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The effect of the non-magnetic matrix conducting properties on the ferromagnetic resonance of the ensembles of ferromagnetic metal nanogranules in magnetic nanogranular films with different types of nonmagnetic matrix (metal and dielectric) was investigated. Complex investigations of the behavior of nanogranular systems in ferromagnetic resonance showed that in materials with conducting matrix the evidence of ferromagnetic ordering occurs well before the structural percolation threshold. The experimental
results are explained in terms of the phenomenological approach based on the consideration of the exchange bias of conduction electrons by magnetic ions of nanogranules. It is shown that the polarization in
the subsystem of conduction electrons contributes to the appearance of the exchange interaction between
the magnetic moments of granules.
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1. INTRODUCTION
Interest to magnetic nanogranular materials containing nanogranules of metallic ferromagnetic in nonmagnetic matrix is conditioned by striking physical effects which are manifested in these systems under the
magnetic field action. Giant magnetoresistance in the
films with metallic magnetic and non-magnetic components [1-5], tunnel magnetoresistance in the metal-dielectric films [6-10], giant Hall effect [11], magnetorefractive effect [12-15], magnetically-induced nonlinear optical effects [16], etc. are among the mentioned effects.
Depending on the conducting properties of non-magnetic matrix, nanogranular films are divided into two
basic classes – metal and metal-dielectric.
If distinctions in the transport properties of granular films with different matrix types are evident [17, 18],
then interpretation of distinctions in the behavior of
such systems during magnetization and ferromagnetic
resonance (FMR) causes difficulties. From the point of
view of the magnetic properties, both conducting and
dielectric matrices are scarcely different, since their magnetic permeabilities are close to unit.
Analysis of the results of the magnetic investigations
allows to suppose that additional correlation mechanism
exists between magnetic moments of nanogranules in
materials with conducting matrix. It can be connected
with indirect exchange through electrons of the conduction band.
In contrast, in nanogranular materials with dielectric
matrix indirect exchange is characterized by a small
quantity, since at concentrations of magnetic material
below the structural percolation threshold it is conditioned by the effects of spin-dependent tunneling of electrons from granule to granule through high potential
barrier [6-10].
The most known theory of indirect exchange interaction in conducting systems is the Ruderman-KittelKasuya-Yosida (RKKY) theory [19-22]. However, its application in the description of magnetic interaction in
ferromagnetic systems is limited by the requirements
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of absence of the long-range magnetic order and equality to zero of the average magnetization in the system of
conduction electrons. Therefore, pure RKKY exchange is
exhibited only in diluted alloys with rare-earth atoms.
Role of the RKKY exchange interaction in ensemble of
nanogranules is rather insignificant. Really, influence
on a separate magnetic granule on the side of neighboring magnetic clusters will be extremely minor because
of fast spatial oscillations of the exchange interaction
potential of the RKKY theory [23, 24].
Another mechanism of indirect exchange which is
not considered by the RKKY theory can be connected
with polarization of subsystem of conduction electrons
due to the s-d exchange in the system with long-range
magnetic order.
Indeed, if magnetize the ensemble of magnetic nanogranules being initially in the superparamagnetic state
by external field, then magnetic polarization of the conduction s-electrons will be realized in the whole volume
of the material. Influence of the magneto-polarized medium filling up the whole space is identical to the effective magnetic field which promotes the establishment
of magnetic ordering in ensemble of nanogranules [25].
In contrast to metal nanogranular films, collective
behavior of the ensemble of nanogranules in metaldielectric films becomes significant only when the structural percolation threshold is achieved.
The primal problem of the experimental part of the
present work consisted in the detection of the role of
indirect exchange interaction when the magnetic order
in nanoranular films is established. Distinctions in the
collective behavior of the ensembles of granules in the
systems with non-magnetic matrices of different types
are clearly traced in the experiments on magnetization
and ferromagnetic resonance [26-29].
The phenomenological approach for the description
of indirect exchange interaction in conducting nanogranular materials is proposed in the theoretical part of
the work. Interpretation of the experimental results of
the FMR is given there.
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2. EFFECT OF THE MATRIX CONDUCTING
PROPERTIES ON THE FMR IN MAGNETIC
NANOGRANULAR FILMS
For the investigation of the effect of the conducting
properties of non-magnetic matrices on the FMR, metal
PyxAg1 – x and metal-dielectric Pyх(Al2O3)1 – х films on
ceramic substrates with the same material of magnetic
nanogranules (Py – permalloy (Fe20Ni80)) but with different non-magnetic matrices (Ag and Al2O3) were produced in nanogranular structures. Film thickness was
equal to ~ 200 nm. Volume content x of permalloy was
varied in the range of 0.13-0.83 for metal and 0.13-0.47
for metal-dielectric films. These films were manufactured
in the same conditions by simultaneous condensation on
the substrates of magnetic (Py) and non-magnetic (Ag
or Al2O3) components of granular alloys simultaneously
evaporated in vacuum by the electron-beam method in
accordance with the technique given in [30]. Details of
the production of nanogranular films are represented in
the work [31]. Ensembles of nanogranules in the films
of both series below the structural percolation threshold
(x < 0.33) are characterized by some distribution over
the sizes within the range of 1 ÷ 5 nm [32].
FMR spectra were obtained for films with different
content of the magnetic component (Fig. 1 and Fig. 2).
Information about the character of magnetic interaction in granular films was intended to obtain from the
analysis of the concentration dependences of resonance
fields defined at the parallel and perpendicular orientations of the film plane in magnetic field (Fig. 3).
The Kittel formulas denote that the lower average
magnetization of the longitudinal and transverse resonance magnetic fields in ferromagnetic films is, the less
differences in these fields are [33]. Therefore, as it follows from Fig. 3, at small concentrations of magnetic
inclusions magnetization of granular structures with
any matrix type is extremely insignificant. It may be
assumed that magnetic granules are in the superparamagnetic state. With the increase in the concentration
of ferromagnetic material conducting properties of the
matrix qualitatively impact on the magnetic state of
granular films. Thus, if in metal-dielectrics the superparamagnetic state continues up to the structural percolation threshold (x ≈ 0.3), then in metal nanogranular
systems the additional correlation mechanism joins well
before (at x > 0.18). At concentrations of magnetic material of 0.18 < x < 0.3 structural percolation of granules
in metal films does not occur yet, but signs of the magnetic ordering appear.
For the explanation of the discrepancies in the concentration dependences of the FMR resonance field for
systems with different types of matrix conduction, one
can use different physical models.
In particular, the model used in the present work is
based on the introduction of the concept of an effective
field. Thus, during magnetization of the ensemble of
nanogranules by an external field in the system of free
s-electrons, magnetic polarization appears due to the
interband interaction with d-electrons of magnetic nanogranules. Effect of the magnetically polarized medium
is described by some effective field, which promotes the
establishment of magnetic order prior to the structural
percolation threshold.

