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In this research, [NisoFez0(d)/Si0x(5)]5/S discontinuous multilayers were fabricated using the method of layer-by-
layer electron-beam evaporation. The phase composition, structural features, and electrophysical properties of the
samples were investigated depending on the effective thickness of the ferromagnetic NisoFezo layers and annealing
temperature. Based on transmission electron microscopy and electron diffraction analysis, it was established that the
samples exhibit a nanocrystalline structure of NigoFez grains embedded in an amorphous SiOx matrix, with a phase
composition corresponding to fce-NisFe, which remains stable after annealing at 500 and 700 K. The average grain size
of NigoFego increases with thickness and annealing temperature, contributing to changes in transport properties. The
temperature dependences of resistivity and the temperature coefficient of resistance (TCR) were studied within several
heating/cooling cycles up to 600 K. It was found that for structures with NisoFezo thickness d =4 — 8 nm, a metallic
conduction regime is realized, characterized by positive TCR values. In contrast, structures with d = 3 nm demonstrate
nearly constant resistivity with temperature and TCR values close to zero, indicating a transition conduction regime
where metallic and tunneling mechanisms coexist. The annealing process leads to a reduction in resistivity due to
structural ordering. The results confirm that both resistivity and TCR are monotonic functions of NisoFez layer
thickness, which is associated with changes in grain size and intergranular distances. These findings are essential for
tailoring the transport behavior of magnetic discontinuous multilayers for future applications in spintronics, sensors,
and functional nanomaterials.
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1. INTRODUCTION

In modern electronics, improving device performance
while simultaneously minimising size and energy
consumption remains a key challenge. Metal-insulator
nanocomposites, those composed of ferromagnetic metal
Fe, Co, Ni or their alloys NixFei.x, FexCoi.x and insulators
like SiO2, HfO2, MgO, etc., have garnered significant
attention due to their promising magnetic, magneto-
optical, magnetoresistive, and electrical properties [1-5].
The precise control of the size and arrangement of
metallic nanoparticles in an insulator matrix results in
precise control of their properties. They can display a
range of phenomena such as giant magnetoresistance
(GMR) [6], the Hall effect [7], Kerr magnetooptical effect
[8], and memristive effect [9]. This offers their potential
applications in various fields, including microelectronics,
sensor technologies, and optics [10-12]. At the same time,
the electrophysical properties of ferromagnetic metal-
insulator composite materials, which differ significantly
from the properties of bulk metal samples and continuous
homogeneous films, are also important [13-15].
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Ferromagnetic metal-insulator FM represents a
special type of nanostructure/I discontinuous multilayers
(DMIM), which feature a transition from the two-
dimensional continuous to the discontinuous three-
dimensional case. Different structures, ranging from
insulation to metallic, can be obtained by varying the
nominal thickness of the ferromagnetic and insulator
layers [16, 17].

In this work, we studied the [NisoFe20/SiO]n/S
discontinuous multilayers to reveal the influence of the
effective thickness of ferromagnetic layers on their
electrophysical properties (the value of resistivity and
temperature coefficient of resistance).

2. EXPERIMENTAL DETAIL

The [NisoFe20(d)/SiOx(5)]5/S discontinuous multilayers,
where x = 1, were prepared at room temperature (RT) in a
vacuum chamber with a base pressure of 10 ~4 Pa. The
method of layer-by-layer electron-beam evaporation was
used for the deposition of samples. The thickness of the
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magnetic layers (d) varied from 3 to 8 nm. The thickness
of the layers was controlled by two independent in situ
quartz resonators with an accuracy of 10%.

The annealing was performed in a vacuum chamber at
104 Pa. For the research of electrophysical properties, the
samples after deposition were annealed during several
cycles of “heating < cooling” up to the annealing
temperature (Tann) of 400, 500, and 600 K. The
measurement of resistivity is carried out in current in-
plane geometry. The value of the temperature coefficient
of resistance (TCR) has been calculated based on the
temperature dependences of resistance by the equation:
B=(1/Rin) (ARIAT), where Rin is the initial value of
resistance, AT = Tann — RT.

Transmission electron microscopy (TEM-125K) has been
used to investigate the crystalline structures of the samples.

