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The paper presents the results of experimental studies of the structure and magnetoresistive properties of
discontinuous multilayers [NisoFez20(d)/SiOx(5)]s5/Substrate, x = 1. The method of layer-by-layer electron-beam
evaporation was used for the deposition of samples. The thickness of the magnetic layers (d) varied from 4 to
8 nm. To investigate the annealing temperature effect on magnetoresistive properties, samples were annealed at
step-increasing temperatures within the Tu., = 300 — 700 K range. It was demonstrated that an anisotropic
character of magnetoresistance (positive longitudinal and negative transverse magnetoresistance) is observed
for all as-deposited and annealed at 400 K samples, which are typical for single-layer structurally continuous
films of the NisoFego alloy. Familiar to all field dependences (AR/Ro)(B) with an anisotropic character is a sharp
change in magnetoresistance in the field range of — 10 —+ 10 mT and a tendency to saturate in more vital fields.
It was found that annealing the samples at a temperature of 500 K with d = 4 — 5 nm leads to the transition to
isotropic magnetoresistance. This is due to an increase in the size of permalloy granules to 10 nm and the
formation of insulator channels with a width of 1 — 2 nm between them. The maximum values of isotropic
magnetoresistance at room temperature are about 0.1 %. After annealing at a temperature of 600 K, the
reappearance of anisotropic magnetoresistance in structures with d = 4 nm is observed. The reason for this
transition is the destruction of the structural continuity of the insulator layers and, as a result, the formation of
a metal cluster throughout the structure. It is shown that an increase in the annealing temperature to 700 K

does not cause a change in the nature of the magnetoresistance but only leads to a rise in its value.
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1. INTRODUCTION

Scientific and technological progress is impossible
today without the widespread use of micro- and
nanoelectronics, spintronics, computing, robotics, etc. The
successful development of these areas requires a modern
element base, provided mainly by magnetically
inhomogeneous materials [1-3]. Using such materials can
dramatically improve the reliability of devices and
significantly reduce their size, weight, power consumption,
and cost [3-6]. Such materials, in particular, include
granular metal-insulator structures and layered
structures based on ferromagnetic alloys and insulator
layers. Despite many experimental and theoretical studies
of granular structures [7-10], some questions remain open.
For example, the influence of the size and shape of
magnetic granules on such materials' magnetic and
magnetoresistive properties and the nature of their
distribution in the insulator matrix volume are not fully
understood. At the same time, much less attention has
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been paid to the study of layered structures based on
ferromagnetic metals and insulator layers obtained by
layer-by-layer condensation [11-15]. However, recent
research shows that such structures have advantages over
granular films. In particular, layered structures can be
considered composite materials with an amorphous
insulator matrix without ferromagnetic metal atoms,
almost the same magnetic granules size, and a change in
these sizes if necessary [15-18].

Given the above, this work aimed to experimentally study
the magnetoresistive properties of layered structures
[NisoFe20(d)/SiOx(5)]5/S (S-substrate, x = 1) as possible
thermostable sensitive elements of instrument structures.

2. EXPERIMENTAL DETAIL

The [NisoFe20(d)/S10x(5)]5/S (x = 1) discontinuous
multilayers, where n = 5 is the number of FM/I bilayers,
were prepared at RT in an HV chamber with a base
pressure of 10 -4 Pa. The method of layer-by-layer electron-
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beam evaporation was used for the deposition of samples.
The thickness of the magnetic layers (d) varied from 4 to
8 nm. The thickness of the layers was controlled by two
independent in situ quartz resonators with an accuracy of
10%.

The magnetoresistive properties were measured using
a software-hardware complex with current-in-plane
geometries in an external magnetic field from 0 to 600 mT.
All measurements were performed at room temperature. The
measuring current was I = 1 mA. The value of longitudinal
(magnetic field in the sample plane and parallel to current)
and transverse (magnetic field in the sample plane and
perpendicular to current) magnetoresistance 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.

To investigate the annealing temperature effect on
magnetoresistive properties, samples were annealed in
step-increasing temperatures within the
Tann = 300-700 K range, staying at each temperature for
20 min. The annealing was performed in a vacuum
chamber with a 10-3 Pa pressure.

