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We have developed an adapted model in order to describe the ferromagnetic resonance �FMR� spectra in
a trilayer system in which two continuous ferromagnetic films are coupled by a granular magnetic spacer.
The model allowed us to study the influence that different parameters �e.g., the Fe volume concentration
and the thickness of the granular spacer, the exchange coupling field between layers, the microwave
frequency, etc.� have on the overall line shape of the spectra. We present the general results predicted
by the model and compare them with FMR experimental measurements made on a particular trilayer
�Fe/ �Fe�x�-SiO2�1−x���t� /Ni80Fe20� formed by two continuous ferromagnetic layers, Fe and Permalloy
�Ni80Fe20�, separated by a granular film of Fe-SiO2, in which we changed the Fe volume concentration x
�0.45�x�0.85�, and the thickness t �t=1,2 ,4 ,9, and 18 nm� of the granular spacer. Room-temperature FMR
measurements were made at the Q ��=34 GHz� and X bands ��=9.5 GHz� with the external field applied
parallel to the film plane. Two well-resolved absorption modes, one at low fields and another at higher fields,
were generally observed. From the dependence of the resonance field and the relative intensity of these modes
on x and t it was possible to deduce that the granular layer strongly interacts with the Fe layer, whereas the
Permalloy layer is only weakly coupled with the rest of the layers.
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I. INTRODUCTION

The magnetic coupling between two ferromagnetic �FM�
films separated by different kinds of spacers has been inten-
sively studied in the last two decades, and new and interest-
ing phenomena have usually been reported. For example,
when two magnetic films are spaced by a nonmagnetic
metal, an oscillatory change in the sign of the magnetic cou-
pling as a function of the spacer thickness is observed, which
has been attributed to a Ruderman-Kittel-Kasuya-Yosida-
RKKY-like interaction.1 Films that are antiferromagnetically
coupled also show a very large change in the electrical resis-
tance when a relatively low magnetic field is applied. This
effect was called giant magnetoresistance.

Since the discovery of the oscillatory coupling, a lot of
different materials have been used as spacers. Among
them we can mention insulators,2 semiconductors,3

antiferromagnets,4 or other ferromagnets5 in which new re-
sults were often reported.

Heterogeneous or granular magnetic films consist in a
nanostructered system of ferromagnetic particles �for ex-
ample Fe, Co, Ni, etc.� with a diameter of a few nanometers
embedded in an immiscible matrix of SiO2. Such a system
has been widely studied6 and their magnetic properties, ei-
ther as a function of the Fe volume concentration x or the
film thickness t have been published in the literature.7

In this paper we present a phenomenological model which
was developed with the aim of explaining the ferromagnetic
resonance �FMR� spectrum of a trilayer system in which
two FM layers are separated by a granular spacer. The
model has been applied to the special case of the trilayer
Fe/ �Fe�x�-SiO2�1−x���t� /Ni80Fe20 in which both x and t of

the granular spacer are varied in order to change the mag-
netic coupling among the different layers.

II. MODEL

The trilayer system to be discussed in this work consists
in two continuous ferromagnetic layers separated by a granu-
lar spacer of Fe-SiO2. An exhaustive modeling of this kind of
system is very complicated due to the changing magnetic
properties of the granular layer with the Fe concentration.
Our phenomenological model is based on the experimental
fact that, although the FMR line associated with the Fe-SiO2
is readily observed in single granular films,7 it could not be
observed in these trilayers. This is an indication that there
should be some kind of coupling �which we will assume to
be direct surface exchange coupling� between the continuous
ferromagnetic layer and the Fe-SiO2 layer. Due to the het-
erogeneous nature of the spacer, the exchange interaction
does not propagate through the Fe-SiO2 layer in the same
manner as it does for a metallic magnetic spacer, but its
influence is expected to be more extended than what is nor-
mally found for an insulating spacer.

