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A series of thin-film composite materials based on Co and SiO were deposited via electron-beam co-
evaporation technique using two independent sources. The concentration of Co atoms of thin-film composite
materials varied from 35 to 90 at. %. It was controlled by using a scanning electron microscope (Tescan VE-
GAB3) with an energy-scattering X-ray (EDX) detector (Oxford Instruments). The total thickness of the nano-
composites was controlled by a system of two independent quartz resonators and amounted to 30 and 60 nm.
The magnetoresistive properties of these structures deposited at room temperature were investigated. The
results showed that the percolation threshold for the system based on Co and SiO is in the concentration
range of cco = 60-70 at. %. From the field dependences of the magnetoresistance (MR) obtained at room tem-
perature, it follows that the electrical resistance of the films decreases when they are introduced into the
magnetic field (negative magnetoresistance). The negative MR indicates that the dominant effect observed is
due to spin-dependent electron tunneling between ferromagnetic nanogranules. At the concentration range
of cco = 40-60 at. %, isotropic MR of 1.5-2.5 % is realized. The maximum on the concentration dependences of
MR shifts to the region of lower concentrations of Co with increasing sample thickness.
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1. INTRODUCTION

The complex investigation of the crystal structure,
phase state, electrophysical, strain, and magnetoresis-
tive properties of nanosized thin-film materials is still
one of the urgent problems of the material science [1-4].
The application of various types of such materials
(granular nanostructures, cermets, vacuum tunnel
junctions, etc.) allows expanding the frontiers of their
practical application [5-8]. For example, with combined
ferromagnetic and non-magnetic materials, we can
form structures with high saturation magnetization at
high thermal stability. A large room-temperature mag-
netoresistance (MR) ratio of up to 40 % at 8 T can be
achieved in structures based on SiO:z films containing
surface Fe that made them desirable for high field
magnetic sensing applications [9].

Interesting effects in metal/insulator composites
were reported in Ref. [10]. It was demonstrated that a
nonlinear dependence of current on voltage in the low
field regime was observed in Fe-Al2O3 granular films.
Such non-ohmic resistance at room temperature can be
important for properties dependent on electrical cur-
rents like the Hall effect, MR, or magnetoimpedance
[11]. Besides, the feature of metal/insulator composite
materials is a realization of the electrical conductivity
owing to electrons tunneling between grains. At this,
magnetic and electrical behaviors change significantly
when the metal volume fraction is modified [12]. In par-
ticular, the realization of the tunnel spin-polarized con-
ductivity allows to find out tunnel magnetoresistance
(TMR). So, the question of the percolation threshold
becomes very important because the TMR value strong-
ly depends on the composition of thin-film materials
[13, 14]. It should be noted that the mechanisms of MR
in granular metal-insulator films are complex and have
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not yet been fully studied. It can only be noted that the
mechanisms of charge and spin transfer in these sys-
tems play an important role in the MR formation. In
conclusion, the study of magnetoresistive properties of
ferromagnetic composite materials based on Co and
Si0 is an urgent task for their use as magnetic field
sensors with high temperature stability of the MR ef-
fect at extreme temperatures. SiO is the chemical com-
pound, which can be deposited by thermal evaporation
and easily form a film with better adhesion.

2. EXPERIMENT TECHNIQUE

A series of thin-film composite materials based on
Co and SiO were deposited by electron-beam co-
evaporation technique using two independent sources
(Co and Si0O) and two independent electron-beam guns.
The samples were deposited onto glass-ceramic sub-
strates at room temperature. In this way, a wide range
of compositions was obtained in one deposition run.
The deposition conditions included a base pressure of
10-*Pa and a deposition rate of 5 nm/min for Co and
S10. The total thickness of the nanocomposites was
controlled by a system of two independent quartz reso-
nators and amounted to 30 and 60 nm. Note, that Si0
is the chemical compound, which can be deposited by
evaporation methods [15-17].

Compositional and elemental analysis of thin-film
samples was performed by using a scanning electron
microscope (Tescan VEGAS3) with an energy-scattering
X-ray (EDX) detector (Oxford Instruments). For these
studies, 5 x 5 mm glass-carbon substrates were used.
From EDX composite maps for thin-film composite ma-
terials based on Co and SiO, it was found that Co, Si,
and O are equally distributed in the volume of the film
(Fig. 1). This confirms the effectiveness of the method

© 2021 Sumy State University


http://jnep.sumdu.edu.ua/index.php?lang=en
http://jnep.sumdu.edu.ua/index.php?lang=uk
http://sumdu.edu.ua/
https://doi.org/10.21272/jnep.13(4).04035
mailto:iryna.pazukha@gmail.com

I.M. PAZUKHA, V.V. SHCHOTKIN ET AL.

of co-evaporation for forming thin-film composite mate-
rials. The concentration of Co atoms of thin-film com-
posite materials varied from 35 to 90 at. %.

