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We have studied the magnetic properties of Co-Silths as a function of the Co concentration. Films were
prepared using rf sputtering and Co volume concentrations in the range=<18.62 were obtained. The
samples were measured using ferromagnetic resonance at X-bafdb GH2 and Q-band»=35 GH2. 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 (fiklg as a function ofx. For low Co
concentrations the shape anisotropy is the major contributi¢f.goHowever, above a critical concentration
Xp~0.37 (coincident with the percolation of the Co granylésis 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 functiwmvigh a behavior quite similar to the additional
anisotropy obtained fronig. 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 Co foil. Two 2 in. square Corning 7059 glass substrates were

Physical systems in which one or more dimensions aré)laced one on top of the othgr facing the ta_rget. The follow-
confined generally have novel properties that are absent g conditions were used during the sputtering process: base
their three dimensional counterparts. Heterogeneous, confreéssure X 107 Torr, sputtering power 200 W, Ar pressure
posite, or granular materials consist of metal granules eml0 mTorr. These conditions gave a sputtering rate of ap-
bedded in an immiscible matrix. The relative ease of fabri-proximately 0.1 nm/s. A Si@capping layer of 10 nm was
cation and their unique nanostructure made them ideal fosputtered to protect the films against oxidation. With the
studies of fundamental properties as a function of concentrasetup previously described it is possible to obtain a Co com-
tion, thickness, temperature dependence, etc. Chien an cpesition gradient along the vertical direction of approxi-
workers pioneered the work on magnetic granular systemsnately 0.5%vol/mm. The Co concentration as a function of
particularly in Fe-SiQ.! They observed that below a critical the vertical distance was determined by EDAX analysis,
(or percolation concentratiorx,, the magnetic grains tend to which gives the atomic fraction of each element. We have
be single domain and usually exhibit hard magnetic properysed the density and the molecular weight of pure Co an
ties dominated by dipolar couplingf grains are too small  sj0, to convert atomic concentrations to volume concentra-
they co_uld be in superparamagnetic ;)aWhen the concen-  tions (8:0=8.9 g/cnd, 55i02:2-2 g/cnd). The obtained Co
tration is larger tharx, the exchange interaction among fer- volume concentration ranged from 0.18 to 0.62. In Fig. 1 we

romagnetic(FM) grains dominates and the relatively soft oy, tha piot of the Co concentration as a function of the
properties of a continuous FM film are observed. The perco-

lation threshold is thickness dependent in both mefadiind ve_rtical d‘?‘?‘”"e- The zero distan@here the two glass
insulating matriced,with an average valug,~ 0.40 for a slides are joinedcorresponds approximately to the center of

thickness of 100 nm. Co-SiOhas been less investigated 1€ SIQ-Co target. A stripe of 3 mm was cut along the ver-

than Fe-SiQ. In particular no ferromagnetic resonance mea-tical direction at the center of the substrates. This stripe was

surements of the surface modes have been made in theen cut in 34 pieces of-3x3 m”‘z that were used for the
compounds as a function of concentration. The aim of thideromagnetic resonance studies. In some cassgecially
research is to perform a detailed study of the influence ofor large Co concentratiopnsmaller pieces needed to be used
film surface effects on the magnetic properties of heteroget0 prevent excessive loading of the resonant cavity. Due to

neous Co-Si@films. the sputtering geometry and the fact that the yields of Co and
SiO, are different, there is a small variation of the film thick-
Il. SAMPLE PREPARATION AND EXPERIMENTAL ness as a function of the vertical distance. All films used in
SETUP this study have a thickness of 100 nm fge=0.37. For

The samples were prepared using rf sputtering. The botx=0.62 the thickness is 10% larger and %5¥0.18 it is 25%
tom half of an 8 in. diameter SiQarget was covered with a smaller.
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J FIG. 2. Relative position of the film with respect to the axis and
vectors.a«=0° corresponds to the external magnetic fidlépplied
perpendicular to the film plane.