Fig. 1 – FMR spectra for metal PyxAg1 – x nanogranular films
of different contents for the parallel (lines) and perpendicular
(circles) orientations of the film plane with respect to the direction of the applied magnetic field

Fig. 2 – FMR spectra for metal-dielectric Pyx(Al2O3)1 – x nanogranular films of different contents for the parallel (lines) and
perpendicular (circles) orientations of the film plane with respect to the direction of the applied magnetic field

Fig. 3 – Concentration dependences of the FMR resonance
fields for metal PyхAg1 – х and metal-dielectric Py х(Al2O3)1 – х
films for the perpendicular (●, ▲) and parallel (○, ∆) film orientations in magnetic field

The theory which qualitatively describes the dependences of the resonance fields was proposed in the work
[27]. However, it was assumed within this work that
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system magnetization is close to saturation. Evidently,
such assumption is true at large concentrations of magnetic inclusions. At the same time, at small concentrations of magnetic material in conditions of room temperature ensemble of nanogranules is in the superparamagnetic state. Therefore, concentration dependences
of the resonance fields calculated in [27] slightly differ
from the experimental data.
Let us construct the phenomenological model for the
description of the features of the concentration dependences of the FMR resonance fields.
For simplification, we will suggest that granules of
ferromagnetic have spherical shape and are characterized by a weak crystalline anisotropy.
In this case, magnetic moments of granules are under the action of the effective field
Heff = H - 4p M z ez + h ,

