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The results of research the phase composition and electrophysical (resistivity, thermal coefficient of
resistance, strain coefficient) and magnetoresistive properties (anisotropic magnetoresistance) of thin films
(to 40 nm) high entropy alloys (HEA) based on Al, Cu, Ni, Cr, Fe, Co and Ti. It is established that after
forming the layered samples by electron condensation on diffraction pattern fixed lines from the two
phases of the fce lattice and actually tracks the bee phase. After homogenization by annealing the samples
is one of the fcc phase s.s. HEA and traces bec phase (likely s.s. (a-Fe, Cr)), that samples are single phase.
The study electrical properties allowed watching the first double-stage plastic deformation of a large value
of the coefficient gauge (300 units), watch probably, is typical for HEA. The character dependences MR
from induction indicates to realization of anisotropic magnetoresistance.
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1. INTRODUCTION

In the last decade is conducted intensive research of
crystal structure and mechanical properties of the new
class of materials — high entropy alloys (HEA), whose
improve properties were first noticed by the authors
[1]. Since these alloys are formed from 5-13 elements
(mainly HCC and refractory bce or hee metals), they
have high entropy of mixing (ASmi:), then the HEA
have more stable phase in a bce or fec solid solution
(s.s.) compared to intermetallic compounds and other
complex structures (see., eg, [2]).

Depending on the concentration of some component
(eg atoms Ni) can simultaneously stabilize the fcc and bee
s.8. [2-5] or bce s.s. - (a - Fe, Cr) and intermetallic AINi [6]
in a bulk HEA AlCrFeCoNiCu. Nitride phase of HEA
based on Ti, V, Cr, Zr and Hf have fcc lattice [7-9].

Although the metallic phase have bcc lattice [7]
analysis [2], we conclude that stabilizing the fcc or bee
completely determined by average concentration of
valence electrons per atom located in the valence band
of the alloy, at a concentration of less 7.2 el./at. formed
bee phase at 7.2-8.2 el./at. — two-phase composition
fcc + bee stabilized and at concentrations greater
8.2 el./at. — fcc phase s.s. HEA.

In nitride phase HEA based on Al, Cr, Nb, Ti Si
semiconductor and also stabilizes the fcc phase (see., for
example, [11, 12]). Analysis of the results [1-12] indicates
that the feature of conducted studies is that the HEA bulk
samples obtained by vacuum- arc [7] or magnetron [8-12]
sputtering. The peculiarity of our experiments consists
firstly in the fact that formation of s. s. made by layer by
layer condensation of some individual components of
thickness 8 nm (total thickness — 40 nm), which, thanks to
condensation-stimulated diffusion and low thickness,
causing mixing of atoms and forming s.s.

Secondly, the aim of our work was to study not only
of HEA phase, but also electrophysical and
magnetoresistive properties in what consists a large
degree of novelty of the obtained results.
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PACS numbers: 61.66.Xx, 62.20.F —, 75.47.Np

2. METHODOLOGY AND TECHNIQUES
EXPERIMENT

The film samples are condensed with metod layer by
layer condensation wiyh control the thickness of the
individual layers by quartz crystal method. For the
diffraction and electron-microscopic studies was used
NaCl-substrate (S), and for the resistance and
magnetoresistance measured — lining with ceramics.

Strain coefficient measured by the method [13-14]
using polystyrene substrates. The concentration of
component was calculated and refined by EDX analysis.
The calculation of entropy of mixing (ASmix), as a
criterion HEA performed on ratio [15] (see. also [2]):

45, .. = —Ri ¢;Ing;,

i=1

where i and ¢; — the number and atomic (molar)
concentrations of i-components.

In the Table 1 shows general characteristics of the
samples. Mark that the samples with seven components
No1' and No2' are different from the six-component
samples No 1 and No 2 only additional layer of Ti. Also
note that the elemental composition of samples No 1 and
No 2 responsible of samples studied by the authors of [2,
6]. Note also that the value ASnix samples No 1 and No 2
is consistent with ASmix = 14,30 and 14.90 J/(mol-K) [2].

