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Abstract: For nanodimensional magnetically inhomogeneous amorphous granular films
of the system (CoggNbi4Ta2),(SiO2)100-2, 30 < x < 60 at.% the concentration
dependences of the magnetooptical Kerr effect (MOKE) spectra and FMR have been
investigated. The observed changes in the MOKE and FMR spectra are associated
with transformations of microstructure and topology of the nanocomposites. For the
compositions within the percolation region the transversal Kerr effect increases by an
order of magnitude.
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1 Introduction

From the beginning, nanocrystalline materials of the ferromagnetic-dielectric type have
attracted attention of both engineers and researchers. Early experiments demonstrated a
number of important transport properties, including the giant magnetoresistance (MR)
[1] and the giant Hall effect [2]. Nevertheless, interest was not restricted to the magneto-
transport properties of such nanostructures. In some of them linear and non-linear mag-
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netic and magnetooptical (MO) effects have been found in the visible and near IR range
3, 4]. It was also shown that for a wide range of compositions of amorphous granular films
containing magnetic nanoclusters (CoNbTa, CoFeZr, CoFeB) imbedded into the silicon
oxide matrix [5, 6], the optical and magnetooptical properties differed drastically from
the ones of the corresponding bulk materials and exhibited strong dependence on various
structural parameters. Generally, electric, magnetic, and optical properties of granular
metal-dielectric structures depend on the ferromagnetic phase concentration and experi-
ence radical changes when the composition goes beyond the percolation threshold. The
most conspicuous magnetic field response of the nanocomposites in percolation region is
the emergence of the giant tunnel magnetoresistance (GMR) [4, 7] and a giant magne-
tooptical effect, the magnetorefractive effect (MRE), which is non-linear in magnetization
magnitude [8-11]. In the IR range, the magnetorefractive effects demonstrate a specific
frequency dependence and exceed the traditional odd and even MO effects by an order of
magnitude and even more. In general, it is clear that the mechanisms both of the GMR
and MRE are determined by the spin-dependent scattering and spin-dependent tunnel-
ing of polarized electrons between ferromagnetic granules across the dielectric interlayers.
Yet there is no complete understanding of the physics of these and other related effects.
In particular, there is no satisfactory explanation of the concentration dependence of
the electrical resistivity, magnetic and magnetooptical properties and absorption of elec-
tromagnetic waves in the SHF range. These problems are of interest not only for the
fundamental science but are important for realization of practical tasks, first of all for
creation of nanostructural materials which applications are very promising and have al-
ready begun: they are used in highly sensitive magneto-resistive sensors and miniature
magnetic read/write heads for the high density information-carrying media, selective am-
plifiers and modulators of the light, thermal radiation receivers, electrochromic displays
ete.

Here, we present investigation of structural, magnetic, and magnetooptical properties
of nano-dimensional magnetically inhomogeneous materials. The problems discussed be-
low deal with formation of the magnetically ordered state in granular structures composed
of ferromagnetic nano-dimensional CoNbTa particles inside the dielectric SiO matrix and
with the dependence of the above properties on the concentration and size of magnetic
granules. The research makes use of two UHF structure-sensitive spectroscopic methods,
the magnetooptical one in the optical range and FMR in the SHF range.

2 Samples. Preparation and structure

Granular amorphous films containing nano-dimensional clusters of the CogsNby4Tay alloy
randomly distributed in the insulating amorphous matrix SiO, were prepared in argon at-
mosphere by ion-beam sputtering of compound targets, containing both the ferromagnetic
and the dielectric components, on uncooled pyroceram substrates. The choice of a rather
complicated composition of the granules CogsNbisTas was determined by the requirement
to stabilize the amorphous structure of the ferromagnetic at room temperatures. Usu-
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ally for this purpose, the ferromagnetic cobalt is alloyed with 16-25 % of amorphizators.
A characteristic feature of our alloy is the use of metallic amorphizators niobium and
tantalum instead of metalloids. Moreover, the amorphous alloy CogsNbq4Tay possesses
a rather low saturation magnetostriction magnitude (A, & 0,5:107¢). The choice of the
silicon oxide as a material for the matrix was by no means accidental but determined by
its thermal stability in a wide temperature range.

