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This work explores the electrical conductivity and magnetoresistive properties of as-
deposited and annealed at 600 K (FexoNigo+ SiO)/Sub granular thin films and
[Feao Nigo (d)/SiO(5)]5 /Sub discontinuous multilayers. It is shown that the magnetoresistance
behavior is governed by the type of thin-film sample, the heat treatment, and the composition
of components. Isotropic magnetoresistance is exhibited by the as-deposited granular thin films
with a magnetic component volume content of 20-70 vol. %, by the granular thin films annealed
at 600 K with a magnetic component volume content of 20-40 vol.%, and by the discontin-
wous multilayers annealed at 600 K with an effective magnetic-layer thickness of 4—5 nm. It
has been established that an exponential temperature dependence of the resistivity is observed
in (Feao Nigo + Si0)/Sub granular thin films with a magnetic component volume content of
only 20-80 vol.%. In contrast, for [FexoNigo(d)/SiO(5)5/Sub discontinuous multilayers, the
transition regime of conductivity is already observed at d = 3 nm.
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1. Introduction

The investigation of magnetic materials is a topical
issue owing to their application in the development
of high-density data storage media [1], biomedical
nanorobots [2]|, and ultra-sensitive sensors [3]|. Their
use enables a significant reduction in device size, to-
gether with improvements in performance and en-
ergy efficiency, which form the basis for the next
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generation of electronics [4, 5]. Such materials in-
clude ferromagnetic nanocomposites based on ferro-
magnetic metal nanoparticles embedded in polymer
or inorganic matrices. These structures attract inter-
est because of their fundamental and applied signif-
icance. Of particular interest from the standpoint of
practical applications is their electrical conductivity
in a magnetic field [6, 7]. The technical parameters
of functional elements based on such structures de-
pend not only on the size, volume concentration, and
shape of the magnetic granules, but also on their dis-
tribution within the conducting or insulating matrix
[8, 9]. This explains the ongoing search for and re-
finement of technologies to produce such structures
and their subsequent processing [10, 11]. In partic-
ular, the method of sequential vacuum evaporation
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Fig. 1. Diffraction pattern for an (FegoNigp + SiO)/Sub thin
film annealed at 600 K with a volume content of magnetic
material z = 40 vol.% (a) and [FezoNigo(4)/SiO(5)]5/Sub dis-
continuous multilayers (b)

followed by heat treatment is used to prepare metal—
insulator composite materials [12, 13]. This approach
allows the production of composite materials with
an amorphous insulating matrix free of ferromagnetic
metal atoms and magnetic grains of nearly uniform
size, whose dimensions can be tuned as required.

This work aims to conduct a comparative analy-
sis of the electrotransport and magnetic properties of
granular materials based on FeyoNigy and SiO pre-
pared by electron-beam co-evaporation and sequen-
tial evaporation.

2. Experimental Details

Two series of samples were prepared to accomplish the
tasks set. The first series was produced by electron-
beam co-evaporation from two independent sources
(FegoNigg and SiO) in a high-vacuum chamber at a
base pressure of 10~* Pa. Deposition was carried out
at room temperature, with glass-ceramic plates used
as substrates. (FegoNigg + SiO)/Sub thin films with a
total thickness of 80 nm and with a magnetic com-
ponent volume fraction (z) of 20-80 vol.% were ob-
tained. The deposition rate was 0.1 nm/s for both
FeyoNigg and SiO and was monitored using two in-
dependent quartz sensors. The second series was pre-
pared by sequential electron-beam evaporation under
identical vacuum conditions and deposition param-
eters, yielding [NiggFeso(d)/SiO(5)]5/Sub discontin-
uous multilayers with a magnetic-layer thickness d
ranging from 4 to 8 nm. Samples of both series were
subsequently annealed within the temperature range
of 300-600 K in vacuum at 10~* Pa.
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An energy-dispersive spectrometer (EDS) attached
to the SEO-SEM was used to determine the composi-
tion of the samples. The crystal structure of the sam-
ples was examined using a transmission electron mi-
croscope (TEM-125K).

