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The results of the study of phase composition, electrophysical (resistivity, thermal coefficient of resistance),
magnetoresistivity (giant magnetoresistance) and magnetic (magnetization) properties of thin films (up to
100 nm) of high-entropy alloys based on Al, Cu, Ni, Fe and Co are presented. It was established that after the
formation of samples by layered deposition on diffraction pattern, lines from two phases with a fcc lattice and
traces of the bee phase are fixed. After homogenization by thermal annealing of the samples, there remains one
fee phase s.s. HEA (a = 0.360-0.365 nm) and traces of the bee phase (most likely s.s. a-Fe(Cr)), that is, in fact, sin-
gle-phase. It was received that the dependence of the magnetoresistance versus induction has all the features of
the GMR with amplitude 0.15-0.20 %. Resistivity and thermal coefficient of resistance have relatively large val-
ues p~10-7Ohm.m and S~ 10-3 K-1. Within the size effect models in the temperature coefficient of resistance,
the mean free path of electrons (4= 73-85 nm) is calculated. The field and temperature dependences of the mag-
netization at the magnetic field induction B=0-5T (T'=2 and 300 K) at the conditions field of cooling (FC) and
cooling without a magnetic field (ZFC) in the temperatures range from 2 to 400 K are presented.
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1. INTRODUCTION

In recent years, intensive studies of the crystalline
structure, mechanical and magnetic properties of a new
class of materials - high-entropy alloys (HEA) [1-4] in
the form of bulk samples based on ferromagnetic (Fe,
Ni, Co), fee (Al, Cu etc.), bee (Cr, V) or hpe (Hf, Zr, Ti)
metals have been carried out. HEA is classified accord-
ing to their structure. Typical representatives of HEA
are the solid solutions (s.s.) based on Mo, Nb, Ta, W
and V. Formation of the hce structure is characteristic
for HEA based on Co, Fe, Ni, Cr and Cu. HEA based on
Co, Ti, Zr with hpc structure is less common.

The conditions for the formation of equiatomic HEA
there are values (see, for example, [5]):

— mixing entropy AS,,. =-RYcInc,>1.61R (for

@)
five and more components);
— empirical parameter of difference of atomic sizes

n I. 2
.G (1—7') < 5%;
i-1 r

— enthalpy mixing of multicomponent solid solution

AH i = 2 4AH;Cc),
@i, j=i)

where ri— the atomic radius i- element;

ci— the concentration i- component;

r_ average atomic radius;
AHjmy — mixing enthalpy of two-component alloy

equiatomic alloy. We note that the samples tested meet
these conditions.

At the moment, considerable experimental material
has been accumulated (see, for example, [5]) about
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mechanical and magnetic properties of HEA in a bulk
state. We have initiated the research [6, 7] of electro-
physical properties (resistivity, thermal resistance —
TCR) and magnetoresistive (giant magnetoresistance —
GMR) properties based on Cu, Al, Cr, Fe, Ni and Co.

The purpose of this work was as in the subsequent
study of electrophysical and magnetoresistive proper-
ties of multicomponent film alloys with different con-
centrations of magnetic components.

2. EXPERIMENT TECHNIQUE

The film samples are condensed with metod layer
by layer condensation with control the thickness of the
individual layers by quartz resonator method. For the
diffraction and electron-microscopic studies was used
NaCl-substrate (S), and for the resistance and magne-
toresistance measured and EDS spectra to obtain —
ceramic substrate, to measure of magnetization and
EDS spectra to obtain was used polysilicon with
naturally oxidized superficial layer (SiOx).

On Fig.1 and Table 1 shows general characteristics
of the samples and data on the chemical and elemental
composition (QUANTA 600 FEG, firm «FEI», Nether-
lands) of the samples obtained by layer condensation,
as well as experimental data on TCR are presented (see
Section 3.2). On Fig. 2 shows the distribution maps of
the elements.

