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Ferromagnetic resonance in as-deposited and annealed Fe-SiO2 heterogeneous thin films
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The magnetic properties of sputtered Fe-SiO2 composite thin films, containing an Fe volume fraction
ranging from 0.42 to 0.90, have been characterized by means of ferromagnetic resonance. Experiments at
X-band (n59.4 GHz) andQ-band frequencies (n535.4 GHz) were done on as-deposited and annealed
(2 h, 435 °C) samples as a function of the Fe concentration. In general only one line corresponding to the
uniform precession mode is observed. However, when the external field is applied perpendicular to the film
plane one or two extra lines are observed at lower fields. More interestingly, when the concentration is very
close to the percolation threshold for the Fe granules (f p;0.62), more than 15 equally spaced lines are found.
The origin of these additional resonances does not seem to be related to the film thickness, as usually happens
with standing spin waves in continuous films, but to the divergence of the correlation length at the percolation
concentration. It was found that the effective anisotropy fieldHeff , which takes into account demagnetization
and anisotropy fields, decreases almost linearly as the Fe fraction is reduced up tof p , where a sudden decrease
is observed. The resonance linewidth and the calculatedg value also have distinctive features near the perco-
lation threshold. Sample annealing produced a broader distribution of particle sizes and shapes that reflects in
a resonance linewidth 3–6 times larger than for similar as-deposited samples. All these effects are closely
related to the intricate geometry of the Fe granules near the percolation concentration.
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I. INTRODUCTION

Heterogeneous, composite, or simply ‘‘granular’’ mate
als consist of very small metal granules embedded in an
miscible matrix. Their unique nanostructure and the relat
simplicity of changing the particle size and concentrat
make these systems almost ideal for investigations of
physical properties of nanostructured materials. In the
few years extensive research has been made in granular
netic thin films with potential applications in the magne
recording industry. The ferromagnetic~FM!/metallic immis-
cible alloys, exhibiting giant magnetoresistance, are of in
est as magnetic sensors and read heads.1 FM/insulating nano-
composites have been proposed as promising h
coercivity, low noise, magnetic recording media.2 Chien and
co-workers3 studied in detail the magnetic properties of F
composites. They found that if the volume fractionf of the
FM metal is below the percolation thresholdf p ~defined as
the volume concentration where a continuous network
connecting granules appear!, the granules are single doma
and usually exhibit hard magnetic properties~eventually af-
fected by superparamagnetic effects, especially for v
small grains!. Whenf is larger thanf p the FM material sur-
rounds the insulator forming a networklike structure. T
relatively soft magnetic behavior of a continuous FM film
then recovered. Room-temperature coercivity in the Fe-S2
system has a maximum forf ; f p;0.55 in thick films.4 For
films thinner than 40 nm it was observed that the percola
threshold is strongly dependent on the annealing condit
PRB 600163-1829/99/60~17!/12270~9!/$15.00
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and the film thickness.5 As-deposited films percolate atf p
;0.62 for all thickness below 40 nm. Annealed films, on t
other hand, show an increasing percolation concentra
when the film thickness is reduced (f p;0.44 for 40 nm to
f p;0.78 for 5 nm!. Transmission electron microscop
~TEM! studies have revealed the crucial role played by
intricate geometrical nanostructure on the magne
properties.3 Coercivities exceeding 1000 Oe have been o
served in optimally annealed samples nearf p . The origin of
this very large coercivity~that can exceed 3000 Oe at 5 K! is
still unclear. It was suggested that a very large effective
isotropy constant that includes the contribution of magne
crystalline anisotropy and ‘‘other’’ sources is responsible
the observed behavior.3 The fact that the maximum coerciv
ity is observed at the percolation concentration, where
shape of the FM clusters changes dramatically from eq
axed to ‘‘wormylike,’’ is a good indication of the importanc
of shape anisotropy.

Ferromagnetic resonance~FMR! has proved to be a very
useful tool in the characterization of magnetic films. Throu
the analysis of the spectra obtained from the excitation
uniform precession or excited modes, valuable informat
on the effective fields, particle shape and size distributi
ferromagnetic exchange constant, etc., can be obtaine
deduced.

In this work we will present the FMR results obtained
a series of Fe-SiO2 granular films. The paper is organized
follows: the sample preparation and the experiments p
formed are explained in Sec. II. The analysis of the res
12 270 ©1999 The American Physical Society
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obtained from the uniform mode and the additional re
nances are discussed in Secs. III A through III C. Conc
sions are presented in Sec. IV.