Co concentration (vol. %)

L
(=]

10-60-50 -40-30-20-10 0 10 20 30 40 50 60
distance from center (imm) to determine an easy plane or an easy axis of anisotropy,
respectivelyg, is a versor parallel to the film norméhe X
FIG. 1. Co volume concentration as a function of the vertical jirection in the present geomelryThe relative position of
distance determined by EDAX spectroscopy. The straight linghe film with respect to the axis and vectors is depicted in
shows the approximately linear behavior, specially for latge Fig. 2. When the magnetic field is applied in thgplane, the

expression for the free energy could be written as
Ferromagnetic resonan@eMR) measurements have been

done with a commercial Bruker ESP 300 spectrometer at F(g,a)=-HM cod¢ - a) - lHeﬁM sir? ¢. 2)
35 GHz (Q-band and 9.5 GHz(X-band frequencies. The 2

samples were placed at the center of a resonant cavity whe
the derivative of the absorbed power was measured using
standard field modulation techniqud00 kHz frequency,
20 Oe amplitudg The Q-band resonator was a cylindrical
cavity operating in the TM110 mode, while the X-band reso-angle will be 6=m/2. The anglesp and « can be related

hator was a rectangular cavity operating in the TE102 mOde(hrough the equilibrium condition for the magnetic free en-

The film plane was always parallel to the excitation micro- = ; ; ; :
wave field and the dc external field changed from the in_ergy (&F/M'eq 0). The following refationship then holds:

plane to the out-of-plane direction. The maximum available H sin(¢ — a) - %Heﬁ sin20=0. €)]

dc field was 19 kOe. Measurements as a function of tempera- ) i . )

ture were made using a dewar with a flow of hot nitrogen for N€ effective field contains information about the sample
temperatures up to 500 K and a special cavity with a 0|uartfmlsotropy due to shape and other origins. It is defined as
insert and a B-H, gas flow for higher temperatures. Hett= (N, = N)M + 2K , /M. (4)

(e have assumed thet is large enough so th@ | is con-
fant 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

In continuous FM films, where the lateral dimensions are
Il. MODEL, RESULTS, AND DISCUSSION much larger than the thickneshl, can be taken as zero.
However, in heterogenous films it was found that the shape
of the individual grains is important when describing the
1. Magnetic free energy overall magnetic behavidr® For very low x there is very

little interaction among magnetic grains, and each grain

To describe the experimental data we propose three CORuId be treated independently considering its own shape

tZrlbutlonstto th;ahrrtlagnet_lg fre?hen.ertgy p(ta_r unblt ;’ommet:h-rheanisotropy. For larger concentrations, interactions among
eeman term that considers the interaction between the e>[S'articles become important. Dipolar interactions first, and

ternal fieldH and the magnetizatioll ; the demagnetization direct exchange fax>x, have an important influence on the

energy, imposed by the shape and the microstructure of th madnetization f r and the effective anisotr field. For
film; and a third term to consider the possible contribution of((j!e agnetization factor and the effective anisotropy field. Fo

ST ) X< X, one would expect the demagnetization tensor to be an
an easy plane or easy axis intrinsic anisotropy due to surfac

) i gverage of the demagnetization tensor of each gy,
magnetocrystalline, stress, or other sources Of. anisotropy bWhile for x> x, the continuous film demagnetization tensor
shape. The form of the magnetic free energy is then P

(N¢) should be recovered, witN, =47 and N;=0. An ap-
1 @, -M)? proximate total demagnetization tensor is usually expressed
F=-M-H+ EM ‘N-M + KLT- (1) asN=(1-xNg+xN..” Note that the previous equation does
not consider the effects of the dipolar interaction among
HereN is the diagonal demagnetization tensor. We will as-grains(that becomes important for=0.18). This interaction
sume that there is no in-plane anisotropy so that both parallelould cause neighbor grains to act as a magnetic cluster so
demagnetization factors are the same Bind-2N,=4m. The  that the shape of the cluster instead of the individual grains
anisotropy constari, could be either positive or negative should be considered. Rubinstishowed that in granular

A. Uniform mode
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thin films the effective value of magnetization to be used is Troorrrer e T T
x=0.375

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 =xMg (Mg is the saturation magnetizatipn
and then

Hef = 4xMg + 2K | /XM, (5)

r

LY B N T~

H (kOe)