Co Lal,2 Si Kal
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Fig. 1 - EDS compositional maps of Co, Si, and O elements
and EDX total spectrum for (Co + SiO)/S composite materials

MR was measured by a four-point probe method in
a magnetic field with intensity up to B =600 mT. The
MR measurements were carried out with the current in
plane configuration in three geometries of the magnetic
field relative to the current: longitudinal geometry
(magnetic field is in the film plane and parallel to cur-
rent), transverse geometry (magnetic field is in the film
plane and perpendicular to current) and perpendicular
geometry (magnetic field is perpendicular to the film
plane). The measuring current was I =1 mA. The MR
value was calculated by the following 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 Bo.

The study of the microstructure was carried out by
transmission electron microscope TEM-125K.

3. EXPERIMENTAL RESULTS

Let us consider the features of electrical conductivi-
ty and magnetoresistive properties of thin-film compo-
site materials based on Co and SiOx. The concentration
dependences of the resistivity for nanogranular compo-
sites with a thickness of 30 and 60 nm are shown in
Fig. 2. The course of the concentration dependences of
the resistivity is typical for granular metal-insulator
structures [18]. According to the obtained data, the
percolation threshold for the system based on Co and
S10 is in the concentration range of 60-70 at. %, which
agrees well with the literature data for similar struc-
tures [19]. Thus, for the data of ferromagnetic nano-
composites we can talk about three modes of conductiv-
ity: metallic, transient and insulator. The processes of
electrotransfer in the metallic mode are due to the con-
ductivity in the metal layers and are determined by the
scattering of conduction electrons at grain boundaries,
impurities, and phonons. This mode is implemented
when the films consist of electrically continuous metal
layers. In the insulator regime, the conductivity is de-
termined by thermally activated tunneling of electrons
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between metal particles separated by an insulator lay-
er. This mechanism is typical for films with a metal
phase concentration below the percolation threshold. In
the transient mode, conductivity is a mixture of the two
mechanisms mentioned above: metallic conductivity in
metal layers and tunneling between individual metal
clusters separated by a thin layer of insulator. In this
mode, both positive and negative temperature coeffi-
cients of resistance can be observed.
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Fig. 2 — The resistivity without an applied magnetic field as a
function of Co concentration for as-deposited thin-film compo-
site materials based on Co and SiO with thickness d = 30 nm
(1) and 60 nm (2)

In Fig. 3, the field dependences of MR in longitudi-
nal and transverse geometries for as-deposited granu-
lar structures based on Co and SiOx with a thickness of
60 nm with different composition of components are
illustrated. From the field dependences of the longitu-
dinal MR obtained at room temperature, it follows that
the electrical resistance of the films decreases when
they are introduced into the magnetic field (negative
MR). Field dependences in perpendicular geometry
have a similar course. The insignificant mismatch of
the curves is due to the lower value of MR in perpen-
dicular geometry. It should be noted that the negative
MR indicates that the dominant effect observed is due
to spin-dependent electron tunneling between ferro-
magnetic nanogranules [20]. The value of MR at room
temperature is 2.5 % for longitudinal geometry and 2 %
for perpendicular one. Also note that the field depend-
ences do not tend to saturate in a magnetic field with
induction up to 0.6 T.

Spin-dependent tunneling of electrons in granular
structures such as ferromagnetic metal — insulator may
be due to the peculiarities of their structure. The results
of our electron microscopic studies of the structure of
the obtained films allow us to conclude that these films
are nanocrystalline with a nanocrystal size less than
5nm (Fig. 4). These nanocrystals are immersed in an
amorphous matrix. Such a film structure is typical for
granular systems. A detailed analysis of diffraction im-
ages (Fig. 4) is not possible, and we can only note that
the structure of such films is close to amorphous. As a
rule, in such systems, due to the chemical interaction of
Co with Si and Oz, on the surface of Co nanoparticles in
S10 we have a mixture of CoSi, CosSi (ferromagnetic)
and CoO phases (antiferromagnetic) in the matrix and
on the surface of Co nanoparticles.
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Fig. 3 — Field dependences of longitudinal (a), transverse (b),
and perpendicular (¢) MR for as-deposited thin-film composite
materials based on Co and SiO with thickness d = 60 nm and
cco = 35, 50 and 65 at. %

The concentration dependences of MR (Fig. 5) are
also typical for metal-insulator composites. In the con-
centration range of 40-60 at. % (pre-collation zone),
isotropic MR of 1.5-2.5 % is realized. At a concentration
of Co of 60-70 at. %, a sharp decrease in the value of
TMR is observed. With a further increase in the con-
centration of Co, the anisotropic nature of MR appears
due to the formation of an infinite ferromagnetic clus-
ter. In this case, field dependences of the anisotropic
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MR and its value are typical for freshly condensed Co
films (MR does not exceed 0.1 %). It should also be not-
ed that the maximum on the concentration dependenc-
es of MR shifts to the region of lower concentrations of
Co with increasing sample thickness.