The concentration of individual components was es-
timated by the ratio:

ol

G=- -
%pidi/ui
i=

where pi, di and u — density, thickness and molar mass
of individual components, and refined by the method of
energy-dispersion analysis.
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Fig. 1 - EDS spectra from Cu(5.5)/Ni(5.5)/Fe(5.5)/Co(5)/ Al(8)/S sample (a) and sital substrate (b)
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Structural and diffraction studies were held on de-
vice TEM-125K (firm Selmi, Sumy). Based on the tem-
perature dependence of the resistivity (o) (Il tempera-
ture cycle at the cooling) calculated thermal coefficient

p(T)-p(300)
(300)(T —300)
The value of magnetoresistance (MR) calculated based
R(B)-RO)
R(0)
measure p(7T)and R(B;) and calculate TCR and MR

used appropriate computerized complex.

of resistance (TCR) base on ratio g =

on field dependence R(B) by ratio MR =

Table 1 — General characteristic of HEA films
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Fig. 2 - Map

of

elements distribution in sample

Cr(7.5)/Al(4.5)/Co(7.3)/ Cu(4.8)/Ni(7)/Fe(7)/S

C trati TCR
No [Sample (thickness, nm) oncert1 (;a 1om, 103, K-t
arv at the 7= 300 K
Fe(28)/Co(12)/Al(15)/
1 Ni(17)/Cu(17)/S 30/156/12/21/21/S 3.00
Fe(18)/Co(12)/Al(15)/
2 Ni(17)/Cu(17)/S 23/17/14/23/23/S 3.24
Fe(14)/Co(17)/Al(21)/
3 Ni(15)/Cu(7)/S 20/26/21/23/10/S 2.57
Al(20)/Co(34)/Fe(32)/
4 Ni(38)/Cu(31)/S 18/22/23/23/13/S 3,00
5 Al(4)/Cu(3.2)/Co(4.5)/  |11/13/19/20/19/17/ 2.00
Cr(5.2)/Fe(4.7)/S 11/8 )
Cr(7.5)/A1(4.5)/Co(7.3)/
6 Cu(4.8)/Ni(7)/Fe(7)/S 19/8/21/12/19/19/S 1.80
Cu(5.5)/Ni(5.5)/Fe(5.5)/
7 Co(5)/AI(8)/S 20/21/19/20/20/S —
Co(20)/Ni(14)/Cu(19)/
8 Fe(29)/A1(18)/S 22/15/20/30/13/S —
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The films magnetization was measured on a magne-
tometer MPMS3 (SQUID) in parallel and perpendicular
orientation of the magnetic field relative to the sample
plane.

3. RESULTS AND DISSCUSION
3.1 Crystalline Structure

In Fig. 1 shows examples of a typical diffraction
pattern and microstructure of film samples in non-
annealed and annealed to 800 K state. It should be
noted that the samples Nol and No2, like the others in
Table 1, have a non-equiatomical composition and a
slightly different concentration of magnetic compo-
nents. This is manifested in some differences micro-
structures both in the initial state and after annealing
(Fig. 3).

Microparticles of dark contrast (we call them qua-
sigranules), in our opinion, have a magnetic nature and
have an important role in electrophysical and magnetore-
sistive properties. Spin-dependent scattering of electrons,
which is a prerequisite for the realization of giant magnet-
ic resistance (GMR), can be realized on quasi-granules.
We note that earlier in the paper [8] noted the stabiliza-
tion of such entities (the authors call them micro-domains)
in bulk HEA, as additional centers of conduction electron
scattering.

Diffraction studies indicate that in the film HEA
the main phases can be the fcc phase based on Cu with
the parameter a = 0.3604-0.3650 nm or axial Al at its
excess 1n the alloy with a = 0.4016-0.4050 nm.

In the first case, along with lines from the base fec
phase, traces of the phase with a lattice parameter a-Fe or
bee Cr are observed, which is interpreted as a solid solu-
tion a-Fe(Cr). Sometimes there are traces of another

phase, which the authors [3] interpret as an intermetallic
NiAl

Fig. 3 — The diffraction pattern (a) and microstructure of
sample No 1 (b, ¢) and film No 2 (d, e) as-deposition (a, b, d)
and annealing to 800 K state (c, e)
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Fig. 4 - The microstructure of Fe(14)/Co(17)/Al(21)/Ni(15)/
Cu(7)/S films as-deposition (a) and annealing to 800 K (b)
states

3.2 Electrophysical Properties

Fig. 5 illustrates on the example of film No 2 the
typical temperature dependence of resistivity (p) and
TCR (f). The nonmonotonic nature of the dependence
o(T) at the annealing is due to the processes of the
atoms ordering and the healings of the crystalline
structure defects. At cooling, there is a typical depend-
ence A(T) ~ A/T. The TCR at the T'= 300 K varies with-
in (1.8-3.0)-10-3K-1! (Fig. 3, insert, Table 1).