II. SAMPLE PREPARATION AND EXPERIMENTS

Granular Fe-SiO2 films were prepared by rf magnetro
sputtering. The top part of a 20 cm SiO2 target was covered
with a semicircular high-purity Fe foil to obtain a near
linear composition gradient in the vertical directio
~;0.45 %/mm!. The Fe composition ranges fromf 50.42 to
f 50.90 Fe volume fraction. Films used in this study we
deposited on eight 18 mm318 mm Fisher finest premium
cover glass disposed in a single vertical column. The fi
thickness obtained with this geometry is not uniform a
changed in an approximately parabolic way from;24 nm at
the central substrate to;16 nm 76 mm above or below th
center. All necessary corrections due to this thickness va
tion have been made in the film volume calculations. Af
sputtering the films, 48 samples of 3 mm33 mm were cut
from the original slides covering a total vertical lenght
144 mm. This sample size assures a composition varia
smaller thanf 50.015 and a thickness change,0.4 nm in
each sample. Some selected samples have been anneal
2 h at 435°C in a closed chamber with flowing pure Ar a
pressure of 1022 Torr. It is worth mentioning that all
samples have been covered with a 70 nm protective S2
layer to prevent oxidation. A very detailed explanation of t
sample preparation and the microstructural characteriza
can be found in Ref. 5.

Feromagnetic resonance measurements have been
on a Bruker ESP 300 system atX-band ~n59.4 GHz! and
Q-band frequencies~n535.4 GHz! at room temperature. A
standard field modulation technique was used so that
detected signal corresponded to the derivative of the
sorbed microwave power. Samples were mounted at the
ity center with the film plane parallel to the radio frequen
~rf! field and the dc field changing from the in-plane to t
out-of-plane direction. To study the existence of in-plane
isotropy the dc magnetic field was also varied in the fi
plane. Very small samples~less than 1 mm31 mm!, obtained
from the previously cut 3 mm33 mm samples, were used t
prevent excessive loading of the cavity.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Uniform mode

1. Normal modes

The FMR spectrum forH applied parallel to the film
plane consists of a single absorption line located at a fi
lower than that corresponding tog52. If the sample is ro-
tated with respect toH, the resonance field increases a
reaches a maximum whenH is perpendicular to the film. To
explain this behavior the following simple expression for t
magnetic free energy may be used:

F5
1

2
M0•N•M01

Kz

M0
2 ~M0• ẑ!22M0•H, ~1!
-
-
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where H is the applied field external field andM0 is the
saturation magnetization. The first term represents the
magnetization energy (N is the diagonal demagnetizatio
tensor!, the second term comes from either an easy pl
(Kz.0) or easy axis (Kz,0) ‘‘intrinsic’’ anisotropy, that
includes all contributions~magnetocrystalline, stress, inte
face! but shape anisotropy, and the last term is the Zeem
energy. The relative position of the film with respect to t
axis and vectors is sketched in Fig. 1.

Obtaining the resonance condition for the uniform mo
from Eq. ~1! requires one to solve the damped Landa
Lifshitz ~LL ! equation of motion,6,7

1

g

]M

]t
52M3H i2

l

gM2
M3@M3H i #. ~2!

The gyromagnetic ratio of the precessing momentsg is re-
lated to theg factor byg52gmb /\ (mb is the Bohr mag-
neton,\ is the Plank constant!. Different experimental val-
ues of theg factor at room temperature for bulk FM Fe ca
be found in the literature:g52.1222.17,8 g52.10.9 The
general accepted value for thin films isg52.09,10 although
in granular Fe-SiO2 smaller values (g51.9122.07) have
been reported.11–13 The internal magnetic fieldH i and the
free energyF are related through the simple relationshipH i
52]F/]M .14 The magnetization is divided into a time
independent and a time-dependent part:M (t)5M01m(t).
The temporal dependence ofm(t) is chosen to be of the form
m(t)5m0eiwt. The second term on the right of Eq.~2! is the
LL phenomenological damping that accounts for the ove
intrinsic contribution to the loss. The relaxation is charact
ized through the parameterl.

Using Eqs.~1! and ~2!, the condition]M0 /]t50, and
discarding terms of the formm3m, a set of linear equations
in mx ,my , andmz , is obtained. Solving these equations it
possible to arrive to the following expression for the norm
modes~the damping term is omitted for the moment!:

S v

g D 2

5~H cosa2Heff cosu!2

1H sina~H sina1Heff sinu!, ~3!

the effective anisotropy field is defined as

FIG. 1. Relative orientation of the magnetization vector, t
applied field and the radio-frequency field with respect to the fi
plane.HA indicates the direction of a very small in-plane anisotro
~observed only for f *0.7) coincident with the composition
gradient.
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Heff5
2Kz

M0
1~N'2Ni!M0 , ~4!

where N' and Ni are the demagnetization factors perpe
dicular and parallel to the film plane~both in-plane demag
netization factors are assumed to be the same!. It is impor-
tantant to mention that in very thin continuous ferromagne
films Ni can be usually taken as zero. However, in granu
films it was found that the shape of the individual grains
important when describing the overall magnetic behav
~see, for example, Refs. 15 and 16!.