We will describe first the FMR spectra that are usually
found when a continuous layer interacts strongly with a
granular film. Then we will suppose that each bilayer can be
treated as a single equivalent layer, and that these two
equivalent layers are coupled by a relatively weak exchange
interaction. This picture is sketched in Fig. 1. It is important
to mention that the same formalism can be also applied if
one of the films does not interact with the spacer. In this case
the magnetic properties of the equivalent layer are the same
as those of the continuous film.
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The problem of two coupled continuous ferromagnetic
layers has been treated in detail by several authors.8,9 When
the magnetization of both layers is uniform within the film
thickness it is possible to write the magnetic free energy per
unit area as

Fa = �
i=1

2 �− diMi · H +
di

2
MiNiMi + diKn

�i� �ê� · Mi�2

	Mi	2



− J
M1 · M2

	M2		M1	
. �1�

The first term in the above expression is the Zeeman en-
ergy, which tends to align the magnetization vectors Mi in
the direction of the external field H, with di the film thick-
ness of each layer. The second term corresponds to the de-
magnetizing energy due to the shape of the film. Because of
the large surface to thickness ratio the diagonal demagneti-
zation tensor Ni can be assumed as zero in the film plane and
4� in the perpendicular direction. In the third term we have
included an anisotropic contribution which tends to align the
magnetization perpendicular to the film. Kn

�i� is the perpen-
dicular anisotropy constant and ê� is a versor normal to the
film plane. The origin of this anisotropy can be the presence
of surface tensions, roughness, and any other imperfection
which prevents the in-plane alignment of the magnetization.
The subscript i indicates that each one of the first three terms
in Eq. �1� appears independently for the two magnetic layers.
An interlayer coupling of magnitude J �which has units of
erg/cm2� is introduced at the end of Eq. �1� by the bilinear
term in the free energy, which favors the alignment of both
magnetizations in the same direction. Positive J implies, fer-
romagnetic coupling. As the experimental data could be rea-
sonably well explained with the magnetic free energy of Eq.

�1� there was no need to consider additional energy terms,
such as biquadratic exchange or in-plane anisotropy. This
assumption limits the number of variables, simplifying the
theoretical treatment. In the following analysis the film nor-
mal is chosen to be parallel to the y axis; hence Nyy =4�, and
the rest of the terms in the demagnetizing tensor are equal to
zero.

As reported in Ref. 7, in thin Fe-SiO2 granular films, the
effective value of the magnetization to be used is the average
or effective magnetization which is a fraction of the satura-
tion magnetization of Fe. For an ideal heterogeneous sample
composed of spherical particles the magnetization should
vary as MG=xMFe �MFe is the saturation magnetization of
Fe�. This expression proved to be correct especially for x
�xp, the magnetic percolation concentration of the metallic
granules.7,10

The well known Landau-Lifshitz equation of motion can
be used to determine the scalar magnetic susceptibility,
which gives the overall line shape. From this spectrum it is
possible to calculate the resonance field position �maximum
in the absorption� and the line intensity �field integral of the
absorption�.11 In the present case we have the following
equation for each layer:

Ṁi = �Mi �
1

di

�Fa

�Mi
−

�i

	Mi	
Mi � Ṁi − �Mi � h , �2�

where Mi=M0i+mie
i	t is the total �radial plus transverse�

magnetization of the layer i with 	M0i 	 � 	mi	, �=g
B /� is
the gyromagnetic ratio, �i is the Gilbert damping parameter,
and h is the rf field of frequency 	 which is applied normal
to H. The g factor value used in granular Fe-SiO2 is the same
as that used for continuous Fe films: g=2.09,7 and for sim-
plicity we have assumed g=2.09 for all layers. The two last
terms in Eq. �2� are usually neglected if the only variable to
be estimated is the field position of the resonance modes.9

However, when the complete absorption line is needed, all
terms in Eq. �2� must be considered. Following Ref. 12 we
will express the interlayer magnetic coupling in field units,
so that the magnetic exchange field between both layers is
given by

HE = J� 1

d1	M1	
+

1

d2	M2	
 . �3�

In the following we will assume 	Mi 	 =Mi�	M0i	. If the two
interacting layers are a continuous film and a granular layer
the exchange field becomes

HE
�i� = J�i�� 1

diMi
+

1

tMG

 . �4�

A. Scalar susceptibility

To obtain an expression for the scalar susceptibility of a
coupled bilayer we start introducing explicitly the time de-
pendence ei	t in Eq. �2�. Keeping terms linear in mi and h
and changing the coordinate system to spherical coordinates,
it is possible to arrive at the following equation when the
external magnetic field is applied parallel to the film plane:

FIG. 1. If we assume that there is a high exchange interaction
HE

�i� between the top or bottom continuous layers with the granular
spacer, the system can be treated like two separated films M1 /MG

and MG /M2. Note that this assumption will be valid only if the Fe
concentration of the granular layer is larger that the percolation
threshold. The trilayer system can then be modeled as two equiva-
lent layers with effective magnetizations and thicknesses that are
coupled by an exchange field HE.
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Dm = h̃ . �5�

For this particular case the equilibrium values of the mag-
netization angles are �1=�2=� /2, 1=2=0. In the above
equation, the time-dependent magnetization vector is m
= �mr1 ,m�1 ,m1 ,mr2 ,m�2 ,m2�, h̃ is a linear combination of
hr, h�, and h, and the dynamic matrix D takes the form

D =�
i	/�M1 a 0 − c

b i	/�M1 c 0

0 − d i	/�M2 e

d 0 f i	/�M2


�6�

with

a =
1

M1
�H + 4�M1 − Hn

�1� +
J

d1M1
−

i�1	

�

 ,

b =
1

M1
� i�1	

�
− �H +

J

d1M1

� ,

c =
J

M1M2d1
,

d =
J

M1M2d2
,

e =
1

M2
�H + 4�M2 − Hn

�2� +
J

d2M2
−

i�2	

�

 ,

f =
1

M2
� i�2	

�
− �H +

J

d2M2

� . �7�

The perpendicular anisotropy fields are defined through
Hn

�i�=2Kn
�i� /Mi. Note that D is a 4�4 matrix because we

have omitted the radial terms mr1, mr2, and hr, which do not
contribute to the dynamic behavior of the problem. From the
expressions above, it is easily observed that when J=0 the
dynamic matrix becomes the same as what is expected for
two uncoupled films �c=d=0�.

Equation �5� can be inverted so as to express the trans-
verse magnetization as a function of the excitation rf field,

m = D−1CC−1h̃ = �h . �8�

The matrix C is a change of basis matrix that converts h̃ to
h= �h� ,h ,h� ,h� and hence the expression for the magnetic
susceptibility tensor is given by �=D−1C. This expression is
normally too large and complicated, and numerical calcula-
tion is generally required to study the resonance line shape in
different conditions. The absorption intensity measured in an
electron spin resonance �ESR� experiment is proportional to
the field integral of the imaginary part of the scalar suscep-
tibility �,11 which has the following expression:

� = �� + i�� =
1

h2h†�h . �9�

In the present analysis the absorption line shape is nor-
mally formed by two Lorentzian lines. The expression of ��
can then be used to study the influence that different param-
eters have on the resonance field and the intensity of the lines
that appear in the spectra, as well as to observe the contribu-
tion that each layer has on the absorption modes.

B. Highly coupled continuous/granular layers

When the exchange field HE
�i� between the continuous

layer i and the granular spacer is much larger than the rest of
the fields involved in the problem, both films must respond
to the external magnetic field like a single entity because the
exchange interaction strongly couples the magnetization of
each layer. We have calculated the dispersion relation for the
case of very large HE

�i� �HE
�i��	 /�� and H applied in the film

plane to obtain

�	

�

2

= H�H + Heff
�i� � , �10�

with

Heff
�i� = 4��diMi

2 + tMG
2

diMi + tMG

 . �11�

The subscript i refers to the continuous layer 1 or 2, and t
and MG are the thickness and the magnetization of the granu-
lar layer.

We can compare the result of Eq. �10� with �	 /��2

=H�H+4�M�, the dispersion relation obtained for a single
ferromagnetic film with a saturation magnetization equal to
M. In this way we can model two layers with a very large
exchange interaction like a single layer having an effective
magnetization Meff of magnitude

Meff
�i� =

diMi
2 + tMG

2

diMi + tMG
�12�

and an effective thickness teff

teff
�i� =

�diMi + tMG�2

diMi
2 + tMG

2 . �13�

The effective thickness teff
�i� is derived in such a way that it

conserves the total magnetization per unit area �teff
�i�Meff

�i�

=diMi+ tMG� or, in other words, it conserves the intensity of
the FMR spectra when describing the real bilayer as an
equivalent system.

In the next sections of this paper we will treat the real
system FM�1�/granular/FM�2� like an equivalent bilayer with
different effective magnetizations Meff

�1� and Meff
�2� in which the

interlayer interaction is relatively weak, as already depicted
in Fig. 1. We will then use Eqs. �1� and �2� to describe the
equivalent bilayer system, introducing an exchange field HE
and calculating the scalar susceptibility �Eq. �9�� in order to
study the relative intensities and the field position of the
resonance modes.