Based on the temperature dependence of the
resistivity (p) (Il temperature cycle at the cooling)
calculated thermal coefficient of resistance (TCR) base

A1) - p(300)
Pp(300)(T —300)

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

the  ratio V= W
&

magnetoresistance (MR) calculated on the basis of field

on ratio f= Integral value of strain

The value of
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Table 1 — General characteristics of HEA films
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No Sample (thickness, nm) ci, at. % ASmix, J/(mol-K)
1 Cr(7,5)/A1(4,5)/Co(7,3)/Cu(4,8)/Ni(7)/Fe(7)/S 19/8/21/12/19/19/S 14,58
1’ Ti(2,2)/Cr(7,5)/A1(4,5)/Co(7,3)/Cu(4,8)/Ni(7)/Fe(7)/S 4/18/9/20/12/19/18/S 15,33
2 Al(4)/Cu(3,2)/Co(4,5)/Cr(5,2)/ Fe(4,7)/Ni(4)/S 11/13/19/20/19/17/S 14,76
2’ Ti(2,5)/A1(4)/Cu(3,2)/Co(4,5)/ Cr(5,2)/Fe(4,7)/INi(4)/S 6/11/12/18/18/19/16/S 17,72

R(B)-R(0) .

R(0)
measure p(T), R(g;) and R(B;) and calculate g3, y,
and MR used appropriate computerized complex.

dependence R(B) based on ratio MR =

3. RESULTS AND DISCUSSION
3.1 Crystalline Structure

Electron microscopic study (Fig. 1) indicate that in
the initial state (after condensation) crystal structure
are exclusively disperse (average crystallite size
L <10 nm), although with annealing the samples to
850 K beside with this structure is formed of fine
fraction with size L = 50 nm. The character of electron
diffraction (Fig. 1, insert) indicates that at the stage of
condensation in HEA film formed two fcc and bec phase
(so called B2 phase [2]). A similar phase composition
the authors [2] observed. Formation hccl and hcc2
phases associated with the not finished process of
forming s.s. HEA, although with annealing the samples
to 850 K happening homogenization alloy and
formation s.s. HEA with hcc lattice based on the fecl
and fcc2 (Fig. 1d). Most likely one of the fcc phase
initially formed as s.s. HEA, the other was a
metastable phase based on Al and Ni [6], which
collapsed during annealing. According to the findings
[6] bec phase can be magnetic s.s. (a-Fe, Cr). In this
case it will be possible to realize the magnetic domains
based on two s.s., that will cause highs accommodation
on Fig. 4 a, b (800 K) and Fig. 4 ¢ (300 and 800 K).

Gray background between diffraction lines (111)
and (200) indicates to its specific disorder and vacancy
defects. The annealing of samples promotes healing of
defects and ordering of some s.s. (Fig. 1 d). It should be
noted that the reflexes from oxides Al2Os and Crz203
have a point character and small intensity, which is
associated with a small effective thickness of layers of
Cr and Al. Also note that from bcc phase (phase B2)
was observed in [2], fixed two very weak line (200) and
(220), while the most intense line (110) not fixed.

Mark that the average value of the parameter fcc
lattice s.s. very good agreement with the corresponding
parameter for s.s. (Cu, Ni) a =0,352-0,366 nm [17]. Also,
we note that the addition of a thin layer of Ti (1' and 2
samples) does not affect their phase composition.

The fact that in this case, annealed HEA actually
have only hce - phase requires additional explanation.
It is known (see., for example, [15, 16]) that the
formation of HEA is the performance of conditions: the
value of ASmix six-components alloy should be more
ASnix=1,75 R = 14,54 J/(mol'K) for equiatomic alloy
and parameters of difference atomic size

Fig. 1 — Microstructure and diffraction patterns from sample
No1 (a, b) and No 2 (c, d), the annealing temperature, K:
300 (a), 600 (b) and 850 (c, d)

Table 2 — Decipherment of diffraction pattern shown in Fig. 1d

No | d,, nm hkl a, nm Phase
1 0,2610 — — Cr203
2 0,2373 - - Al203
3 0,2373 — — Cr203
4 0,2175 111 0,3616 S.S.
5 0,2088 200 0,3600 S.S.
6 0,1420 200 0,2840 bce
7 0,1272 220 0,3597 S.S.
8 0,1010 220 0,2850 bce
9 0,10870 311 0,3605 S.S.

a(s.s.) = 0,3604 nm

5= ,ici(l—if :
i=1 r

— n
where r,— atomic radius i-component; r= chiri -
i=1

average atomic radius, should be less 6.6 % (in our
case 6<1 %). Implementation of these two conditions
causes formation HEA.

