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The paper shows the experimental results of the study of magnetoresistive properties and electrical
conductivity of medium-entropy alloys based on permalloy FeosNios and Cu with a copper concentration
from 5 to 50 % obtained by the technique of simultaneous deposition in vacuum. It is shown that the phase
composition of both recently deposited and thermostabilized at a temperature of 700 K film alloys with a
thickness d =20-100 nm corresponds to the FCC phase of s.s. FeNi(Cu) with the lattice parameter
a=0.360-0.361 nm. After annealing the samples at a temperature of 700 K, an increase in the size of the
crystallites to 50 nm is observed. For all samples, the anisotropic nature of the field dependences of the
magnetoresistance with an amplitude value of 0.02-0.3 % depending on the thickness and Cu content is ob-
served. With increasing concentration of copper, the value of the longitudinal and transverse magnetore-
sistance decreases. Annealing of film alloys leads to an increase in the value of the anisotropic magnetore-
sistance by 1.5-3 times. Reducing the measurement temperature to 120 K increases the value of the mag-
netoresistance by 1.3-1.5 times. For films with d = 20-30 nm and copper content of 5-30 %, the resistivity is
(40-55)10-7 Ohm-m, and for films with dr= 40-70 nm and copper content of 40-50 % — (10-20) 10-7 Ohm-m. An-
nealing of the samples at a temperature of 700 K leads to an irreversible decrease in resistivity by 1.5-
2 times depending on the thickness and Cu content. Typical metal temperature dependences of resistivity
are observed for all thermostabilized samples.
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1. INTRODUCTION

At the present stage of development of materials sci-
ence, methods of formation and results of studies of the
physical properties of high-entropy alloys (HEA) are of
great interest. Of particular note are alloys, which can
form disordered solid solutions. This is due to the study
of the reasons for the formation of such structures, and
the possibility of creating functional elements with im-
proved performance.

The authors of [1] found that structures of simple
solid solutions can be formed in alloys of equimolar
composition. Such multicomponent alloys have a num-
ber of improved properties (hardness, strength, plastici-
ty, corrosion resistance, etc.) [1-5]. But in [2, 3] it was
shown that ordered solid solutions and/or intermetallic
phases are formed in many HEA. Therefore, when ob-
taining a HEA with specified properties, their phase
composition and microstructure should be taken into
consideration.

It should also be noted that at present a large vol-
ume of both experimental and theoretical studies of the
phase composition and mechanical properties of multi-
component alloys in the massive state has been accumu-
lated, although studies of electrophysical and magneto-
resistive properties have been initiated [4, 5] only for
thin film samples.

Therefore, the aim of the work was to study the
structural-phase composition, electrical conductivity
and magnetoresistive properties of medium-entropy film
alloys based on permalloy and copper, which in the
future will be used as a basis for HEA.

PACS numbers: 73.61.At, 72.15.Gd

2. EXPERIMENTAL DETAILS

Three-component film alloys based on permalloy
(FeosNios) and Cu with a layer thickness of 30-70 nm
and Ccu <50 at. % were obtained in a vacuum chamber
at a gas pressure of a residual atmosphere of 10-4 Pa.
Simultaneous deposition of the films was carried out as
a result of evaporation of metals from independent
sources (Cu — from tungsten tape, FeosNios — electron
beam gun). The film thickness was determined using a
quartz resonator with a measurement error of = 5 %.

The components concentration was calculated based
on ratio:
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which takes into account the effective thickness of the
metal layers [6]:
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where d1 is the Cu film thickness; d2 and d's are the
effective layer thicknesses that can be formed based on
Fe and Ni atoms which are part of the permalloy film; pi
and g are the density and molar mass of elements.

According to [6], the thickness can be calculated as
shown in ratio (2):
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The study of the crystal structure and phase compo-
sition of the films was carried out by electron microscop-
ic and electrographic methods (transmission electron
microscope TEM-125K). Measurements of longitudinal
and transverse magnetic resistance (magnetic field in
the film plane) and thermomagnetic treatment of films
were performed in a special installation under condi-
tions of ultrahigh oil-free vacuum (10-6-10-7) Pa in a
magnetic field with induction up to B =200 mT. The
value of the longitudinal and transverse magnetore-
sistance of the film samples was calculated by (3):

(R(B) — R(Bc))/R(Bo), 3

where R(B) is the resistance of the sample in a magnetic
field with induction B; R(Bc) is the resistance of the
sample in the field with coercive force Bc.