The out-of-plane angleu is related toa by the equilib-
rium condition:

H sin~u2a!5
Heff

2
sin 2u. ~5!

Isotropic in-plane magnetization was assumed to simplify
mathematics, thus the in-plane magnetization anglew was
set to zero. It should be mentioned that forf .0.7 there is a
very small in-plane anisotropy5 that does not affect the gen
eral results as will be discussed in Sec. III B 5. Equations~3!
and ~5! reduce to the well-known Kittel expressions wh
a50 (H' film plane!, anda5p/2 (Hi film plane!,17

S v

g D 2

5~H2Heff!
2 a50, ~6a!

S v

g D 2

5H~H1Heff! a5p/2. ~6b!

Note that both Eqs.~3! and ~5! and Eq.~6! depend on a
single physical parameter which represents the effective
isotropy energy. The angular variation of the resonance fi
Hr of two selected films (f 50.46 and f 50.60) is shown in
Fig. 2. The continuous lines are the best fits obtained
numerical resolution of Eqs.~3! and ~5!. As mentioned be-
fore the resonance field is below the field corresponding
g52.09 and changes very little whenH is applied close to
the film plane. IfH is moved out to the perpendicular dire

FIG. 2. Angular variation of theX-band (n59.4 GHz) reso-
nance field as a function of the anglea formed between the applie
external field and the film normal forf 50.46 andf 50.6. The con-
tinuous lines are the fits obtained after solving Eqs.~3! and~5! with
the following parameters:g52.01,Heff56645 Oe, forf 50.46 and
g52.11, Heff510430 Oe, forf 50.60.
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tion a sharp increase inHr is observed approximately 3
degrees apart from the film normal. Note that the differen
between the resonance fields in the parallel and perpend
lar orientations is larger for higher Fe concentrations imp
ing @see Eq.~6!# a larger effective anisotropy field for highe
Fe concentrations. This behavior will be discussed in m
detail in the next section.

2. Linewidth

The angular variation of the linewidthDH of the f 50.6
film is presented in Fig. 3. The minimum is found fora
50, and there is also a relative minimum fora5p/2.
Arounda512° the linewidth has a maximum of;4–5 kOe.
The exact determination ofDH near the maximum is quite
difficult because the line shape is strongly deformed, thus
given values may be affected by large errors. If the rel
ation term is now considered in Eq.~2! an expression for the
frequency linewidth can be obtained:7

Dv

g
5

l

gM0
@2H cos~a2u!2Heff~3 cos2u21!#. ~7!

The field linewidth DH is related toDv/g through the
relation18

DH'
]H

]~v/g!
U

Hr

Dv

g
1

]H

]u U
Hr

Du. ~8!

The first term is a first-order approximation that is valid on
when the condition Dv/v!1 holds. The derivative
]H/](v/g) is normally close to one for large microwav
frequencies~where the resonance fields are usually larg!
and for isotropic samples. For intermediate frequencies~for
example,X band! the magnetic resonance occurs at fie
where the magnetization vector may not be aligned with
magnetic field. During a standard FMR experiment the eq
librium angleu changes whenH is swept. The change inu
causes a variation of the resonance condition and contrib
to an increase in the absorption linewidth and also a de

FIG. 3. Angular variation of theX-band (n59.4 GHz) line-
width as a function of the anglea formed between the applied
external field and the film normal forf 50.6. The two fits have been
obtained using Eqs.~7! and ~8! andH i5887 Oe,DH i5417 Oe,
H'513602 Oe, andDH'5100 Oe.
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mation of the line shape. This angular effect is taken i
account by the second term in Eq.~8!. The angular ‘‘width,’’
Du, is defined as

Du5uS v

g
1

1

2

Dv

g
,a D2uS v

g
2

1

2

Dv

g
,a D

'uS Hr1
1

2

Dv

g

]H

]~v/g!
Hr

,a D
2uS Hr2

1

2

Dv

g

]H

]~v/g!
U

Hr

,a D . ~9!

Note thatDu is zero whena is parallel or perpendicular to
the film plane becauseu is already collinear witha and the
field change does not affect the orientation ofM . For other
orientationsDu can be as large as 8°.

