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Nanogranular Co—SiO2, and Co—CaF; films are investigated using ferromagnetic resonance and magnetic mea-
surements. The spectrum of standing spin-wave has been registered in the perpendicular experiment configuration
for all types of films with the magnetic granules content above 52 vol.%. The dependences of resonance fields
H, of spin modes on the mode number squared H,(n?) are non-linear. Such behavior is supposed to be the re-
sult of the fluctuations of magnetic parameters (the magnetization and the ferromagnetic exchange coupling) in
nanocomposite films. A comparison between the magnetic properties of Co—SiO2 granular films and Co—CaF'; films
is carried out. The surface anisotropy value K of Co—SiO2 films is evaluated from the surface resonance modes of
spin-wave resonance spectra as 3.5 x 107 < K, < 7 x 107* J/m?. The magnetic anisotropy of Co100—z(Si02)s,
Co100—2(CaF2), films (34 < x < 74) is investigated. The surface magnetic anisotropy of granules ks and the surface
magnetic anisotropy of films K are determined. It is found that surface anisotropy of granules is predominant.
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1. Introduction

Granular magnetic films with the soft magnetic gran-
ules and nonmagnetic matrix with low conductivity are
promising magnetic nanostructures for high-frequency
applications due to their high resistivity and a high mag-
netic permeability [1-5]. The unique nanostructure and
relative simplicity of changing the particle size and con-
centration in granular materials make these systems al-
most ideal for investigations of the physical properties of
nanostructured systems and approbation of novel tech-
niques of nanostructural materials investigation [6-8].
Analysis of the ferromagnetic resonance (FMR) and spin-
wave resonance (SWR) spectra combined with magne-
tometric investigations allows obtaining information on
the exchange coupling and its fluctuations in inhomoge-
neous media [9]. The saturation magnetization M, and
magnetic anisotropy constant can be determined using
measurements of uniform modes of ferromagnetic reso-
nance [10]. The observation of surface mode can be used
to determine the surface anisotropy constant K [11].
Spin-wave resonance enables us to study the energy spec-
tra of exchange spin waves in thin ferromagnetic films di-
rectly through experiments [12]. The dispersion law for
spin waves contains information about inhomogeneities
of the fundamental magnetic constants [9]. Fluctuations
of the different parameters of the spin system lead to
qualitatively different types of the dispersion law modifi-
cation [9, 13-15].
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It is known that the magnetic properties of nanostruc-
tured ferromagnets critically depend on their micromag-
netic structure. If exchange interaction between nanopar-
ticles of the composite is strong, relations of the macro-
scopic magnetic parameters (such as coercivity, magnetic
susceptibility) and microscopic parameters of the spin
system, such as particles size (grains R.), inter-grain
exchange interaction, local anisotropy, are described by
the random anisotropy model [16, 17]. The random
anisotropy destroys long-range ferromagnetic order in the
spin system, but it is preserved on the scale of magnetic
orientation coherence R; due to exchange interaction.
It was shown that microscopic magnetic properties of
nanomagnets are governed by size 2R; and anisotropy
of stochastic domains that are formed spontaneously by
large number of particles (of size 2R.). The correla-
tion magnetometry technique allows us to derive size of
the element of micromagnetic structure of nanomagnet
(stochastic domain), magnitude of effective anisotropy in
the region and size of elements of the nanostructure (size
of nanoparticles) and its local anisotropy, and spatial di-
mensionality of the system of exchange-coupled particles
from the curves of magnetization approaching satura-
tion [17]. In this paper, we use grain size dependence
of local magnetic anisotropy to separate volume and sur-
face contributions to anisotropy.

The aim of this work is to investigate the magnetic
properties and magnetic microstructure of Co—SiOs and
Co—CaFy granular films by correlation magnetometry
and SWR spectroscopy techniques. In the paper we will
demonstrate that the magnetostructure techniques allow
us to obtain additional information on microstructure of
composite material.
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2. Experiment

Nanogranular films with a nominal composition of
Co100—2(S102), and Cojgo—.(CaFs), (34 < x < 74) were
produced by the ion-beam sputtering. The details on
the films fabrication, the particle size distribution, and
the microstructure of the composite films were reported
elsewhere [18, 19]. The transmission electron microscopy
(TEM) photographs of the Co—SiOs and Co—CaFs gran-
ular films show a system of particles with sizes varying
from 3-4 to 6-8 nm when z increases from 34 to 74%.
In the Co-SiO5 system, the investigated samples do not
have well insulated metal particles, due to the Co par-
ticles agglomerates forming. From the nuclear magnetic
resonance and electron diffraction results it can be con-
cluded that the metal granules were characterized by the
nearest environment of Co atoms with predominantly hcp
structure in the whole concentration range. The X-band
FMR spectra at 9.2 GHz were measured at room tem-
perature using a standard EPR spectrometer. The mag-
netization curves were measured using vibrating sample
magnetometer in the fields of up to 1100 kA /m applied in
the film plane. Information on local anisotropy field was
obtained from approach to saturation magnetization law.