Fig. 1 Photomicrographs and electron diffraction patterns of granular nanocomposites
(COgGTalszg)(SiOn)loo_Z a— (COgGTalng2)34(SiOn)66; b* (COgeTalng2)42(SiOn)5g.

During simultaneous sputtering of the metallic alloy and of the dielectric from the
compound target, a fragmented structure is formed composed of metallic amorphous
granules imbedded inside the dielectric matrix, with a wide and continuous range of the
ferromagnetic phase concentrations x from 30 to 60 at.% being obtained. The manufac-
tured film samples were about 2 pum thick. When the concentration of SiO, was maximal,
the average size of ferromagnetic granules sputtered on a static substrate was 2—4 nm.
With decrease of the dielectric fraction the size of ferromagnetic granules increases, and
in nanocomposites with large concentrations of the metallic phase (x = 50-60 at.%) it
becomes 57 nm. The structure and morphology of the samples have been investigated by
transmission electron microscopy. The electron diffraction pattern of one of the granular
nanocomposites (CoggNb14Tas),(Si02)100_2, shown as an example in Fig. 1, demonstrates
that the structure is amorphous. Composition of the samples has been checked by the
electron probe X-ray spectrum microanalysis.

When the SiO, content is high, most of the metallic granules are isolated from each
other and behave as superparamagnetic particles. However, some of them are combined
in small conglomerates and strings. Analysis of the data on the concentration dependence
of magnetoresistivity demonstrates (Fig. 2) that its noticeable growth begins at compar-
atively small x (around 36 at.%), being connected with tunneling that begins at these
concentrations. The maximum of the magnetoresistivity effect is observed around the
percolation threshold (46 at.%). At this point, the conductivity mechanism changes from
the one based on electron tunneling over the dielectric matrix to the metallic one through
the conducting channels which form a fractal structure composed of amorphous gran-
ules of CogyNby,Tagcontacting with each other. At z ~ 55 at.%, the magnetoresistance
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vanishes.
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Fig. 2 Concentration dependence of magnetoresistance for a (CoggNbi4Tas),(SiO2)100—s gran-
ular nanocomposite.

3 Experiment and discussion

3.1 Magnetooptical properties

The magnetooptical properties have been studied by the transversal Kerr effect (TKE). It
consists of relative change of the intensity of the linearly polarized light (p-wave) reflected
from the sample in the case when magnetization vector is parallel to the surface and at
the same time lies perpendicular to the incident light plane (the transversal geometry):

5= n—ln=o (1)
Iy

Here, Iy and Iy—o are intensities of the light reflected by the magnetized and non-
magnetized samples, respectively. The measurements of TKE have been performed using
a dynamic method developed for measuring MO-effects [12] in which the remagnetization
of the sample by the AC magnetic field leads to a modulation of the reflected light
intensity, the depth of which determines the magnitude o of the MO effect. The TKE
spectra d(hr) and the magnetic field dependence curves 6(H) have been measured in the
0,5-4,0 eV photon energy range for the incidence angle ¢ = 70° in the AC magnetic field
of 78 Hz frequency and amplitude up to 1,5 kOe.