Only one free parameterl/gM0 is available to fit the
experimental data. Either the parallel (DH i) or the perpen-
dicular (DH') linewidths can be used in the determinati
of l/gM0. This option is advantageous in that the influen
of theDu term is minimized. The results for thef 50.6 film,
obtained by numerical resolution of Eq.~8!, are shown in
Fig. 3 together with the measured data. It can be seen
DH i gives a better fit thanDH' and even reproduces th
magnitude and position of the maximum. However, it fails
predict the correct value ofDH' by a factor of 4. IfDH' is
chosen, the maximum is also well predicted~although the
magnitude is smaller!, but again the value obtained for th
90° direction is wrong by a factor of 4. It is worth mention
ing that within the theoretical framework that leads to E
~8!, similar values ofDH' and DH i are predicted. The
l/gM0 values are in the range 0.0220.06 giving corre-
spondingl values of the order of 108 rad/s.

Up to now the only source of line broadening was a
sumed to come from intrinsic relaxation. It is well know
that particle orientation and particle shape distributions m
also be an important source of line broadenin
Netzelmann15 studied in detail the influence of particl
shape, size distribution, and packing fraction in magne
tapes. He proposed that the effective magnetostatic free
ergy@first term in Eq.~1!# can be approximately described b

FN5
1

2
~12 f !M•N p•M1

1

2
f M•N t•M , ~10!

wheref is the FM volume fraction~assuming complete phas
separation!. It is important to note that no magnetostatic i
teractions are assumed in this description. The effective m
netostatic energy is just a combination of the limiting ca
of an isolated particle with a demagnetization tensorN p and
a thin film with a corresponding factorN t . Rubinstein16 ap-
plied Netzelmann’s model to explain the linewidth behav
of Co~Fe!-Cu granular alloy films. He could explain aDH'

larger thanDH i assuming that the films could be treated a
collection of flat particles with an ellipticity parameter«
varying from«50 to «5«0. In our case, contrary to Rubin
stein’s experiments,DH i is much larger thanDH' . This
means that apart from the shape, the in-plane angular d
bution of particles plays an important role in the determin
tion of the linewidths. Dubowick19 showed that the first term
o

e
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in Eq. ~10! must be multiplied by a factorf to correctly
describe the isolated-particle to continuous-thin-film tran
tion. The correction is especially important for loose
packed particles. Although all our films have Fe fractio
larger than 0.42 we have taken into account Dubowick’s c
rection in our calculations

Following Rubinstein’s convention that thez axis is al-
ways the direction of the applied field a total demagneti
tion tensor can then be written as16

N5 f ~12 f !N p1f N t , ~11!

where

N t'54p~0,0,1! and N ti54p~1,0,0! ~12!

for perpendicular (Hi ẑ, film normal i ẑ! and parallel (Hi ẑ,
film normal i x̂) resonance, respectively, and

N p'5
4

3
pF11

«

2
~123x!,12«S 12

3

2D x,11
«

2G ,
~13a!

N pi5
4

3
pF11

«

2
,12«S 12

3

2D x,11
«

2
~123x!G .

~13b!

In Eq. ~13! the parameter« can range between 0 and 1 fo
the limiting cases of a spherical particle and an in-plane
finite cylinder, respectively. The variablex also ranges be-
tween 0 and 1 and is introduced to take into account
in-plane distribution of cylinders. In Eq.~13a! x50 andx
51 correspond to the long axis of the cylinder parallel to t
ŷ and x̂ directions, while in Eq.~13b! the samex values
describe a cylinder parallel toŷ and ẑ, respectively. As we
only want to show that the above model can giveDH i
.DH' a few simplifications will be made. First, the crysta
line anisotropy term will be neglected and only the dema
netization term will be kept. Second, the intrinsic perpe
dicular linewidth will be assumed to be smaller than t
measured one so that the extra linewidth comes from a
tribution of particle ellipticities raging from«50 ~spherical
particles! to «5«0 . Due to the fact that the particles may b
in-plane anisotropic Eq.~6! should be modified in the fol-
lowing way:16

S v

g D 2

5@H2~Nz2Nx!M0#@H2~Nz2Ny!M0#. ~14!

The field H is replaced by the perpendicular and paral
resonance fields together with their corresponding demag
tization factors@Eq. ~11!#. In the case of perpendicular reso
nance it can be seen that Eq.~14! is independent ofx. As-
suming that the linewidth comes from particles of differe
shapes resonating at different fields an upper limit for
linewidth is given by

DH'5H'~«5«0!2H'~«50!54p f M0~12 f !
«0

4

1AS 4p f M0~12 f !
«0

4 D 2

1S v

g D 2

2
v

g
. ~15!
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Using the experimental values ofDH' the parameter«0 can
be obtained as a function of the Fe concentration. In all ca
«0 ranges between 0.04 and 0.14 indicating that the devia
from sphere-shaped particles is small.