The magnetoresistive properties were measured us-
ing a hardware—software system in the current-in-
plane geometry, in an external magnetic field rang-
ing from 0 to 600 mT. All measurements were per-
formed at room temperature. The measuring current
was I = 1 mA. The longitudinal magnetoresistance
(with the magnetic field in the sample plane and par-
allel to the current) and the transverse magnetore-
sistance (with the magnetic field in the sample plane
and perpendicular to the current) were calculated us-
ing the equation

R(B) — R(By)
MR = 22/~ Do) 1
R(By) (1)
where R(B) is the current value of the resistance in
the magnetic field B, and R(By) is the resistance of
the sample in the field By.

3. Results and Discussion

The structural properties of (FeygNigg + SiO)/Sub
and [FexoNigo(d)/SiO(5)]5/Sub thin-film systems
were studied first. After heat treatment, the crys-
tal structure of both series of samples corresponds
to fcc-FeNis, irrespective of the sample composi-
tion. Fig. 1 shows a typical diffraction pattern for an
(FegoNigg + SiO)/Sub thin film with a magnetic ma-
terial volume content of x = 40 vol.% annealed at
600 K, and for [FegoNigo(4)/SiO(5)]5/Sub discontin-
uous multilayers.

Let us consider the features of the magnetoresis-
tive effect in as-deposited and annealed (at 600 K)
(NiggFeqq + SiO)/Sub granular thin films (Fig. 2) and
[NiggFeoo(d)/SiO(5)]5/Sub discontinuous multilayers
(Fig. 3). Fig. 2, a, ¢ shows the field dependences of
the magnetoresistance for the granular thin films. As
shown, isotropic magnetoresistance is observed in all
as-deposited samples with a total thickness of 80 nm
and a magnetic component volume fraction of 20—
70 vol.%. The coincidence of the field dependences
in the longitudinal and transverse measurement ge-
ometries indicates that these thin films are isotropic
granular systems |9, 14]. Spin-dependent tunneling is
therefore realized in such thin films, giving rise to
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tunnel magnetoresistance [15]. The field dependence
of the magnetoresistance shows no tendency towards
saturation in magnetic fields up to 0.5 T. The magni-
tude of the isotropic magnetoresistance is 0.04-0.1%
at room temperature.

The behavior is markedly different for the as-
deposited [NiggFeao(d)/SiO(5)]5/Sub discontinuous
multilayers (Fig. 3, a, ¢). For all as-deposited sam-
ples prepared by sequential condensation, anisotropic
magnetoresistance [16] is observed: the magnetore-
sistance is positive in the longitudinal measurement
geometry and negative in the transverse one. This be-
havior is typical of a single-layer, structurally con-
tinuous NiggFegq thin-film alloy [17, 18]. Evidently,
infinite ferromagnetic clusters within a single layer
are formed in such structures during the conden-
sation process, even at an effective magnetic-layer
thickness of 4 nm. As a result, these structures are
electrically continuous. The formation of extended
ferromagnetic clusters leads to the appearance of
anisotropic magnetoresistance, which arises from the
interaction of conduction electrons with outer-shell
electrons whose spin moments induce spontaneous
magnetization.

Let us now consider the effect of annealing on the
field dependence and the magnitude of the magne-
toresistance in granular thin films and discontinuous
multilayers. It should be noted that, for the granu-
lar thin films, annealing at 600 K alters the charac-
ter of the field dependences of the magnetoresistance
only for films with = 50-70 vol.% (Fig. 2, b). After
annealing, a transition to anisotropic magnetoresis-
tance is observed. This behavior of the magnetore-
sistance can be explained by the growth of magnetic
granules and the improvement of the crystal struc-
ture. As a result, the magnitude of the anisotropic
magnetoresistance increases and becomes the govern-
ing contribution.

For the granular thin films with z = 20-30 vol.%,
annealing at 600 K does not alter the character
of the field dependences of the magnetoresistance
(Fig. 2, d). A slight increase in the longitudinal mag-
netoresistance and a more pronounced increase in the
transverse magnetoresistance are observed.