This expression proved to be corréespecially forx> Xp- It
does not hold for smak becauseH.s; vanishes before=0.
Note that if shape were the only source of anisotropy a linear i
behavior ofH.; as a function of concentration is expected. || ® Experimental data
Differences from a linear dependence are related to the ap- 1} [~ Numerical best fit

pearance of additional anisotropy terms. 180 135 90 45 0 45 90 135 180

o (degrees)

W

2. Determination of H¢ and the intrinsic anisotropy

. . . . FIG. 3. Typical variation of the resonance field as a function of
The effective anisotropy field could be obtained from thethe angle formed betwedn and the film normal. Full circles cor-

out of plane angular variation of the resonance field. Th&espond to the experimental data and the continuous line is the

Smit and Beljers equatioh, numerically calculated best fit. Measurements were made at X-band
(2>2_ 1 PF 1 PF ( 1 PF )2 on a sample with a Co concentratigr 0.375.
== : , -
y)  Msitgie*Md# \Msin6iead obtained from measurements at Q-band are larger than the

is used to determine the dispersion relation for a given fre¢alues obtained from X-band data, while fer-0.5 both
energy. Applying the previous formula to E€) results in effective fields tend to be coincident as previously observed

the following expression for the dispersion relation: in Fe-SiQ. The discrepancy for low concentrations is attrib-
uted to the nonsaturation of the magnetization at the field

w\? values in which resonance occurs at X-bagespecially for
(;) = (H cosl¢ — a) ~ Herr cOS2¢)) a~ 7/2). The field dependence @[ is not considered in
the present model and corrections to the calculated values of
X(H cog ¢ = @) = Hegt COS ). (6)  Hgy from X-band data should be made. To confirm t}at

From Eq.(6) and the equilibrium conditiofiEq. (3)], it is IS not saturated at the fields where resonance occurs at

possible to determinély; and the gyromagnetic factqy ~ X-band, we measured a feM vs H loops in a VSM mag-
(y=gugl#) for a given concentration and a frequency netometer. We have fqunq that fot pgrallel to the film
=w/2m. The set of equations can be solved analytically onlyPlan€ complete saturation is only obtained For 4000 Oe
for «=0° (H perpendicular to the film plananda=/2 (H for x<0.5. Typical values of_ the resonance fields fer
parallel to the film plang For these angles the well known =7/2 areH,~1000 Oe for whichM is about 70% of satu-
solutions due to Kittéf (valid for He>0) are recovered:

Y 10+ J
<_> =(H- Heff)2 (a=0°),
Y sl _o—%® |
w2 -‘;F
(—) =HH+He) (a=7/2). (7 3 6k ..,0° 1
Y g &
For other values of the angle the equilibrium magnetiza- ; 4
tion anglee must be obtained numerically. In Fig. 3 we show M / .
@
a typical angular variation of the resonance field for o —&— H_ Q-band
=0.375 together with the numerically calculated best fit. For 2r ./ —@— H_ X-band
each sample a set of values fdgs andg can be obtained o 4xM x
which completely determine the free energy and the disper- 0 o . I — —
sion relation as far as the proposed model remains valid. 02 03 04 05 06

) ; c ion (vol. %
In Fig. 4 we present the concentration dependence of the o concentration (vol. %)

effective field for X-band and Q-band, together with a G 4. Effective anisotropy field as a function of the Co volume
straight line corresponding to the effective field of an idealconcentration. Circles correspond to X-band data and squares to
granular film with shape anisotropy only and magnetizationg-band measurements. The continuous line corresponds to the ef-
M=xM.. As Hi is a parameter related to the sample prop-fective field of an ideal film with magnetizatidvix and only shape
erties, it should not depend on the working frequency. How-anisotropy. The arrow indicates the Co concentration where a
ever, in Fig. 4 it is observed that for smallthe values change in behavior is observed.
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j j j B. Additional absorptions