3. RESULTS AND DISCUSSION
3.1 Phase Composition

Let us first consider features of the structural and
phase state of FeosNios film alloys. According to the re-
sults of studies of the phase composition of the massive
FeosNios alloy presented in [7], when the concentration of
Fe atoms (Ck.) is about 50 at. %, the NiFe phase is stabi-
lized. According to the data of [6, 7], the NiFe phase has a
FCC lattice with the parameter 0.359-0.361 nm.

The study of the phase composition of films by elec-
tron diffraction showed that in all recently deposited
and annealed at 700 K Feo.5Nios films with a thickness
d =20-100 nm, as in massive samples of the corre-
sponding composition, FCC NiFe phase with the lattice
parameter a = 0.360-0.361 nm is observed (Fig. 1a).

The phase composition of recently condensed films
based on permalloy and copper with a thickness d = 20-
100 nm and Cc.=5-50 at. % corresponds to the FCC
phase of s.s. FeNi(Cu) with the lattice parameter
a =0.360-0.361 nm. After annealing the films at a tem-
perature of 700 K, due to the increase in the size of the
crystallites to 50 nm, the width of the diffraction rings
decreases (Fig. 1b). In this case, changes in the phase
composition and lattice parameter are not electronical-
ly recorded.
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Fig. 1 - Electron diffraction patterns of film alloys annealed at a
temperature of 700 K: FeosNios, d = 40 nm (a) and FeosNios(Cu),
Ceu = 20 at. %, d = 40 nm (b)

3.2 Magnetoresistance

Let us consider the results of the study of the mag-
netoresistive effect in alloy films based on permalloy
and copper with d = 20 — 80 nm and Cc. = 5-50 at. %. For
all samples, both recently condensed and annealed at a
temperature of 700 K, the anisotropic nature of the field
dependences of the magnetoresistance (positive longitu-
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dinal and negative transverse magnetoresistance) was
observed. Fig. 2 shows typical dependences of the longi-
tudinal and transverse magnetoresistance on the induc-
tion of an external magnetic field for alloy films with
Ccu=30at. % and d=40nm (measurement tempera-
ture Tm =300 K). As can be seen from the figure, these
dependences are similar to the corresponding depend-
ences for single-layer films of ferromagnetic metals and
alloys [8-10].

A common feature for all field dependences
(AR/Rc)(B) with an anisotropic character is a sharp
change in the magnetoresistance (MR) in the field in-
terval of —3-3mT and a tendency to saturation in
stronger fields. Note that the amplitude of the magne-
toresistive effect for film alloys with a Cu concentration
of less than 50 at. % is less than 0.02 %. This, in our
opinion, is due to a decrease in the spontaneous mag-
netization of the film alloy with an increase in the Cu
content. Samples with a Cu concentration of less than
50 at. % are magnetically ordered at room temperature,
and their MR reflects the magnetic contribution to the
scattering of conduction electrons and depends on the
magnitude and orientation of the spontaneous magnet-
ization. The reason of anisotropic MR in ferromagnets
is the interaction of conduction electrons with external
electrons, the spin moments of which cause spontane-
ous magnetization [10].

It should be noted that the values of longitudinal
and transverse MR for annealed samples are concen-
tration-dependent in the range of Cc. < 50 at. % (Fig. 3).
As can be seen from the figure, both the longitudinal
and transverse MR only increases with decreasing
copper content. This course of dependences is due to the
increase in the spontaneous magnetization of the film
alloys with decreasing Cu content.

With a decrease in the measurement temperature to
120 K, no significant changes in the field dependences
of the anisotropic MR are observed. The shift of the
peaks in the dependences in the direction of stronger
magnetic fields is fixed, which is associated with an
increase in the coercive force of the films. Fig. 4 shows
the dependences (AR/R(0))max(T) for the longitudinal
and transverse MR of alloy films annealed at 700 K.