For the [FegoNigg(d)/SiO(5)]5/Sub discontinuous
multilayers with d = 4 nm annealed at 600 K, a
change in the character of the magnetoresistance is
also observed (Fig. 3, d). As shown in Fig. 3, d, the
field dependence of the magnetoresistance is isotropic
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Fig. 2. Field dependences of LMR and TMR for as-deposited
(a, ¢) and annealed at 600 K (b, d) (FezoNigg + SiO)/Sub thin

films with a total thickness of 80 nm with an FegsgNigg content
of 70 vol.% (a, b) and 28 vol.% (¢, d)
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Fig. 3. Field dependences of LMR and TMR for as-deposited
(a, ¢) and annealed at 600 K (b, d) [Fe20Nigo(d) + SiO(5)]5/Sub
multilayer systems with an Fe20Ni80 layer thickness of d =
=8 nm (a, b) and 4 nm (¢, d)

in both the longitudinal and the transverse mea-
surement geometries. Evidently, the reason for this
change in the character of the field dependences in
the case of the discontinuous multilayers is an in-
crease in the mean grain size and a reduction in their
density. This leads to the formation of magnetic gran-
ules separated by 1-2 nm-wide insulating channels. In
such structures, the insulating layers retain their indi-
viduality and prevent direct ferromagnetic exchange
between granules — both between adjacent metal lay-
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Fig. 4. Temperature dependences of the resistivity for
(FezpNigo + Si0)/Sub thin films with a total thickness of 80 nm
(a) and |[FegoNigo(d) + SiO(5)]5/Sub multilayer systems (b)

ers and within the same layer — while permitting inter-
granular tunneling [19, 20].

For the [FegoNigg(d)/SiO(5)]5/Sub discontinuous
multilayers with d = 8 nm, annealing at 600 K results
in no change in either the character of the magnetore-
sistance or its magnitude (Fig. 3, b).

To correctly interpret the conduction mechanisms
in granular and layered films, a detailed analy-
sis of the temperature dependence of the resistiv-
ity was performed. Fig. 4 shows the temperature
dependence of the resistivity over the 300-600 K
range for both series of samples. An exponential
temperature dependence with a negative tempera-
ture coefficient of resistance (TCR) is observed for
the (FegoNigg + Si0)/Sub granular thin films with a
magnetic component volume content of 20-30 vol.%
(Fig. 4, a). Hence, the insulating regime of conduc-
tance is realized in such thin films. This regime of
conductance can be attributed to thermally activated
electron tunneling between metal granules separated
by an insulating channel. This mechanism is charac-
teristic of thin films with a metal-phase concentra-
tion below the percolation threshold [21, 22]. These
results are in good agreement with the magnetoresis-
tance study cited above.

For the discontinuous multilayers, an exponen-
tial temperature dependence is not observed even
at an effective magnetic-layer thickness of 3 nm
(Fig. 4, b). For the [FegoNigg(3) 4 SiO(5)]5/Sub dis-
continuous multilayers, the resistivity remains virtu-
ally unchanged up to 600 K, with a TCR close to zero.
Evidently, at these layer thicknesses, an infinite metal
cluster is formed, while a large number of isolated
metal granules also remain. As a result, the transition
regime of conductance is realized. As noted above, at
this effective magnetic-layer thickness, isotropic mag-
netoresistance is observed. However, its magnitude is
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half that of the granular thin films produced by co-
evaporation. This suggests that, for the same compo-
sition of components, a greater number of small metal
particles are formed in the granular thin films than
in the discontinuous multilayers.

For all (FeggNigg + SiO)/Sub thin films with a mag-
netic component volume content exceeding 30 vol.%
and for all [FexoNigg(d)+ SiO(5)]5/Sub discontinu-
ous multilayers with d > 3 nm, typical metallic
temperature dependences of the resistivity are ob-
served. Hence, the electrical transport processes in
such samples are governed by conduction through
electrically continuous metal clusters and are deter-
mined by the scattering of conduction electrons at
metal-insulator interfaces, grain boundaries, impuri-
ties, and phonons [23].