Physical content A(T) becomes clear if you use the
relations in the most general form for the resistivity

p(T)=BT" +p,,,

and temperature coefficient of resistance

di
P ="37

In a simpler form, when residual resistance
Pres << p(T), B(T) :%, where indicator n=1 (armo

p~D, 2 (p~T1%, 3 (o~ T? and, in the most common
case 0< n< 5.

The results obtained by us can be compared only
with data for bulk HEA, since there are no experi-
mental data on the electrophysical properties of film
alloys in the literature.

0-107. Q-m R-103. K-1

5.01

4.2°
540 660
3.4
2.6
300 420 540 660 T.K

Fig. 5 — The temperature dependences of resistive and TCR
(on insert) for HEA film Fe(28)/Co(12)/Al(15)/Ni(17)/Cu(17)/S.

An explanation of the large TCR is that the HEA has
an unordered structure, which causes both a large p and
its temperature sensitivity. Proceeding from the definition
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B= lS—f; , it can be argued that a certain increase in the

P
. . op
value pis compensated by an increase T

According to the data [8] p(300 K) and A(300 K) in bulk
HEA based on Cr, Mn, Fe, Co and Ni the following values
are 0.11:10-7 Ohm'm and 0.35:10-3 K-1, which an order of
magnitude more in the case p and less in the case of #in
comparison with our data. This can be explained by the
high degree of disordered bulk HEA, as well as by slightly
different elemental and phase composition.

Thus, the nonmonotonic dependence p(7) during
annealing is not associated with any mechanisms of
electron-phonon interaction. It reflects certain diffusion
processes of atoms, which lead to the HEA ordering and
the formation of the quasigranules.

Note that the calculation S(D) completely corre-
sponds (Table 2) to the theoretical representation of the
size effect in the TCR [9], since it has the same tenden-
cy to decrease the magnitude with increasing thick-
ness, as in the case of single-layer films. Table 2 shows
the results of TCR calculation based on the tempera-
ture dependence of the resistivity.

Table 2 — Temperature coefficient of resistance for HEA films
at the 7= 300 K
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ter of specular reflection from external surfaces of film;
H (r) — known function [9], which in our case = 0.3.

As can be seen from the above equations, the angu-
lar coefficient of dependence S-DversusD is S, or

B, » and by the size of the segment that is cut off by the

axis in, it is possible to calculate the value of the mean
free path. The following results were obtained in a
diffuse approximation (Table 3).

Table 3 — Results of calculations

Model B K-1 A, nm p H(x)
F-S 3.510-3 73 0 -
T-T-P 3.510-3 85 0 0.3

Sample (thickness, D, S 103, B D102,
nm) nm | K-' | nmK-!
EIIT | | | e
e | | s
i‘;gg;;gﬁg%‘“(m)/ 74 2.57 19.0
ﬁ%}g;’;;)écu@/ 39 1.80 7.2
MO | |

We first attempted to estimate the TCR value under
the condition D —o0 and calculate the mean free path of
conduction electrons in the HEA films. The calculations
were performed within the framework of the Fuchs-
Sondheimer model and using the linearized ratio by
Tellier-Tosser-Pichard [9]. In the framework of these
models, the dependence B(D) is rectified in the coordi-
nates S-D versus D (at the calculation not be the data
for the last sample in Table 2 are taken into account,
because it has a different chemical composition):

,B-D[Iﬂw-D—%ﬂw(l—p)-ﬂw, (F-S)

B-DUB,-D-2,(1-p)-B,-H(a), (T-T-P)

where 3, = ll)im B, B, —TCR, which is due to the scat-

tering of conduction electrons at the grain boundaries,
defects of the crystalline structure and on phonons
B, = B,; A, = 4, — the mean free path; p — the parame-

From the given values A, it is more correct to con-
sider A=85nm, since the formula (T-T-P) partially
takes into account grain boundary scattering of elec-
trons through the parameter o = %% where L 1s
the average grain size, R — is the coefficient of electron
scattering on the grain boundary.