3. RESULT AND DISCUSSION

illustrates the field dependences of the
structures

Fig. 1
magnetoresistance for non-annealed
different thicknesses of permalloy layers.
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Fig. 1 — Field dependencies of the magnetoresistance for the
layered system [NigoFez20(d)/SiOx(5)]5/S (x= 1) at d = 8 nm (a), 6 nm
(b), 5 nm (c), and 4 nm (d) after condensation

As can be seen from the figure, for all as-deposited
samples, an anisotropic character of magnetoresistance
(positive  longitudinal and  negative  transverse
magnetoresistance) is observed, which is typical for single-
layer structurally continuous films of the NisoFezo alloy.
Common to all field dependences (AR/Ro)(B) with an
anisotropic  character is a sharp change in
magnetoresistance in the field range of — 10 —+ 10 mT and
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a tendency to saturate in more vital fields.

Obviously, in the process of condensation in such
structures, even at a layer thickness of d = 4 nm, “infinite”
ferromagnetic clusters are formed, and, as a result, the
structures are electrically continuous. The formation of
extended ferromagnetic clusters determines the realization
of anisotropic magnetoresistance due to the interaction of
conduction electrons with external electrons, whose spin
moments cause spontaneous magnetization.

The value of the AMR at room temperature for such
samples is 0.05 — 0.15%, depending on the thickness of the
permalloy layers. The relatively low AMR values can be
explained by a decrease in the saturation magnetization due
to the large defectiveness of as-deposited permalloy layers
and their structural inconsistency.

The effect of the annealing temperature on the nature
of the field dependencies and the magnitude of the
magnetoresistance of the studied structures illustrates
Figs. 2-5. It is worth noting that annealing at 400 K does
not change the nature of the field dependencies of the
magnetoresistance and its value (Fig. 2).
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Fig. 2 — Field dependencies of the magnetoresistance for the
layered system [NisoFez0(d)/SiOx(5)]5/S (x= 1) at d = 8 nm (a), 6 nm
(b), 5 nm (c), and 4 nm (d) after annealing to 400 K

As can be seen from Fig. 3c, d, the field dependences of
the magnetoresistance are isotropic in the longitudinal
and transverse geometries of measurement (the resistance
of the samples decreases in the magnetic field). At the
same time, in most cases, the field dependences obtained
in different geometries coincided with the experimental
error, and no magnetoresistive hysteresis was recorded on
the field dependences of magnetoresistance. This fact
indicates that the influence of magnetoresistance
anisotropy is not significant.

The maximum values of isotropic magnetoresistance at
room temperature are about 0.1 %. Structural features can
explain such peculiarities of magnetoresistance behavior.
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Fig. 3 — Field dependencies of the magnetoresistance for the
layered system [NigoFez0(d)/SiOx(5)]5/S (x= 1) at d = 8 nm (a), 6 nm
(b), 5 nm (c), and 4 nm (d) after annealing to 500 K

According to electron microscopic studies, crystallite size
increases after annealing the samples at a temperature of
500 K. The increase in the size of crystallites in structures
with a permalloy layer thickness of 4 — 5 nm leads to the
formation of islands with insulator channels between them
with a width of 1 — 2 nm. In such films, the insulator layers
prevent  direct ferromagnetic exchange between
neighboring islands within the same layer but allow
interisland tunneling [19-21]. Also, the structural
continuity of the insulator layer is likely to be preserved,
which excludes direct ferromagnetic exchange between
magnetic islands of adjacent layers.

Thus, a structure is formed in which an insulator
barrier separates the magnetic granules, so the transfer of
an electron from one granule to another will be carried out
only by the tunneling effect. In such a metal-insulator-
metal system, an electron with a particular spin state can
tunnel through the barrier only to the same spin state. The
probability of tunneling an electron to a state with an
opposite spin is zero [22]. It is maximal when the magnetic
moments of neighboring islands are oriented in parallel
and minimal in the case of antiparallel orientation.
Macroscopically, this relationship can be represented by
the Eq. (1):

M
AR = —p? o 1
where AR is the change in the film resistance, P is the
electron polarization coefficient, M is the film
magnetization in an external field, and M; is the
saturation magnetization.