3.2 Electrophysical Properties

On Fig.2 shows a typical dependence of the
resistivity and TCR (inset) for HEA. Characteristic
features of samples is relatively high TCR (~ 10-3 K-1)
and the concentration of defects in the crystal structure
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Fig. 2 - The dependence of the resistivity and TCR (inset)
versus temperature annealing for sample No 2 (a) and No 2
(b); I, I — the number of temperature cycles

of the «vacancy - interstitial atoms», which reduce the
resistivity at the annealing in the first cycle of «heating
— coolingy.

At the study of strain coefficient (SC) of HEA, we,
probably, first observed strain effect feature, which is
illustrated in Fig. 3. At the strain in the range
Ag, =(0—-1)% happening of the transition from elastic
to plastic strain (we call it plastic strain type I) is at
(Fig. 3a).

At the I strain cycle on the range Ag ;= (0-0,5)%

the value strain coefficient y;=12,0, and range
Ag 5 = 0,5-1,0)%, 7,1 =300 and Y, mm =25 that can

take place only in semiconductor films. In these II and
IIT cycles of strain observed linear dependence of
AR/R(0) versus ¢,, value of SC 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% (Fig. 3 b). This transition is accompanied
by an increase of value SC up y ;; ;y =12,5t0 y p, =90,

which is a significant value. 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.

J. NANO- ELECTRON. PHYS. 8, 03026 (2016)
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Fig. 3 - Strain which

dependences for
illustrated of two-stage plastic strain

sample No 2,

Described feature of two-stage at the strain effect
never observed in the case of single-layer or multilayer
films (see., for example, review [18, 19]), with their
plastic strain.

3.3 Magnetoresistive Properties

Research of MR were performed in geometry CIP
(current j in the film plane) at the three relative
orientation of the magnetic field: longitudinal (|),
transverse (+) and perpendicular (1) at an operating
current from 0.5 to 1 mA. Typical MR magnetoresistive
depending on the induction B shown in Fig. 4. Since
bee, s.s. HEA typical ferromagnetic [6], without
elements of granular state, then it is a anisotropic
magnetoresistance (AMR), which is clearly manifested
in position and, on the one hand, and the positions b
and ¢, on the other hand (Fig. 4).

The effect of annealing to 800 K leads to some
increase in the amplitude of the MR (positions a and b),
while in the case with the amplitude of the MR
virtually unchanged. The relatively small size of the
amplitude explained small thickness (40 nm) and very
small value of the working current. Splitting the
maximum on the dependence of MR due with to
domain structure fcc s.s. HEA.

4. CONCLUSION

The crystal structure, electrophysical (resistivity,
TCR and SC) and magnetoresistive properties (AMR) of
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Fig. 4 - Dependence MR from induction B for the sample No 2 at the three orientations of induction relative to the electric

current: longitudinal (a), transverse (b) and perpendicular (c)

film HEA based on Cr, Fe, Al, Cu, Ni and Co were
studies. Established immediately after condensation of
the film it is formed, probably three phases: fecel (s.s.
HEA), fce2 (possibly metastable AINi) and bce (possibly
s.s. (a-Fe, Cr)). During annealing fcc phase 2 breaks and
s.s. (arFe, Cr) actually disappears, because the electron
from it recorded only 2-3 very faint line.
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Kpucraniuba crpykrypa, ej1eKTpodQisnudHi Ta MArHiTOPE3MCTUBHI BJIACTUBOCTI IIIBKOBUX