For all samples there is an increase in the value of MR
with decreasing temperature in the entire temperature
range. It should be noted that the value of MR of annealed
films does not exceed 0.5% even at a temperature of
150 K, and at 600 K it becomes less than 0.02 %.
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Fig. 2 - Field dependences of longitudinal (| |) and transverse
(+) MR of film alloys based on permalloy and Cu, Ccu = 20 at. %,
d =40 nm

03034-2



ELECTRICAL CONDUCTIVITY AND MAGNETORESISTIVE ...

(AR/R(Bc))max, %
4

03 I al
2 &
02 . 2
0,1 - &~ > ”
5
0 (= +
’ °
01 A .. F
02 e
03 A + .2
04 | s
%1
05 " P " i & ¥
0.4 0.5 0.6 0,7 0.8 0.9 1 Cpy

Fig. 3 - Concentration dependence of longitudinal (| |) and tra-
nsverse (+) MR for film alloys based on permalloy and copper
(1-d="70nm, 2—-d=30nm)
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Fig. 4 - Temperature dependence of longitudinal (||) and
transverse (+) MR for film alloys based on permalloy and copper
with different concentrations of components (d = 50 nm)

For a more in-depth analysis of the causes of chang-
es in the longitudinal and transverse MR, we analyzed
the dependences of the resistivity p and the value of
ARmax on temperature. As can be seen from Fig. 5, for all
thermostabilized samples, typical metal temperature
dependences of resistivity are observed. The course of
dependences for samples with Cc, < 30 at. % (curves 1,
2) is due to electron scattering on defects of crystal
structure, grain boundaries and interfaces (electron-
magnon interaction and low-, high-temperature elec-
tron-phonon interaction) [11, 12]. The resistivity with
increasing temperature from 150 K to 300 K increases
by 1.15-1.75 times, depending on the concentration of
components. The value of the MR is reduced by 2-
2.5 times. A more significant change in the value of the
MR is due to a decrease in the saturation magnetiza-
tion, as a consequence of a decrease in the value of
ARmax of the samples with increasing temperature. In
this case, for samples with a low copper content, the
change in resistance is decisive in the temperature de-
pendence of the MR. At higher concentrations of copper,
the change in the value of ARmax is decisive.

It should be noted that the resistivity of recently
deposited films significantly depends on the thickness
of the layers and concentration of components in the
magnetic layers. Thus, for films with d = 20-30 nm and
Cou=10-30 at. %, the resistivity is (40-55):10-7 Ohm-m,
and for films with d = 40-70 nm and Cc. = 40-50 at. % —
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(10-20) 10 -7 Ohm-m. The high resistivity of annealed
films compared to massive samples (for permalloy —
po=3.5:10-7Ohm-m, copper — po=1.7-10-8 Ohm-m) is
explained for the reason of formation of high-resistance
s.s. FeNi(Cu), and dimensional effects and significant
defects of the films (relatively high concentration of
vacancies and packaging defects).
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Fig. 5 - Temperature dependence of resistivity for film alloys
based on permalloy and copper (1 — d =30 nm, Ccy = 10 at. %;
2 —d=25nm, Ccy=30 at. %; 3 —d =30 nm, Cc. = 50 at. %)

Annealing of the samples at a temperature of 700 K
leads to an irreversible decrease of resistivity by 1.5-2
times. Such behavior of specific resistance at annealing
is caused by "healing" of defects and increase in the
sizes of crystallites.

The above-described changes in the resistivity of
film alloys are the reason for the change in the value of
the magnetic resistance of the samples after their heat
treatment. Normally, the value of the MR of the film
alloys based on permalloy and copper after annealing
increases by 1.5-3 times.

4. CONCLUSIONS

1. The phase composition of recently deposited and
thermostabilized at a temperature of 700 K film alloys
based on FeosNios and Cu with thickness d = 20-70 nm
and copper concentration Ccu = 5-50 at. % corresponds to
the FCC phase of s.s. FeNi(Cu) with the lattice parame-
ter a = 0.360-0.361 nm.

