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ARTICLE INFO ABSTRACT

Keywords: The structural, electrical, magnetic, magneto-optical properties and magnetoresistance of {[(CosoFe40B20)34(-

Hybrid multilayers Si02)66]/[Zn0]}, multilayer structures, where n = 50 is the number of bilayers (CosoFes0B20)34(SiO2)gs nano-

II:I/[anostr'uctl.lres composite and ZnO have been studied. The thicknesses of (Co4oFes0B20)34(SiO2)ss nanocomposite layers as well
agnetization

as ZnO spacers were varied in a wide range. The samples were synthesized by ion-beam sputtering onto glass
ceramic substrates. The (CosoFe40B20)34(SiO2)s6 composite have an amorphous structure and the semiconductor
ZnO interlayers have a hexagonal crystalline structure with the p63mc symmetry group. The nanocomposite
layers containing a ferromagnetic component far from the percolation threshold are in a superparamagnetic
state. The presented in the paper data of magnetization, magneto-optical transverse Kerr effect and magneto-
resistance indicates that long-range ferromagnetic order does not form down to 77 K both for references ZnO
films and studied multilayers with thin and thick ZnO interlayers. An increase in the magneto-optical signal in
multilayers compared to references (CosoFe40B20)34(SiO2)66 composite films has been detected at 1.2 eV. The
magnetoresistance of {[(Co4oFe40B20)34(Si02)66]/[Zn01}, multilayers with thick (>32 nm) ZnO interlayers is
lower than in reference (Co4oFe40B20)34(SiO2)e6 nanocomposite, while at thin ZnO interlayers magnetoresistance
is significantly higher and reaches 12 % at temperatures of 77 K. Possible mechanisms of ferromagnetic and
antiferromagnetic ordering, enhancement of the magneto-optical response and magnetoresistance in
{[(Co4oFe40B20)34(Si02)66]1/[Zn0O]}, multilayer nanostructures are discussed.

Negative magnetoresistance

1. Introduction between the adjacent layers, strengthen or weaken magnetoresistance
and other magnetotransport or magneto-optical effects [6-9].

Hybrid multilayer structures “magnetic nanocomposite-semi- The physical properties of such hybrid systems, where the monolayer

conductor” with ultrathin interlayers, where the magnetic nano-
composite is a system of superparamagnetic particles distributed within
dielectric matrix, can manifest not only properties of the constituent
layers, but new characteristics also due to possible effects of magnetic
proximity and exchange interaction between the layers [1-5]. On the
one side, the magnetic proximity effect or diffusion of magnetic ions into
the semiconductor can initiate the ferromagnetic state of the semi-
conductor layer. On the other side, the exchange interaction between
ferromagnetic granules of nanocomposite layers via semiconductor
layer can induce ferromagnetic ordering within nanocomposite layers,
ferromagnetic or antiferromagnetic ordering of the magnetic moments
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thickness is on the order of several nanometers, are greatly determined
by the structure and interface phenomena between different phases and
can be realized by simple technological approaches by changing the
material and thickness of the interlayers. Particular interest in these
systems is explained by the possibility of practical use of the giant
magnetoresistance effect, which can arise both due to spin-dependent
transport phenomena in nanocomposite layers and between layers. At
the same time, the technology for manufacturing hybrid multilayers is
relatively simpler than in “ferromagnetic metal-transition metal” or
“ferromagnetic metal-dielectric” multilayers, because does not require
epitaxial growth of films and the use of “clean rooms”, and the presence
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of bridges between the layers is not critical. Hybrid multilayers of a
certain composition with ferromagnetic ordering of nanocomposite
layers can also be promising for high-frequency applications due to their
magnetic softness and high resistivity. It is also possible to create
magneto-optical materials with enhanced response.

Preliminary studies of such systems were carried out mainly on the
CossFeq5Zr10)35(A1203)65/a-Si:H and (CospFe40B20)50(Si02)s50/SiOz sys-
tems [6-9], and with a limited range of parameters. These studies
demonstrated the occurrence of ferromagnetic ordering at
nanocomposite-semiconductor interfaces at certain thicknesses of the
semiconductor layer, when superparamagnetic granules are not in
contact with each other inside the nanocomposite layer. The magneto-
transport properties of hybrid multilayers have not been studied.