_ @ X-band /‘ At the same concentration where tHgy vs x curve has a
—m— Q-band . kink (x~0.37 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
o for «=0° and they merge at a critical anglg; both a, and

the maximum separation at=0° depend orx; the critical

~ e N, angle is larger for Q-band than for X-band; for langen-

/ 1 other additional absorption is observed at intermediate fields.
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Jam /:'Ii . The excitgtion of surfa_ce modes could bg described using
s Y 05 0.6 the surface inhomogeneit§sl) model? In this model the
Co concentration (vol. %) effects of the surface energy on the boundary conditions and
the magnetization inhomogeneities in the region close to the
FIG. 5. Absolute value of the anisotropy constant as a functiorsurface are explicitly considered. First of all it is necessary to
of Co concentration for Q-ban@quaresand X-band(circles. The  introduce an extra energy term that accounts for the variation
anisotropy is negative indicating the existence of an easy axis peef M with position’3 Fp:—(A/MZ)M -V2M. Then the total
pendicular to the film plane. Values have been normalized by thenagnetic free energy is now written as:
film thicknesst~ 100 nm. The arrow indicates the range where

ey

magnetic percolation occurs in100 nm thick heterogeneous films 1 (& M )2 A 2
F=-M-H+-M-N-M+K,———-—M -V*M.

(REf. 3. 2 L M2 MZ

ration. Q-band resonance fields are always larger than (8)

8000 Oe for all orientations at and hence the experimental . ) o
results are better described by the proposed model. Unfortddere A is the exchange stiffness constant that is directly
nately, perpendicular resonance for Co-rich samples d@roportional to the exchange integal Assuming an oscil-
Q-band occurs at fields larger than the maximum availabléatory behavior foM with wave vectok parallel to the film
magnetic field andH.4 for x>0.5 could not be calculated normal(x direction in Fig. 3, the free energy can be written
using 35 GHz data. as a function of the angular variables,

The g value could be also obtained from the fitting of the L
angular variation of the resonance field. The values obtained ~ F(¢,@) =~ HM cod¢ - a) = ;HeM sir? o + AlZ,  (9)
from Q-band measurements are almost concentration inde-

pendent with an average valdg)=2.195, coincident with which is similar to Eq.(2) except for a factorAk? arising
the g value of FM bulk Co(ge,=2.18 '222 11 g values from the spatial variation oM. The Smit and Beljers rela-
CO_ . - . .

i i - 14
obtained from X-band data show large fluctuations and vaIElon can be generalized in the case 0,

ues considerably different than the scctemgg probably as (w)Z ( 1 #F 2A 2)( 1 PE 2Ak2)
a consequence of the nonsaturatior|\f. ol Bl v e e —+t —

For concentrations close to=0.37 there is a change in Y Msi 69¢° M Mag M
the shape of thél.¢ vs x curve for both Q-band and X-band 1 PF \?
data. This value ox is very close to the percolation concen- "\ M singe 0dd)
tration in granular system&,~0.40. Note that forx<x,
the values ofHg; obtained from Q-band data follow the If we apply the previous formula to E¢9) the dispersion
curveHz=4mMx indicating that shape is the only source of relation now becomes
anisotropy in Eq(5). Hei values obtained from X-band data )
also decrease linearly and go to zero %er0.18. Forx>x, (2) = (H cod ¢ — @) — Hgg COS2¢) + %k2>
the Heg curve lies belowH=4m7Mgx indicating that an ad- v € M
ditional anisotropy appears above this concentration. The an- oA
isotropy constanK , is negative, tending to align the mag- ><<H cog ¢ — @) — Hg COS ¢ + —k2>, (10
netization perpendicular to the film plane. The appearance of M
this additional anisotropy at the percolation concentration]_he preceding expression is the general solution of the equa-
suggests that .it is related to the exchange interaction th%ton of motion for arbitraryk. The values ok will depend on
begins to dommat_e fox= X F.rom the difference between the conditions at the surface and will be determined by the
the extrapolated linear behavior and the calculdteg we surface boundary conditions
have estimate |, , the anisotropy valuegormalized by the '
film thicknesg are presented in Fig. 5. The values calculated
from X-band data have been obtained assuming khais
zero forx<x, and thatH preserves its linear behavior until We will use the following boundary conditions first pro-
x~0.45 where it becomes parallel to the curveMx. posed by Rado and Weertm&:°