BHCOKOEHTPOIIINHUX CILIABIB

C.I. Bopo6iios?, II.M. Korgpaxosal, C.O.Henmiiro!:2, JI.B. I[lomypemue!, H.I. Illymaxosal,
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IIpencrasieHi pesyabTaTh OOCTIIKEHHS (a30BOTO CKJIALY, €JIEKTPO(QI3UYHUX TA MATHITOPE3UCTUBHUX
BJIACTUBOCTEHM TOHKMX ILTIBOK (10 40 HM) BUCOKOEHTPOIMIHUX ciiaBiB Ha ocHoBi Al, Cu, Ni, Cr, Fe, Co ta Ti.
VcrauoBieno, mo miciisi OpMYBAaHHS 3PAa3KiB IIJISXOM IIOIIAPOBOI KOHJEHCAINl HA eJIEKTPOHOrpamax
dircyerbesa muil Big nBox das i3 'K permitkoo 1 daxruamo cmigun OIK dasu. Ilicos romoremisarrii
IIJIIXOM TePMOBIAIATOBaHHSA 3pa3kis sanumaerhbesa ogua ['TIK dasa T.p. BEC 1 cmigu OIIK dasu (ckopirre
3a Bce T.p. (a- Fe, Cr)), ToOr0 3pasku e omuodasHumu. JlocimiIKeHHS eIeKTPO(I3UYHUX BJIACTUBOCTEH
JI03BOJIMJIO  BIIEpIIE CIIOCTEPIraTH [BOCTAMIMHY IUIACTHYHY [JedopMalfiio 13 BeJMKUM 3HAYEHHSIM
KoedirienTa Ter3ouyTuBocTi (o 300 omuuwmie) € xapakrepaum misi BEC. Xapaxkrep sanexnocreit MO Bif
1HAYKIN] BRA3ye Ha peasii3alfiio aHi30TPOITHOI0 MarHITOOIIOPY .

Knrouori cioBa: Bucokoenrtpormiiiai — crasw,
TensouyriauBicTb, AHI30TPOIIHUP MATHITOOIIID.

Touri mmiBkm, Tepmiunuii KoediIIieHT oOIOpY,
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Kpucrannuueckas ctpykrypa, a31eKTPpOo(u3ndeCcKre 1 MATHUTOPE3NUCTUBHBIE CBOMCTBA
IJIEHOYHBIX BBICOKOIHTPOMUMHBIX CIIJIABOB

C.U. Bopo6ser!, JI.M. Kougpaxora!, C.A.Henmiiro!2, JI.B. ITogypemue?, H.W. lllymaxogal,
N.E. Ilpomenko!

1 Cymcruii 2ocydapemeennviii yrnugepcumem, yu. Pumckozo-Kopcakosa, 2, 40007 Cymbi, Ykpauna
2 University of Mainz, 7, Staudingerweg, 55128 Mainz, Germany

TlpencraBiieHBl Pe3yIbTATH UCCIEIOBAHUSA (PA30BOIO COCTABA, dJEKTPOMUIMUECKUX ¥ MATHUTOPE3UCTUBHBIX
CBOMCTB TOHKMX IUIEHOK (00 40 HM) BBICOKOSHTpOmMMHBIX ciwiaBoB Ha ocHoBe Al, Cu, Ni, Cr, Fe, Co n Ti
YcranoBieHo, uTo TIOCTE (POPMUPOBAHMS O0PA3IOB IIyT€M ITOCJIOMHON KOHJEHCAITMH Ha JJIEKTPOHOIPAMMAX
durcupyerca muuun ot aByxX das ¢ LK pemrerkoit u daxruyeckn ciaenpl OIIK daser. IToce romorenusarym
myTeM TepMooTikura 06pasiioB ocraercsa ogua ['TIK dasa T.p. BOC u ciemer OLIK dassr (cropee Beero T.p. (- Fe,
Cr)), To ecTb 00pasLBL ABIAIOTCA 0qHOMA3HEIMU. VceenoBanme 3JIeKTPOPUIMIECKIX CBOMCTB II03BOJIMIIO BIIEPBEIE
HAOMIONATh  JBOCTQIMMHYIO ILTACTHYECKYI0 jgedopMmariuio ¢ OosbimM — 3HaYeHWeM  KoaduitmeHTta
TeH3ouyBerBUTeIbHOCTH (M0 300 emmuwmin) xapakrteprou mis BOC. Xapaxrep sasucumocteit MC or mHIyKIMN

YKa3bIBaeT Ha peali3allyuio aHU30TPOIIHOI'0 MAarHUuTOCOIIPOTUBJICHUA.

Kmiouesnsie cioBa:

BHCOKOSHTPOHHﬁHBIe CILJIaBBI,

Toukne mICHKH,

Tepmuuecknit  koadppuITEHT

COIIPOTHUBJICHNI, TeHSO‘IyBCTBHTeJ’IBHOCTb, AHI/ISOTI)OHHOG MAaTrHHUTOCOIIPOTHUBJICHHE.
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