For parallel resonance the linewidth is assumed to co
from two sources: particle shape~the resonance field is dif
ferent for spheres than for ellipsoids! and particle orientation
~the resonance field is larger when the ellipsoids are orien
perpendicular to the applied field!. An upper estimation for
the parallel linewidth is then

DH i5H i~«5«0 ,x50!2H i~«5«0 ,x51!. ~16!

With the «0 estimated in Eq.~15! and the parallel resonanc
field obtained from

S v

g D 2

5FH i14p f M0S 11~12 f !
«x

2 D G
3FH i14p f M0~12 f !«S x2

1

2D G , ~17!

it is possible to calculate the parallel linewidth using E
~16!. The DH i values calculated from the above equatio
are plotted as a function off in Fig. 4 together with the
experimental values. A few values of theQ bandDH i for the
more diluted compositions are also plotted in the figure.
general the first term inside the square root in Eq.~15! is
smaller thanv/g so that DH';4p f M0(12 f )«0/4. This
means that to get the same«0 values~remember that«0 is
only related to the microstructure!, similar DH' should be
observed at different frequencies, and this is indeed what
found in the films that were measured in both bands. T
parallel linewidth has a small dependence onv/g but com-
parable values are also expected and measured for theX and
Q bands~at least for low Fe concentrations!. Although the
model maybe somewhat oversimplified, the estimatedDH i
are in good agreement with the measured data. Note tha
only free parameter used in this description is the perp
dicular linewidth and that the relatively small values o
tained for the ellipticity parameter« agree with the TEM
observations of the microstructure.5

FIG. 4. Parallel linewith as a function of Fe concentration
X (n59.4 GHz) andQ (n535.4 GHz) bands. The continuou
line corresponds to the values estimated from the measuredDH'

and Eqs.~15! through~17!.
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B. Fe concentration dependence

1. Effective anisotropy field

The coercivity obtained from magnetostatic measu
ments as a function of Fe concentration in a similar set
samples have shown that the Fe percolation threshold is
tween f 50.62 andf 50.65 in as-deposited samples.5 With
the measured resonance fields in the parallel and perpen
lar directions (H i and H') and using Eq.~6! it is possible
to obtain the values of the effective field and theg factor as
a function of the Fe volume fraction. In Fig. 5Heff5H'

1H i/22A(H i/2)21H i(H i1H') is plotted as a function off
for X band and a few low Fe concentrationQ-band points.
The solid line 4pM0f ~with 4pM0521.6 kG) represents
the demagnetization term of the effective field assum
spherical particles («50) embedded in a thin film in Eqs.~4!
and~13!. As mentioned before« values are generally smal
affecting the linewidth rather than the peak position. Magn
tization values measured in a dc Faraday balance, are
plotted for comparison. Rubinstein16 showed that in granula
thin films the effective value of magnetization to be used
Kittel’s equations@Eq. ~6!# is the average or effective mag
netization. This is supported by the fact that for an ide
heterogeneous composite the magnetization should var
Meff5 f M0 identically to what it is predicted by Eq.~14! for
spherical particles embedded in a thin film. The effect
field can be written as

Heff5
2Kz

Meff
14pMeff . ~18!

For Fe concentrations larger than 0.66~where the network
has already percolated! Heff and 4pMeff have the same linea
behavior with an extrapolated 4pM0 value ~21 kG! slightly
smaller than the accepted bulk 4pM0 value. This difference
is generally attributed to the influence of surfa
roughness.12 Below the percolation threshold and down
f 50.60 the curves are no longer linear butHeff and 4pMeff
are still coincident indicating that the effective anisotro
@first term in Eq. ~18!# is very small. The reason for th
nonlinear behavior atf p is not clear, but may originate in th

FIG. 5. Effective anisotropy fields forX (n59.4 GHz) and
Q (n535.4 GHz) bands as a function of the Fe volume fractio
Open squares correspond to the effective magnetization expre
in Oe obtained from dc magnetization measurements. The solid
corresponds to 4p f M0 ~with 4pM0521.6 kG).
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very intricate structure of the Fe grains that are far fro
being spheres or a continuous plane. For lower concen
tions 4pMeff is larger thanHeff and tends asymptotically to
the 4p f M0 value again. This difference may be due to t
fact that diluted samples have a larger fraction of very sm
nearly superparamagnetic particles so that several kOe
needed to reach saturation. InX andQ bands the perpendicu
lar resonance field is usually larger than 10 kOe, butH i is
;1000 Oe for theX band and;7500 Oe forQ band. Mea-
surements of the dc saturation magnetization have b
made in the 10–12 kOe range. As it can be seen in the fig
Heff values obtained from theQ band are closer to 4pMeff
and are larger than theHeff values calculated from X-ban
measurements. This result supports the hypothesis of a
saturated magnetization in the FMR experiments. A nega
effective anisotropy favoring the out-of-plane orientation
Meff cannot be ruled out in principle@see Eq.~18!#. Reso-
nance measurements at larger fields and frequencies
needed to elucidate this point.

