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In this paper, the experimental investigation focuses on the magnetoresistive properties of nanosized film
systems. Their structure changes from layered to granular due to transition from bilayer FM/NM (FM is a
ferromagnetic material, NM is a nonmagnetic material) to [FM/NM]a multilayer film at a constant total thickness
of samples. As ferromagnetic and nonmagnetic materials were chosen permalloy NisoFeo (Py) and Ag,
respectively. It was demonstrated that the shape of the field dependences of magnetoresistance depends on the
number of bilayer Py/Ag. For as-deposited [Py/Ag]n/S at n =8, 16, the transition from the antiferromagnetic
ordering of magnetic moments to ferromagnetic one occurs under an external magnetic field. As a result, the
resistivity of the samples reduced, and the giant magnetoresistive effect was realized. The increase of the number
of bilayers repeats from 2 to 16 at the unchanged total thickness of the system leads to the growth of the
magnetoresistance from 0.10 to 0.35 %. During annealing up to 600 K, the magnetoresistive effect is reduced, but

it does not disappear completely.
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Introduction

Among different modern preparation methods of
thin-film structures, the alternate and co-deposition of
ferromagnetic and nonmagnetic materials can be
distinguished. At this, various methods like thermal
evaporation, electron beam or magnetron deposition,
laser lithography can be used [1-4]. Regardless of the
chosen method, the physical properties of nanostructures
will depend on technological conditions: a base pressure
in a vacuum chamber, the composition of the residual
atmosphere, type and temperature of a substrate,
deposition rate, and so on. Hence, the choice of
preparation method will be significantly affected on the
samples crystal structure, determine the features of the
diffusion processes, magnetic anisotropy, as well as the
mechanisms of spin-dependent electron scattering.
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Using the methods of alternate condensation can be
formed as multilayer structures of general and periodic
types. The co-deposition method is more used for the
formation of composite materials. The structures of the
general type include three-layer FMa/NM/FM; [5, 6],
multilayer  [FM/NM], [7,8], and spin-valve
AFM/FM2/NM/FM; [9] systems (FM, NM, and AFM are
the ferromagnetic, nonmagnetic and antiferromagnetic
materials respectively). Among the ferromagnetic
materials that have found practical application, we can
distinguish NigoFezo and NisgFeso alloys.

At the formation of nanostructures by the co-
deposition method, usually used the combination of
magnetic and nonmagnetic components with low mutual
solubility. It is alloyed realize structures that consist of
magnetic nanoparticles randomly distributed in metal
[10, 11] or insulator matrix [12, 13].
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Fig. 1. The schematic diagram of the [Py/Ag]+/S multilayer film structures with the total thickness
d =54 nm = const and different numbers of repeats of bilayer n: 1 (a), 2 (b), 4 (c), 8 (d), and 16 (e).
The basic structure is [Py(16)/Ag(38)]/S.

In this paper, the experimental investigation focuses
on the magnetoresistive properties of nanosized film
systems. Their structure changes from layered to granular
due to transition from the bilayer FM/NM to [FM/NM],
multilayer film at the constant total thickness of samples.
Permalloy NigFex (Py) and Ag were chosen as
ferromagnetic and nonmagnetic materials, respectively.
The heat treatment effect on the nature and magnitude of
magnetoresistance of such structures will also be done.

I. Experimental Procedure

The sample preparation was carried out by electron-
beam sputter deposition onto a substrate at the
temperature of 300 K in a HV chamber with a base
pressure of 10*Pa. Amorphous glass-ceramic plates
were used as substrates. Firstly, the sample with nominal
composition Py(16)/Ag(38)/S was obtained. All samples
were prepared at the same vacuum condition with the use
of a cylindrical substrate holder. The sputtering rate was
0.1 nm/s. The thickness of each layer (accuracy of up to
10 %) was monitored by the method of the quartz
resonator.