In this work, we study the structural, magnetic, magneto-optical,
electrical properties and magnetoresistance of hybrid multilayers
{[(Co4oFe40B20)34(Si02)66]/[Zn0O]}, (where n is the number of
(Co4oFe40B20)34(Si02)g¢ nanocomposite and ZnO bilayers) in a wide
range of thicknesses of (CosoFe40B20)34(SiO2)66 nanocomposite and ZnO
semiconductor layers. The properties of (CosoFe40B20)34(SiO2)66 nano-
composites have been well studied, and at selected concentration of
CoyoFe40Byo ferromagnetic phase with a high degree of spin polariza-
tion, the nanocomposite is an ensemble of non-contacting super-
paramagnetic granules that weakly interact at room temperature. The
choice of ZnO as a semiconductor is conditioned to the next facts. Firstly,
the presence of ferromagnetic ordering in this material without or with
the addition of transition metals (see, for example, [10,11] and refer-
ences in these works). Secondly, ZnO can be successfully integrated into
various hybrid devices, for example with graphene [12]. A detailed re-
view of the properties of ZnO, materials and devices based on it is given
in [13]. We observed the strong influence of ZnO spacer thickness on
studied properties and found enhanced magnetoresistance and magneto-
optical response at certain compositions.

2. Samples and experimental procedure

The preparation of multilayer structures {[(CosoFe40B20)34(Si02)661/
[ZnO]},, was carried out by ion-beam method with subsequent deposi-
tion on a rotating substrate according to the method described in
[9,14,15]. To deposit multilayer composite-semiconductor structures, a
composite target made of a metal alloy Co4oFe40B2 base with thirteen
SiOs plates uniformly distributed on its surface, as well as a target made
of zinc oxide semiconductor, were used (see the scheme of the composite
target in [16]). During the deposition process, a V-shaped screen was
installed between ZnO target and the substrate, which made it possible
to adjust the thickness of the semiconductor interlayer over a wide
range. Substrates were fixed on a substrate holder parallel to the target
plane along its long side. Then, based on the selected process parame-
ters, two targets were sputtered simultaneously. The multilayer struc-
ture had several bilayers, which was determined by a compromise
between the duration of deposition and the film thickness to increase the
signal of magnetodynamic measurements. As it was previously estab-
lished if the number of bilayers was more than 10, the magnetic prop-
erties of the structures practically did not change. Therefore, we settled
on choosing the number of bilayers equal to 50, in such a way that the
final formula of the resulting multilayer structures can be written in the
form {[(Co40Fe40B20)34(Si02)e6]/[Zn0O]}50. A series of references
nanocomposite samples (CosoFeq0B20)x(Si02)100.x (Where X is
CoyoFe40B2o metal phase content in atomic percentage) and ZnO films
were also obtained. To obtain (CosoFe40B20)x(SiO2)100.x composites
with different contents of the metal phase X in a single technological
process, a target with a nonuniform distribution of SiO, plates on the
surface of CosoFe40B2o base was used. As substrates glass ceramics for
measuring electrical, magnetic, magnetoresistive and magneto-optical
measurements were used, as well as monocrystalline silicon with the
orientation (001) for X-ray measurements.

In order to determine the optimal conditions to deposition of
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multilayer structures with interlayers of the order of several nanometers,
references (CosqoFes0B20)34(Si02)66 composite and ZnO films were
separately synthesized on substrates, alternately occupying composite
and ZnO deposition positions (the substrate holder rotated around the
axis of the sputtering chamber). The thickness values of the reference
(Co40Fe40B20)34(SiO2)¢6 composite and ZnO films, measured at several
points of the substrate holder by optical interferometry, were divided by
the number of substrate holder revolutions, which gave preliminary
values of the thicknesses for (Co4oFe40B20)34(Si0O2)s6 composite and ZnO
interlayers, which is expected to obtain in a multilayer structure. The
exact thicknesses of the composite and ZnO interlayers in the multilayer
structure were determined by X-ray diffraction in the region of small
Bragg angles and transmission electron microscopy.