3. Results and discussion

Temperature dependence of magnetization in films
is well fitted by the Bloch T%/2 law. The value of
B (the Bloch constant) decreases when ferromagnetic
phase concentration increases from 40 x 10~ K=3/2 to
3% 1078 K=%/2 for Co-SiO5 and Co-CaF5 films. The ex-
change interaction constant A was calculated using stan-
dard expression
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where kp is the Boltzmann constant, ¢ = 2, up is
the Bohr magneton, M, is the saturation magnetiza-
tion at 0 K. The A magnitude increases when ferromag-
netic phase concentration increases from 3.6 x 107'2 to
1.68 x 107 J/m for Co-SiO; films and from 3 x 102
to 2 x 107 J/m for Co-CaF5 films.

Ferromagnetic resonance spectra of the Co—SiO5 and
Co—CaF5 nanogranular films are studied for various ori-
entations of the film plane with respect to the external
field. The FMR spectrum for magnetic field (H) applied
parallel to the film plane consists of a single absorption
line for all types of samples. The FMR linewidth AH de-
creases with increasing ferromagnetic phase content when
magnetic field is applied in the film plane, reflecting the
magnetic inhomogeneity of the film with low ferromag-
netic phase content. The separation of granules in a non-
magnetic matrix should decrease the dipole—dipole inter-
action between the granules and thus should cause nar-
rowing of the resonance line [6, 20, 21]. However, TEM
shows that the Co particles form agglomerates with a
wide distribution of particle shape and size, leading to a
corresponding wide distribution of resonance fields and
line widths.

Figure 1 shows the dependences of resonance fields
on volume fraction of magnetic phase for the Co—SiOo
and Co-CaFy nanogranular films. Extrapolations of
transverse and longitudinal H,.(X) dependences to the
low z values reveal an intersection at H, = w/y =
2.4 x 10° A/m, that corresponds to a resonance in iso-
lated spherical granules. The volume fraction of magnetic
granules at the point of convergence is z; ~ 30% for Co—
SiOs and z; =~ 35% for Co—CaF,. The convergence
point, x;, should be distinguished from the percolation
threshold, x¢c. At the point x = x; the fraction of su-
perparamagnetic granules becomes close to 100%, and
the fraction of ferromagnetic granules becomes negligi-
ble. As a result, the macroscopic magnetic anisotropy
disappears. The FMR linewidth of Co—CaF; films is less
than those of Co—SiO5 films. When the external field is
applied perpendicular to the film plane it is possible to
observe multipeaked spectra, due to resonance absorp-
tion by standing spin-wave resonance modes. There are
up to 6 peaks in SWR spectrum of the Co—SiOs films
with x > 52% ferromagnetic phase. The SW modes crit-
ically depend on some form of magnetic inhomogeneities
e.g., on the presence of a magnetization gradient or other
magnetic variation through the film. Such nonuniformi-
ties can either exist at the surfaces of the film playing a
pivotal role in determining surface anisotropy and spin
pinning conditions, alternatively they can exist through-
out the bulk of the film. The boundary conditions for the
standing spin-wave (surface spin pinning conditions) in
this layer are formed during sputtering process of com-

posite films.
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Fig. 1. The dependences of resonance fields for Co—
SiO2 (circle) and Co—CaF2 (triangle) granular films on
volume of magnetic phase (open markers — the external
field is applied perpendicular to the film plane, filled
markers — the external field is applied parallel to the
film plane).