C. Resonance field positions in the equivalent bilayer system

We can evaluate Eqs. �12� and �13� using the magnetiza-
tion values corresponding to each layer: M1=MFe
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�1700 emu/cm3, MG=xMFe, and M2=MPy=816 emu/cm3

�Py refers to Ni80Fe20�. The corresponding expressions are
shown in Table I. These expressions have an explicit depen-
dence on the spacer thickness t and the Fe volume concen-
tration x of the granular layer. These two parameters will
then determine the overall behavior of the FMR spectra.

It is important to note that, when the Fe concentration in
the granular spacer is low �x�xp�, the magnetic interaction
among grains decreases, and the interaction with the continu-
ous layer is considerably suppressed. Also, if the spacer
thickness t is too large, the continuous layer cannot interact
efficiently with the whole granular spacer. The present model
should be applied with care in these two limits.

1. Zero exchange interaction

In the case HE�0 we expect to have two absorption sig-
nals, one resonating at a field Hr1, which corresponds to the
resonance of the equivalent system with effective magnetiza-
tion Meff

�1�, and another at a field Hr2 associated with Meff
�2�. In

Fig. 2 we show the dependence of the resonance field posi-
tion of the uncoupled equivalent system �HE=0� on the ex-
ternal magnetic field applied parallel to the film plane as a
function of t for different values of x. Data have been simu-
lated for the Q-band frequency ��=34 GHz�.

The main feature that can be observed in Fig. 2 is that the
position of the resonance fields is shifted as x or t are varied.
In particular, Hr1 increases for larger t and the opposite trend
occurs for Hr2 in this range of x. For a fixed thickness both
resonance fields move to lower values when x increases. The
origin of this behavior resides in the different magnetization
values of the three layers �MFe�xMFe�MPy�. Due to this
difference and the dependence of Meff on the Fe concentra-
tion of the granular layer, the effect of the granular spacer is
to increase the resonance field of the Fe-like equivalent layer
and to lower the field of the Ni80Fe20-like film when x
�MPy/MFe. As it is seen in Fig. 2, the shift of the resonance
field is much more evident in Hr2, especially for large values
of x and t.

It is also of interest to analyze the dependence of the
resonance field as a function of the thickness of the spacer
for different excitation frequencies. In Fig. 3 we show the
dispersion relation, Eq. �10�, as a function of t �t=1,2 ,4 ,9,
and 18 nm� for a fixed concentration �x=0.59� and for the
Fe/Fe-SiO2 equivalent layer with M =Meff

�1�. The horizontal
lines represent the X- and Q-band excitation frequencies. The
position of the resonance field Hr1 is shifted to higher fields

for larger values of t at all frequencies, but this variation is
much more noticeable in Q-band measurements as indicated
by the vertical lines in Fig. 3. A similar behavior was also
observed in Ref. 13 in symmetric trilayers. The shift in this
resonance field is also affected by the value of x and is larger
when x takes smaller values.

2. Magnetic coupling between Meff
„1… and Meff

„2…

After the values of Meff
�1�, Meff

�2�, and the other parameters
involved in Eq. �2� are determined, the effect of HE on the
resonance modes can be explored. The scalar susceptibility
calculated from Eq. �9� is then used to study the influence of
the exchange field HE on the absorption spectra.

For positive HE �ferromagnetic coupling� the main
changes that can be found are the shift in the position of both
resonance fields to lower values, and the decrease in the

TABLE I. Values of Meff and teff obtained from Eqs. �12� and �13� for the equivalent bilayer system. d and
t are the thicknesses of the top �and bottom� layer and the granular spacer, respectively.

