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We have studied the magnetic properties of Co-SiO2 films as a function of the Co concentration. Films were
prepared using rf sputtering and Co volume concentrations in the range 0.18øxø0.62 were obtained. The
samples were measured using ferromagnetic resonance at X-bandsn=9.5 GHzd and Q-bandsn=35 GHzd. A
main absorption associated to the uniform precession of the magnetic moments was observed in all films. From
this resonance field we have evaluated an effective anisotropy fieldsHeffd as a function ofx. For low Co
concentrations the shape anisotropy is the major contribution toHeff. However, above a critical concentration
xp,0.37 (coincident with the percolation of the Co granules) it is necessary to assume the presence of an
additional anisotropy to explain the experimental data. At this same concentration the resonance spectra change
with the appearance of an extra absorption at fields higher than that of the uniform resonance mode. For larger
Co concentrations another absorption is observed at intermediate fields. We have analyzed these extra lines
using the surface inhomogeneity model that takes into account the different environment of the surface mo-
ments. The surface anisotropy was determined as a function ofx with a behavior quite similar to the additional
anisotropy obtained fromHeff. In situ annealing studies support the assumption that the observed behavior
originates in the effects of the surface and suggest the nonequivalence of both film surfaces.
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I. INTRODUCTION

Physical systems in which one or more dimensions are
confined generally have novel properties that are absent in
their three dimensional counterparts. Heterogeneous, com-
posite, or granular materials consist of metal granules em-
bedded in an immiscible matrix. The relative ease of fabri-
cation and their unique nanostructure made them ideal for
studies of fundamental properties as a function of concentra-
tion, thickness, temperature dependence, etc. Chien an co-
workers pioneered the work on magnetic granular systems,
particularly in Fe-SiO2.

1 They observed that below a critical
(or percolation) concentrationxp, the magnetic grains tend to
be single domain and usually exhibit hard magnetic proper-
ties dominated by dipolar coupling(if grains are too small
they could be in superparamagnetic state). When the concen-
tration is larger thanxp the exchange interaction among fer-
romagnetic(FM) grains dominates and the relatively soft
properties of a continuous FM film are observed. The perco-
lation threshold is thickness dependent in both metallic2 and
insulating matrices,3 with an average valuexp,0.40 for a
thickness of 100 nm. Co-SiO2 has been less investigated
than Fe-SiO2. In particular no ferromagnetic resonance mea-
surements of the surface modes have been made in these
compounds as a function of concentration. The aim of this
research is to perform a detailed study of the influence of
film surface effects on the magnetic properties of heteroge-
neous Co-SiO2 films.

II. SAMPLE PREPARATION AND EXPERIMENTAL
SETUP

The samples were prepared using rf sputtering. The bot-
tom half of an 8 in. diameter SiO2 target was covered with a

Co foil. Two 2 in. square Corning 7059 glass substrates were
placed one on top of the other facing the target. The follow-
ing conditions were used during the sputtering process: base
pressure 3310−7 Torr, sputtering power 200 W, Ar pressure
10 mTorr. These conditions gave a sputtering rate of ap-
proximately 0.1 nm/s. A SiO2 capping layer of 10 nm was
sputtered to protect the films against oxidation. With the
setup previously described it is possible to obtain a Co com-
position gradient along the vertical direction of approxi-
mately 0.5%vol/mm. The Co concentration as a function of
the vertical distance was determined by EDAX analysis,
which gives the atomic fraction of each element. We have
used the density and the molecular weight of pure Co an
SiO2 to convert atomic concentrations to volume concentra-
tions sdCo=8.9 g/cm3,dSiO2

