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Magnetostructural methods

are applied to determine the exchange bond percolation

limit in

(CoyFes9By(),(Si0,); _ . nanocomposites (x, = 0.30 £ 0.02), which separates the phase plane along the metal
concentration axis into a superparamagnetic region and a ferromagnetic region. It is shown that, with respect to
the singularities of the magnetization up to the magnetization saturation curves, the ferromagnetic region is fur-
ther subdivided into three regions differing in the character of the spatial propagation of the magnetization rip-
ples or in the magnetic correlation function characteristics. The fractal dimension of the nanocomposite mag-
netic microstructure near the percolation threshold is determined.
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1. Magnetic nanostructures (either natural or artifi-
cial) consist of magnetic nanoparticles (~10 nm in size)
and are characterized by different geometries of the
spatial arrangement of these particles, which forms
either low-dimensional spin systems (nanofilaments,
multilayers) or intricate bulk structures. Under strong
exchange interaction between the nanoparticles, the
relation between the macroscopic magnetic parameters
of the nanomagnetic (such as the susceptibility, coer-
cive field, and residual magnetization) and the micro-
scopic parameters of the spin system (such as the nano-
particle (grain) size, inter- and intragrain exchange
interaction, and local anisotropy) is described by the so-
called random anisotropy model [1-4] proposed for
amorphous ferromagnetic materials.

Random anisotropy results in the destruction of the
ferromagnetic long-range order in the spin system;
however, owing to the exchange interaction, the ferro-
magnetic order is restored at the characteristic lengths
R, of the magnetic orientation coherence. The investi-
gations revealed that the macroscopic magnetic charac-
teristics of nanomagnets are determined by the dimen-
sion 2R; and the anisotropy of stochastic domains spon-
taneously formed by a large number of particles (2R, in
size).

At the Institute of Physics, Siberian Branch, Russian
Academy of Sciences, a method has been theoretically
and experimentally developed which makes it possible
to determine, from the curves of magnetization up to
the saturation magnetization in nanomagnets, the size

of their micromagnetic surface element (stochastic
domain size), the magnitude of the effective anisotropy
in this element, and the size of the nanostructure ele-
ment (nanoparticle size) and its local anisotropy, as
well as the spatial dimension of the system of
exchange-coupled ferromagnetic nanoparticles (see,
e.g., [5]). This method was tested on chains of
exchange-coupled grains with random anisotropy (fer-
romagnetic metal nanofilaments in carbon nanotubes)
[6] on ultrathin films formed by the two-dimensional
packing of exchange-coupled grains [7, 8] as well as on
amorphous and nanocrystalline ferromagnetic foils and
coatings whose spin system is formed by the three-
dimensional packing of exchange-coupled grains [7-9].

The objective of this paper is to investigate, using
the above method, the (ferromagnetic metal—dielectric)
nanocomposites by example of the
(Coy Fe30By))(S10,), _, granulated alloy. Giant mag-
netoresistance, giant anomalous Hall effect, intensifica-
tion of magneto-optical effects, and other interesting
physical effects were revealed in these materials [10—
12]. These effects are mainly due to the micromagnetic
structure features of these materials. Our goal is to
reveal these features. Since they are associated with the
atomic microstructure of the nanocomposite under
study, we provide some information on the microstruc-
ture of the granulated (ferromagnetic metal—dielectric)
nanocomposites.

The microstructure of these nanocomposites is in
many respects determined by the simplicity of the
3d-metal nanograin formation in the SiO, (or Al,O5)
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Fig. 1. Exchange coupling constant in
(CoyyFe39By),(Si0,); _ , nanocomposite films. The solid

line is the dependence A(x) = Ag(x — x.) /(1 — x.)*, where

x. = 0.32 and A is the exchange-interaction magnitude in
the amorphous Coy;Fe39B, alloy.

oxide dielectric matrix. Since the surface energy of the
3d metals is three or four times higher than that of the
given oxides, metal grain morphology is close to spher-
ical shape in the oxide matrix. Particularly, this grain
shape is realized at a low metal phase concentration.
Here, the nanograins are electrically insulated from one
another, so that the conductivity of these composites is
mainly determined by the oxide. The number of nan-
ograins increases with the metal phase concentration
and they start to form small conglomerates and chains,
which, in turn, form a labyrinth-like microstructure. At
a certain phase ratio (called the percolation threshold),
the metal nanograins form a peculiar grid over which
the metal conduction takes place. The numerical simu-
lation predicts three morphological types of the two-
phase mixture, depending on the volume fraction of the
metal grains. At a metal volume fraction less than 0.3,
isolated metal particles chaotically distributed over the
dielectric matrix dominate. At a volume fraction from
0.3 to 0.7, both phases (metal and dielectric) form
bound grids. At metal volume fractions above 0.7 (the
second percolation threshold), phase microstructure
inversion takes place: the metal grains form the con-
ducting matrix, and the dielectric is represented by
insulated particles.

Now, we demonstrate how the structural trans-
formation of the nanocomposites affects their basic
magnetic parameters and the actual micromagnetic
structure.