4. Conclusions

Based on the results of the investigation of the
electrotransport and magnetoresistive properties of
(FeggNigg + SiO)/Sub granular thin films prepared
by co-evaporation and [FeygNigo(d) + SiO(5)]5/Sub
discontinuous multilayers prepared by sequential
condensation, the following features can be high-
lighted. First, isotropic magnetoresistance is observed
for the as-deposited (FeqgNigg+ SiO)/Sub granular
thin films over the wide range of magnetic compo-
nent volume contents studied (20-70 vol.%). In con-
trast, for all as-deposited [FeqoNigo(d)/SiO(5)]5/Sub
discontinuous multilayers with d = 4-10 nm, only
anisotropic magnetoresistance is observed. Second, a
transition to anisotropic magnetoresistance occurs af-
ter annealing at 600 K in granular thin films with
x = 40-70 vol.%. The opposite trend is observed after
annealing at 600 K in discontinuous multilayers with
d = 4-5 nm, indicating a transition to isotropic mag-
netoresistance. Third, an exponential temperature
dependence of the resistivity with a negative TCR is
observed for (FesgNigg + SiO) /Sub granular thin films
only at a magnetic component volume content of 20—
30 vol.%. For [FegoNigg(d)/SiO(5)]5/Sub discontinu-
ous multilayers, the resistivity increases only slightly
with temperature up to 600 K (the TCR is close to
zero), even at d = 3 nm. These features arise because,
for the same composition of the (NiggFey + SiO) /Sub
and [NiggFeg(d)/Si0(5)]5/Sub samples, the granular
thin films contain a greater number of small metal
particles than the discontinuous multilayers.
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JOCHIAXKEHHA EJIEKTPOIIPOBIJIHOCTI
TA MATHITOPE3VUCTUBHUX BJIACTUBOCTEN
IIJIIBKOBUX CHUCTEM HA OCHOBI FegoNigg TA SiO

Y poboTi HOCHIIPKEHO eJIEKTPOIPOBIIHICTH 1 MarHiTopesuc-
THBHI BJIACTHBOCTI TOHKUX I'paHy/boBanux ok (FegoNigg +
+Si0)/Sub y BuxizHoMy crani Ta micis Bignasy 3a Temiie-
parypu 600 K, a Tako)k AUCKpeTHHX 6araToIIapoBUX CTPY-
kTyp [FeaoNigo(d)/SiO(5)]5/Sub. Ilokasamo, mo mnoBeniHka
MarHiTOOIOpY BH3HAYAETHCS THIIOM TOHKOILIIBKOBOIO 3pa3-
Ka, TEPMiYHOI OOpPOOKOI Ta CKJIAJOM KOMIIOHEHTIB. I30Tpo-
MMHUI Mar"iTOOHIP CIIOCTEPIracThbCs Y I'PAHYJIBOBAHIUX TOHKUX
IUTIBKaX y BHUXiZHOMY CTaHi 3 BMICTOM MAarHiTHOIO KOMIIO-
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nenta 20-70 06.%, y rpaHy/JbOBaHUX TOHKHUX IUIBKax, Bifa-
nenux 3a temneparypu 600 K, i3 BMicTOM MarmiTHOro kom-
nonenta 20-40 06.%, a TakoXkK y JUCKPETHHX OGararomapo-
BUX CTPYKTypax, Bimnasjgenux 3a remneparypu 600 K, 3 ede-
KTHBHOIO TOBIINWHOIO MariTHoro mapy 4-5 mm. Bcranosite-
HO, IO €KCIIOHEHIliaJIbHa TeMIIepaTypPHa 3aJI€?KHICTh ITUTOMO-
ro OIOpY CIIOCTEPIra€ThbCsl y IPAHYIbOBAHUX TOHKHX ILIIBKAaX
(Fe2oNigg + SiO)/Sub smme 3a BMiCTy MArHiTHONO KOMIIOHEH-
Ta 20-30 06.%. Ha BigMminy Bim HEHX, JJi JUCKPETHUX Gara-
Tomaposux cTpykKTyp [FeaoNigo(d)/SiO(5)]5/Sub nepeximamit
PEKUM IIPOBIJHOCTI CrIOCTEpIiraeThbcs BKe it d = 3 HM.

Katwvwo6i cao6a: rpaHy/IbOBaHI TOHKI IUIIBKH, JUCKPETHI
6araTomapoBi CTpyKTYpH, CIiJIbHE BUIIAPOBYBAHHSA, IIOCJIiIOB-
Ha KOHJIEHCallisl, MarHiTOOIIp, Pe>KUM IIPOBiJHOCTI.
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