=2.2 g/cm3d. The obtained Co
volume concentration ranged from 0.18 to 0.62. In Fig. 1 we
show the plot of the Co concentration as a function of the
vertical distance. The zero distance(where the two glass
slides are joined) corresponds approximately to the center of
the SiO2-Co target. A stripe of 3 mm was cut along the ver-
tical direction at the center of the substrates. This stripe was
then cut in 34 pieces of,333 mm2 that were used for the
ferromagnetic resonance studies. In some cases(especially
for large Co concentrations) smaller pieces needed to be used
to prevent excessive loading of the resonant cavity. Due to
the sputtering geometry and the fact that the yields of Co and
SiO2 are different, there is a small variation of the film thick-
ness as a function of the vertical distance. All films used in
this study have a thickness of 100 nm forx=0.37. For
x=0.62 the thickness is 10% larger and forx=0.18 it is 25%
smaller.
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Ferromagnetic resonance(FMR) measurements have been
done with a commercial Bruker ESP 300 spectrometer at
35 GHz (Q-band) and 9.5 GHz(X-band) frequencies. The
samples were placed at the center of a resonant cavity where
the derivative of the absorbed power was measured using a
standard field modulation technique(100 kHz frequency,
20 Oe amplitude). The Q-band resonator was a cylindrical
cavity operating in the TM110 mode, while the X-band reso-
nator was a rectangular cavity operating in the TE102 mode.
The film plane was always parallel to the excitation micro-
wave field and the dc external field changed from the in-
plane to the out-of-plane direction. The maximum available
dc field was 19 kOe. Measurements as a function of tempera-
ture were made using a dewar with a flow of hot nitrogen for
temperatures up to 500 K and a special cavity with a quartz
insert and a N2-H2 gas flow for higher temperatures.

III. MODEL, RESULTS, AND DISCUSSION

A. Uniform mode

1. Magnetic free energy

To describe the experimental data we propose three con-
tributions to the magnetic free energy per unit volume: The
Zeeman term that considers the interaction between the ex-
ternal fieldH and the magnetizationM ; the demagnetization
energy, imposed by the shape and the microstructure of the
film; and a third term to consider the possible contribution of
an easy plane or easy axis intrinsic anisotropy due to surface,
magnetocrystalline, stress, or other sources of anisotropy but
shape. The form of the magnetic free energy is then

F = − M ·H +
1

2
M ·NI ·M + K'

sê' ·M d2

M2 . s1d

Here NI is the diagonal demagnetization tensor. We will as-
sume that there is no in-plane anisotropy so that both parallel
demagnetization factors are the same andN'+2Ni=4p. The
anisotropy constantK' could be either positive or negative

to determine an easy plane or an easy axis of anisotropy,
respectively.ê' is a versor parallel to the film normal(the x̂
direction in the present geometry). The relative position of
the film with respect to the axis and vectors is depicted in
Fig. 2. When the magnetic field is applied in thexy plane, the
expression for the free energy could be written as

Fsw,ad = − HM cossw − ad −
1

2
HeffM sin2 w. s2d

We have assumed thatH is large enough so thatuM u is con-
stant and the functional dependence is only on the angular
variables. Additionally, if there is no in-plane anisotropy, the
magnetization will lay on thexy plane and the azimuthal
angle will be u=p /2. The anglesw and a can be related
through the equilibrium condition for the magnetic free en-
ergy s]F /]wueq=0d. The following relationship then holds:

H sinsw − ad − 1
2Heff sin 2w = 0. s3d

The effective field contains information about the sample
anisotropy due to shape and other origins. It is defined as

Heff = sN' − NidM + 2K'/M . s4d

In continuous FM films, where the lateral dimensions are
much larger than the thickness,Ni can be taken as zero.
However, in heterogenous films it was found that the shape
of the individual grains is important when describing the
overall magnetic behavior.4–6 For very low x there is very
little interaction among magnetic grains, and each grain
could be treated independently considering its own shape
anisotropy. For larger concentrations, interactions among
particles become important. Dipolar interactions first, and
direct exchange forx.xp have an important influence on the
demagnetization factor and the effective anisotropy field. For
x!xp one would expect the demagnetization tensor to be an
average of the demagnetization tensor of each grainsNIgd,
while for x@xp the continuous film demagnetization tensor
sNI fd should be recovered, withN'=4p and Ni=0. An ap-
proximate total demagnetization tensor is usually expressed
asNI=s1−xdNIg+xNI f.

7 Note that the previous equation does
not consider the effects of the dipolar interaction among
grains(that becomes important forx*0.18). This interaction
could cause neighbor grains to act as a magnetic cluster so
that the shape of the cluster instead of the individual grains
should be considered. Rubinstein6 showed that in granular

FIG. 1. Co volume concentration as a function of the vertical
distance determined by EDAX spectroscopy. The straight line
shows the approximately linear behavior, specially for largex.