2. The (Co, Fe;oB,))(S10,),_, nanocomposites
were prepared by ion-beam sputtering of compound
targets in argon on a unit specially designed at Voron-
ezh State Technical University. The material was
deposited on uncooled sitall substrates under condi-
tions providing the deposited film purity and an
extremely low Ar content in the samples (less than
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0.1 at %). In the deposition process, the substrate tem-
perature did not exceed 393 K, and the films obtained
were 3—4 pm thick. The microstructure of the nano-
composites obtained was investigated by transmission
electron microscopy, and their composition was con-
trolled by electron-probe x-ray microanalysis [10]. The
electric properties and magnetoresistance effect of the
nanocomposites were measured by the two-probe
potentiometer method. The magnetic properties were
studied by a vibration magnetometer.

In these nanocomposites, the electric resistance
dependence on the metal phase concentration in the
range 0.3 < x < 0.7 is S-shaped with a single inflection
point near the percolation threshold. The threshold
magnitude x, is reliably determined at the point of inter-
section of the electric resistance concentration depen-
dences for initial and heat-treated nanocomposites.
Thermal annealing leads to an increase in the nanocom-
posite electric resistance with the metal phase concen-
tration x < x. and to its decrease for nanocomposites
with x > x,. The x, value was additionally determined by
the point of the maximum of the magnetoresistance
dependence on the metal phase concentration. The x,
value thus determined was about 0.5 for the
(Coy Fe3oBy()(S10,), _, nanocomposites.

The field and low-temperature dependences of mag-
netization, M(7, H), for the given nanocomposites were
measured in an external field range up to 12 kOe and at
90-300 K. The external field was directed parallel to
the film surface.

3. The temperature dependence of the saturation
magnetization in the films was measured at H = 12 kOe.
In the concentration range chosen (0.3 < x < 0.7), the
curves M(T) for all the nanocomposites were character-
ized by negative curvature and were well described by
the Bloch law, AM(T)/M, = BT, at B varying from 6 X

1079 K32 to 23 x 107° K-¥2, With the use of the standard
expressions [13] and the constant B, the exchange inter-
action constant A was calculated. Figure 1 presents the
A values obtained for the nanocomposites studied.

The magnetization curves were measured in fields
up to 12 kOe and plotted in log-log coordinates
(M, — M)IM,, H], allowing us to reveal the power

dependences AM ~ H™® and to determine the expo-
nents and tangents of these dependences. The
(Coy Fe30By),(S10,), _, nanocomposites may be sub-
divided into three types in the concentration range stud-
ied by peculiar features of the curves of magnetization
up to the saturation magnetization. Figure 2 presents
the magnetization curves characterizing each nano-
composite type. Since the shape of the M(H) curve is
determined by the magnetic microstructure, the charac-
teristics of the magnetic correlation function (disper-
sion and magnetic correlation radius) of the first, sec-
ond, and third types of nanocomposite differ consider-
ably. Actually, for the first type of nanocomposite (x >
0.6) in strong fields, the dependence AM ~ H is real-
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ized, which transforms to AM ~ H'? as the field
decreases (see the inset in Fig. 2). For the second type
of nanocomposite (0.39 < x < 0.6), the dependence
AM ~ H?? first transforms to AM ~ H™' as the field
decreases and only then to AM ~ H™'? (see Fig. 2).
Finally, for the third type of nanocomposite (0.3 < x <
0.38), the dependence AM ~ H2 transforms to AM ~ H~*
with o varying from 1.05 to 1.4. The measurements of
the exponent o as a function of the metal phase concen-
tration and the external field are presented in Fig. 3.

4. Now we discuss the experimental results obtained
and presented in Figs. 1-3. We begin with the exchange
interaction concentration dependence A(x) (see Fig. 1).
The experimental points fit well the root parabola
A(x) =Ag(x —x)%3(1 — x.)3, where the coefficient A is
the exchange interaction magnitude of the Co,, Fe;oB,
amorphous alloy [14] and x. = 0.32 points to the perco-
lation threshold with respect to the interparticle
exchange bonds. The point (x,) separates the phase
plane along the metal concentration axis into a super-
paramagnetic region (interparticle exchange is absent)
and a ferromagnetic region, where the interparticle
exchange magnitude is a nonlinear function of x. and
asymptotically approaches the intraparticle exchange
magnitude A, (as x — 1). We note that the x, value is
close to the first percolation threshold obtained by
numerical simulation and differs considerably from
X, = 0.5 obtained from the experimental dependences of
the electric resistance and magnetoresistance.