Secondly, the samples with nominal composition
[Py/Ag]+/S were prepared. The number of bilayer Py/Ag
was increased from 2 to 16. The total thickness remained
unchanged. As a result the following samples were
obtained: [Py(8)/Ag(19)]./S; [Py(4)/Ag(9.5)]4/S,
[Py(2)/Ag(5)]s/S, and [Py(1)/Ag(2.5)]16/S. The schematic
diagram of the [Py/Ag]+/S multilayer thin-film structures
is presented in Fig. 1.

The magnetoresistive properties were measured
using a software-hardware complex with current-in-plane
geometries in an external magnetic field from 0 to
500 mT at room temperature. The measuring current was
I=1mA. The value of longitudinal and transverse
magnetoresistance (MR) have been calculated by
equation MR = (R(B) — R(Bo))/R(Bo), where R(B) is the
current value of resistance in the magnetic field B; R(Bo)
is the resistance of the sample in the field of the Bo.

For an investigation of the annealing effect on
magnetoresistive properties, samples were isothermally
annealed at Tann = 400, 500, and 600 K for 20 min.
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I1. Results and discussion

Fig. 2 shows field dependences of the longitudinal
and transverse magnetoresistance for Py(16)/Ag(32)/S,
[Py(8)/Ag(19)]/S, [Py(2)/Ag(5)]e/S, and
[Py(1)/Ag(2.5)]16/S systems in the as-deposited state. As
expected, the as-deposited Py(16)/Ag(32)/S system is
characterized by the anisotropic character of field
dependences of magnetoresistance (Fig. 2a). Such
behavior is typical for structurally integrated permalloy
thin films [14]. The MR value in both longitudinal and
transverse geometries does not exceed 0.1%. In this case,
the Ag layer performs a function of protecting layer, and
due to relatively high thickness shunts the signal from
ferromagnetic one. For [Py(8)/Ag(19)]2/S system, the
change of the MR(B) curve shape is observed. Such
behavior is typical for isotropic magnetoresistance with
the presence of hysteresis and saturation in the relatively
weak magnetic fields (Bs<100 mT) (Fig.2b). The
reason for magnetoresistive hysteresis appearing is
displacement delay of domain walls (irreversible
displacement), irreversible rotation of spontaneous
magnetization, and delayed formation and growth of
remagnetization centers. This system can be presented as
three-layer FM/NM/FM with an additional protective
layer. This result is close to those presented in Ref. [15]
for a similar system Fe2C0os/Cu/Feg2Cog .

For the as-deposited [Py/Ag]+/S system at n =8, 16
(Fig. 2c, d), a completely different type of MR(B)
dependence was observed. For those samples under an
external magnetic field, the transition from the
antiferromagnetic ordering of magnetic moments to the
ferromagnetic one occurs. As a result, the resistivity of
the samples is reduced and the giant magnetoresistive
effect is realized [16]. Besides, the saturation in the
magnetic field up to 500 mT is not observed. The
decrease of effective thickness of magnetic and
nonmagnetic thickness to value less than 5 nm leads to
the breaking of individual layer continuous. As a result,
the structure of the multilayer system becomes close to
the structure of the thin films prepared by the co-
evaporation technique. The structure
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Fig. 2. The field dependences of magnetoresistance for [NigoFe20(16)/Ag(38)]/S (a); [NisoFe20(8)/Ag(19)]2/S (b),
[NigoFe20(2)/Ag(5)]s/S (c), and [NigoFe20(1)/Ag(2,5)]16/IT (d) film systems in as-deposited state.
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Fig. 3. The field dependences of magnetoresistance for [NigoFe20(16)/Ag(38)]/S (a); [NisoFe20(8)/Ag(19)]2/S (b),
[NigoFe20(2)/Ag(5)]s/S (c), and [NigoFe20(1)/Ag(2.5)]16/IT (d) film systems after annealing up to 500 K.