2.  For film alloys with d =20-70 nm and Ccu = 5-
50 at. % in the temperature range of 120-400 K, aniso-
tropic nature of the MR with the amplitude of the lon-
gitudinal and transverse effect of 0.02-0.5 % depending
on the thickness and concentration of the components
is observed.

3. Reducing the measurement temperature from
300 K to 120 K leads to an increase in the value of the
MR by 1.2-2.2 times depending on the concentration of
the components.
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EnexTpomnpoBigHicTh Ta MATHITOPE3MCTHBHI BJIACTHUBOCTI INIIBKOBUX CILIABIB
Ha ocHOBi nepmasiow FeosNios Ta migi

0.B. Besnmigexo, 10.0. lllxypoona, 1.0. Ilnerunit

Cymcvrutl depocasruti ynigepcumem, 8ys. Pumcvrozo-Kopcarosa, 2, 40007 Cymu, Yrpaina

B poGoTi mpesicraBieni eKcriepruMeHTAIbHI Pe3yJIbTaTh CTOCOBHO MArHITOPE3UCTUBHUX BJIACTUBOCTEH Ta
€JIEKTPOIIPOBIIHOCTI CepeIHLOEHTPOIMINHUX CILIABIB HAa OCHOBI mmepMaiioio FeosNios Ta Cu 3 KoHIIeHTpaIlien
migi Big 5 mo 50 %, oTpuMAaHUX METOA0M OJHOUYACHOTO OCAIKeHHA y BakyyMmi. [lokasamo, 1o dasoBmii cKiaz
K CBLYKOCKOHJIEHCOBAHUX TaK 1 TepMmocTabiaidoBaHux mpu Temieparypi 700 K miiBKoBHX CILIABIB TOBIIH-
Hom d = 20-100 um Bigmosimae 'IITK dasi 1.p. FeNi(Cu) 3 mapamerpom perritku a = 0,360-0,361 um. Ilicis
BiOmayoBaHHS 3paskiB mpu Temmepatypi 700 K dikcyersess 30iablIeHHS po3Mipy KpHCTAMITIB 10 50 HM.
Jlos Beix 3paskiB iKCyeThCA aHI30TPOIMHMM XapaKTep IOJHLOBUX 3AJIEMKHOCTEM MATHITOOIOPY 3 aMILIITYI-
uuM 3HaveHHsaM 0,02-0,3 % B sameskHocTi Big ToBmmEN Ta BMicty Cu. Ilpm 30iibimeHH] KOHIIEHTpAIIil Migl
BeJIMYMHA TI03/I0BKHBOTO 1 IOIEPeYHOr0 MArHITOOIIOPY 3MEHINyeThes. BifmasoBaHHsA ILUIIBKOBHUX CILIABIB
TPUBOIUTE JI0 301IbIIEHHS BeJIMYMHHA AHI30TPOIIHOIO MATHITOONOpY B 1,5-3 pasu. SHUKEHHS TeMIepaTypu
BumipioBauHsa g0 120 K mpuBoguTh 10 3pocTamHs BeqwynHU MarHitooropy y 1,3-1,5 pasu. Jlias mmiBok 3
d = 20-30 uM Ta BmicToMm Mimi 5-30 % BesimumHa UTOMOTrO oropy crJragae (40-55)-10-7 Om ‘M, a 11 IUTIBOK 3
d =40-70 am ta BmicTom Mmimi 40-50 % — (10-20) -10-7 Om M. Bigmasmosauus 3paskis mpu Temmepatypi 700 K
TIPU3BOJUTE JI0 HE3BOPOTHLOTO 3MEHIIIEHHsI ITATOMOrO Oropy B 1,5-2 pasw 3asiesHo Bl ToBIIMHM Ta BMmicty Cu.
Jls Beix TepMOCTAGLIIIZ0BAHMX 3Pa3KiB CIOCTEPIraloThCA TUIIOBI METAJIIYHI TeMIIepaTypHI 3aJIesKHOCTI IIH-

TOMOTO OIIOpY.

Knrouori ciosa: Bucoxoenrtpormiiiai 1riBroBl cruraBu, TBepal po3urHE, AHI30TPOIIHHN MATHITOOIMID,

ITurommuit omip, EnexrponpoBinHicTs.
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