Then, we analyze the magnetization curves M(H).
In the range of strong fields (where magnetization
approaches saturation) at all x values of the
(Coy Fes0By))(S10,), _, nanocomposites investigated,
these curves agree well with the well-known Akulov
law (see Fig. 2)

M = Ms(l _(“g“)z). 0

Here, H, = 2K/M, is the local magnetic anisotropy field
and a is the numerical symmetry coefficient equal to
1/15'2 for uniaxial anisotropy. This allowed us to cal-
culate the rms fluctuation of the local magnetic anisot-
ropy field aH,, (see Fig. 4). It is seen that aH , for x> 0.5
is constant and is equal to its value in the amorphous
(CoFeB) alloy bands measured in [14]. As the metal
phase decreases for x < 0.46, the local magnetic anisot-
ropy field increases exponentially. As the field

decreases for H < Hy = 2A/M Rz, the M(H) function

changes its shape. The corresponding theory and calcu-
lated functional dependences are presented in [15, 16].
We call attention to the physical meaning of the
changes recorded. They are attributed to the appearance
and propagation of exchange-correlated magnetic devi-
ations in the spin system (these deviations were called
magnetization ripples in metal films). As shown in [17],
the ripple length R, = (2A/MH)"? in the exchange-cor-
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Fig. 2. Magnetization deviation from saturation in the
(Coy1Fe39By()(Si0,); _ , composite films with x = (from
top to bottom) 37, 42, and 68%.
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Fig. 3. Exponent o in the asymptotic dependences of mag-

netization up to the magnetization saturation AM ~ H % in
the (Coy Fe39B5(),(Si0,); _ , composite films.

related systems with random anisotropy is bounded
from below and above: R, < Ry < R;. Therefore, the

M(H) function at H, = 2A/IMR; < H < Hg = 2AIMR.
can be determined from Eq. (1), where the local anisot-
ropy H, of the particle is replaced by the effective
anisotropy of the region covered by a single ripple
length Ry,

(Hpg, = Hfav = H“(I%‘Z)d/z _ Ha(l—%)m. o

Then, instead of Eq. (1), we obtain
M,-M _(aH) 1
- drn 4-d)I2
M HY? HY?
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Fig. 4. (a) Magnetic anisotropy field in the stochastic
domain a{H ,); and the local magnetic anisotropy field aH,,

in (Coy4Fe39B,()(Si0,); _ , composite films. (b) Stochas-
tic magnetic domain size Ry and the structural correlation
length R...

Here, d is the dimension of the ferromagnetic grain and
(H,), = 2{K);/M, is the macroscopic anisotropy field in
a stochastic domain defined as

<H> _ (ﬂ)dM _y (&\)dﬁ _ ﬂ (2')
al L a HR a RL ,\/N,

where N is the number of nanoparticles in the stochastic
domain.

The given approach makes it possible to relate the
revealed subdivision of the nanocomposite ferromag-
netic region with respect to concentration into three
subregions (see Fig. 3) with the characteristic propaga-
tion of the magnetization ripples. For x > 0.6, the three-
dimensional propagation of ripples is observed leading
to the dependence AM ~ H™'2; for 0.39 < x < 0.6, the
two-dimensional propagation of short-wavelength rip-
ples (AM ~ H™') and the three-dimensional propagation
of long-wavelength ripples (AM ~ H-'?) occur; for
0.33 <x <0.38, the fractal propagation of the magneti-
zation ripples (AM ~ H™®) proceeds. Since the concen-
tration dependence ou(x) is established in this region
(see Fig. 3), the fractal dimension d can be calculated
from Eq. (3). It varies from 1.2 to 1.9, depending on the
metal concentration.

The character of the magnetization ripple propaga-
tion is determined by the configuration of the ferromag-
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netic grain spatial packing in the nanocomposites.
Hence, the data obtained from the magnetization curves
indicate the spatial grain packing in the first region, the
plane morphology of the conglomerates of grains verti-
cally chain-linked in the second region, and the fractal
grain packing in the third region (see Fig. 3).

We note one more point. If the oi(x) dependence in
the third region in Fig. 3 is described by a linear func-
tion, then its extrapolation to the ordinate o = 2 will
also allow us to find the percolation threshold (the
exchange-coupled particles obey expression (3), where
d=0, H; = Hg, and {H,); = H,). The critical concentra-
tion thus determined for the metal phase is x, = 0.28.
The R, values were calculated from the experimental
Hpg(x) values (see Fig. 4) and a{H,), and R, were calcu-
lated in the approximation H; = a(H,),. It is seen that,
for x < 0.46, R, and R_ decrease exponentially, and
a{H,), increases exponentially (as H,) as x decreases.
The conditional extrapolation of these dependences
(see Fig. 4) also estimates the threshold, x, = 0.28.
Therefore, from the curves A(x) (Fig. 1), ou(x) (Fig. 3),
R,, R, (H,);, and H, — f(x) (Fig. 4), we obtain the esti-
mate x, = 0.30 £ 0.02 for the metal phase critical con-
centration in the (Coy4 Fe;0B,),(S10,), _, nanocompos-
ite, at which the spin system can be represented as
superparamagnetic.

To conclude, we note that the method of correlation
magnetometry based on the analysis of curves of mag-
netization up to the magnetization saturation has been
used in this study to determine the fractal dimension of
the spatial configuration of magnetic grains in nano-
composites.

This work was supported by the Russian Foundation
for Basic Research (project no. 07-02-01172-a).
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