177



I.M. Pazukha, D.O. Shuliarenko, S.R. Dolgov-Gordiichuk, L.V. Odnodvorets

0

0.5 MR, %

L @ transverse a
0.4 e longitudinal
03 |
02 [ °
0.1 -
00
01 F

N PR PR PR PR BEPU RPN PR
0 2 4 6 8 10 12 14 16n

0.5 MR, %

04 |
0.3
0.2
0.1
0.0

300 400 500 600 T, K

2

Fig. 4. The magnetoresistance as a function of the number of repeats n in [Py/Ag]+/S multilayer film system (a) and
the temperature dependence of magnetoresistanse for [NigoFe2o(1)/Ag(2.5)]16/S (1), [NisoFe20(2)/Ag(5)]s/S (2)
[NigoFe20(4)/Ag(9.5)]4/S (1) film systems (b).

of the [Py/Ag]«/S multilayer films at n = 8, 16 consists of
separated permalloy ferromagnetic particles embedded
into a nonmagnetic Ag matrix [17]. The MR magnitude
remains small with a maximum of 0.35% for
[Py/Aglis/S multilayer systems. This result correlates
with data obtained in Ref. [18] devoted to
magnetotransport properties of [NisiFe1s(2)/Ag(4)]20/S
multilayers. Though, this value is lower compared to that
of the earlier reported for the similar systems prepared by
the co-evaporation technique [17, 19]. The peculiarities
of [Py/Agls/S multilayer system is noncoincidence of
field dependences of longitudinal and transverse
magnetoresistance (Fig. 2c). Besides, the value of
transverse MR is higher than the value of longitudinal
MR. This is caused by the influence of multi-domain
particles of even clusters in the magnetic layers on the
GMR magnitude [20].

Consider, how the annealing process affects the
magnetoresistive properties of [Py/Ag]/S multilayer
systems (Fig. 3). The annealing process up to 500 K does
not change the MR(B) curves behavior for all
investigated samples. The insignificant displacement of
the extreme at the field dependences of
magnetoresistance is observed. For samples with n <4,
the reduction of MR magnitude is associated with the
coalescence of ferromagnetic grains, reorientation of Ag
crystallites, and, as a result, blurring of interfaces
magnetic grain/nonmagnetic matrix [11]. This leads to
the weakening of electron spin-dependent scattering role
and more effective emerging of electron-phonon
scattering. The rise of the probability of electron-phonon
scattering processes prevents electron transition from one
ferromagnetic grain to another [21].

The resulting dependences of magnetoresistance as a
function of the number of repeats n in the [Py/Ag]./S
multilayer system and the MR temperature dependence
presented in Fig. 4. The analysis of data presented in
Fig. 4 allows concluding that the increase of the number
of bilayer repeats from 2 to 16 at the unchanged total

thickness of the system leads to the MR value grow from
0.1% to 0.35%. The transition from anisotropic to
isotropic behavior of magnetoresistive effect occurs at
the n=2. During annealing, the effect is reduced, but
according to Fig. 3b, it does not disappear completely.

Conclusion

We have studied the heat treatment effect on the
nature and magnitude of magnetoresistance of nanosized
film systems, whose structure changes from layered to
granular due to transition from bilayer Py/Ag to [Py/Ag]n
multilayer film at a constant total thickness of samples.
The shape of the field dependences of magnetoresistance
depends on the number of bilayers Py/Ag. The transition
from anisotropic to isotropic MR behavior occurs at the
n =2. The increase of the number of bilayers repeats from
2 to 16 at the unchanged total thickness of the system
leads to the MR value grows from 0.1 % to 0.35 %.
During annealing up to 600 K, the effect is reduced, but
it does not disappear completely.
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MarsiTope3ucTHBHI BJACTHBOCTI 0araTomapoBuxX IVIIBKOBUX CHCTEM HA
OCHOBI IMepMAJIOK0 Ta cpidJyia