The chemical composition of the films was carried out using an
Oxford INCA Energy 250 energy-dispersive X-ray attachment on a JEOL
JSM-6380 LV scanning electron microscope. The structure was studied
by X-ray diffraction methods on a Bruker D2 Phaser diffractometer
(Acuko1 = 1.54 A) using DIFFRAC.EVA 3.0 software with the ICDD PDF
Release 2012 database. Transmission electron micrograph (TEM) of a
transverse section and electron diffraction images were obtained at
Hitachi HT7700 microscope at an accelerating voltage of 100 kV (W
source). Transverse sections with a thickness of approximately 40-50
nm were prepared using a single-beam focused ion beam system (FIB,
Hitachi FB2100). To protect the films from destruction during the
preparation of the section, the sample was precoated with a protective
film of amorphous germanium.

The dependences of the electrical resistivity were measured using a
two-probe method at direct current using a universal digital multimeter
B7-78/1. To study the influence of an external magnetic field on the
electrical conductivity of the studied samples, the latter were placed
between the poles of an electromagnet so that the magnetic field was
directed in the plane of the sample perpendicular to its plane.

Magnetic properties were studied with a LakeShore (USA) vibration
sample magnetometer, model 7407 in fields up to 16 kOe. We also used a
MPMS XL7 SQUID (Quantum Design) magnetometer to study magnetic
properties of ZnO at 2 K.

Magneto-optical (MO) studies were carried out in the geometry of
the transverse Kerr effect (TKE) [17,18] at T = 20-300 K in the spectral
range of 0.5-4.0 eV in a magnetic field up to 3.0 kOe. p-polarized light
was used at an incidence angle of 69.5°. For each sample, the spectral
dependence in the maximum magnetic field, temperature and field
dependence of the MO signal were measured for the selected wave-
lengths. The measurements were performed using a dynamic method, in
which the TKE parameter is the relative change in the intensity of the
reflected light when the sample is magnetized by an alternating mag-
netic field with a frequency of 40 Hz.

3. Experimental results and discussion
3.1. Structure of the studied films

Fig. 1 shows X-ray diffraction patterns of {[(CosoFe40B20)34(-
Si02)66]1/[Zn0]} 50 multilayer structures with different thickness of ZnO
interlayers, (CosoFe40B20)34(Si02)66 nanocomposite and ZnO films ob-
tained by deposition on a rotating substrate. Analysis of the presented X-
ray diffraction patterns showed that composite interlayers of the syn-
thesized films, as well as reference composite (CosoFe40B20)34(Si02)e6,
have an amorphous structure and ZnO interlayers have a hexagonal
crystalline structure with the symmetry group P63mc (Fig. 1a) [19]. It
should be noted, that the diffraction pattern of reference ZnO film
characterized by the presence of a narrow diffraction maximum at 26 ~
34° (Fig. 1a), which can be classified as (0001) planes of hexagonal ZnO
cell. An increase in the thickness of ZnO interlayers in the multilayer
structure {[(CosoFe40B20)34(Si02)66]/[Zn0O]}50 leads to an increase in
the diffraction maximum, however, its width is significantly greater
than that observed for pure ZnO. The presence of only one reflection



Y.E. Kalinin et al.

(0001) ZnO

3.95 nm
3.84 nm
2.55 nm
1.55 nm
1.18 nm

0.68 nm
(CoyF €40B50)34(Si 2)ss

I
1
1
1
1
|

//

1, arb. unit

1, arb. unit

ZnO

Journal of Magnetism and Magnetic Materials 604 (2024) 172287

\/\_/w
w
\f\/\/\ES_I}E

1.18 nm

0.68 nm
(CoyoFe9By))34(S10,)46
ZnO

20, deg

a)

25 30 35 40 45 50 55 60 65 70 75

4 5 6 7
20, deg

b)

Fig. 1. X-ray diffraction patterns of ZnO films, composite (Co4oFe40B20)34(Si02)66 and multilayer structures {[(CosoFe40B20)34(Si02)661/[Zn01} 50 with different ZnO

interlayer thicknesses, measured at average (a) and small (b) Bragg angles.

maximum (0001) is due to the strong texture. In this case, at small
thicknesses of the interlayers, the ZnO crystal structure apparently does
not form.