Meff teff

�1� Fe�d� /Fe-SiO2�t�
MFe

d+ tx2

d+ tx

�d+ tx�2

d+ tx2

�2� Fe-SiO2�t� /Py�d� dMPy
2 + t�xMFe�2

dMPy+ txMFe

�dMPy+ txMFe�2

dMPy
2 + t�xMFe�2

0 2 4 6 8 10 12 14 16 18 20
5.0

5.5

6.0

6.5

7.0

7.5

8.0

Hr2

x = 0.84

x = 0.80

x = 0.71

H
(k

O
e)

t (nm)

x = 0.59

Hr1

HE = 0, Q-band, H || to the film plane

MFe=1700 emu/cm3 MPy=816 emu/cm3

FIG. 2. �Color online� Predicted values of the resonance fields
Hr1 and Hr2 as a function of t for different values of x for the
uncoupled equivalent system in the case HE=0. Simulations have
been made for the Q band and with the external field applied in the
film plane. Labels for the x variable also apply to the lower set of
curves.
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relative intensity ratio I1 / I2, where I1 and I2 are the intensi-
ties of modes 1 and 2, respectively.

Figure 4 shows a set of curves in which the exchange field
HE is increased from zero to larger values, as indicated in the
figure. If we assume that the anisotropy and exchange fields
are small enough �i.e., smaller than the microwave excitation
frequency in field units�, the frequency gap in the dispersion
relation will be small and the total intensity of the spectrum
should change very little when HE is varied. In this case
�I1+ I2� must be almost constant, but the intensity of each
mode can change considerably. When HE�0 the mode cor-
responding to Hr1 moves to lower fields and decreases its
intensity while I2 increases accordingly in order to maintain
the total intensity. When the exchange field is much larger
than the measurement frequency, the low-field mode is no
longer observed and the strongly coupled bilayer behaves
again like a unique entity with an intensity proportional to
the total number of moments present in the system. In Sec.
II B we have assumed that this situation happens between the
continuous and the granular layers in order to treat the
coupled bilayer as an equivalent single layer.

The variation of the relative intensity ratio between the
two modes is a parameter that could be used to estimate HE
from the experimental measurements even when the values
of HE are small. This is especially useful when the resonance
fields could not be accurately determined, for example if a
small in-plane uniaxial anisotropy is present.

Although in a real spectrum one observes the response of
the whole system, in Eqs. �8� and �9� it is possible to separate
the individual contribution of the two layers to the FMR line.

In this way we can investigate the effect that the exchange
constant has on each subsystem. The contribution of each
layer in the case of noninteracting layers �HE=0� is shown in
Fig. 5�a�. In this case the out of diagonal block terms in the
dynamical matrix D are zero and the total spectrum is simply
composed by the addition of the individual resonances of
each layer. In Fig. 5�b� the case in which HE�0 is depicted.
In this condition both layers contribute to each mode because
the out of diagonal terms are not zero. Note that while Meff

�1�

has an in-phase contribution to the intensity of the line reso-
nating at Hr2, the contribution of Meff

�2� to Hr1 has a phase shift
of 180°. This is the reason why the intensity of the low-field
mode decreases �and the intensity of the line at Hr2 in-
creases� when HE increases. Of course in a real experiment
the counterphase line is not observed. What happens is that,
when Meff

�1� and Meff
�2� precess with a phase shift of 180°, the

total transversal magnetization parallel to the rf field is
smaller, and for this reason the intensity of the line resonat-
ing at Hr1 decreases.

III. COMPARISON WITH EXPERIMENTAL DATA

A preliminary experimental study of Fe/Fe-SiO2/Py
trilayers was recently reported in Ref. 14. In order to com-
pare the present model with the experimental results we have
extended those measurements to X-band frequencies
�9.5 GHz� and have analyzed a larger number of samples.
The trilayers were grown using the same method described
in Refs. 13 and 14. Briefly, the continuous FM layers were dc
sputtered from either an Fe or a Ni80Fe20 target and the
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40

υ
(G

H
z)

H (kOe)

Q-band

X-band

x = 0.59
Hn = 1256 Oe

increasing t

FIG. 3. �Color online� Dispersion relation for the mode associ-
ated with the layer with effective magnetization Meff

�1�. Values of the
spacer thickness are t=1,2 ,4 ,9, and 18 nm. The concentration x
=0.59 was kept constant. Dashed horizontal lines correspond to 9.5
and 34 GHz frequencies. The vertical lines indicate the shift of the
resonant field at these two frequencies.
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d χ
"/

dH
(a

rb
.u
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)

H (kOe)

M(1)
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M(2)
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∞