Note that such a correlation is characteristic only of
negative isotropic magnetoresistance. Thus, for the
layered structures of [NisoFez20(d)/S10x(5)]5/S (x = 1) at
d =4 — 5 nm, tunneling magnetoresistance is realized.
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Considering that the films are island-like at effective
permalloy layer thicknesses of 4 — 5 nm, according to Eq. (1),
they can be in a superparamagnetic state. This is confirmed
by the absence of hysteresis on the isotropic field dependences
and their nonlinearity, which is a consequence of the lack of
magnetic hysteresis and the nonlinear dependence of the
magnetic moment on the magnetic field Eq. (1).

For structures with d = 6 — 10 nm, in which an infinite
ferromagnetic cluster is formed in the initial state,
annealing at 500 K does not lead to its fragmentation
(formation of an island structure). As a result, the
character of the magnetoresistance remains anisotropic
Fig. 3 a, b.

The peculiarities of the magnetoresistive properties of
the layered structures after annealing at 600 K are
presented in Fig. 4. As in the cases discussed above, no
change like the field dependences was observed for
structures with d = 6 — 10 nm (Fig. 4 a, b).
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Fig. 4 — Field dependencies of the magnetoresistance for the
layered system [NisoFe20(d)/Si0x(5)]5/S at d = 8 nm (a), 6 nm (b),
5 nm (c), and 4 nm (d) after annealing to 600 K

Only a slight increase in the transverse and longitudinal
magnetoresistance values can be noted due to increased
metal granule size and reduced crystal structure defects.

The magnetoresistance behavior after annealing at 600 K
of a layered structure with d = 4 nm is particularly
interesting. As shown in Fig. 4d, a transition to an anisotropic
character of the magnetoresistance is observed after
annealing. This magnetoresistance behavior can be explained
by violating the structural continuity of the dielectric layers.
As a result, a direct ferromagnetic exchange between the
magnetic islands of neighboring layers appears.

This leads to forming a ferromagnetic cluster in the entire
structure volume and, as a result, the realization of
anisotropic magnetoresistance.

A further increase in the annealing temperature to
700 K, regardless of the thickness of the layers of the
structures, does not lead to a change in the nature of the
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Fig. 5 — Field dependencies of the magnetoresistance for the
layered system [NisoFe20(d)/SiOx(5)]5/S at d = 8 nm (a), 6 nm (b),
5nm (c), and 4 nm (d) after annealing to 700 K

magnetoresistance (Fig. 5). Only a 2-fold increase (up to
0.1%) in the value of isotropic magnetoresistance and a 2-3-
fold increase (up to 0.3 — 0.5%) in the anisotropic
magnetoresistance are recorded. This increase in
magnetoresistance is due to a significant increase in the size
of the granules (up to 10 — 20 nm), which is confirmed by the
results of electron microscopic studies.
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4. CONCLUSION

For all non-annealed and annealed at 400 K layered
structures [NigoFez20(d)/Si0x(5)]5/S (x = 1) with effective
permalloy layer thicknesses d =4 — 10 nm and dsiox=5 nm,
an anisotropic character of magnetoresistance is observed.
After annealing at a temperature of 500 K, the structures
with d = 4 — 5 nm show a transition to isotropic
magnetoresistance, which is due to an increase in the size
of permalloy granules to 10 nm and the formation of
insulator channels with a width of 1 — 2 nm between them.
A further increase in the annealing temperature to 600
and 700 K leads to the appearance of anisotropic
magnetoresistance in structures with d = 4 nm. The reason
for this transition is the destruction of the structural
continuity of the insulator layers and, as a result, the
formation of a metal cluster throughout the structure.