(1)

where H is the external magnetic field; the second term
determines the film demagnetizing field; term h is introduced nominally and describes the indirect exchange
field through the electron subsystem.
For simplification, spread of the local fields connected
with the irregularity of the distribution of ferromagnetic nanogranules in the film volume was not taken into
account in (1).
Using the results of the work [25], in which the
phenomenological theory allowing to define the value of
the indirect exchange effective field was developed, the
value of h can be represented in the form
h = J 2 c M = kM ,

(2)

where J is the constant of the interband s-d exchange
interaction; c is the paramagnetic susceptibility of the
subsystem of conduction electrons.
For a more detailed acquaintance with formula (2)
derivation and its application conditions, one can appeal to the original work [25]; here we will be limited
by the introduction of the phenomenological parameter
k = J2c, whose value is always positive.
Dependence of the FMR frequency on the external
field is determined from the Landau-Lifshitz equation
for the dynamics of the average system magnetization
obtained as a result of averaging of the motion equations of the magnetic moments of separate granules.
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If magnetic field H^ is applied perpendicularly to
the film plane, then FMR frequency is determined from
the following relation:

w^ = g ( H ^ - 4p M ^ ) .

(4b)

The values of MII and M^ denote the average values
of the planar and normal components of the system
magnetization at the corresponding orientation of the
external magnetic field.
At first glance, indirect exchange interaction has no
effect on the dependences of resonance frequencies (4a)
and (4b). However, the presence of this interaction can
considerably influence the value of the average system
magnetization.
Indeed, assuming that magnetic moments of granules are in the superparamagnetic state, we will apply
the Langevin approach and write that average magnetization of the ensemble of granules is equal to
M=

1
1
å mi = å mi L(mi H eff kBT ) ,
V i
V i

(5)

where L( z ) = cot g ( z ) - 1 z is the Langevin function; kB
is the Boltzmann constant.
For simplification of the calculations we will use the
model approximation considering ensemble of granules
of the same size. In this case, correlation (5) will be rewritten as follows:
M = x × M 0 L(vM 0 H eff kBT ) ,

(6)

where x is the volume concentration of ferromagnetic
granules; M0 is the saturation magnetization of the
granule material; n is the granule volume.
Thus, using expression (6) and formulas (4a) and (4b)
for FMR frequencies, we obtain the correlations which
define the dependence of the FMR resonance magnetic
field on the concentration of ferromagnetic material in
granular film.
Thus, for a film in the planar field we have

æ Qæ
k 1 - hII2 ö ö
1 - hII2 - x × (4p M0 Hw ) × hIIL ç çç hII +
÷ ÷ = 0 ;(7a)
çT
4p hII ÷ø ÷ø
è è
for a film in the perpendicular film

(3)

æ Qæ
k
öö
h^ -1 + x × ( 4p M0 Hw ) × L ç ç1 + ( h^ -1) ÷ ÷ = 0 , (7b)
øø
è T è 4p

where M = (1 V ) å m i is the vector of the average sys-

where designations Hw = w g , h^ = H^ Hw , hII = HII Hw ,

dM
= g éëM ´ Heff ùû , g = g m B h ,
dt
i

tem magnetization; V is the system volume; mi is the
magnetic moment of the i-th granule; g is the gyromagnetic ratio; m B is the Bohr magneton; ћ is the
Plank constant.
If suppose that system is located in the uniform magnetic field and consider small oscillations of magnetization in the vicinity of the ground state, then FMR frequency will be defined by the Kittel formulas [33]

wII = g H II ( H II + 4p M II ) .

(4a)

Q = v × M0Hw kB are introduced.