The curves of the TKE frequency dependence 6(hv) of amorphous granular nanocom-
posites (CoggNb14Tas),(SiO2)100_ shown in Fig. 3 substantially differ from both the cor-
responding spectra of the polycrystalline cobalt [12] and the amorphous alloy CogsNby4Tag,
characteristic feature of the latter, common to other amorphous Co and Fe-based alloys
[13], being the frequency independent TKE in the energy range hv > 2,0 eV. The most
profound changes of d(hr) have been found in the range hv < 1,5 eV. Conversely, in the
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alloy CogsNby,Tasand in Co the TKE magnitude drops to zero with decrease of the energy
of photons (6(hv) ~ 0 at hv = 0,7 €V) in the nanocomposites 0(hv) changes its sign and
attains maximum negative values in the 0,7 — 1,2 eV interval. In this region the absolute
values of TKE of the nanocomposites are 5 times greater than the ones observed in the
amorphous alloy CogsNby4Tas One should keep in mind that in the amorphous granular
nanocomposites which demonstrate the greatest TKE magnitudes, the magnetic phase
content is virtually two times less than that in the amorphous alloy CogsNbq4Tay. It
should also be mentioned that in this region the TKE x—dependence is non-monotonous.
The maximum changes of TKE occur in the samples with magnetic phase concentrations
within the region 45-50 at.%, which corresponds to the percolation threshold. A simi-
lar behavior of the TKE concentration dependence has been observed in the system of
granular films composed of silicon oxide with nanoparticles of CoNbTa [14].

1 0 T T T T T T T T T T T T

TKE, §-103

hv, eV

Fig. 3 Despersion of TKE in the nanocomposites (CoggNb14Tas),(SiO2)100—z-

In nanocomposites with larger concentrations of the ferromagnetic phase the spectra
change their shape in such a way that the region where TKE is positive increases. At
the same time for the nanocomposite with z = 58,4 at.%, the TKE zero point posi-
tion coincides with the corresponding zeros both for pure Co and the amorphous alloy
CogsNbi4Tas. In the visible light range, a frequency independent part of the TKE spec-
trum begins to develop in samples with magnetic phase concentration above 54 at.%.

The curves of the TKE magnetic field dependence (Fig. 4) measured at hry = 1,42 eV
demonstrate that nanocomposites with various content of the ferromagnetic phase exhibit
different magnetization mechanisms. When concentration of the ferromagnetic granules is
small, the TKE magnitude increases linearly with the magnetic field up to H = 1,5 kQe.
In the vicinity of x,., and in the region z > x,.,, the saturation of ¢ is achieved. More
clearly, the character of the TKE magnetic field dependence can be seen in Fig. 6 where
each of the curves §(H) is normalized to the magnitude of the effect in the field 1,5 kOe.
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Three concentration regions can be singled out, each corresponding to particular magne-

tization mechanisms. The samples of the first group with metallic phase concentration x

< 45 at% belong to the pre-percolation group. Their §(H) curves exhibit the behavior

typical for superparamagnetics (linear dependence of §(H) up to 1,5 kOe). The samples

of the second group with concentrations corresponding to the percolation region (45 < x

< 55 at.%) demonstrate another type of dependence, while the samples with the max-

imum concentration practically being magnetized to saturation in the fields ~ 1,5 kQOe.

The nanocomposites with x > 55 at.%, i.e. beyond percolation threshold, exhibit mag-

netization of the ferromagnetic type. For them the saturation typically takes place in the
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fields less than 0,2 kOe. These results are in a good agreement with the data of struc-
tural investigations and rf spectroscopy, confirming that in the pre-percolation region
most of the granules are well isolated from each other, do not interact and demonstrate
superparamagnetic behavior. When x increases, the size of the granules grows, the sepa-
rating dielectric interlayers naturally becoming thinner. The magnetic momentum of the
nanocomposite increases due to the growth of the magnetic phase volume.

In summary, the MO investigations demonstrate that in magnetically ordered nanocom-
posites composed of the amorphous metal-amorphous dielectric the MO effect in the near
IR region becomes substantially larger, almost by an order of magnitude for the com-
positions close to percolation. There is no doubt that the growth of the MO effects is
connected both with transformations of microstructure and topology of the granular al-
loys which produce changes in the character of electron conductivity, magnetoresistance
etc., and with the changes of the optical and MO parameters of nanocomposites [6, 11].