The anisotropic and 1isotropic magnetoresistance
values increase with the heat treatment temperature due
to the increase in the size of the magnetic granules and the
improvement of their crystal structure.
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MaruiTopesucTrBHI BJIaCTUBOCTI PO3PUBHUX TOHKOILTIBKOBUX CHCTEM
Ha ocHoBi NisgFez Ta SiOx (x = 1)

O.B. ITrnunenko?!, I.M. ITasyxal, C.P. Hoaros-I'opmittuyk!, A.M. Jlorsunos!?, K.B. Tumenxo!?, P.O. Tpossu!,
V. Komanicky?, }0.0. [lIxypmonal

1 Cymcwguﬁ deporcasruli ynisepcumem, 40007 Cymu, Yepaina
2 P.J. Safarik University in Kosice, 041 54 Kosice, Slovakia

Y pobori HaBeneHO pe3yabTATH EKCIIEPUMEHTAJBbHHUX [OCIIIKeHb CTPYKTYPH Ta MAaTHITOPE3HUCTUBHUX
BiactuBocTedl pospuBHMX Mysabrumapie [NisoFe2o(d)/Si0«(5)]5/linkmanka, x = 1. BuropucroByBascs merosn
TIOIITAPOBOTO eJIEKTPOHHO-ITPOMEHEBOTO HATIAPIOBAHHS. JIJIs JeIIOHYBaHH 3pa3kiB. ToBmmHA MarHiTHUX mapis (d)
amiroBasacs Big 4 g0 8 um. 1106 gocaiauTy BILUIHMB TeMIepaTypu BiAmaay Ha MarHITOPEe3WCTUBHI BJIACTHBOCTI,
3PA3K¥ BIAMAIOBAJIN TIPU CTYIIIHYACTOMY 3pOCTaHHI Temmepatyp v miana3oi Thix = 300-700 K. Iloxasawno, mio
IS BCiX HamtaBjeHux 1 Bignanenux npu 400 K 3paskis crocrepiraeTbess aHI30TPOIHUN XapaKkTep MArHiTOOIIOPY
(TO3UTUBHUHI TTO3TOBIKHIN 1 HETATUBHUM TOMEPEYHUI) 3PA3KIB, XapaKTePHUM IS OJHOIMAPOBUX CTPYKTYPHO-
HeImepepBHUX IIBOK criaBy NigoFez. 3uattomi Beim moskoBi 3amnesuocti (AR/Ro)(B) aHI30TPOIHOTO XapakTepy —
11e pi3ka 3MiHA MATHITOOMIOpY B jiama3oni mosis — 10 — + 10 mTur 1 TergeH s 10 HACHYEHHS B OLIBIN BAKJIUBUX
moJsisix. BeranosiieHo, 1o Bignast 3paskis mpu temmeparypi 500 K 3 d = 4 — 5 HM npusBoauTth 10 mepexomy 10
i3oTpomnHOoro Mar#iToomnopy. e mos’s13aHo 31 301IBIIEHHAM PO3MIPY IpaHyJI ITepMasIoio 10 10 HM 1 yTBOPeHHSIM MIK
HUMHJ KaHAJIB 130J1sITOpa ImuprHoo 1 — 2 HM. MakcumasibHI 3HaYeHHS 130TPOIIHOI0 MAaTHITOOIOPY IPX KIMHATHIN
TeMIepaTypi craHoBsATh 6sm3bko 0,1 %. ITicis Bignasmy mpu remmeparypi 600 K cocrepiraersest moBropHa mosisa
aHI30TPOIIHOI0 MArHITOONOPY B CTPYKTypax 3 d = 4 HM. [IpuyuHoo Takoro mepexony € pyHHyYBaHHS CTPYKTYPHOI
0e3repepBHOCTI I1apiB 130JI9TOpPA 1, SIK HACJIIOK, YTBOPEHHS MeTaIeBoro Kjacrepa 1o Belil crpykrypi. [lorasaro,
10 TiABHINEHHS TeMiepaTypu Bignamry mo 700 K He Buriaukae aMiHM XapakTepy MarHITOOIOPY, a IPU3BOIUTH
JIHIIIE 10 3POCTAHHS HOT0 BEJIMYUHU.

Kmrouori crosa: Pospueni ToHKOILTIBKOBI crcremu, [lepmadtoit, Marwiroorrip, Bimmaot.
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