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FMR study was carried out for the system (Fe,gNigg)xAQs - « in @

wide range of the magnetic component  concentration
0.079<x<0.85. The experimental data for low x vaues are
described on the basis of a simple model of the grain system. In
this model, it is assumed that separate magnetic grains have some
uniaxial anisotropy (or the shape of uniaxia ellipsoids), and they
do not touch each other but are connected through the dipole-

dipole interaction.

Introduction

In recent years, there was a great interest in granular
magnets, in which ferromagnetic particles are
distributed in a diamagnetic matrix. This interest is
primarily due to the interesting technical applications
of these materials as magnetosensitive elements. In [1]
and [2 ~ 6], granular systems permalloy-silver and
Co,Cu, _ , were andyzed by the FMR technique. The

authors of [3, 4] observed well-defined FMR lines of
a quite low width and made the conclusion about a
strong interaction between grains. As a result, such
a sample can be described as a onelayer magnetic
thin film. The main attention of the above work was
paid to the samples with the magnetic component
concentration of about 10 ~ 20%. On the other hand,
magneto-resistance  measurements  [7] showed the
maximum of magneto-resistance a x= 0.25. To un-
derstand the properties of these materials, we carried
out the FMR study for the system permalloy-silver
in a wide range of the magnetic component
concentration. We choose this system because the
dissolubility of Fe-based alloys in silver is extremely
low. At the same time, the magnetic anisotropy of
FeygNigg is quity small and, therefore, it is possible
to observe the pure effect of space inhomogeneity
(inhomogeneity in shapes and sizes of magnetic grains
and in their distrubution).
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Experimental Details

(FeyoNigg)  Ag grain films (with the continuous row

of composition in the range 0.07<x<0.9) were
prepared by co-evaporation of the previously prepared
permalloy and silver, by means of highly stabilized
electron beam guns in the oilless vacuum of
10~ 4 Pa. Films of approximately 200 nm in thickness
were deposited at room temperature on the line of mica
substrates (of the size of 48 x 60 mm each). The total
length of the line was 450 mm. Films were deposited
in such a manner that the entire set of compositions
with a gradual change of concentration was prepared
in the same run. The rate of deposition of each
component in the central area of the substrate row
was controlled by means of calibrated quartz sensors.
The control films made of pure metals were prepared
during deposition. The composition of grain films was
determined by measuring the thickness of control films
with an optica microinterferometer. The main
advantage of this technique over the other is that the
whole composition line of the films was prepared under
the same conditions, excluding the undesirable
influence of other factors on the process of their
formation. For measurements of the structure and
magnetoresistance, the mica substrates were cut into
small stripes. Within one stripe, the film composition
was practically constant. We used 3x 4 mm samples
for FMR measurments. FMR spectra were measured
by means of a standard X-band radiospectrometer
using a frequency of 9.46 GHz. The modulation of
the magnetic field was done with a frequency of 100
kHz. Measurements were carried out a room
temperature with two orientations of the magnetic field:
in paralel and perpendicularly to the film plane.

Experimental Results

FMR spectra show well-defined lines for all the
concentrations of FeNi in the range 0.008 <x <0.48.
The intensity, shape, and position of the FMR lines
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Fig. 1. FMR spectrafor (FeNi), Ag; -  filmsintheentire x range for the

parallel (continuous line) and perpendicular (dotted line) orientation of
a sample in the external magnetic field

strongly depend on x (Fig. 1). One can schematically
mark three ranges with different characteristics of FMR

spectra.
At low concentrations of permalloy
x= 010+ 0.15, the |line intensity for the

perpendicular orientation of a film in the magnetic field
is much lower than that for the paralel one. In this
range, the resonance fields H) and Hp practicaly do
not depend on the concentration and coincide with each
other within the limits of experimantal accuracy. The
widths of lines are about 50 mT.