The results we obtained for the mean free path of
electrons can be compared with the data of work [10],
which shows the dependence A on the Al atoms concen-
tration in a bulk high-entropy alloy Al:CoCrFeNi. At
the T=300 K, the value =94 nm (x=5.8 at.%) and
decreases to 4 =60 nm (x=15.8 at.%). In our case, the
more precise value A=85 nm at the x=(8-21) at.% 1is
well consistent with 4 =94 nm, which corresponds, as
in our case, fcc alloy with traces of bee-phase. We note
that the alloys chemical composition in our case and
the authors [10] is somewhat different.

Reasonable values f and A once again confirm that
the film HEA can be considered as single-layered mul-
ticomponent samples.

3.3 Magnetoresistance Properties

On Fig. 6 shows typical MR dependencies in three
measurement geometries on an example of
Co(20)/Ni(14)/Cu(19)/ Fe(29)/A1(18)/S film. The ampli-
tude of the MR in the range 0.15-0.17 % in three geom-
etries of measurement and its field dependence suggest
the realization of the GMR effect.

Such a situation is possible only in the case of spin-
dependent scattering of electrons. We conclude that
such scattering takes place on the quasigranules, since
no other mechanism can be proposed. On Fig. 7 shows
the temperature dependences of the magnetization for
a sample Cu(5.5)/Ni(5.5)/Fe(5.5)/Co(5)/ Al(8)/S.

We note that the film HEA has a relatively large
coercivity force Be = 0.2 T (for comparison we note that
according [10] in the alloy Alo.sCoCrFeNi (fcc + bec) the
value B:=0.05 mT). Such a distinction can be ex-
plained by different chemical composition of alloys. It
should be noted that similar temperature dependences
of FC and ZFC were observed by the authors [11] on
the example of low-entropy alloy Cuo.47C00.53.

The dependence M(T) under ZFC has a typical
character for ferromagnets, when based on large-domains
formed magnet-disordered range of permanent
magnetization, which causes a slow reduction M to zero.

02026-4




CRYSTALLINE STRUCTURE AND PHYSICAL PROPERTIES...

J. NANO- ELECTRON. PHYS. 11, 02026 (2019)

MR, % ) ,
0.05 a 0.05 MR, % 005 MR, %
b <

0+ 0. 0l
. 4 -0.054
0.05 -0.05 4 P
0.1+ o -~ 0.1 0

—_ -0.1
ots] 0.15
h -0.2 -0.159
-0-2--41'50 300 <150 0 150 300 B.mT 0251 02
R - 450 <300 -150 0 150 300 B mT 450 -300 -150 0 150 300 B.mT

Fig. 6 — Field dependence of MR for film HEA Co(20)/Ni(14)/Cu(19)/ Fe(29)/Al1(18)/S after annealing to 810 K for three geometries
of measurement — longitudinal (a), perpendicular (b) and transverse (c), respectively. The arrows indicate the directions of mag-

netization — demagnetization

M:10°. A/m M:10°, A/m

1 B=10mT
1.0+ 2 - "““"“"”“"“"n.,% Fig. 7- Temperature dependence of the
55 : W magnetiza}tion for a samp.Ie
- O oaa,e.-n,", Cu(5.5)/N1(5.5)/Fe(5.5)/Co(5)./ Al(8)/S in
0.0 0.8 !hnno.o.aon.,., 2 B0 el parallel (1, 2) and perpendicular (3, 4) ori-
1 0.“““%“““,% '33‘ entation of the magnetic field to the sample
04l 0'“ “”::::o. plane. Temperature: 1,3 — 300K; 2,4 — 2K
L oao,.nw“'““ B=0 (a) and the temperature dependence of the
43330000°°°° magnetization under the conditions FC
a0 , , | (B-10mT) and ZFC (B=0) in two

