFeNiCu)1 - x.

In works [1-3], the electronic and magnetoresistive
properties of film HEA of the same elemental
composition as in works [1, 2] were investigated for the
first time.

Note that the authors of the paper [1] used the
formulas of classical physics in their calculations: for the
density of charge carriers, the wave vector of the
electron, the energy and the Fermi speed. As a result, an
array of data was obtained, which correspond very well
to our own experimental results. The approach of the
authors [1] could not be used by the authors [3, 4],
because they analyzed the properties of HEA film, in
which size effects, which are specific for dimensional
objects, play an important role along with concentration
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effects. The authors [1-3] proposed their research
concept, based on the condition of additivity of the
resistivity of s.s. HEA

n

ps.s.:lzlcipierr’ 1)

where pss, pi and pr << pss. are the resistivity of s.s.,
resistivity of a separate component and the residual
resistance, respectively; c¢; is the concentration of the
i-th component.

From the ration [1], which fully corresponds to the
experimental results, it is easy to go [3] to the relation
for the thermal coefficient of resistance (TCR):
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We proposed a similar ratio for the coefficient of
longitudinal strain (SC):
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where R is the electrical resistance; & is the longitudinal

n
deformation; u; = Y'c;u; is the Poisson ratio for s.s. and
-1

i — for the i-th component.
Differentiating (1) with respect to &, we obtained the
ratio for SC of s.s. HEA (see also [1]):
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We note that when experimental values are used in
(2) and (3), the dimensional effects described by us in [1]
will be taken into account automatically.

In [5], the concept of additivity of physical quantities
for s.s. was extended by us to the case of the mean free
path of conduction electrons (1) and Fermi energy (sF).

If in the first case, there is a reason to write the
equation:

n
1 -1
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because pss. ~ 1/4ss, then in the second case our

hypothetical equation & = g ¢c;ep; needs experimental
=1

verification. A similar situation is established by us in
this work as a result of the proposed equation for the
Curie temperature of s.s. HEA:

Q)" =>c0,, (4)
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in which you can limit yourself only to the sum of the
indices of the magnetic components.

It is clear that formula (4) contains the idea that
magnetic domains are formed by all magnetic components,
and therefore it is more convincing compared to the similar
one for &r. Considerations regarding magnetic domains will
be given in subsection 2.2. Taking into account the given
information, the purpose of our work can be formulated as
follows: calculation of the concentration dependence of
TCR, SC and Curie temperature for 4- and 5-component
film HEA with a thickness of 50-80 nm, which can act as
sensors sensitive elements of non-electric quantities.

2. RESULTS AND DISCUSSION
2.1 Electrophysical Properties

In all three cases of calculations in the initial state,
a 4-component film s.s. is supported, respectively, by the
fourth or fifth element with x concentration. It is clear
that a change in the concentration x will lead to a change
in the concentration (1 —x) of basic s.s., which we strictly
took into account. It should also be noted that the
consideration of s.s. close to equiatomic does not narrow
the general conclusions.

The results of calculations of the concentration
dependences of fr are shown in Fig. 1. These data allow
us to assert that the electrophysical properties of s.s.
HEA, in particular, fr, have a typical character for
metals and do not differ in their uniqueness, as, for
example, in the case of magnetic properties [3], which
are caused by the degrouping of the crystal lattice.
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Fig. 1 — Dependence of fr versus concentration x for 4- (a) and
5-component (b) film systems: s.s. (FeCoNi); - «Cu. (1); s.s.
(FeNiCu)1-xCox (2); s.s. (FeCoCu)1-:Nix (3); s.s. NiCoCu): -.Fex
(4); s.s. (FeNiCoCr)1 - xCux (5); s.s. (FeNiCrCu): - xCox (6);
s.s. (FeCoCrCu):1 -:Nix (7) and s.s. (FeNiCoCu): -:Crx (9)

A similar conclusion can be drawn in the case of SC
y (Fig. 2). A relatively small value of SC is explained by
the fact that the HEA can be considered as a single-layer
multicomponent sample, in which the deformation

dependence of 1 and the geometric factor 1+2% ¢y, (for
izl
more details, see [1]) make the main contribution to the
SC value.
The main advantage of sensitive elements based on
film HEA is the temperature stability of the phase
composition.

2.2 Magnetoresistive Properties

In previous works (see, for example, [3]), we observed
magnetoresistance with all the signs of giant magneto-
resistance (GMR) with a relatively small, no more than
0.3 %, amplitude. Usually, this effect is implemented as
a result of spin-dependent scattering of electrons (SDSE)
on magnetic granules in a single-layer film or on
magnetic interfaces [6]. The first mechanism takes place
in our case with the simultaneous condensation of
individual components.
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Fig. 2 — Dependence of SC versus concentration x for 4- (a) and
5-component (b) film systems. The designations are as in Fig. 1

According to the data of work [2], in a single-layer
film of s.s. HEA consists of Cu nanoparticles with a
small concentration of Fe, Ni, and Co magnetic atoms.
This causes the GMR effect in such films where SDSE
will take place during layer-by-layer condensation of
individual components, when heat treatment causes
incomplete diffusional mixing of atoms. As a result,
fragments of magnetic interfaces remain, on which GMR
with a small amplitude is realized. At the same time,
with effective mixing of components, when granules
based on Cu atoms with soluble Fe, Co, and Ni atoms
are not formed, classical or anisotropic magneto-
resistance is observed [3].