At high concentration (x>0.30), one can observe
a picture which is typica of FMR in continuous films.
Hj and Hp lines are separated, their widths are small,
not higher than 20 mT. The resonanse field Hy has

practically a linear dependence on the composition x
(Fig. 2), and the dependence of Hj on x weaker.
The FMR signa in the intermediate range
0.15<x<0.30 is noticeably different from that at low
and high concentrations. When the transition to this
range occurs from the side of low concentrations, the
line intensity grows rapidly and the dependence of
resonance fields H|, Hp on x appears. Particularly,
one can see the well-defined kink in the Hp (x) de
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Fig. 2. Compositionalm dependence of resonance fields for parallel (open
circles, line 2) and perpendicular (solid squares, line 1) orientations of
a film with respect to the external magnetic field. Dotted lines correspond
to Egs. (6) and (7)

pendence. The FMR lines are much wider than in case
of high concentrations, their shape is different from
the classica one.

All  that indicated a substantial change in the
properties of (FeNi)xAgi-x films a different
concentrations of the magnetic component. The

properties of this system change especialy strong in
the range of low and intermediate concentrations,
where the signal outlook differs from the one typical
of continuous films. It is known that a well-defined
granular structure of material is redlized in this range:
the magnetic component forms small clasters which
do not touch one another. On the other hand, we could
not observe any considerable changes of the Hj and
Hg dependences on x on the way from intermediate

to high concentrations.

Theory

For the theoretical description of FMR spectra for the
(FeNi),Ag;_ 4y system in a wide range of

concentrations, it is important to clarify two basic
points: (i) to understand the behavior of the system
at low concentrations where the granular structure is
realized and (ii) to explain the transition from the
granular system (x<0.30) to a practicaly continuous
film at high concentrations. Describing the film in the
granular state, we assume that the magnetic phase
forms separate clusters inside the nonmagnetic matrix,
which do not touch each other. Since the grain size
is much smaller than the single-domain size, we assume
that atomic spins inside a grain are paralel to each
other and form the total magnetic moment mg of the

grain. If the number of atoms in the grain n is large
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enough (according to [8] n= 10%), we can take that
for the most part of atoms in the grain (except the
surface layer), the character of interaction being the
same as for the bulk sample. Then, a T <T¢ ,,, where

Tc, o is the Curi temperature of the bulk sample, we

can assume that atomic spins in the grain are
ferromagnetically ordered and the magnetic moment
of the grain can be determined as | mg| = MgV, where

V is the grain volume and Mg is the saturation

magnetization. We suppose that the energy of the i-the
granule at an extermal magnetic field H, can be written

as

2

1 Bmy;
W= 5y - MiHg @
where [ is some phenomenological parameter

connected with magnetic anisotropy of the granule z.
This uniaxial anisotropy, which is normally directed
to the film plane, can aso appear as a result of stress
in the system film =~ substrate, while preparing. In
the first case, if one assumes that the shape of granules
is a uniaxial ellipsoid with the main axis along z, then
B=4mn(Nz- Np), whee N, and N are the
demagnetizing factors of the ellipsoid aong z and
perpendicular to it. Further, we assume that the
parameter (3 is the same for al granules. If to combine
this parameter with the shape anisotropy, it should
mean that the level of deviation of the shape of granules
from the spherical one is approximately the same, and
the directions of ellipsoid axes are the same for all
the granules.

The energy of the system of N particles consists
of the sum of the separate energies (1) and their
interaction energy. It is clear that the magnetic dipole
interaction, which slowly decreases with distance [9],
should be the most substantial (since the indirect
RKKY exchange interaction [10] is a quickly oscillating
function of distance).