5.0 2.5 0.0 2.5 5.0 0 100 200 300 400 geometrical measurements

4. CONCLUSIONS

Investigations of the structural and phase state,
electrophysical and magnetoresistive properties allow
the following conclusions:

+ at the layer-condensation of ultra thin layers (up
to 30 nm) with subsequent annealing up to 800 K, it is
possible to form a homogeneous HEA films with a fec
lattice and parameters close to the parameters of the
excess component Cu or Al;

+ resistivity and TCR have relatively high values.
what can be explained by the film defects and the addi-
tional scattering of conduction electrons by magnetic
quasi-granules;

* the mean free path of electrons 1 =73 nm (Fuchs-
Sondheimer model) and 85 nm (Tellier-Tosser-Pichard
model) were calculated, which qualitatively agrees with
the A for analogous to the chemical composition of the
HEA,
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Kpucraniuua crpykrypa i pisuuni B1acTUBOCTI BHCOKOEHTPOMMIMHUX CIIABIB
10.C. Bepesusax!, M. Opielak?, JI.B. Oguonsopers!, J1.B. IToxypemue!, LIO. IIpomenxo?, 10.M. Illabenbrmk!

L Cymcokuil OepacasHull yrisepcumem, 8yJ. Pumcvrozo-Kopcakosa, 2, 40007 Cymu, Yipaina
2 Lublin University of Technology, 38A, Nadbystrzycka Str., 20-618 Lublin, Poland

Ilpencrassieni pe3ysbraTy MOCIIKEHHS (PA30BOTO CKJIAMY, €JeKTPOMIsUIHUX (OIp, TeMIepaTypHUN
K0edIITIEHT OIOPY), MArHITOPE3UCTUBHUX (TIrAaHTCHKUM MATHITOOINP) TA MATHITHHUX (HAMATHIYEHICTH) BJIAC-
THBOCTEM TOHKUX BHCOKOEHTPOINHHUX maiBkoBuX (10 100 HM) crrasis Ha ocHoBi Al, Cu, Ni, Fe ta Co. Bera-
HOBJIEHO, IO ITicJist GOPMyBaHHS 3pa3KiB METOJIOM IIOIMIAPOBOI KOHIEHCAIlll Ha AU PaKITIHHIf KapTUHi (Pik-
cyrorbes JiHil Bix nBox das 3 'I[K-pemritkomo Ta caigu OI[K-dasu. [Ticas romorenisariii misxoM TepMIidHO-
ro BigmaoBaHHS 3paskis danumnaerses ogHa ['TIK-dasa t.p. HEA (a = 0,360-0,365 um) 1 caigu OIIK-dasu
(muBugmie 3a Bee, s.s. a-Fe(Cr)), To6To miaiBKky cTamoTh GakTudHo ogHopasHEuMu. OTpUMAaHO, IO 3aJeKHICTD
Mar"iToonopy Bix iHayKIlii mae osHaku I'MO 3 ammmitynomwo 0,15-0,20 %. Bennuuau nuromoro omopy 1 Tep-
MIYHOTO KOe(iI[ieHTy OII0py MAaloTh BITHOCHO BeJnKi 3HaueHHs p~ 10-7 Omm 1 S~ 10-3 K-1. ¥V pamrax mo-
Jesieit poaMipHOTro edeKTy B TepMIYHOMY KOedIIIEHTI OIopy pO3paxOBaHA BeJIMYMHA CEPEeIHBOI JOBKUHU
BLJIBHOTO TPo0iry esieKTpoHiB (A = 73-85 um). [Ipencrasieni mosaboBi 1 TeMIepaTypHi 3aJIesKHOCTI HAMArHi-
YeHOCTI B iHTepBasiaxX IHAYKINI MaraiTHoro moJist B = 0-5 T (7= 2 1 300K) mpu mosiboBomy oxososkenti (FC)
1 oxoJstomsreHi 6e3 aii maruiTHoro moJisa (ZFC) B inrepsasti remmeparyp 2-400 K.

Kiouosi cioBa: Bucokoenrpomiituuit crinas, Enemenrapuuii ckinan, ITutomuit omip, TemneparypHuii xo-
editient omopy, MaruiToomip, HamaruiuewicTs.
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