3.2 Ferromagnetic resonance

The FMR spectra have been recorded with an EPR spectrometer at the frequency w/2m =
9450 MHz using the standard modulation method. The resonance field H, and resonance
linewidth AH of the homogeneous precession mode was measured at various orientations
of the DC magnetic field H relative the film normal n. For all orientations of H, the rf
magnetic field A remained perpendicular to n. In all cases, the variation of the film plane
orientation relative to the DC magnetic field was achieved by rotation of the sample. The
measurements were performed at room temperature.

The observed orientation dependence of the FMR magnetic fields for the homogeneous
precession mode was found to obey closely the conventional formula [14, 15] (Fig. 10b).

2
(u—}) = (H,cosa — Hyppcos0)” + H,sina (H,sina + H,gssin ) (2)
gl

with the following equation determining the equilibrium state

2H, sin(0 — a) = H.ffsin 20, (3)

where « and 6 are the angles between the film normal and directions of magnetic field H
and magnetization M correspondingly (inset in Fig. 9) and ~ is the gyromagnetic ratio.
The effective field takes into account the demagnetizing fields and the field of magnetic
anisotropy: H sy = H gep, + H,. Fig. 6 demonstrates the dependence of H, on x for
the angles & = 0 and a = 90°. For x < 38 at.% the resonance fields for both directions
are close to each other. Further increase of x leads to the growing divergence between
the H,(aw = 0) and H,(a = 90°) curves.

Using the equations (2), (3), and the obtained experimental data H,.(«), the mag-
nitudes of H.rs(z) (Fig. 7) and v have been calculated. For the samples with © =
38-55 at.%, the magnitude of v within our experimental accuracy remains constant and
close to 2,8. The figure also shows the magnetization magnitude 47 M, for some of the
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Fig. 6 Parallel (H, ) and perpendicular (H, ) resonance fields as functions of .

samples measured with a vibrating sample magnetometer. The results demonstrate that
H.yy is governed mainly by demagnetization fields for 30 < z < 50 at.%. For x > 50 at.%
the perpendicular anisotropy appears. Both H.rs(z) and 47 M,(x) are non-linear in .
This result coincides with the data reported in [14] and [15] for the samples containing
granules of Co in the non-magnetic matrix of CuO or Ag and, in the authors’ opinion [14],
explained by contributions to the magnetization from the para- and superparamagnetic
particles that are present in the samples for all . Their quantity is determined by the
average size of the granules.

The linewidth A H was found to be most sensitive to structural changes in the material
of the samples. Fig. 8 shows the curves AH (z) for the in-plane (o = 90) and normal
magnetization (o = 0°). Here it is possible to differentiate three regions with different
behavior of AH(x). The boundaries of the regions demonstrate a good correlation with
the MO data.

For nanostructures with z within 31-45 at.%, AH exhibits a very weak dependence
both on z (Fig. 8) and on the orientation of the DC field H (Fig. 10a, curve 1). Mag-
netic measurements show that magnetization curves of these samples coincide for all the
magnetization directions, and in the fields up to 6000 Oe the magnetization magnitude
practically linearly depends on H. Photomicrographs demonstrate that for these con-
centrations most of the microgranules are of spherical shape and are surrounded by the
non-magnetic matrix. These data, as well as the magnetooptical data testify that in the
concentration interval up to 45 at.% the nanocomposites behave similar to superparam-
agnetics.

For x within 45-54 at.%, the behavior of the AH concentration dependence exhibits
a drastic change. The absorption signal grows by more than one order of magnitude. The
magnitude of AH|(z) decreases smoothly with a slightly increasing slope. AH | (z) for x
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Fig. 8 Parallel and perpendicular linewidth versus magnetic phase concentration x.

= 45 at.% demonstrates an abrupt and almost twofold decrease and then remains nearly
constant. Photomicrographs distinctly show that at these concentrations a change both
in the shape and topology of the granules occurs. They are of an elongated form and
combined in chains.