FIG. 2. Relative position of the film with respect to the axis and
vectors.a=0° corresponds to the external magnetic fieldH applied
perpendicular to the film plane.
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thin films the effective value of magnetization to be used is
the average or effective magnetization, which is a fraction of
the saturation magnetization. For an ideal heterogeneous
sample composed of spherical particles the magnetization
should vary asM =xMs (Ms is the saturation magnetization)
and then

Heff = 4pxMs + 2K'/xMs. s5d

This expression proved to be correct,8 especially forx.xp. It
does not hold for smallx becauseHeff vanishes beforex=0.
Note that if shape were the only source of anisotropy a linear
behavior ofHeff as a function of concentration is expected.
Differences from a linear dependence are related to the ap-
pearance of additional anisotropy terms.

2. Determination of Heff and the intrinsic anisotropy

The effective anisotropy field could be obtained from the
out of plane angular variation of the resonance field. The
Smit and Beljers equation,9

Sv

g
D2

=
1

M sin2u

]2F

] w2

1

M

]2F

] u2 − S 1

M sin u

]2F

] w ] u
D2

,

is used to determine the dispersion relation for a given free
energy. Applying the previous formula to Eq.(1) results in
the following expression for the dispersion relation:

Sv

g
D2

= „H cossw − ad − Heff coss2wd…

3„H cossw − ad − Heff cos2 w…. s6d

From Eq. (6) and the equilibrium condition[Eq. (3)], it is
possible to determineHeff and the gyromagnetic factorg
sg=gmb /"d for a given concentrationx and a frequencyn
=v /2p. The set of equations can be solved analytically only
for a=0° (H perpendicular to the film plane) anda=p /2 (H
parallel to the film plane). For these angles the well known
solutions due to Kittel10 (valid for Heff.0) are recovered:

Sv

g
D2

= sH − Heffd2 sa = 0°d,

Sv

g
D2

= HsH + Heffd sa = p/2d. s7d

For other values of the anglea the equilibrium magnetiza-
tion anglew must be obtained numerically. In Fig. 3 we show
a typical angular variation of the resonance field forx
=0.375 together with the numerically calculated best fit. For
each sample a set of values forHeff and g can be obtained
which completely determine the free energy and the disper-
sion relation as far as the proposed model remains valid.

In Fig. 4 we present the concentration dependence of the
effective field for X-band and Q-band, together with a
straight line corresponding to the effective field of an ideal
granular film with shape anisotropy only and magnetization
M =xMs. As Heff is a parameter related to the sample prop-
erties, it should not depend on the working frequency. How-
ever, in Fig. 4 it is observed that for smallx the values

obtained from measurements at Q-band are larger than the
values obtained from X-band data, while forx.0.5 both
effective fields tend to be coincident as previously observed4

in Fe-SiO2. The discrepancy for low concentrations is attrib-
uted to the nonsaturation of the magnetization at the field
values in which resonance occurs at X-band8 (especially for
a,p /2d. The field dependence ofuM u is not considered in
the present model and corrections to the calculated values of
Heff from X-band data should be made. To confirm thatuM u
is not saturated at the fields where resonance occurs at
X-band, we measured a fewM vs H loops in a VSM mag-
netometer. We have found that forH parallel to the film
plane complete saturation is only obtained forH*4000 Oe
for x,0.5. Typical values of the resonance fields fora
=p /2 areHr ,1000 Oe for whichM is about 70% of satu-

FIG. 3. Typical variation of the resonance field as a function of
the angle formed betweenH and the film normal. Full circles cor-
respond to the experimental data and the continuous line is the
numerically calculated best fit. Measurements were made at X-band
on a sample with a Co concentrationx=0.375.