2. Boundary conditions and allowed wave vectors

054428-4
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dpMy+ pMy+rm, =0, F.= K cod ¢ sir? 6, (16)
0 ¢

whereKg is the surface anisotropy constant. This surface free

daMg +qm, +rm, =0, (11 energy can describe both an anisotropy causing an easy axis
where perpendicular to the film plané&K;<0) or an easy plane
coincident with the film planéKs>0). Note that the addi-
- iaz':s _ M tional modes are only observed when the field is close to the
P A0 M film plane normal(@~ 0°). In this situation the angle of the
magnetization vector of the uniform mogg is very similar
1 (cosean 1 &2F5> PRV to the angle corresponding to the additional mage The
“oalsing a6 + SI? 69 ¢ M separation betwgen both angles is ze_rodgvro anda=qag,
and has a maximum at an intermediate angle. In our case
P Ap=(ps— o) max<0.5° for Q-band measurements and
[ = i<_ cosgiFs 1 IFs > (12)  A@<3° for X-band measurements, so that in general we will
2A\ sif i@ sinfdedl use ¢, = ¢s=¢. For simplicity we will also assume that for

a~0° we can approximate ct&p)=cos ¢—sirf ¢

Herem, andm, are the transverse componentsvbfpropor- i L .
o 3 P brop ~co¢ ¢. With these approximations we obtain from Eq.

tional to €@*k9 5 represents the spatial derivative normal
to the film plane, andr is the free energy per unit volume 12,

associated with the surface anisotropy. The quantiiieg, Ks

andr must be evaluated at both surfa¢gs0 andx=L) so p=q= (KCOS(ZQD) -
that in principle four equations are obtained from Ekf.). In

order to search for the allowed wave vectors we rewrite EqThe boundary conditiongEq. (11)] now take the form

(10) as K oM
(—S 2¢) — ) m,=0. (18)
02= (P +DK3)(Q+ DK, (13) Gomy + | " c092¢) =y o

with  P=H cod¢-a)-Hecod2¢), Q=H code-a)  The differential equation fom, is similar to Eq.(18). Re-
—Heg cOF @, D=2A/M, andQ=w/y. Two solutions are ob- placing Eq.(15) into Eq. (18) and evaluating at both film

JoM
M

) , r=0. (17
x=0,L

tained for the wave vectde, surfaces we obtain the following:
P+ P-0)\2 Aok cogKkL) — Ak sin(kL) + Agp, sin(kL) + A;p, cogkL)
DK; ,=- Q, \/< Q) +072. (14) ' : o
' 2 2 =0 for x=L, —-Ak+Ap;=0 for x=0. (19
The plus and the minus signs correspond@cand K2, re-  In the above equationgy and p, indicate the value that the

spectively. Fora~0° the resonance field is always larger quantity[(Ks/A)coq2¢)—(d,M/M)] takes atx=0 andx=L,
than Her so that the quantity?+Q is positive. This means respectively. Equatiol9) has a nonzero solution when the
thatkf could be either positive or negativand therk; could  determinant formed by the coefficiemg andA, is equal to
be real or imaginary andk, is always imaginary. Solutions zero, i.e.,(pop. —k?)sin(kL) +(py+p. )k cogkL)=0. Two so-
for real k, called standing spin waves, are interpreted asutions are obtained for the wave vectqr
waves propagating in the direction perpendicular to the film K
plane and correspond to volume modes. Wk&himaginary tan(kL) = (F;‘ﬁ—pL) if k is real, (20)
the solution corresponds to surface waves that are attenuated k"= poPL
inside the film. Note that the two solutions are related by the
conditionDk5=Dk2+(P+Q). This means thak,| > |k,|, and
becausek% is negative it corresponds to waves that are at-
tenuated much faster than those correspondinky.tén the
; o (21)
single wave-vector approximatighthe normal modes for
the dynamic microwave magnetization are assumed to b&he parameterg, and p, have information of the surface
generated only b¥k; (which will be calledk from now on. anisotropy and the variation of the magnetization on both
The spatial dependence of, andm, is then of the form surfaces. They are equal for films with symmetric surfaces
. and differ if the conditions at both surfaces are not the same.
my = Ao sin(kx) + A, costk), In the case of redt the solutions correspond to volume spin
waves. For large anisotropy and symmetric conditions the
m,, = Ay sin(kx) + Az cogkx). (15  Kittel solutions for standing spin waves are obtaif&or
other conditions Eq(20) must be solved numerically.
Whenk is imaginary the solutions are obtained from the
intersection of the two curves of E¢21). For symmetric
In order to apply the SI model we need to assume a fornsurface conditions only one intersection may exist, while for
for the surface free enerdys. For simplicity we propose the asymmetric surfaces up to two different wave vectors can be
following phenomenological expression: found. In both cases larger values of the anisotropy constant

_ (Po* PukKs

tanftict) = K+ popL

if k=ikgis imaginary.