2. g factor

Apart from the effective field it also possible to obtain t
g factor from Eq.~6!. In Fig. 6 the values obtained from
X-band measurements are plotted as a function off. It can be
seen that theg factor is concentration dependent and peak
the percolation concentration. Two extrag values in the di-
luted Fe region, obtained from Ref. 13,20 are consistent with
our own data. In general the values ofg are lower than the
expected value for thin Fe films (g52.09). The analysis o
the g factors obtained from theX band must be made with
care. The fact that the magnetization is not fully saturated
the parallel resonance measurements whenf ,0.6 can affect
the results. For example, in thef 50.42 sample a value o
g52.10 can be obtained ifM50.82M0 is assumed for par
allel resonance andM5M0 for perpendicular resonance
Theg factors for diluted samples obtained fromQ-band mea-
surements are all very close to 2.09, supporting the fact
theX-band values may be influenced by the nonsaturatio
M. Unfortunately the maximum available field was not lar
enough to allow out-of-planeQ-band measurements fo
higher Fe concentrations. The decrease ing observed forf
.0.6 should not originate, in principle, in superparamagne

FIG. 6. g factor as a function of the Fe concentration f
X (n59.4 GHz) andQ (n535.4 GHz) bands in as-deposite
films. Open triangles are data obtained from Ref. 13. Theg factor
for bulk FM Fe is also indicated.
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effects (Heff'4pMeff as can be seen in Fig. 5!. If the slope
of the hysteresis loop does not change significantly for la
Fe concentrations and becauseH i is smaller for largerf, the
resonance may be taking place in a region of the loop wh
M,Msat giving a smallerg. This suggestion needs to b
confirmed with a careful comparison betweenM2H loops
and resonance data.

3. Linewidth

The resonance linewidth was also measured as a func
of the Fe content.X- andQ-band values forH applied par-
allel and perpendicular to the film are plotted in Fig. 7. D
to field limitation only a fewQ-bandDH' points could be
measured. As discussed in Sec. III A 2 the experimen
linewidth can be thought of as the sum of a very large nu
ber of lines with an intrinsic narrow linewidth resonating
different fields. The intrinsic relaxation is given by Eqs.~7!
and~8! and the variation in the resonance fields was assum
to come from a distribution of particle shapes and orien
tions @Eqs.~15! and ~16!#. The concentration dependence
Eq. ~7! comes from the 1/M0 term that, as explained in Re
16, should be replaced by 1/f M0. Thus for both parallel and
perpendicular linewidths we have

DH i5DH''
2l

g f M0

v

g
~Du;0!. ~19!

In the case of line broadening by shape and orientation
fects it is possible to obtain the following approximate e
pressions:

DH''4p f M0~12 f !
«0

4
, ~20a!

DH i'DH'S 31
4p f M0

A~4p f M0!21~v/g!2D '4DH' .

~20b!

FIG. 7. Parallel and perpendicular linewidths forX (n
59.4 GHz) andQ (n535.4 GHz) band as a function of the F
volume fraction in as-deposited samples. Solid lines are guide
the eye.
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Two important differences exist between the mechanisms
scribed above. The LL relaxation predicts similar linewidt
that increase with frequency. The shape-orientation mo
predictsDH i'4DH' and no frequency dependence. Bo
models give a decreasing linewidth for increasing Fe volu
fraction. The experimental results shown in Fig. 7 can
explained if two different regions are distinguished. For lo
Fe concentrations and up tof ;0.5, X- and Q-band results
are coincident withDH i /DH''4. This fact strongly indi-
cates that the intrinsic linewidth is small and that the ma
broadening mechanism is due to shape-orientation. Fof
.0.5 a frequency dependence appears forDH i . TheQ-band
linewidth even peaks nearf p while a small bump is observe
for theX-bandDH i . The maximum inDH i can be attributed
to a sudden increase ofl occurring at this concentration. A
peak in the intrinsic relaxation of granular composites h
been previously observed12 and was related to the maximum
in the correlation length~which describes the size of finit
clusters! occurring at the percolation threshold.