FIG. 4. Effective anisotropy field as a function of the Co volume
concentration. Circles correspond to X-band data and squares to
Q-band measurements. The continuous line corresponds to the ef-
fective field of an ideal film with magnetizationMsx and only shape
anisotropy. The arrow indicates the Co concentration where a
change in behavior is observed.
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ration. Q-band resonance fields are always larger than
8000 Oe for all orientations ofa and hence the experimental
results are better described by the proposed model. Unfortu-
nately, perpendicular resonance for Co-rich samples at
Q-band occurs at fields larger than the maximum available
magnetic field andHeff for x.0.5 could not be calculated
using 35 GHz data.

Theg value could be also obtained from the fitting of the
angular variation of the resonance field. The values obtained
from Q-band measurements are almost concentration inde-
pendent with an average valuekgl=2.195, coincident with
the g value of FM bulk Co sgCo=2.18–2.22d.11 g values
obtained from X-band data show large fluctuations and val-
ues considerably different than the acceptedgCo, probably as
a consequence of the nonsaturation ofuM u.

For concentrations close tox=0.37 there is a change in
the shape of theHeff vs x curve for both Q-band and X-band
data. This value ofx is very close to the percolation concen-
tration in granular systemssxp,0.40d. Note that forx,xp

the values ofHeff obtained from Q-band data follow the
curveHeff=4pMsx indicating that shape is the only source of
anisotropy in Eq.(5). Heff values obtained from X-band data
also decrease linearly and go to zero forx=0.18. Forx.xp
the Heff curve lies belowHeff=4pMsx indicating that an ad-
ditional anisotropy appears above this concentration. The an-
isotropy constantK' is negative, tending to align the mag-
netization perpendicular to the film plane. The appearance of
this additional anisotropy at the percolation concentration
suggests that it is related to the exchange interaction that
begins to dominate forx.xp. From the difference between
the extrapolated linear behavior and the calculatedHeff we
have estimatedK', the anisotropy values(normalized by the
film thickness) are presented in Fig. 5. The values calculated
from X-band data have been obtained assuming thatK' is
zero forx,xp and thatHeff preserves its linear behavior until
x,0.45 where it becomes parallel to the curve 4pMsx.

B. Additional absorptions

At the same concentration where theHeff vs x curve has a
kink sx,0.37d an additional resonance line appears at fields
larger than that of the uniform mode with the following char-
acteristics: The separation between both lines is maximum
for a=0° and they merge at a critical angleac; both ac and
the maximum separation ata=0° depend onx; the critical
angle is larger for Q-band than for X-band; for largex an-
other additional absorption is observed at intermediate fields.

1. Model

The excitation of surface modes could be described using
the surface inhomogeneity(SI) model.12 In this model the
effects of the surface energy on the boundary conditions and
the magnetization inhomogeneities in the region close to the
surface are explicitly considered. First of all it is necessary to
introduce an extra energy term that accounts for the variation
of M with position,13 Fp=−sA/M2dM ·¹2M . Then the total
magnetic free energy is now written as:

F = − M ·H +
1

2
M ·NI ·M + K'

sê' ·M d2

M2 −
A

M2M ·¹2M .

s8d

Here A is the exchange stiffness constant that is directly
proportional to the exchange integralJ. Assuming an oscil-
latory behavior forM with wave vectork parallel to the film
normal(x̂ direction in Fig. 1), the free energy can be written
as a function of the angular variables,

Fsw,ad = − HM cossw − ad − 1
2HeffM sin2 w + Ak2, s9d

which is similar to Eq.(2) except for a factorAk2 arising
from the spatial variation ofM . The Smit and Beljers rela-
tion can be generalized in the casekÞ0,14

Sv

g
D2

= S 1

M sin2 u

]2F

] w2 +
2A

M
k2DS 1

M

]2F

] u2 +
2A

M
k2D

− S 1

M sin u

]2F

] w ] u
D2

.

If we apply the previous formula to Eq.(9) the dispersion
relation now becomes

Sv

g
D2

= SH cossw − ad − Heff coss2wd +
2A

M
k2D

3SH cossw − ad − Heff cos2 w +
2A

M
k2D . s10d

The preceding expression is the general solution of the equa-
tion of motion for arbitraryk. The values ofk will depend on
the conditions at the surface and will be determined by the
surface boundary conditions.