The dynamical equation for the magnetic moment
m; is determined by the total energy of the system
W= W (mq,....my) and can be written as [9]

dm;

= VBﬂ dw

H™i gm; B y= gug/h, 2
where g is the gyromagnetic ratio, pg is the Bohr
magneton, and h is the Planck constant. Taking into

account the formula for the energy of a separate grain
(1) and the well-known expression for the energy of

magnetic dipole interaction [9], Eq. (2) can be
presented in the following form:

dm;

dt = y[mix(He= BMje,+ Hyl, ©)

ISSN 0503-1265. Ukr. J. Phys. 2001. V. 46, N 9

where Mj= m;/AV is the magnetization of the i-th
grain and | M;| = Mg The value of Hp, determines
the field of magnetic interaction on the i-th grain,

Hii = Z (1) ™ 2 (3 (ny my) ny = my), 4

where rjj=|rjj|, njj=rj/ rj rj is the vector
connecting the i-th and j-th grains. It is easy to
calculate the dipole sum (4) in the case where al the
m; are parale, in analogy with the standard
macroscopic  approximation. Assuming that the grain
sizes and average distances between them are smal
comparing to the film thickness, it is possible to express
the value of Hp, through the magnetization of the
sample M, Hpi=-4mMze, In  this case
M= xM, M is the magnetization inside the grain,
therefore, we can write for the paralel orientation of
magnetic  moments:

Hp= - 41xM,e,

In view of the condition mj ~ M, Eq.(3) can be reduced

to the standard equation for the magnetic moment
dynamics,

dM
“at = YIM X Heg (M)],

with the following simple expression for the effective
field HeffZ

Het = He— (4Tix+ B) M e, (5)

The assumption about the parallel orientation of all
the m; is a very strong simplification of the problem.
It is known that granular magnetic systems exhibit
superparamagnetic  properties a low concentrations,
which contradicts a priori the above supposition. On
the other hand, al the m; will be parale in the
presence of a sufficiently strong magnetic field He. We
shall discuss effects of nonparalelism of m; later. Now
let us return to the analysis of the case where al the
m; are paralel. It is natural that then one obtains
formulas for the eigenmodes of the system which are
similar to the standard Kittel’s formulas for FMR
modes. Particularly, for a parallel slab, we obtained
the following expressions for the modes wy and wp,
when the magnetic field is parallel (H=H; ) and
perpendicular (H = Hp) to the film plane, respectively:

W= YVH[H+ (41x+ B M{], (6)
wp =Yy [Hp- (4mtx+ B) Mg]. (1
933
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Here, as previoudy, Mg is the magnetization of
magnetic component of the material (inside a grain).

Formulas 96) and (7) are obtained for the diluted
system, assuming the pardlel orientation of grains.
Now let us examine the ‘ferromagnetic* limit, when
the concentration of magnetic component is high,
grains are touching each other, and the exchange
interaction forms the total magnetization of a sample,
M = x Mg. In this case, we can use formulas (6) and
(7) agan, considering the parameter [ as the
anisotropy constant. It is apparently expedient to
process the experimental data on the basis of these
formulas, considering the parameter [ as a
phenomenological  constant.

The results of fitting the experimental data in the
parameters g, Mg, B by formulas (6), (7) for the range
x>0.20 are shown in Fig. 2. The values of Mg,
extracted from the curves for H| and Hp
(4tMg= 118 T and 41TMg= 1.10 T, respectively)
are in good agreement with each other and with the
value (4TIMgpeni = 0.97T for the bulk sample of
permalloy, which was used for the preparation of films.
The value of g = 2.1 agrees with one known from the
literature [5]. The value of the effective anisotropy
field for a single grain Hy= — B Mg appears to be equal
to 140 mT for the Hj (x) dependence and 160 mT
for the Hp (x) curve, or B= - 0.129, B= - 0.136,
respectively. Therefore, values of the parameter f3
match each other within the experimental accuracy
limits. It is difficult to connect the estimated values
of B with the shape anisotropy of a sample as, in this
case, the small quantity, (Nz—- Np) =
= - 0.13/4m= - 0.01, should be the same for all the
granules. It is difficult to imagine the reason for such
a small, but same for al the granules, deviation of
their shape from the spherical one. That is why we
suppose that the [ origin is a result of magnetic
anisotropy, which is the same for al the granules.
The shape of granules is supposed to be approximately
spherical, that well correlates with data [12].

It follows from these data that, in the range of
intermediate and high concentrations (x >0.20), the
resonance data can be described by the same formulas
with regard of the effective uniaxial anisotropy with
the easy axis perpendicular to the film surface.