FIG. 4. �Color online� FMR spectra simulations for different
values of the exchange coupling field HE. The external field is ap-
plied in the film plane. Note that for very large values of HE only
one line can be detected.
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granular spacer layer was grown using rf sputtering from a
SiO2 target whose upper half was covered with an Fe foil.
The Fe continuous film was deposited first, followed by the
granular and the Permalloy layers. Due to the limited number
of magnetron sputtering guns in the chamber it was neces-
sary to break down the vacuum after growing the granular
film. A top SiO2 layer was finally deposited to prevent oxi-
dation of the system. The thickness of the two continuous
FM layers was kept fixed at d=17 nm. Five sets of samples
with a different spacer thickness t �A=1 nm, B=2 nm, C
=4 nm, D=9 nm, and E=18 nm� were fabricated. In each
series the Fe volume concentration of the granular layer was
in the range 0.45�x�0.85.

FMR measurements have been done with a commercial
Bruker ESP 300 spectrometer operating at either X or Q
band.

A. Results and discussion

The experimental FMR measurements show two absorp-
tion signals in all the studied samples, at both Q and X bands.
The resonance field of each signal was found close to the
positions expected for single continuous Fe �Hr1� and
Ni80Fe20 �Hr2� films, respectively. We have not observed any
other signal that could be associated to the magnetic re-
sponse of the granular spacer. This signal is readily observed
in single heterogeneous films,7 so that its absence in the
trilayers is suggesting that there could be an exchange inter-
action between the granular layer and the continuous films.
Although the FMR signal of the spacer is not observed, the
discussion in the previous sections indicates that the pres-

ence of the granular layer should affect the position and the
intensity of the other two lines.

FMR measurements of different samples �made with the
external magnetic field applied parallel to the film plane� are
shown in Fig. 6. We present four set of curves, each set
having five spectra with the same x value but different spacer
thickness. When each continuous layer is strongly coupled
with the granular spacer the variation of the resonance field
must behave as is shown in Fig. 2. The experimental results
indicate that only the Fe-like absorption mode shifts to
higher fields and that the resonance field associated with the
Ni80Fe20 layer remains almost unaffected. This is suggesting
that there is a very weak interaction between the Permalloy
film and the rest of the layers. The origin of this behavior is
probably due to the need to break down the vacuum in the
fabrication process, allowing the formation of a thin oxide
layer which hinders the magnetic interaction between the
Ni80Fe20 and the granular layer.

The discussion in the above paragraph suggests that the
Fe and Fe-SiO2 layers are highly exchange coupled and they
could be treated like an effective unique layer that interacts
only weakly with the Ni80Fe20 film. Under this hypothesis,
the corresponding value for the effective magnetizations are
Meff

�1�=MFe��d+ tx2� / �d+ tx��, Meff
�2�=MPy.

3 4 5 6 7 8 9

M(1)
eff M(1)

eff
M(2)

eff M(2)
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Layer 2

H (kOe)

HE = 1000 Oe
Layer 1d χ

"/
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.u
ni
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)

M(2)
effM(1)

eff

(b)

M(2)
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HE = 0

M(1)
eff

Layer 2

Layer 1

(a)

FIG. 5. �Color online� Contribution of each layer to the FMR
spectra in the uncoupled �a� and coupled �b� cases. The resultant
line is formed by the addition of the two spectra. The same param-
eters as in Fig. 4 have been used.
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FIG. 6. �Color online� Experimental FMR spectra from different
samples taken at the Q band and normalized by the intensity of the
absorption at higher fields. Dashed lines indicate the position of the
resonance field.
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Neglecting the presence of a small in-plane uniaxial an-
isotropy, the field position of the resonance mode Hr1 can be
obtained from the dispersion relation derived from the analy-
sis of Sec. II:

�	

�

2

= Hr1�Hr1 + 4�MFe
d + tx2

d + tx
− Hn1
 , �14�

where we have defined Hn1 as the perpendicular anisotropy
field of the effective layer �1�.

Figure 6 also shows that Hr2 stays almost constant, sug-
gesting that the interaction of the Fe/Fe-SiO2 bilayer with
the Ni80Fe20 layer is very weak. As predicted by the model, a
large exchange field should give a considerable shift of the
resonance field of the Py layer, larger in general than that
produced in the Fe/Fe-SiO2 equivalent layer �see Fig. 2�.