Fig. 4 — Bright field TEM image and diffraction TEM image
(in the inset) for thin-film composite materials based on Co
and SiO with thickness d = 30 nm
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Fig. 5 — MR as a function of the Co concentration for thin-film
composite materials based on Co and SiO with thickness
d =30 nm (1) and 60 nm (2)

4. CONCLUSIONS

It was found that for as-deposited composites based
on Co and SiO. with thickness d=30-70 nm and
cco = 40-60 at. %, isotropic MR of 1.5-2.5 % is realized
due to spin-dependent electron tunneling.

The maximum on the concentration dependences of
MR shifts to the region of lower concentrations of Co
with increasing sample thickness. The reason for such
a shift may be the peculiarities of the formation of
granular structures depending on their thickness.
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Oco06MBOCTI MATHITOOIIOPY KOMIIO3UTHHX MaTepiaiis Ha ocHOBi Co Ta SiO

.M. ITasyxa, B.B. lorkin, O.B. [Tunmunenro, B.3. Mukutun, 10.0. lkypooxa

Cymcoruli Oepacasruil ynisepcumem, 8yJi. Pucmcevroeo-Kopcarosa 2, 40007 Cymu, Yipaina

Cepisl TOHKOILTIBKOBAX KOMIIOSUTHHX MaTepiamis Ha ocHoBl Co Ta SiO Oysa oTpuMaHa METOAOM OTHOYA-
CHOT'O €JIEKTPOHHO-IIPOMEHEBOT0 OCAJIIKEHHS 3 JIBOX HesasekHux mrepes. Kornmenrpauis aromis Co y ToH-
KOILIIBKOBOMY 3pasKy 3MiHIOBajiacsa y Meskax Bim 35 mo 90 ar. %. Kommosuiliiaumit Ta eleMeHTHHI aHaJsIi3
3pas3KiB BU3HAYABCA 34 JIOIIOMOIOK CKaHyHJoro ejekTporHoro mikpockory (Tescan VEGAS3) 3 emepropoasci-
worounM perTreHiseskuM (EDX) nerexropom (Oxford Instruments). 3aranbHa TOBIIMHA KOMIIO3UTHUX MaTe-
plaJiiB KOHTPOJIOBAJIACS 3a JOIIOMOI0I0 CHCTEMH 13 JBOX HE3aJIMKHUX KBAPIIOBUX PE30HATOPIB Ta CTAHOBUJIA
30 Ta 60 um. JlocmipreHHST MarHITOPE3UCTUBHUX BJIACTHBOCTEH OyJIO IIPOBEIEHO IJIS 3PAa3KiB ¥ CBIMKOCKOH-
JIEHCOBAHOMY CTaHl. 3TifHO 3 OTPUMAHWMHU JaHUMH IIOPIr MEePKOJAIl nsa cucremu Ha ocHoBi Co Ta Si0O
3HAXOIUTHCA B IHTEPBAJIL KOHIIEHTPAIIIH cco = 60-70 at. %. I3 orpuMaHux 3a KIMHATHOI TeMIIepaTypH II0JIbO-
BHUX 3asieskHocTed Maruitoonopy (MO) cirinye, 110 €JIeKTPUYHUHA OIip IJIIBOK 3MEHIIYETHCS IIPU BHECEHHI X
y MarHiTHe moJie (HeraTWBHMI MarHitoomip). Peamizamis seratusaoro MO cBiquuTh IIpo Te, 110 JOMIHYIO-
9uii e(PeKT, AKUN CIOCTEPITaeThCsA, 3yMOBJIEHUM CITIH-3aJI€KHAM TYHEJIOBAHHSIM €JIEKTPOHIB MK (pepomar-
HITHUMY HaHOTpaHyJiamMu. BcraHoBiIeHO, 110 IS CBIKOCKOHEHCOBAHUX KOMIIO3uTiB Ha ocHOBI Co ta SiOx
roBuwHOW d =30-70 HM Ta 3a KOHIEHTpAIl cco = 40-60 aT. % peasiayernbest i3oTpomauit MO BemymHO©O
1.5-2.5 %. Makcumym Ha KoHIEHTpaIiiunx 3asexuocTsx MO aminyersesi B 00J1aCTh MEHIINX KOHIIEHTPA-

it Co mrpm 30L/IBITEHH] TOBIITUHY 3Pa3KiB.

Kmiouosi ciosa: Kommosurauit matepian, OgaouacHa KoumeHcairis, @epomaruiTai yactuakw, Jiemekrpu-

vHA MaTpwuilsg, Maruiroormip.
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