Two phenomenological parameters Θ and k enter
into the relations (7a) and (7b). In turn, parameter Θ
depends on the value of n, which in the sense corresponds to the characteristic volume of granules.
Correspondence between the theoretical and experimental dependences of the resonance fields on the concentration of magnetic material in metal nanogranular
PyxAg1-x films is achieved by the fitting of the values Θ
and k (Fig. 4). The best coincidence of the experimental
and theoretical dependences of the resonance fields on
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the volume content of ferromagnetic material is achieved at the following parameters: T/Θ ≈ 8 and k/4p ≈ 26
that corresponds to M0 ≈ 800 Gs,n ≈ 1.5·10-21 cm3. The
value of saturation magnetization M0 of separate nanogranules, which is used in the calculations, is much less
than in uniform ferromagnetic. The fact of the decrease
in the saturation magnetization of nanogranules with
the decrease in their size was discussed in [34].
We note that correlations (7a) and (7b) are true only
at small concentrations of magnetic material (below the
structural percolation threshold).
In contrast to the systems with conducting matrix,
collective effects in metal-dielectric nanogranular materials become apparent only when the structural percolation threshold is reached. It is shown in Fig. 2 and
Fig. 3 that for the set of Pyx(Al2O3)1 – x samples one can
observe the phase transition at concentrations of ferromagnetic material close to xp ≈ 0.33. Obviously, ferromagnetic complexes, whose magnetic moments rather
easily orient along the applied field, appear at xp. With
further increase in the concentration of x fraction of nanogranules in the superparamagnetic state decreases,
and fraction of ferromagnetic complexes increases.
Correlations (7a) and (7b) are also true for metaldielectric films before the percolation threshold x < xp,
with the difference that for them the constant of indirect exchange should be set to zero (k = 0). In Fig. 4 we
compare the theoretical and experimental concentration
dependences of the FMR resonance fields for metal
PyxAg1 – x and metal-dielectric Pyx(Al2O3)1 – x nanogranular films. Theoretical calculations are performed on
the basis of formulas (7a) and (7b).
Analysis of the results shows that indirect exchange
interaction in the nanogranular system with conducting
matrix promotes the establishment of magnetic correlation well before the structural percolation threshold.

It follows from the estimations carried out in the
present work that k/4p ≈ 26. On the other hand, it is
shown in the work [25] that k = J2c(where J is the constant of the interband s-d exchange interaction; c is the
paramagnetic susceptibility of the subsystem of conduction electrons). Hence it appears that the value of constant is equal to J ≈ 5·103 for typical values c ≈ 10–5.
As for the radius of exchange interaction, it can be
determined from the concentration dependences of the
resonance fields. Exchange interaction in granular materials with metal matrix is manifested at the volume
concentration of magnetic component xc ≈ 0.18. In this
case, V = ν/x (where n is the granule volume; x is the
volume concentration of magnetic material) is the volume per one granule. It follows that average distance
between centers of neighboring granules will be equal
to V1/3. Thus, distance R between centers of granules
can be estimated by the formula R ≈ d/xc1/3 (where d is
the average diameter of a granule).
Taking into consideration that average diameter of
magnetic granules in nanogranular films at concentrations xc ≈ 0.18 is equal to 1.2 nm [32], then R ≈ 2 nm and
distance between the surfaces of neighboring granules
is about 0.8-1.0 nm.
Thus, exchange interaction between granules is characterized by high intensity but short radius of action.
3. CONCLUSIONS
Effect of the matrix conducting properties of nanogranular systems on the collective properties is clearly
traced in the experiments on ferromagnetic resonance.
It is revealed that indirect exchange interaction in the
nanogranular system with conducting matrix PyxAg1 – x
promotes the establishment of magnetic correlation and
magnetic ordering in the system of magnetic nanogranules well before the structural percolation threshold.
Exchange interaction in PyxAg1 – x films starts appear
for the volume concentration of magnetic component
xc ≈ 0.18.
In contrast to the systems with conducting matrix,
collective effects in metal-dielectric nanogranular materials Pyx(Al2O3)1 – x become apparent only when the
structural percolation threshold is reached at the concentrations of ferromagnetic material close to xp ≈ 0.33.
Exchange interaction between granules is characterized by high intensity and short radius of action.
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