3. RESULTS AND DISCUSSION

For correct interpretation of the electrophysical
properties of  [NisoFe20(d)/SiOx(5)]5/S  discontinuous
multilayer, the peculiarities of their phase state and crystal
structure under annealing were first studied. Fig. 1 displays
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the diffraction patterns for [NisoFe20(4)/SiOx(5)]5/S
discontinuous multilayers after deposition and annealing at
temperatures of 500 and 700 K. The analysis demonstrates
that the phase state of the sample after deposition
(Fig. 1a) corresponds to the fcc-NisFe structure [18]. The
insulator is amorphous [19], and indexing reflections
corresponding to SiOx is impossible. The phase state does
not change after samples are annealed at a temperature of
500 K (Fig. 1b) and 700 K (Fig. 1c). The formation of oxide
phases after annealing at 500 and 700 K was not fixed
electronographically. The lattice parameter of the fce-NisFe
structure slightly grows under annealing from 0.355 nm to
0.358 nm.

The results of bright-film TEM images (Fig. 2) studies
allow us to conclude that the [NisoFe20(d)/Si0«(5)]5/S
discontinuous multilayers with the effective thickness of
NigoFeszo layers of 8 nm (Fig. 2a) and 4 nm (Fig. 2d) are
nanocrystalline in the as-deposited state. Notably, the
structure of the samples is typical for nano-granular films
(see, for example, [2, 15]), namely, NisoFezo grains are
embedded in the insulating SiO. matrix. The average size
of NisoFezo grains is 8-12 nm at d = 8 nm and decreases to
4-7 nm when d = 4 nm.
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Fig. 2 — TEM images for [NisoFe20(d)/SiOx(5)]5/S discontinuous multilayers with the effective thickness of NigoFezo layers d = 8 nm (a-c)
and 4 nm (d-f) after deposition (a, 8) and annealing at 500 K (b, e) and 700 K (c, f)
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Besides, for [NisoFe20(8)/SiOx(5)]5/S discontinuous
multilayers, some NisoFe2o grains form interconnected
clusters, creating a heterogeneous microstructure with
coexisting isolated NisoFezo grains and NisoFezo clustered
configurations [5]. So, at the effective thickness of NisoFezo
layers d=8nm, the metal layers can be “electrically
continuous” due to the formation of ferromagnetic clusters.
Substantial structural changes are observed only after
annealing at 700 K (Fig. 2c, 2f). All samples' average
NisoFeszo grain size grew by 1,5-2 times.

To establish the mechanisms of conductivity in the
[NigoFe20(d)/Si0x(5)]5/S discontinuous multilayers, the
temperature dependence of resistivity was obtained. Fig. 3
shows the p(T) dependence within the 300-600 K range for
systems with different effective thicknesses of metal layers
NigoFezo. For structures with d = 4-8 nm, the growth of the
resistivity value with increasing annealing temperature is
realised. In this case, the electron transport processes in
these discontinuous multilayers are caused by conduction
through metal clusters formed and determined by the
scattering of conduction electrons at grain boundaries,
impurities and phonons. For structures with d= 3 nm, the
resistivity value remains practically unchanged with
increasing temperature to 600 K. This corresponds to the
conductivity transition regime. In the transition regime,
conductivity is a superposition of two mechanisms:
metallic conduction in large metal clusters and tunnelling
between individual metal clusters separated by a thin
insulator layer.
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Fig. 3 — Temperature dependences of  resistivity for
[NigoFe20(d)/Si0x(5)]5/S discontinuous multilayers at the effective
thickness of NigoFezo layer d = 3-8 nm

Fig. 4 illustrates the evolution of the resistivity and
TCR values after gradual annealing at the temperatures
of 400, 500, and 600 K, with the different effective
thicknesses of the NisoFez0. Annealing the samples at 400,
500 and 600K leads to an irreversible decrease in
resistivity regardless of d (Fig. 4a). This is due to
improvements in the crystal structure of the metal layers,
i.e. the healing of crystal structure defects.

Based on experimental data of resistance during cooling,
the calculation of the temperature coefficient of resistance
was done (Fig. 4b). Since for samples with d=4-8 nm, the
metallic mode of conductivity is observed, the temperature
coefficient of resistance has a positive value.