X-ray diffraction at small Braggs angle (26 = 1-7°) revealed the
presence of diffraction maxima in all of the studied multilayers
{[(CO40F€40B20)34(5102)66]/[ZIIO]}50 (Fig. 1b), which can be inter-
preted as the presence of a multilayer structure of the films with
different interlayers thicknesses. It should be noted, that for references
(Co4oFe40B20)34(Si02)66 nanocomposite and ZnO films, obtained by
deposition on a rotating substrate, there is no maxima at mentioned
range.

Diffraction studies using transmission electron microscopy (TEM)
confirmed the amorphous structure of the constituent layers of the film
at thin ZnO interlayer thickness (inset to Fig. 2), and micrographs of the
cross section of the {[(CosoFe40B20)34(Si02)661/[Zn0]}s0 system — the
formation of composite interlayers (CosoFes49B20)34(SiO2)s¢ and multi-
layer structure (Fig. 2), while the thickness of the interlayers in the
studied sample (Co4oFe40B20)34(Si02)e was equal to 1.1 nm, and 1.2 nm
for ZnO.

[— 2nm |
ITLiTE
Fig. 2. TEM microimage of the cross section of the multilayer structure

{[(Co40Fe40B20)34(Si02)661/[Zn01} 50 (the inset shows the diffraction pattern of
the film under study).

3.2. Electrical properties of films with a multilayer structure
{[(Co40Fe40B20)34(Si02)661/[Zn0] }s0

Fig. 3a shows the dependences of the electrical resistivity of
(Co40Fe40B20)x(Si02)100.x nanocomposites on concentration of the
metal phase CosgFes0Bog (designated as X) measured at room tempera-
ture. In the case of a composite target with an uneven arrangement of
silicon plates on metal Co4oFe4oBog plate sputter, the concentration of
the metal phase X changes from 25 to 64 at. %, which leads to a non-
linear decrease in the electrical resistance of the (CosgFe40B20)x(-
Si02)100-x System by approximately 5 orders of magnitude (black curve
in Fig. 3a). The obtained dependence is typical for many heterogeneous
systems metal-insulator, and a significant decrease in the electrical re-
sistivity of composites with increasing concentration of a metal phase is
associated with the transition from a non-metallic type of conductivity
to a metallic one. A characteristic feature of this dependence is the de-
viation from monotonic behavior for compositions located near the
percolation threshold, which is especially noticeable after heat treat-
ment in vacuum atmosphere at T = 400 °C, 30 min, which does not lead
to crystallization of amorphous phases (red curve in Fig. 3a). In this case,
heat treatment of composites leads to an increase in the electrical
resistance of composites located before and to its decrease beyond the
percolation threshold (shown by arrows in Fig. 3a). Thus, the electrical
resistance of the selected for obtaining multilayer structures composite
layer with the composition of (Co4oFe40B20)34(SiO2)s6, depending on the
relaxed state of the amorphous phase and deposition conditions, should
be greater than 1-10 Ohm-m and the composite itself should be classi-
fied as pre-percolation one.

The presence of ZnO interlayers, which has a 3-4 orders of magni-
tude lower electrical resistivity value, according to our data amounting
to ~2.7-10% Ohmm should lead to a decrease in p of
{[(Co4oFe40B20)34(Si02)661/[Zn01}5¢ multilayer structures, which is
what is happening. Experimental studies of electrical resistivity of the
synthesized multilayer structures {[(Co4oFe4oB20)34(SiO2)66]1/[Zn01} 50
depending on the thickness of ZnO semiconductor interlayers are pre-
sented at Fig. 3b. The electrical resistivity p of {[(CosoFe40B20)34(-
Si02)661/[Zn0]1} 50 multilayers changes slightly with the thickness of the
interlayer up to hzpo ~ 1.2 nm, and then decreases by approximately
three orders of magnitude at hz,0 = 4 nm (Fig. 3b). It should be noted
that a similar pattern was observed for multilayer structures obtained
from (CogoFe40B20)34(Si02)6s composite with interlayers of Si, C, Cu,
and BiyTeg [9]. It was found that if the interlayer had a composition with
p < 0.005 Ohm + m, the value of p(h) changed by more than three
orders of magnitude. In the studied {[(Co4oFe40B20)34(SiO2)es]/
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Fig. 3. Electrical resistivity of (CosoFe4oB20)x(SiO2)1.x composite films as a function of metal phase content X (a) and resistivity of multilayer structures
{[(Co4oFe40B20)34(Si02)66]1/[Zn0]}so depending on the thickness of the ZnO interlayers hzno (b).