For concentrations z < 48 at.% the FMR spectra contain only one line for all orienta-
tions of H (Fig. 9a,b). For x > 48 at.% and when the direction of H is close to the film
normal, additional resonances appear in the fields below the resonance field of the main
homogeneous precession mode (Fig. 9¢). The maximum magnitude of AH was observed
at intermediate orientations of the magnetic field (Fig. 10a, curve 2).

To explain the results we have used a simple model [16-18] assuming that AH of
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Fig. 9 FMR spectrum of (CoggNb14Tas)46(SiO2)s4(a — @ = 0; b — a = 90°) and of
(COg4Nb14Ta2)52(SiOQ)48 (C - = 100).

homogeneous mode is determined by superposition of resonance lines of separate non-
interacting granules having different magnitudes of H,.. The granules were represented as
randomly oriented ellipsoids with the long axis lying in the film plane. The computations
based on this model actually yield AH|> AH,. Yet to obtain a satisfactory agreement
between the calculated and experimental values of AH, it is necessary to assume that the
spread in granule orientations is rather small (this assumption does not contradict the
data of microphotographs). However it is not clear why the abrupt changes in the shape
and orientations of the granules proceeding at the percolation threshold should manifest
themselves primarily in the magnitude of AH | .

In the region of large magnetic phase concentrations above 54 at.% in the samples
with the smallest losses the dependence of AH|| on x does not experience modifications:
with increase of # the AH|| magnitude continuously drops approaching the magnitude of
AH)|| of the bulk amorphous alloy (180-200 Oe) AH | is also decreasing. For such z the
spectra become rather complicate in character. As before, with « varying from 90° to
30° the linewidth AH of the main resonance is increasing. The absorption curve becomes
notably deformed. In the fields below H, a wide pedestal appears, and in the strong fields
emerges a wide absorption peak. The further increase of « leads to an abrupt diminution
of AH (Fig. 9a, curve 3) and the resonance line restores its usual shape, although in the
fields both below and above H, up to six small resonance peaks appear.

It should be noted that the samples with the same = corresponding to large metallic
phase content exhibit a considerable spread both of H, (1000-2500 Oe) and AH (80—
600 Oe) thus demonstrating that in the samples with large magnetic phase concentrations
there can be formed regions with different cluster size resulting in various demagnetizing
fields.

4 Conclusions

Complex investigations of static and hf properties of granulated composite films
(CogaNb14Tay),(Si02)100—» as functions of ferromagnetic phase concentration z (30 <
x< 60 at.%) have been carried out. The measurements included resistivity, magnetore-
sistance, magnetization, transversal Kerr effect (TKE in the 0,5-4,0 ¢V band), angular
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Fig. 10 a) Angular dependence of the FMR linewidth for the samples with x, at.%: 1-38; 2-48,6;
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3-55 with Herr, Oe: 1-450, 2-1860, 3-3300. Solid lines — theory. Points — experiment.

dependencies of ferromagnetic resonance spectra (f = 9400 MHs). Combining the data
on structural, magnetooptical, magneto-transport properties and FMR we may conclude
that they are in agreement with each other and confirm the existing concepts of formation
of nanostructural ferromagnetics with large magnetoresistance.

The system obviously shows certain percolation properties with threshold value x=
46-48 at.%. In this region essential changes of most of their characteristics appear. In
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particular, the most profound nonlinear changes of TKE have been revealed near the
threshold. In the near IR band the absolute value of TKE increases by an order of
magnitude as compared with that of amorphous alloys of the same chemical composition.
A sharp decrease in the uniform precession mode linewidth was observed in FMR spectra
for the magnetic field normal to the film surface.

The observed changes in the MOKE and FMR spectra are connected with transfor-
mations of microstructure and topology of magnetic nanocomposites.

We thank very much prof. N.S. Perov for his valuable magnetic measurements and
useful discussions.
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