Cymcwruil depoicagnuil ynisepcumem, Cymu, Yrpaina, iryna.pazukha@gmail.com

VY naHiif poOOTi eKcrepuMeHTaNbHI ITOCIIPKCHHS 30CEepeIKEHO Ha MAarHITOPE3HCTHBHHUX BIIACTUBOCTSIX
HaHOPO3MIPHUX TLTIBKOBHX CHCTEM. IX CTPYKTypa 3MiHIOETbCS 3 TOWIAPOBOI 0 IPaHYJIbOBAHOI 3a PaXxyHOK
nepexony Bin asomapoBoi FM/NM (FM — ¢epomarnitHnit Matepian, NM — HeMmarHiTHHi Marepian) 10
[FM/NM]n GaratomiapoBoi MiiBKOBOT CHCTEMH 3a HE3MIiHHOI 3arajbHOi TOBUIMHH 3paskiB. SIK MarHiTHu# i
HEMarHiTHUA MaTepianu Oynu obOpani mepmainoeBuii cmaB NisoFex (Py) ta Ag, Biamosiguo. ITokaszano, mo
(dopMa TOJBOBHX 3aJIEKHOCTEH MAarHITOONOpPY 3aJeXHUTh BiJ KiuIbKOCTi moBTOpiB Oimapy Py/Ag. ns
cBixkockoHeHcoBaHuX cucteM [PY/Ag]n/I1 mpu n =8, 16 BinOyBaeTbcs mepexin Bix aHTH()EPOMArHiTHOroO [0
(epOMarHiTHOTO YMOPSAKYBaHHS MAarHiTHUX MOMEHTIB MpPHU NMPHKIAJaHHI 30BHIINIHFOTO MArHITHOTO IOJS, IIO
MIPU3BOAMTH JIO 3MEHIIEHHS ONOpY 3pa3KiB i, SK HACHiOK, IO HPOSBY e(eKTy TiraHTCHKOIO MAarHiTOOHOpY.
30UIBIIEHHS KiJBKOCTI MOBTOPIB Oimapy 3 2 1o 16 3a He3MIHHOI 3arajJbHOI TOBIIMHU CHCTEMH NPU3BOJHTH 10
3pocTaHHs BeIMYuHU MarHitoonopy 3 0,10 no 0,35 %. ¥V npoueci Binnamosanns 1o 600 K marnitopesncruBHuit
e(eKT MocnadIIeThCs, alle He 3HUKAE MOBHICTIO.

KoarouoBi cioBa: OararomiapoBa IUIIBKOBa CHCTEMa, [OIIAPOBAa KOHICHCALlsl, MAarHiTOPE3UCTUBHI
BJIACTHBOCTI, BiJIIAJIFOBAHHS.

179


https://doi.org/10.1063/1.4906843
https://doi.org/10.1142/S0217979219501133
https://doi.org/10.1016/j.jmatprotec.2008.01.005
https://doi.org/10.1016/j.jmmm.2019.165820
https://doi.org/10.1007/s00339-019-2534-8
https://www.scopus.com/authid/detail.uri?authorId=12761409400
https://www.scopus.com/authid/detail.uri?authorId=36633136500
https://www.scopus.com/authid/detail.uri?authorId=36454453700
https://www.scopus.com/authid/detail.uri?authorId=6701618311
https://vant.kipt.kharkov.ua/TABFRAME2.html
https://doi.org/10.1016/j.jmmm.2017.08.019
https://doi.org/10.1016/j.tsf.2007.12.109
https://doi.org/10.1016/j.jmmm.2015.10.055
https://doi.org/10.1016/j.vacuum.2015.02.035
https://doi.org/10.1142/S0217979219501133
https://doi.org/10.1063/1.4898094
https://doi.org/10.21272/jnep.8(3).03022
http://dx.doi.org/10.21272/jnep.10(4).04031
https://arxiv.org/ftp/arxiv/papers/1412/1412.7691.pdf
https://doi.org/10.1016/S0040-6090(02)01056-8
https://www.sciencedirect.com/science/journal/09215107
https://doi.org/10.1016/S0921-5107(01)00943-6
https://doi.org/10.1016/S0921-5107(01)00943-6
https://doi.org/10.1016/j.jmmm.2019.01.040
https://doi.org/10.1016/0304-8853(94)90675-0
https://doi.org/10.1016/S0304-8853(98)00211-X
mailto:iryna.pazukha@gmail.com