[ZnO]}s0 systems, ZnO interlayers also has a lower value of electrical
resistivity compared to the electrical resistivity of composite films up to
the percolation threshold (Fig. 3a), which also leads to a change in p by
more than three orders of magnitude with a change in the thickness of
ZnO spacers (Fig. 3b).

To explain the observed patterns, let us consider the sequence of
growth of the semiconductor layer during the deposition process. The
multilayer structure {[(CosoFe40B20)34(Si02)e6]1/[Zn0]} 50 is a complex
heterophase system, one of the main parameters of which is the thick-
ness of the semiconductor layer (hz,p). At thicknesses of the zinc oxide
layer less than ~1.2 nm the semiconductor phase has an island structure
and is concentrated mainly on metal granules (due to the principle of
minimizing the internal energy of the growing film in the process of self-
organization) (Fig. 4a). The formed morphology does not significantly
affect the processes of electrical transfer in composite
(Co4oFe40B2g)34(Si02)ee layers. Increasing ZnO interlayer thicknesses at
range of 0.5 to 2 nm results to a lower-resistance conduction channels
are formed. At small thicknesses of ZnO interlayers the processes of
electrical transfer “metal granule — semiconductor — dielectric — metal
granule” can predominate (Fig. 4b), which is observed in the synthesized
films (Fig. 3b) at hzpo < 1.5 nm. As hz, increases, the contribution to
the conductivity of the “metal granule-semiconductor-metal granule
transitions” will increase, and at a thickness of ZnO interlayers more
than 2 nm, the electrical resistance is completely determined by these
conducting channels of ZnO (Fig. 4c). Some contradiction in the esti-
mates of the island layer thickness of ZnO film from the results of
electrical resistance and studies of morphology using transmission
electron microscopy, where at thicknesses of ~1.2 nm continuous ZnO
interlayers are formed, can be associated with applying of different
substrate types for electron microscopy (monocrystalline Si (001)) and
for electrical properties measuring (glass ceramic substrates with greater
roughness were used).

3.3. Magnetic properties

As it was noted above, (CosoFe40B20)34(SiO2)e6 composites represent
an ensemble of non-contacting superparamagnetic granules that weakly
interact at room temperature [20]. The presence of ZnO semiconductor
interlayers, which is not ferromagnetic, between the initially super-
paramagnetic nanocomposite layers changes the magnetization curves.

Measurements of field dependences of magnetization m(H) on a VSM
magnetometer of reference ZnO films both at room temperature and 77
K did not reveal any signs of ferromagnetic ordering; the m(H) curves are
strictly linear. Additional studies carried out on a MPMS XL7 SQUID

Metal-semiconductor

ZnO interface

CoyoFeqBag

Fig. 4. Model representation of possible current paths (blue arrows) in a
multilayer structure {[(Co4oFe40B20)34(Si02)66]/[Zn0]}so depending on the
thickness of ZnO: a — formation of islands of the ZnO semiconductor phase; b —
growth of ZnO islands; ¢ — formation of a continuous layer of ZnO. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

(Quantum Design) magnetometer at 2 K also did not reveal the presence
of hysteresis loops. The equatorial MO Kerr effect, which is proportional
to the in-plane component of magnetization, was not detected up to 20
K, which confirms the absence of long-range magnetic order. Ferro-
magnetism of ZnO is usually associated with defects at grain boundaries
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(see [21,22]) and it is believed that defect-induced magnetism is
enhanced by the addition of transition metals to ZnO. In our case, we do
not observe defect-induced magnetism, which can be due to the insuf-
ficient concentration of defects formed as a result during ion-beam
deposition of the films.