2.3 Curie Temperature

Based on the additivity concept of physical
parameters for s.s. HEA, similarly to the analysis of the
Fermi energy [5], we considered the concentration
dependence of the Curie temperature (@c). Our main
idea is the assumption that the domain structure is
realized only in Cu nanoparticles with atoms of
magnetic components dissolved in them. Although it is
hypothetically possible to consider the domain structure
over the entire volume of the film s.s. Fig. 3 illustrates
the dependence of Oc in the case of 4- (a) or 5-component
(b) s.s. based on Fe, Ni, Co, Cu and Cr.
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Fig. 3 — Dependence of the Curie temperature ®c versus the
concentration x for 4- (a) and 5-component (b) film systems. The
designations are as in Fig. 1

These dependences have a typical and
understandable character, but it is precisely if the
concentration of x atoms of non-magnetic components
increases and when this leads to a decrease in the
concentration of atoms of magnetic components, which
causes a decrease in Oc (Fig. 3, dependences 1, 5).
Otherwise, an increase in @¢ by a very significant value
is observed (Fig. 3, dependences 2-4, 6 and 7). If we
compare the concentration dependences for fr, SC and
Oc, we can see that Oc is the most sensitive to changes
in the concentration of individual components. This
feature can be used in the formation of sensitive
elements of sensors of magnetic quantities.

3. CONCLUSIONS

A qualitative theoretical analysis of the concentration
dependence of the electrophysical (fr and SC)
characteristics indicates that film HEA behave in this
respect as single-layer metal films, and it makes no sense
to expect an improvement in characteristics. As we have
repeatedly emphasized, their essential advantage is the
thermal stability of the phase composition, since the
isomorphic substitution of atoms of similar sizes does not
affect either the phase composition or the electrophysical
properties. The situation is somewhat different in the
case of @c, which can be changed within 350-400 K by
varying the concentration of both magnetic and non-
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magnetic components, which is largely confirmed by the
data of [5].
At the same time, this situation will be realized
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IIporHo3yBanHa ejieKTPO(i3MIYHMX i MATHITHHUX BJIACTUBOCTEI 0ATATOKOMIIOHEHTHHX
(BHCOKOEHTPOMINHNX) IUIIBKOBUX CILJIABIB

L.IO. IIpomenxo, M.B. Bacioxuo, C.I. IIpomierxro, A.K. Punosa, K.B. Tuienxo
Cymcvrutl Oepocasruti ynigepcumem, 8yn. Pumcvrozo-Kopcarosa, 2, 40007 Cymu, Yrpaina

Ha ¢enomenosoriuromy piBHI IIpOBENEHUI TEOPETUYHMM aHAJII3 KOHIIEHTPAIIHMHOI 3aJIesKHOCTL
TepmiuHOro KoediiieHra omopy (fr), xoedirmierra TersouytiauBocti (SC) Ta temmeparypu Kiopi (Oc) mis
IJIIBKOBUX BHCOKOEHTPOINIMHUX TBepAux po3umHiB Ha ocHOBl Fe, Ni, Co, Cu, Cr. Orpumasno, mo fr 4-x ta
5-TM KOMITOHEHTHUWX IUTIBKOBHX CILIABIB 3MIHIOETHCS y Meskax (1,00-1,75)-10 -3 K-1, a SC — (4.00-5.75)
OJIMTHUIIB, 110 J00pe BIIIOBITAE TaHUM JJIsI OJTHOKOMIIOHEHTHUX METAJIeBUX ILTIBOK. 3p00JIEHO BUCHORBOK, ITI0
3 Tourn 30py BesrramH fr 1 SC TBepai posunun BEC He maroTh HisIKOI I1lepeBaru mepes; OgHOKOMIIOHEHTHIME
IUTIBKAMU, aJI€ BOHHM MOKYTH OyTH OLIIBIN e(DeKTHUBHUMHY UyTJIUBUMU €JIEMEHTAMU PI3HUX CEHCOPIB Y 3B'A3KY
3 TePMIYHOIO0 CTabIIBbHICTIO (PA30BOTO CKIay. lHIma curyariisa y BUnmagky Oc, Ko Oc MOXKe 3MEHIIIYBATHUCS
abo s6impmyBatmes Ha 350-400 K. Ockimpru iHQopMmaliiss cTOCOBHO JoMeHHOI cTpykTypu InriBok BEC
o0MesKeHa, TO MU JIOIYCKAEMO, II0 JOMEHHA CTPYKTYpPa Peali3yeThCsl B MATHITHAX TPAHYJIaX HA OCHOBI aTOMIB
Cu. Aste y 11boOMy BATIIQJIKY PO3MIPHUI e(peKT MOKe CIPUIYNHUTH 3MEHIIeHHs Oc, 90T0, Ha yKaJjIb, MU HE MOTJIA
BpaxyBaTH y PaMKaXxX HaIIol KOHIIEMIT] aUTUBHOCTI (Ppi3MIHUX BeJTMIHH TBepaoro pogunay BEC.

Knrouori cnopa: Ilmiekouit BEC, Teepauit posumu, Temmepartypruit roedimient omopy, Koedimient
Ten3ouyTauBocTi, Temmeparypa Kiopi.
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