4. Sample annealing

The purpose of sample annealing is to study the influe
of changing the particle size and shape on the magnetic p
erties. After annealing, the particle size and the distribut
of sizes normally increases. The particle shape tends to
more spherical~constrained by the film thickness! also with a
larger distribution.5 We have found that the effective aniso
ropy field remained almost unchanged after annealing. T
is an indication that the effective demagnetization factor
not change significantly. The linewidth increased by a fac
;6 in the out-of-plane orientation and a factor;2 –4 in the
in-plane direction. The overall increase in the linewidth
dicates that the distribution of particle shapes is much lar
in the annealed state. However, the ratioDH i /DH' dimin-
ished to a factor;2 suggesting that, as expected, the p
ticles are more isotropic in the film plane.

5. In-plane anisotropy

As mentioned in Ref. 5 Fe-rich samples (f *0.7) present
a uniaxial anisotropy with the easy axis parallel to the dir
tion of the composition gradient. From magnetization m
surements it was found that the coercive field parallel to
easy axis has almost the same value as the anisotropy
(;30 Oe), indicating that the Fe grains are single doma
Up to now it was assumed that there was no anisotropy in
film plane. To take into account the presence of in-pla
anisotropy the equation for parallel resonance@Eq. ~6b!# has
to be modified in the following way:14

S v

g D 2

5~H2HA!~H1Heff! a5p/2,w5p/2 ~H.HA!,

~21a!

S v

g D 2

5~H1HA!~H1HA1Heff! a5p/2,w50,

~21b!

where HA is the in-plane anisotropy field representing
easy axis parallel to the composition gradient. In gene
Heff@H, HA for the X band so that the second term in p
renthesis in the above equations can be replaced byHeff .
e-

el

e
e

r

s

e
p-
n
be

is
d
r

-
er

-

-
-
e
eld
.
e

e

al

With this approximation the in-plane anisotropy field can
written asHA5(H'2H i)/2. Using the resonance fieldsH'

5682.5 Oe andH i5630.5 Oe measured for thef 50.9 film,
HA526 Oe is obtained, totally consistent with magnetizati
measurements. The very small value ofHA compared toHeff
justifies the noninclusion of an in-plane anisotropy term
Eq. ~1!. The origin of this small anisotropy is believed t
come from a very small elongation of the magnetic partic
in the direction of the composition gradient due to the geo
etry of the sputtering process.

C. Additional resonances

When the external field is applied perpendicular to t
film plane it is possible to observe one or two weak ad
tional resonances at fields lower than the main resona
absorption corresponding to the uniform precession mo
When f , f p two extra lines are always observed, while f
f . f p one or two lines may be found~see Fig. 8!. The aver-
age separation between the additional lines is;800
6140 Oe. The separation between the center of gravity
the extra absorptions and the principal line tends to incre
with increasing concentration. These extra modes do not
pear to be standing spin waves because the separation
tween consecutive modes decreases instead of increasin
is possible that the peculiar microstructure of the films is
source of these extra resonances that could be eigenmod
even magnetostatic modes. None of these extra lines are
after annealing.

Additional resonances of another type can be obser
only for Fe concentrations very close to the percolati
threshold. These lines are equally spaced and have bee
served for f 50.63, 0.66, and 0.69 only in as-deposite
samples. They are also very sensitive to the exact perp
dicular alignment between the film and the external fie
Moving H 3 degrees out of the film normal causes all lines
disappear. The largest number of lines was found fof
50.66: 16 lines with an average field separation of
612 Oe. The line position relative to the first mode is plo
ted in Fig. 9. Data for this film and the other two compo
tions are presented in Table I. It is interesting to note that
minimum field separation occurs for the composition whe

FIG. 8. Uniform mode and additional resonance lines obser
in as-deposited samples forH applied perpendicular to the film
plane as a function off @X-band (n59.4 GHz) measurements#.
The solid line serves as a guide to the eye.
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the maximum number of lines is observed. In general,
field separation and the intensity of the peaks depend on
spin pinning, magnetic anisotropy, sample homogeneity,
One simple case consists of assuming that~a! spins are
pinned to the surface,~b! the internal static field and th
oscillatory field are homogeneous inside the sample,~c! the
magnetization is saturated and the anisotropy within the
is zero. Under these assumptions Eq.~6a! takes the form21

v

g
5H2Heff1

D

gmb
k2. ~22!

The parameterD is termed the exchange constant. The wa
vector k is defined ask5np/L, with n the mode number
~that can only be odd because of symmetry consideratio!
and L is the wavelength of the standing spin wave~usually
equals the film thickness in homogeneous thin films!. See
that Eq.~22! predicts a line position proportional ton2 and a
linear separation between consecutive lines,

DHn54~n11!
D

gmb
S p

L D 2

~n odd!. ~23!