As example Fig. 5 shows the magnetization curves of two types of
multilayers: with a thin ZnO interlayer thickness hz,o = 0.46 nm
(Fig. 5a) and a thick one — hz,o = 3.94 nm (Fig. 5b), measured using a
VSM magnetometer. Both VSM and Kerr magnetometry did not reveal
ferromagnetic ordering for all studied samples, since no hysteresis loops
were observed either at room or lower temperatures (up to 100 K) with
an accuracy of measuring the coercive force of up to 0.1 Oe. Ferro-
magnetism of the studied multilayers could arise for three reasons: (i)
ferromagnetism of ZnO interlayers upon penetration of Co ions into
these layers during deposition or after deposition due to diffusion. The
presence of such magnetic ions in the interlayers between granules has
been demonstrated for some nanocomposites [23]; (ii). ferromagnetic
exchange between neighboring granules of nanocomposite layers
through a thin ZnO layer; (iii) ferromagnetic exchange in the interface
layer of magnetic granules through the surface layer of ZnO and an in-
crease in the blocking temperature of CosoFe4oBgo nanogranules in the
interface layer due to a change in the magnetic anisotropy constant.

The first mechanism does not work due to the low concentration of
transition metal ions incorporated into ZnO. The second and third
mechanisms apparently does not work in our case even for ultrathin ZnO
thicknesses (about 1 nm), since superexchange interaction — exchange
through oxygen ions of the ZnO interlayer (Fe-O-Fe type) or vacancies
usually leads to antiferromagnetic ordering [24], the conductivity of
ZnO is low to realizing of indirect exchange through conduction elec-
trons of the RKKY type, and the magnetic anisotropy constant of nano-
grains weakly depends on the surroundings. These mechanisms can be
realized when the composition of the nanocomposite layer is in close
proximity to the threshold for the formation of long-range magnetic
order and/or at a higher conductivity of the semiconductor layer, as was
observed in [9].

In order to clarify the nature of the interaction between the nano-
composite layers, we also measured the magnetic permeability of
[(Co4oFe40B20)34(Si02)661/[Zn0]} 50 multilayer samples at a frequency
of 50 MHz at room temperature using the resonance technique described
in [9]. The real part of the magnetic permeability of

m, 10°° A-m?
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[(Co4oFe40B20)34(Si02)661/[Zn0]}59 multilayers with thin ZnO in-
terlayers was close to unity, which means the absence of ferromagnetic-
type interaction, which does not exclude antiferromagnetic-type inter-
action, and as noted above may be a consequence of superexchange
through oxygen vacancies in thin ZnO layers. Indirect confirmation of
antiferromagnetic interaction in this case is the observed increase in
magnetoresistance (see paragraph 2.5 below) with thin ZnO layers. In
the case of thick ZnO interlayers (>3 nm), as it taking place in early
works [6-9], with sufficiently conductive interlayers, high values of
magnetic permeability (~10) has been observed. This result may be
associated with ferromagnetic interaction between layers if the inter-
action in a multilayer structure between initially non-interacting
superparamagnetic granules leads to a correlated orientation of mag-
netic moments, similar to the formation of a superferromagnetic state
[25-27], characterized by an extremely low coercivity and high mag-
netic permeability [26]. The considerations expressed are exclusively
qualitative in nature and require further experimental and theoretical
studies.

3.4. Magneto-optical spectra

Examples of MO spectra for (Co4oFe4oB20)34(SiO2)6¢ reference com-
posite and {[(CosoFe40B20)34(Si02)e61/[Zn0O]}50, multilayers with
different ZnO thicknesses are shown at Fig. 6. Since there is no MO
response of reference ZnO films, one can expect that the MO spectra of
such hybrid systems as multilayers are entirely determined by
(Co4oFes0B20)34(SiO2)66 nanocomposite layers. However, this is not the
case (Fig. 6). Distinctive peculiarities of the presented data are, firstly,
the presence of additional features in relation to (Co4oFe40B20)34(Si02)66
reference nanocomposites (Fig. 6a, blue and green curves), and sec-
ondly, a large signal magnitude for certain compositions. In particular,
in multilayers with a ZnO interlayer 2.2 nm thick, an additional negative
peak appears at 1.25 eV and TKE reaches high values at 50 K (Fig. 6b).