As already mentioned, the shift in the position of the reso-
nance field depends on the excitation frequency �see Fig. 3�.
In general, the dispersion relation changes in such a way that
the variations of the resonance field are more noticeable for
higher rf frequencies. In Fig. 7 we show the dependence of
the in-plane resonance field Hr1 when varying t for a fixed
spacer concentration x, at both Q and X bands. Using Eq.
�14�, we have fitted the experimental FMR resonance field
Hr1 measured at two different frequencies. The agreement
between data and model is quite good, taking into account
that the only free parameter in Eq. �14� is the out-of-plane
anisotropy field Hn1, and that the same value of Hn1 was used
for all the samples. Note that, as the thickness of the bottom
Fe layer has been kept fixed, the fact that the value of the

perpendicular anisotropy is similar in all films suggests that
the contribution of the granular layer to Hn1 is very small.

From the proposed model it is also possible to compare
the relative intensity ratio �I1 / I2� with the experimental data.
As the thickness d of the Fe and Permalloy layers does not
change in different samples, their contribution to the absorp-
tion intensity of Hr1 and Hr2 should be approximately the
same in all cases. Considering that the granular spacer inter-
acts mostly with the Fe layer it must mainly contribute to the
intensity of the Hr1 mode so that the intensity ratio �I1 / I2�
must increase for higher values of t. The experimental mea-
surements reflect this situation as can be seen in Fig. 6, es-
pecially in the two upper panels. For lower values of x a
careful determination of the intensity also verifies these pre-
dictions.

In Fig. 8�a� we show the behavior of the relative intensity
I1 / I2 when t and x are varied, in the case HE=0. This figure
can be compared directly with the intensity values obtained
from Fig. 6 which are shown in Fig. 8�b�. Although some
uncertainty exists in the determination of these values, it can
be seen that the increase of intensity with the thickness and
the Fe concentration of the granular layer are in reasonably
good agreement with the predictions of the model.

Discrepancies between the model and the experimental
intensity ratio can be better accounted for if an exchange
interaction between both layers is included. The effect that a
nonzero HE between the magnetization Meff

�1� of the
Fe/Fe-SiO2 coupled layer and the magnetization of the
Ni80Fe20 layer has on the absorption spectra is to change the
resonance field positions Hr1 and Hr2 and to modify the rela-
tive intensity ratio I1 / I2. The effect generated by the increase
of HE has been already shown in Figs. 4 and 5. In the
samples that we are using to compare with our model, the
exchange coupling is relatively small, probably because of
the need to break down the vacuum in the fabrication process
allowing the presence of a thin oxide layer, which hinders the
interaction between the Permalloy and the granular layer.
The small values of HE and the presence of a small in-plane
uniaxial anisotropy complicates the estimation of the ex-
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FIG. 7. �Color online� Resonance field position Hr1 as a func-
tion of t for different rf frequencies and x=0.59. Dashed lines cor-
respond to the fit obtained from the proposed model.
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change coupling field using only the shifts of the resonance
fields. As we have mentioned before it is expected that HE
increases when t decreases or when x increases, because the
influence of the Fe/Fe-SiO2 equivalent layer over Ni80Fe20
will be more notorious.

The effects of HE on the spectra intensity are shown in
Fig. 9 for two samples with different spacer thickness �t=2
and 18 nm� and with x=0.8. It is observed that for small
spacer thicknesses an exchange field of HE�250 Oe must be
included in order to correctly reproduce the intensity ratio.
When the spacer is thicker the interaction almost disappears
and the spectrum could be well fitted assuming no exchange
field between the layers. We would like to emphasize that,
even though the precise determination of HE is affected by
different factors, the overall line shape was very well repro-
duced using a relatively small set of parameters.

IV. CONCLUSION

We have developed a model to describe the resonance
spectra of trilayers composed by continuous ferromagnetic
films separated by a granular magnetic spacer. We have
found a series of properties predicted by the model, and these
predictions were compared with FMR measurements made
in a series of samples in which both the spacer thickness and
the concentration of the magnetic grains were varied.
Changes in the position of the resonance field and the line
intensity as a function of x and t are well described by our
model, at both at Q- and X-band frequencies. For the particu-
lar samples used to test our model, the influence of the ex-
change field between layers HE is too small to show a sys-
tematic change in HE as a function of t or x. However, it was
still possible to obtain a very good fit of the FMR spectra of
the samples and, as expected, the larger values of HE occur
for the thinner and more concentrated spacers.
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