As far as the range of low concentrations
(x<0.15) is concerned, the situation is principally
different, see Fig. 2. It can be seen definitely,

particularly from the curve Hp (x), that the resonance
field does not depend on concentration in this
range. The resonance frequency with a good accuracy
coincides in this range with its value for the isotropic
case w= gyH. So, both the shape anisotropy and
effective anisotropy of grains do not appear in this
range.
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This behaviour is naturally connected to the fact
that magnetic moments of grains are not saturated at
low concentrations of permalloy and formulas (6), (7)
cannot be wused. To describe the resonance in a
nonsaturated system, it is necessary to use the total
system of coupled equations (3), (4) for variables

m;. Moreover, the theory should include thermal
fluctuations of granular magnetic moments, which
determine the behaviour of the system in the

superparamagnetic state. We are not able to achieve
a consistent solution of this problem, and thus we
restrict this discussion to the quaitative anaysis.
Let us return to the general formula (4). if the
magnetic moments grains are completely correlated,
then, according to (5), the value of Hp, is reduced
to the z-component of the sample magnetization. It is
clear that such a result can be obtained aso in the
other limit of small correlations. Indeed, if the
deviations of granular magnetic moments from the
average value [n; O (which is paralel to the average
magnetization M ) are totally chaotic, then magnetic
poles emerging on the side surfaces of grains
compensate each other at sufficiently small distances.
In this case, we again obtain the expression like (5),
which, however, includes the average value of the z-
projection of the grain magnetization:
H -—

mi = — 4mn, Ox/ V) e,.

The value of 0in, Oin an unsaturated field is determined
by the grain susceptibility and can be significantly
lower at not very strong fields than the nominal value
MgV. Thus, the transition from the saturated to
superparamagnetic  state occurs while changing the
system parameters, which should lead to ‘switching
off* the shape anisotropy and to a cusp in the
dependence of the resonance frequency on the external
field. Hence, one should change M, to a much
lower value [,V in formula (5) for the effective
field. Then both «; and wp tend at x <<x. to
the value yH characteristic of an isotropic sample.
This explains the transition from the range of
intermediate concentrations to low ones in Fig. 2.
According to this explanation, x.= 0.15, which is much
lower than the value characteristic of the percolation
threshold.

The RKKY-interaction could be important for the
ground state properties, but it affects no frequencies
of a homogeneous magnetic resonance.

Note that the lines, that fit the dependences of
Hj and Hp according to formulas (6) and (7) in Fig.
2, intersect near the value x = X It means that
41ix.+ B is close to zero. This can be the coincidence
of parameter values, as there is no interconnection of
B and x; in the presented quditative ative model.
Nevertheless, perhaps, a more strict and detailed
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model could account the composition dependence of
the parameter, which should be presented in (6) and
(7) insteed of Mg in the transition range from
superparamagnetic granules to the state with saturated
magnetization. The detailed description of this point
is out of this paper.

One might think that the transition from the ordered
to superparamagnetic state could be connected with a
change in the external field, at least for the transverse
field orientation. The anaysis shows, however, that
the interna field in a grain, Hij= Ho— 4TtX Mg does
not depend in the saturated state region on the
concentration and is close to the value of
wo/ y= 320 mT. Taking this fact into account, the
behaviour of the resonance modes within the range
of smal x can be explained on the sole base of the
assumption that the grain sizes depend on Xx. Such a
behaviour of the particle size was experimentaly es-
tablished with the help of the electron
microphotography technique for the granular system
of the Cd/Ti and Tb/Ti type with nanometer scale
particles [11]. With lowering X, the grain size
decreases, and the superparamagnetic  behaviour
becomes dominant at certain value of x= Xe.

Note, that the model was built and calculations were
carried out assuming that the granules of Py in Ag
matrix have approximately the same size. It was shown

ISSN 0503-1265. Ukr. J. Phys. 2001. V. 46, N 9

experimentally for
smal x [1, 12].
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