We exclude the influence of interference effects, since the depth of
formation of the MO signal is about 50-100 nm, which is comparable to
the total thickness of the samples, and the layers are quite thin. Since
TKE is determined not only by MO, but optical parameters also [17,18],
the change in the dielectric constant of ZnO in the vicinity of the plasma
frequency can be responsible for the observed effect of TKE
enhancement.

-10 -5 0 5 10 15

Fig. 5. Magnetization curves of {[(Co4oFe40B20)34(Si02)e6]/[Zn01}50 multilayers with thin (hz,0 = 0.46 nm) (a) and thick (hz,0 = 3.94 nm) (b) ZnO interlayers,

measured using a vibration magnetometer.
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Fig. 6. TKE spectra of (CosoFe40B20)34(Si0O2)e6 reference composite film (a) and {[(CosoFe40B20)34(Si02)66]/[Zn0]}50 multilayers with different ZnO interlayer
thicknesses at room temperature (b) and multilayers with ZnO interlayer thickness of 2.2 nm (circles) and 3.4 nm (triangles) at T = 50 K (blue curves) and T = 300 K
(red curves). Layers thicknesses h of ZnO and nanocomposite are indicated in in the corresponding figures. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

The strong non-monotonic dependence of the MO signal on the ZnO
interlayer thickness is due to the fact that the MO signal in hybrid
multilayers is formed due to the competition of contributions from
nanocomposite layers, ZnO interlayers and interfaces. The situation is
complicated, firstly, by the fact that the MO signal of thin nano-
composite films also depends on their thickness (green and blue curves
in Fig. 6a), since with a change in nanocomposite thickness the size of
the granules also changes [17,18], and secondly, it is impossible to
exclude the formation of ZnO:Co clusters, which, according to [28], can
determine an additional TKE response. At small ZnO interlayer thick-
nesses of 0.5 nm (Fig. 6b, purple curve), the role of interfaces increases
and to an even greater extent at 1.5 nm (red curve), and therefore a
sharp increase in the MO signal is observed compared to samples
without interlayers. As the thickness of the ZnO interlayer increases, the
role of interfaces decreases and the MO signal also decreases and be-
comes even smaller than in the reference composite (Fig. 6b, black
curve).

As the MO temperature decreases, the signal increases, but its
spectral profile does not change (Fig. 6¢), which confirms the absence of
ferromagnetic ordering in the studied samples down to 50 K.

3.5. Magnetoresistance of {[(Co4oFe49B20)34(SiO2)66]/[Zn0]} 50
multilayer films

Magnetoresistance (MR) of studied samples was calculated using the
standard formula

MR = {[R(H) — R(0)]/R(0) }-100%, [6))

where R(H) is the electrical resistance in any fixed field, R(0) is the
electrical resistance in zero magnetic field. In all studied samples, as
{[(Co40Fe40B20)34(Si02)661/[ZnO]}50 multilayers and (CosoFe40B20)x(-
Si02)100-x reference nanocomposites the MR is negative (Fig. 7a) and is
characterized by a tendency to saturation in strong fields at low tem-
peratures (Fig. 7b), which indicates a spin-dependent tunneling mech-
anism. An unexpected result is the enhancement of MR in some
multilayer systems compared to (CosoFes0B20)34(SiO2)es reference
nanocomposite with the composition used at obtaining multilayers and
the dependence of MR on the thickness of ZnO interlayers. An expla-
nation of these features, which appear at both room and low tempera-
tures, is given below. It is worth noting that the MR in some multilayers
is positive and does not saturate [29,30], but in our case MR is negative
for all samples.