2. Boundary conditions and allowed wave vectors

We will use the following boundary conditions first pro-
posed by Rado and Weertman:15,16

FIG. 5. Absolute value of the anisotropy constant as a function
of Co concentration for Q-band(squares) and X-band(circles). The
anisotropy is negative indicating the existence of an easy axis per-
pendicular to the film plane. Values have been normalized by the
film thickness t,100 nm. The arrow indicates the range where
magnetic percolation occurs in,100 nm thick heterogeneous films
(Ref. 3).
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]nmu + pmu + rmw = 0,

]nmw + qmw + rmu = 0, s11d

where

p =
1

2A

]2Fs

] u2 −
]nM

M
,

q =
1

2A
Scosu

sin u

] Fs

] u
+

1

sin2 u

]2Fs

] w2D −
]nM

M
,

r =
1

2A
S−

cosu

sin2 u

] Fs

] w
+

1

sin u

]2Fs

] w ] u
D . s12d

Heremu andmw are the transverse components ofM propor-
tional to eisvt+kxd, ]n represents the spatial derivative normal
to the film plane, andFs is the free energy per unit volume
associated with the surface anisotropy. The quantitiesp, q,
and r must be evaluated at both surfaces(x=0 andx=Ld so
that in principle four equations are obtained from Eq.(11). In
order to search for the allowed wave vectors we rewrite Eq.
(10) as

V2 = sP + Dk2dsQ + Dk2d, s13d

with P=H cossw−ad−Heff coss2wd, Q=H cossw−ad
−Heff cos2 w, D=2A/M, andV=v /g. Two solutions are ob-
tained for the wave vectork2,

Dk1,2
2 = −

P + Q

2
±ÎSP − Q

2
D2

+ V2. s14d

The plus and the minus signs correspond tok1
2 and k2

2, re-
spectively. Fora,0+ the resonance field is always larger
than Heff so that the quantityP+Q is positive. This means
thatk1

2 could be either positive or negative(and thenk1 could
be real or imaginary), andk2 is always imaginary. Solutions
for real k, called standing spin waves, are interpreted as
waves propagating in the direction perpendicular to the film
plane and correspond to volume modes. Whenk is imaginary
the solution corresponds to surface waves that are attenuated
inside the film. Note that the two solutions are related by the
conditionDk2

2=Dk1
2+sP+Qd. This means thatuk2u. uk1u, and

becausek2
2 is negative it corresponds to waves that are at-

tenuated much faster than those corresponding tok1. In the
single wave-vector approximation16 the normal modes for
the dynamic microwave magnetization are assumed to be
generated only byk1 (which will be calledk from now on).
The spatial dependence ofmu andmw is then of the form

mu = A0 sinskxd + A1 cosskxd,

mw = A2 sinskxd + A3 cosskxd. s15d

3. Surface modes and spin waves

In order to apply the SI model we need to assume a form
for the surface free energyFs. For simplicity we propose the
following phenomenological expression:

Fs = Ks cos2 w sin2 u, s16d

whereKs is the surface anisotropy constant. This surface free
energy can describe both an anisotropy causing an easy axis
perpendicular to the film planesKs,0d or an easy plane
coincident with the film planesKs.0d. Note that the addi-
tional modes are only observed when the field is close to the
film plane normalsa,0°d. In this situation the angle of the
magnetization vector of the uniform modewu is very similar
to the angle corresponding to the additional modews. The
separation between both angles is zero fora=0° anda=ac,
and has a maximum at an intermediate angle. In our case
Dw=sws−wudmax,0.5° for Q-band measurements and
Dw,3° for X-band measurements, so that in general we will
usewu=ws=w. For simplicity we will also assume that for
a,0° we can approximate coss2wd=cos2 w−sin2 w
,cos2 w. With these approximations we obtain from Eq.
(12),

p = q = SKs

A
coss2wd −

]nM

M
D

x=0,L
, r = 0. s17d

The boundary conditions[Eq. (11)] now take the form

]nmu + SKs

A
coss2wd −

]nM

M
D

x=0,L
mu = 0. s18d

The differential equation formw is similar to Eq.(18). Re-
placing Eq.(15) into Eq. (18) and evaluating at both film
surfaces we obtain the following:

A0k cosskLd − A1k sinskLd + A0pL sinskLd + A1pL cosskLd

= 0 for x = L, − A0k + A1p0 = 0 for x = 0. s19d

In the above equationsp0 andpL indicate the value that the
quantity fsKs/Adcoss2wd−s]nM /Mdg takes atx=0 andx=L,
respectively. Equation(19) has a nonzero solution when the
determinant formed by the coefficientsA0 andA1 is equal to
zero, i.e.,sp0pL−k2dsinskLd+sp0+pLdk cosskLd=0. Two so-
lutions are obtained for the wave vectork,

tanskLd =
sp0 + pLdk
k2 − p0pL

if k is real, s20d

tanhsksLd = −
sp0 + pLdks

ks
2 + p0pL

if k = iks is imaginary.

s21d

The parametersp0 and pL have information of the surface
anisotropy and the variation of the magnetization on both
surfaces. They are equal for films with symmetric surfaces
and differ if the conditions at both surfaces are not the same.
In the case of realk the solutions correspond to volume spin
waves. For large anisotropy and symmetric conditions the
Kittel solutions for standing spin waves are obtained.17 For
other conditions Eq.(20) must be solved numerically.

Whenk is imaginary the solutions are obtained from the
intersection of the two curves of Eq.(21). For symmetric
surface conditions only one intersection may exist, while for
asymmetric surfaces up to two different wave vectors can be
found. In both cases larger values of the anisotropy constant
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Ks cause a largerks. Another property of the surface modes is
that Eq.(21) has solutions only for negativeKs, which then
defines an easy axis anisotropy perpendicular to the film
plane. In Fig. 6 we show schematically the cases of equal
sp0=pLd and unequalsp0ÞpLd surfaces. The possible inter-
sections of the two curves correspond to the wave vectors
that are solutions of Eq.(21). For the parameters involved in
the present model the function tanhsksLd rapidly takes the
value 1, even for smallKs. Equation(21) can then be ap-
proximated, 1, tanhsksLd=−sp0+pLdkssks

2+p0pLd. This im-
plies that

ks1 = p0, ks2 = pL, if p0 Þ pL,

ks = p, if p = p0 = pL. s22d

If we make again the approximation coss2wd,cos2 w (valid
for small angles where the additional resonances are ob-
served) the dispersion relation Eq.(10) could be written as

v

g
= H cossw − ad − Heff coss2wd +

2A

M
k2. s23d

Note that Eq.(23) reduces to Eq.(6) for k=0 anda,0°. For
kÞ0 it is observed that a realk produces resonance fields
lower than the uniform mode and that for imaginaryk the
surface modes have a resonance field larger than that of the
uniform mode. In the limita,0° we have the following
equations for the resonance fields of the uniform and the
surface modes,

v

g
= Hu cosswu − ad − Heff coss2wud, s24d

v

g
= Hs cossws − ad − Heff coss2wsd −

2A

M
ks

2. s25d

Hu and Hs are the resonance fields of the uniform and the
surface modes, respectively. In the present approximation
ws>wu=w, so that subtracting the preceding equations we
get ÎsHs−Hudcossw−ad=Î2A/Muksu. Remembering thatks

=p in the symmetric case and thatks1=p0,ks2=pL in the
asymmetric situation, we could use Eq.(17) to write

G = ÎsHs − Hudcossw − ad

=Î 2

AM
uKsu0,L coss2wd −Î2A

M

]nM

M
. s26d

As G must be always positive there is a critical angle for
which the uniform and the surface modes are coincident,
coss2wcd=sA/Ksds]nM /Md.