In order to explain the tendency towards a linear mode se
ration for low n, a parabolic variation of the magnetizatio
through the film thickness was assumed@i.e., M (z)5M (1
24sz2/L2#, together with no surface pinning.22 This model,
known as the volume inhomogeneity model, predicts a c

FIG. 9. Additional resonance absorptions associated to stan
spin waves observed forH applied perpendicular to the film plane
The line position is plotted relative to the first mode.X-band (n
59.4 GHz) data forf 50.66 are presented. The inset shows
same data plotted as a function ofn2. The transition from linear to
parabolic behavior occurs aroundn8;10.

TABLE I. Number of lines observed, average line separati
transition from linear to parabolic behavior, and characteris
length for the three Fe concentrations where additional resona
were detected. To calculateL we usedD58.3310230 erg cm2 de-
duced from theB value given in Ref. 24.

f Number of lines Average separation n8 L ~nm!

0.63 6 6568 6 370
0.66 16 55612 10 511
0.69 4 84611 4 271
e
he
c.

e

s

a-

-

stant separation between consecutive lines:DHn

58A4pM0sD/gmb/L, and a transition from linear to qua
dratic behavior for the moden8 satisfying

n85
1

2 S LApM0sY D

gmb
21D

'
1

2 S L2DHn8
16D/gmb

21D⇒DHn8

'~2n811!
16D

L2gmb

. ~24!

The accepted value23 for the exchange constantD in Fe films
at room temperature isD55310229 erg cm2. For granular
Fe-SiO2 films Chien24 have found that the magnetization fo
lows M (T)5M0(12BT3/2), temperature dependence ind
cating the presence of spin-wave excitations. He deduce
spin-wave constantB much larger than the value for bulk Fe
The constantB is related to the exchange constantD by25

M0B5gmbz(3/2)(kB/4pD)3/2 (z is Riemann zeta function
kB is the Boltzmann constant!. From theB value given in
Ref. 24 it is possible to obtainD58.3310230 erg cm2.
Chien suggested several possibilities for aD value smaller
than the bulk counterpart, among them the abundance
magnetic surfaces, a modification of the spin-wave spectr
or a cut off of the spin waves with wavelengths larger th
the physical dimensions of the particles.

From Eq. ~23! it can be seen that standing spin wav
could hardly be observed in continuous thin films thinn
than;100 nm because of the very large separation betw
modes. Even with the smallerD value found in granular Fe
films a field separation of;7500 Oe is estimated for 20 nm
films, more than two orders of magnitude larger than
actual value. In Ref. 13 a set of equally spaced~174 Oe! lines
was also observed in thick (;400 nm) Fe-SiO2 films. It
was suggested that the wavelength of the standing spin w
was related to the film thickness rather than to the size of
Fe granules. However, our measurements in thinner fi
show that the line spacing not only does not increase
expected ifL was equal to the film thickness, but decreas
to ;55–85 Oe. This strongly indicates that the wavelen
is related to another physical length. The fact that these li
are only observed very close to the percolation thresh
suggests that there may be a connection betweenL and the
correlation lengthj ~that is a measure of the size of th
connected regions or granules!. The correlation length nor-
mally increases asf is increased, diverging atf p where an
infinite cluster is formed. Abovef p the infinite cluster grows
at the expense of finite clusters andj decreases. Because o
the linear mode separation it is more appropriate to use
~24! to calculate the characteristic length. Forf 50.66 a lin-
ear to parabolic transition occurs forn8;10 ~see the inset of
Fig. 9! For the other two concentrations no transitions co
be observed due to the small number of lines andn8 was
chosen to be equal to the total number of lines. The e
mated values ofL are also reported in Table I. It is interes
ing to note that the characteristic length has a maximum
the intermediate concentration, coincident with what wou
be expected for the correlation length. Although this coin
dence may be fortuitous since none of the spin-wave mo
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is completely adequate to describe an heterogeneous
film, it seems clear that the wave length of the standing s
waves is not strictly related to the film thickness in the
materials.

IV. CONCLUSIONS

A ferromagnetic resonance investigation of a series
Fe-SiO2 thin films has shown that the size, shape, and sh
distribution of the Fe granules play a major role in the o
served magnetic properties. All the measured parame
(Heff ,DH,Meff ,g) have distinctive features at the percol
tion threshold of the Fe grains occurring forf ;0.62. Whenf
,
e
,

s
d

.

-

in
n

f
e

rs

is very close tof p a large number of equally spaced lines
detected. From the line separation it is concluded that the
no relation betweenL and the film thickness. The wave
length seems to be related to the correlation length. Ad
tional measurements for different thicknesses are neede
corroborate this hypothesis.
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