According to the Inoue-Maekawa theory [31], spin-dependent
tunneling in nanocomposites is described by the formula
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Fig. 7. Magnetic field depences of magnetoresistance of the composites (CosoFe40B20)x(Si0O2)100-x (a, b) (the X values are indicated close to the curves), as well as
multilayer structures {[(Co4oFe40B20)34(Si02)e6]/[Zn0]}50 with different ZnO interlayer thicknesses (are indicated close to the curves) (c, d) at room temperature (a,

¢) and 77 K (b, d).

2 M :
MR = —P (1\75) . 2
That is, MR is proportional to the square of the relative magnetization
(M and Mg magnetization in a fixed field and saturation magnetization,
respectively) and the spin polarization P of the granules. The Inoue-
Maekawa theory is based on the concepts developed in [32,33] and is
valid only in the close vicinity of the percolation threshold. In particular,
the expression does not depend on the concentration of metal phase of a
nanocomposite, although it is well known that the MR decreases when
the concentration of the ferromagnetic component becomes signifi-
cantly less than or greater than the percolation threshold. The effect of
the ferromagnetic phase content on the MR of (Co4gFe40B20)x(Si02)100-x
reference nanocomposites is illustrated at Fig. 7a and b. Far from the
percolation transition, the Inoue-Maekawa theory does not work and
usually experimental data for pre-percolation compositions are inter-
preted within the framework of the spin-dependent tunneling model
through chains of granules or ions between granules [34-36], which
strongly depends on the ferromagnetic metal concentration, that is, on
the average distance between granules. In our case, when ZnO layer is
thin (see Fig. 4), the distance between Co4pFes0B2o granules of neigh-
boring nanocomposite layers becomes smaller than within the nano-
composite layer, and the resistance of the structure decreases due to the
lower resistivity of ZnO, which leads to an increase in MR, reaching high
values (up to 12 %) (Fig. 7c and d). Fig. 8 summarizes the data of Fig. 7c

_14

h7,0, Nm

Fig. 8. Magnetoresistance of {[(Co4oFe40B20)34(Si02)e6]/[Zn0]}so multilayer
films as function of ZnO semiconductor interlayers thickness, measured at room
temperature T = 300 K and at T = 77 K.



Y.E. Kalinin et al.

and d regarding the dependence of MR on ZnO thickness.

It cannot be ruled out that neighboring granules interact antiferro-
magnetically through a thin ZnO interlayer, thus enhancing the MR due
to the formation of an antiparallel orientation of the magnetic moments
of the granules in the absence of a magnetic field, which is more
favorable for the spin-depend tunnel-type MR. At thick ZnO interlayers
(>3 nm), on the contrary, the MR becomes smaller than in the nano-
composite. This is explained by the fact that the percolation threshold in
the nanocomposite layers shifts to the region of the dielectric phase
during the transition from a three-dimensional system to a two-
dimensional one at the same chemical and phase composition.

4. Conclusions

A comprehensive study of the structural, electrical, magnetic,
magneto-optical properties and magnetoresistance of
{[(Co40Fe40B20)34(Si02)66]1/[Zn0O]}50 multilayer systems showed the
dependence of these properties on the thickness of ZnO semiconductor
interlayers. We didn’t have detect defect-induced magnetism down to 2
K in reference ZnO films, obtained at the same conditions as it was used
for {[(Co40Fe40B20)34(SiO2)66]/[Zn0]} 5o multilayers. The manifestation
of ferromagnetic behavior in {[(CosoFes0B20)34(Si02)66]1/[Zn01}s0
multilayers due to the effect of magnetic proximity or due to the pene-
tration of transition metal ions in ZnO interlayers during the deposition
process was not found also down to 77 K. The main practically important
result of the work is the discovery of the enhanced magneto-optical Kerr
effect and magnetoresistance. The enhancement of the Kerr effect occurs
due to an increase in the electric field accompanying plasma oscillations
in ZnO. The magnetoresistance of {[(CosoFe4oB20)34(Si02)66]1/[Zn01}50
multilayers in a field of 10 kOe at 300 K reaches 4 % at room temper-
ature and 12 % at 77 K, which is twice more than the maximum value
obtained for (Cos4oFe40B20)x(Si02)100-x reference nanocomposites (see
curves at X = 42 at.% on Fig. 7a and b).
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