4. Experimental results

In Fig. 7 we have plotted the quantityG as a function of
coss2wd for the sample withx=0.465. The linear dependence
between both quantities is a good indication that the addi-
tional absorption corresponds to a surface resonance mode. If
we assume that the exchange stiffness constantA is the same
as for bulk Co(Ref. 18) (ACo=3.2310−6 erg/cm, see Ref.
19). We can obtain the surface anisotropy constant and the
parameter]nM from the linear fit of the data of Fig. 7. Both
parameters can then be estimated as a function of the Co
concentration. In Fig. 8(a) we show the values ofKs as a
function of concentration together with the values of the total
anisotropyK' multiplied by the film thickness.Ks is zero for
low concentrations where a single resonance line is observed
and increases as a function ofx. The larger values ofKs for
larger x come from the fact that the separation betweenHu

FIG. 6. Plot of the functions of Eq.(21) for symmetric(curve
labeled 1) and asymmetric(curves 2 to 4) conditions at both
surfaces. The intersections(marked with arrows) are the allowed
values for the wave vector of the surface waves. At most one
intersection can be found in the symmetric case while up to
two solutions can be obtained for asymmetric surfaces. For
simplicity we have set]nM =0. We used the following values
of the surface anisotropy constant: curve 1,uKsu=2 erg/cm2;
curve 2, uKssx=0du=0.5 erg/cm2, uKssx=Ldu=1 erg/cm2; curve 3,
uKssx=0du=1 erg/cm2, uKssx=Ldu=2 erg/cm2; curve 4, uKssx=0du
=1.5 erg/cm2, uKssx=Ldu=3 erg/cm2.

FIG. 7. G vs coss2wd for the sample with a volume concentra-
tion x=0.465 andHeff=6905 Oe(solid circles). From the linear fit
we have extracted the values of the parametersKs and ]nM indi-
cated on the figure. Data has been taken from X-band
measurements.
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andHs (for a=0°) increases with the Co concentration. Asx
increases the exchange interaction among FM grains is larger
and the magnetization is more affected by the conditions at
the surface. In the case of symmetric surfaces we expect an
increase in the separation between both lines, but we do not
expect a second additional absorption. Although we are not
completely sure, we believe that we are in the asymmetric
case because forx*0.52 a second mode appears at interme-
diate fields. The difference between the two resonance fields,
Hs2−Hu, also increases with increasingx. This fact suggests
that for a given concentration the conditions at both surfaces
change in such a way that two different solutions are allowed
in Eq. (21). This interpretation implies that both surfaces are
not equivalent, probably because of a different environment
(the glass substrate is not necessary the same as the SiO2

capping layer) or some degree of oxidation in the top layer.
The anisotropy constant of the second surface mode could
not be calculated because it was very close to the uniform
mode and the superposition of both lines prevented a good
estimation of the resonance field.

We have also calculated the parameter]nM. This quantity
is related to the change in magnetization at the surface re-
gion. A larger value of]nM indicates a sharper surface(i.e.,
the transition from bulk magnetization to surface magnetiza-
tion is more abrupt). The observed dependence with concen-
tration confirms that the surface is sharper for largerx [see
Fig. 8(b)]. This result is again a consequence of the increas-
ing exchange interaction among Co grains. Note that the val-
ues of]nM are negative, as it should be for a film in which
the magnetization decreases towards the film surface.

Measurements in Fe-SiO2 films20 showed the presence of
surface modes for a single Fe concentrationsx=0.42d. The
parametersKs and ]nM calculated for Fe granular films are
of the same order of magnitude than our results in Co, sup-
porting the validity of the employed model.

C. Temperature dependence

To study the effects of temperature we selected a sample
with a concentration above the percolation thresholdsx
=0.48d. At room temperaturesTRd this sample has only one
surface mode. Below room temperature no significant
changes occurred, but when the temperature was raised the
spectra changed considerably. Consequently we concentrated
the measurements in this temperature region. In the first tem-
perature sequence we raisedT from TR up to 500 K. We
measured the resonance field of the uniform and the surface
modes fora=0°. The results are shown in Fig. 9 with open
circles. It is observed that both resonance fields decrease at
high temperatures. This result is associated to the decrease of
M with T in FM materials. The perpendicular resonance field
is proportional toHeff [see Eq.(7)], which is dominated by
shape effects and is essentially proportional toM. There is
also a decrease in the separation betweenHu and Hs with
temperature indicating a decrease in the surface wave vector
ks.