J. NANO- ELECTRON. PHYS. 17, 05004 (2025)

. 6 .
1000 £ 1?’Of‘mrf‘ ——r——
E —— d=3nm 3
o —— d=4nm J
L e Z= 2 nm o
i - d=
100 - ° .\ d:g};n"]ea
: e
10 :F — 1
- o— o \o 3
[ 93— SQO ]
1 ) E
E 1 1 1 " 1 1 1 E
300 400 500 600 T, K
a
£-10°, K
[ T T T T T ]
1.6 | ] -
= o -
1.2 | -
08 .
NN
\a‘_____‘
3 g_\\ -
00 | i | i ?
400 500 600 T, K
b

Fig. 4 — Resistivity (a) and temperature coefficient of resistance
(b) as a function of annealing temperature for
[NigoFez20(d)/Si0x(5)]5/S ~ discontinuous multilayers with the
effective thickness of NisoFezo layers d = 3-8 nm

Note that for samples with d=3 nm, annealing at a
temperature of 600 K leads to almost zero TCR values. The
values of TCR are close to zero due to the implementation
of the transition conduction regime. The condition TCR = 0
is fulfilled for such volume fractions of the metal phase and
at such temperatures when the contributions from the
metal conductivity of clusters and tunnelling are equal.

Consider the peculiarities of the dependence of
resistivity on the effective thickness of the ferromagnetic
layer d (Fig. 5a). As can be seen from Fig. 5a, the
resistivity of both as-deposited samples and annealed at
400, 500, and 600K monotonically decreases with
increasing effective thickness of the NigoFezo layers. The
maximum resistivity value is observed for as-deposited
structures with a minimum thickness of NigoFezo layers
(d=3nm) and is 11810 Ohm-m. With an effective
thickness of NigoFe2o layers d=8 nm, the resistivity
reaches its minimum value, which for samples annealed at
a temperature of 600 K is 0.89:10 % Ohm m. Relatively
large resistivity values, even for samples annealed at
600 K, can be explained by the fact that the metal layers
are in a nanocrystalline state. This leads to an increased
influence of conduction electron scattering on defects and
grain boundaries [20, 21].
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Fig. 5 — Resistivity (a) and temperature coefficient of resistance
(b) as a function of the effective thickness of NisoFezo layer d for
[NigoFe20(d)/Si0x(5)]5/S discontinuous multilayers

The temperature coefficient of resistance as a function
of the effective thickness of NisoFezo layer d for
[NigoFez20(d)/SiOx(5)]s/S  discontinuous multilayers is
shown in Fig. 5b. All dependences of B(d) are monotonic.
The value of the TCR increases with the increase in the
effective thickness of the NigoFeso layers. This size
dependence is due to the influence of effective thickness on
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the evolution of the size distribution of metal granules.
Thus, neglecting any chemical interaction between the
granules and the matrix, increasing the effective thickness
of the metal layers generally has two effects on the
evolution of the grain size distribution: increasing the
average metal grain size (increasing the grain density) and
decreasing the distance between them.

4. CONCLUSION

The structural and electrophysical properties of the
[NisoFe20(d)/SiOx(5)]5/S discontinuous multilayers
prepared by the method of layer-by-layer electron-beam
evaporation have been studied as a function of the effective
thickness of NisoFezo layers. From the diffraction patterns
analysis, we conclude that the phase state of the samples
after deposition and annealing at a temperature of 500 and
700 K correspond to the fce-NisFe structure. Their
microstructure consists of interconnected ferromagnetic
grains embedded within an amorphous SiOx matrix. It is
established that the resistivity's size dependence and the
resistance's temperature coefficient are monotonic in
nature. The resistivity value decreases, and the TCR
increases with the effective thickness of NisoFeszo layers. It
was demonstrated that at d = 4-8 nm, the metallic regime
of conductivity, determined by the conductivity through
the disordered metal matrix, with positive values of TCR,
is observed. At the effective thickness of NisoFego of 3 nm,
the transition mode of conductivity with close to zero TCR
is observed. In the transition regime, conductivity is a
superposition of two mechanisms: metallic conduction in
large metal clusters and tunnelling between individual
metal clusters separated by a thin insulator layer.
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Enexrpodisuuni sracrusocri mapysarux crpykryp [NisoFez20/SiOx)]x