Typical SWR spectrum of Co—SiOs films is presented
in Fig. 2. It is found that the H,.(n?) (where n is the mode
number) dependences for both types of the granular films
are non-linear (Fig. 2b). The modification of H,(n?) de-
pendence like shown in Fig. 2b indicates the predomi-



Spin- Wave Spectroscopy and Magnetostructural Studies of Co Nanogranular Composites 625

nance of exchange coupling heterogeneities [9, 13-15]. A
surface resonance mode is observed for Co-SiOs films. It
means that there was the easy-plane anisotropy in these
films. The surface anisotropy value is evaluated using the
equation [11]:

= »
where Hg is the resonance field that corresponds to
the surface mode. The surface anisotropy value K
of Co-Si0O, films was evaluated from the surface reso-
nance modes of SWR spectra as 3.5 x 1074 < K, <
7 x107% J/m?.
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Fig. 2. Spin-wave resonance spectrum of

Cos5(CaF2)45 granular film (a) and corresponding
dependence of resonance fields H, of spin modes on the
mode number squared (b).

There is no magnetic anisotropy in the film plane
according to magnetization curve studies for all the
samples. The magnetization curves M (H) for granular
films at 300 K are well fitted by the expression [21]:

H2H~'/?
15 (H3/2 + H}Y?)

M(H)=M,[1- : (3)

where H, = 2K /M, is the local magnetic anisotropy
field (magnetic anisotropy of granule) and Hp =
2A/MsR? is exchange field, where A is the exchange
stiffness, M, is magnetization and R, is the granule size.
Equation (3) is derived for the random anisotropy model.
The macroscopic anisotropy field in a stochastic domain
is defined as (H,);, = 2K;/My = 2A/M,R? and can
be estimated for given values of H, and Hp accord-
ing to (H,)r, = H2/H#%. The values of local magnetic
anisotropy field H,and anisotropy field of stochastic mag-
netic domain (H, ), are found to decrease with increase
of volume fraction of the magnetic phase. The magnetic
anisotropy energy constant of granule, K, = H,M,/2,
and anisotropy energy constant of stochastic magnetic
domain, Kj = (H,)Ms/2, are calculated using fitted
parameters H, and Hp.
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Fig. 3. The local magnetic anisotropy field aH, and
the magnetic anisotropy field of stochastic magnetic do-
main a{H,) for Co,(SiO2)1—, films as a function of the
magnetic phase fracture (a). The size of stochastic mag-
netic domain Ry and structural correlation length R¢
in the composite films Coz(SiO2)1—5.

Resulting values of (H,)r, and H, are shown in Fig. 3
for different granule concentrations, x. The extrapolation
of these dependences to the low x allows us to estimate
the percolation threshold by interparticle exchange as a
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point of convergence X¢ ~ 30%. Using definition of ex-
change field Hg and obtained values of M, and A, we es-
timate R, and Ry, for granular films. The dependences of
R, and Ry, on metal phase content are shown in Fig. 3b.
It is seen that the linear parts of R.(x) and Ry (z) de-
pendences intersect at the same point as (H,)r(z) and
H,(z) dependences.

Figure 4 shows that magnetic anisotropy of granules
K, is a decreasing function of granule size D. The fol-
lowing equation that takes into account both, surface
and volume anisotropies to the local anisotropy energy
of magnetic granule is used to fit the data [22-25]:

KQZKv+6ks/D (4)
The resulting values are found to be ks = 3.4x1073 J/m?
and Ky ~ 4 x 10* J/m3 for Co-SiO; films and k, =
2.8 x1073 J/m? and Ky ~ 10* J/m? for Co—CaF films.
It was found that surface anisotropy of granules is pre-
dominant.
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Fig. 4. The size dependence of anisotropy constant of
individual granules K, for Co—SiO2 (circle) and Co—
CaF; (triangle) granular films. The solid line — equa-
tion Ky = Kv + 6ky/D.

4. Conclusions

The magnetic microstructure and spin-wave resonance
features of Co—-Si02 and Co—CaF; films (34 < x < 74)
produced by ion-beam sputtering were investigated. The
spectrum of standing spin-wave has been detected in the
perpendicular experiment configuration for films with the
magnetic phase content above 52 vol.%. It is found
that the FMR linewidth of Co-CaF; nanocomposites
is much smaller than for nanocomposites with disorder
SiOy matrix. The type of the dispersion relation of spin
waves in Co-SiO, and Co—CaFsy composite films is af-
fected by the exchange coupling fluctuations. The surface
anisotropy value of Co—SiO5 and Co—CaF5 films was eval-
uated from the surface resonance modes of SWR spec-
tra as 3.5 x 107 < Ky < 7 x 107* J/m?. Informa-
tion on local anisotropy field was obtained from investi-
gation of approach to saturation magnetization law. It
was found that surface anisotropy of granules k; is pre-
dominant (ks = 3.4 x 1073 J/m? for Co-SiO films and
ks = 2.8 x 1073 J/m? for Co—CaF; films).
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