After the first temperature cycle we made another mea-
surement fromTR to 800 K. We would like to stress that the
initial conditions were not the same. In Fig. 9 we have plot-
ted the results of this second sequence as full circles. It is
observed that the mode separation atTR is smaller and that
the value ofHu is slightly larger. These differences indicate
that the thermal treatment, even at moderated temperatures,
is enough to produce irreversible changes to the sample. The
increase ofHu at TR originates in a larger value ofM, prob-
ably due to the release of tensions or the better definition of
the grain surfaces after the sample was heated. When the

FIG. 8. (a) Comparison between the total anisotropytuK'u and
the surface anisotropyuKsu as a function of the Co concentrationx.
(b) Dependence of the parameter −]nM as a function of the Co
concentrationx. Data calculated from X-band measurements.

FIG. 9. Temperature variation of the uniform and the surface
modes during the first sequence(open circles), during the second
sequence(solid circles), and at room temperature after the last cycle
(solid stars). Measurements were made at X-band, in a sample with
a Co concentrationx=0.48, and fora=0°. Note the irreversible
changes after both temperature cycles.
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sample was heated for the second time the separationHu
−Hs remained constant up to 500 K as can be seen in Fig. 9.
The fact that the two measurements gave different results is
due to a change in the sample propertiesduring the first
measurement. In the second cycle the state reached after the
first temperature sequence stayed frozen and no structural
changes occurred up to 500 K. Above 500 K the behavior of
the surface mode changed. In this regionHs increased with
increasing temperature. From,700 K a second surface
mode appears between the two previously observed absorp-
tions.

In Fig. 10 we show a sequence of spectra measured at
different temperatures corresponding to the second tempera-
ture cycle. The growth of a second surface mode is clearly
observed and the sudden increase in the resonance field of
the first surface mode becomes evident forT.500 K. The
appearance of a second surface mode is a clear indication
that we are in a situation of asymmetric boundary conditions.
In this case the temperature caused a different effect on both
surfaces favoring the observation of a second line. Back to
room temperature the second surface line did not disappear,
the uniform mode resonance was reduced to 9 kOe and the
surface mode position reached 16 kOe(see Fig. 9, solid
stars). This again indicates that the sample suffered irrevers-
ible changes, but this time not only related to the microstruc-

ture but probably to grain diffusion or chemical changes(in
spite of the capping layer, the exposed Co surface could have
oxidized at these high temperatures). We have used the for-
malism of Sec. III B 3 to calculate the surface anisotropy
constant and]nM (at room temperature), and we have ob-
tained the following values:uKs1u=28.9 erg/cm2, u]nM1u
=1040 G/nm; uKs2u=3.17 erg/cm2, u]nM2u=139 G/nm.
Within the proposed theoretical framework these results in-
dicate that there is an increase in the surface anisotropy after
the thermal treatment. We have not yet a definitive explana-
tion for this increase, but it is evidently favored by the irre-
versible changes produced by the thermal cycles. A similar
behavior was observed in annealed Fe/Ni multilayers.21

IV. CONCLUSIONS

We have determined the anisotropy of Co-SiO2 heteroge-
neous films using FMR measurements. From the field posi-
tion of the uniform mode we have calculated the effective
anisotropy field and estimated the total anisotropy constant
K'. We have observed thatK' is zero for lowx and starts to
grow above the critical or percolation concentrationxp. At
this concentration the ferromagnetic grains begin to form a
continuous network and the exchange interaction becomes
dominant over other interactions. As a consequence the film
surfaces start to be well defined. At this same value ofx we
have observed a new resonance line at fields larger thatHu.
This line merges with the uniform mode line at a critical
angleac and there is also a linear relationship between the
quantity G and coss2wd. These characteristics are typical of
surface resonance modes arising from the different condi-
tions at the film surface. We have estimated the value of the
surface anisotropy as a function ofx from the angular varia-
tion of the additional resonance line.Ks follows the same
trend asK' but with lower values(see Fig. 5) suggesting
that it contributes considerably to the total anisotropy. Dif-
ferences may arise from the presence of other anisotropies
that we did not consider in the present model, or to small
variations of the parametersA or Ms taken from measure-
ments made in bulk Co. We have observed a second addi-
tional line both at large concentrations or when the films are
heated above 700 K. The appearance of this extra absorption
suggests that both film surfaces are not equivalent.
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