0O.B. ITununenko, .M. ITasyxa, C.P. Homxros-T'opmitiuyr, A.M. Jlorsunos, K.B. Tumenxo,
J1.C. Kabwmnernpkmii, 10.0. [lkypmoma

Cymcvruli deporcasruti yrigepcumem, 40007 Cymu, Yipaina

V npamiit poGoTi 3a JOIOMOrOI METOAy IOIIAPOBOTO eJIEKTPOHHO-IIPOMEHEBOTO BHUIAPIOBAHHS 0YJIO
BUTOTOBJIEHO cepioo 1mapyBartux crpykTyp [NisoFe2o0(d)/SiOx(5)]s/II 3 pisHOoo0 ederTUBHO0 TOBIIMHOIO
depomarnitaux mapis NisoFezo. Jocaimreno dbasosuit criram, MIKpOCTPYKTYPY Ta €JIeKTPOdi3WyHI BIACTUBOCTL
3pasKiB 3aJIeIKHO BiJl TOBIIMHM METAJIEBUX IIAPiB Ta TeMIepaTypy Biamasy. 3a pesysibTaTaMu eJeKTPOHHOI
nudpakirii Ta TPAHCMICIMHOI €JIeKTPOHHOI MIKPOCKOMIi BCTAHOBJIEHO, IO 3PA3KH MAKTh HAHOKPUCTAJIYHY
cTpyKTYypYy, e 3epHa Ni80Fe20 suporaspxeni B amopdry marpuirio SiOy, a ix ¢ha30BUil CTaH BIIIOBIIA€E CTPYKTY Pl
I'IK-NisFe i s6epiraerscst HaBits micsis Bignasty npu 500 1 700 K. Cepeiit poamip 3epeH 3pocrae 31 361JIbIIEHHIM
TOBIIUHY 1IAPY TA TEMIIEPATYPH BilIaJly, 0 3yMOBJIIOE 3MIHHU B TPAHCIIOPTHUX XapakrepucTukax. TemmeparypHi
3aJIesKHOCTI ITUTOMOTO OIOPY Ta TeMmIiepaTypHoro koedirienta omopy (TKO) mocmimkxeHo B Memax TeKIIBKOX
IUKJIB «HATPIBaHHS <> oxoJiomkeHHs 10 600 K. Bussieno, mo as ctpykryp 3 ToBIuHOW NigoFezo d = 4 — 8 um
peasridyerbcsi MeTaIeBUil PeKUM IIPOBIAHOCTI, 10 XapakTepuayerhbes nogataumu suadenusavu THO. Haromicrs
mpu d = 3 HM OUTOMHH OIip IPAKTUYHO He 3MIHIeThCs 3 TeMieparypoio, a TKO mabimxaerses 10 HyJis, 10
BKa3ye HA PeasIiaalliio IepexiJHOr0 PesKkruMy IPOBIIHOCTI 31 CHUIBHOIO JI€I0 METAJIEeBOl Ta TYHEJIBHOI IPOBIMHOCTI.
BceranoseHo, 110 mporiiec Bignasy CHpusie 3HHMKEHHIO IUTOMOTO OIOPY 38 PaXyHOK IOKPAIIeHHS KPUCTAJIYHOL
cTpyKTypu. PeaysibraTté 1eMOHCTPYIOTH MOHOTOHHHM Xapakrep 3asieskHocreit muromoro omopy ta THKO Bin
ropinmHYU mapiB NigoFeso, 110 3yMoBIIeHO eBoJIIOINIE0 PO3MIPIB 3epeH Ta Mixk3epeHHUX Biacraneil. Orpumani gaxi
€ TEePCHeKTUBHUMH [Jid IUIECIIPIAMOBAHOTO KEepPYBAHHS IIPOBITHICTIO y (PEepOMAarHiTHUX 0araTomrapoBUX
CTPYKTYpax IJis 3aCTOCYBAHHS Y CIIHTPOHIII, CEHCOPHUII Ta (PYyHKITIOHAIBHIUX HaHOMATepiaiax.

Knwouosi canosa: Illapysari ToHKommiBkoBI cmcremu, Ilepmasumoit, BigmasmoBamnsa, Ilutomumit omip,
TemmepaTypHuit KoedillieHT Omopy.
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