3. Surface modes and spin waves
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44+ x = 0.465 -
L H_,=6905 Oe
40r K =3.87 erg/cm2 -
[ 9. M=79G/nm
Sd) 36 - -
- S
= ~
- 32F i
2.
____;:fl(lfa: %))/(pop;ks) 28k ® Experimental data
0.2 > . | — Linear fit
1 1 1 1 [ |
0.80 0.85 090 0095 1.00
0.0 : : s -
0 1 2 3 4 5 cos(20)
QA/M K’ (kOe)

FIG. 7. T vs co%2¢) for the sample with a volume concentra-

FIG. 6. Plot of the functions of Eq21) for symmetric(curve tion x=0.465 andH¢;=6905 Oe(solid circleg. From the Iineiar.fit
labeled 3 and asymmetriccurves 2 to 4 conditions at both ~We have extracted the values of the paramekerand J,M indi-
surfaces. The intersectiorigarked with arrowsare the allowed Cated on the figure. Data has been taken from X-band
values for the wave vector of the surface waves. At most ondneasurements.
intersection can be found in the symmetric case while up to
two solutions can be obtained for asymmetric surfaces. For w
simplicity we have setd,M=0. We used the following values — =H, code, — @) —Hef COS2¢,), (24)
of the surface anisotropy constant: curve |KJ=2 erg/cn; Y
curve 2,|K{(x=0)|=0.5 erg/cm, |[K(x=L)|=1 erg/cn3; curve 3,

|[Ky(x=0)|=1 erg/cm, |[K(x=L)|=2 erg/cni; curve 4,|K{x=0)] o _ N _2A,
=1.5 erg/cm, |K(x=L)|=3 erg/cm. Y H; CoSps ~ @) = Hery COI2¢9) Mks' (25)

. H, and Hg are the resonance fields of the uniform and the
Ks cause a largeks. Another property of the surface modes i g iface modes, respectively. In the present approximation

that Eqg.(21) has solutions only for negativ€, which then .= @,=¢, SO that subtracting the preceding equations we

defines an easy axis anisotropy perpendicular to the ﬁl”é;et (H—H.)cod o—a)=\2A/M Remembering thak
plane. In Fig. 6 we show schematically the cases of equa V(Hs~Hycode=a)=y . ¢ °

_ A =p in the symmetric case and th&f;=py,keo=p, in the
(po—_pL) and unequalpo# p,) surfaces. The possible inter- asymmetric situation, we could use E47) to write
sections of the two curves correspond to the wave vectors

that are solutions of Eq21). For the parameters involved in I'=V(Hs—Hy)cod ¢ — )

the present model the function takiL) rapidly takes the

value 1, even for smalK,. Equation(21) can then be ap- - /i“( lo COS2¢) — \/@ M 26
proximated, I tanhksL)=—(po+pLks(ki+popy). This im- AM'SOL M M’

plies that

As I' must be always positive there is a critical angle for
= = o = which the uniform and the surface modes are coincident,
1= Po K2=Pu 1T P07 Pu, o 2¢0) = (AIK)(dM/M).

ke=p, if p=po=p,. (22) 4. Experimental results

) . ) In Fig. 7 we have plotted the quantity as a function of
If we make again the approximation ¢8g) ~ cos ¢ (valid coq2¢) for the sample withx=0.465. The linear dependence
for small angles where the additional resonances are olgnyeen both quantities is a good indication that the addi-
served the dispersion relation Eq10) could be written @s  {jon4| absorption corresponds to a surface resonance mode. If
oA we assume that the exchange stiffness6 con#asthe same
w_ N R\ 2 as for bulk Co(Ref. 18 (Ac,=3.2X107° erg/cm, see Ref.
y =H codp = a) ~Hey cod2¢) + M I @3 19). We can obtain the surface anisotropy constant and the
parametew,M from the linear fit of the data of Fig. 7. Both
Note that Eq(23) reduces to Eq6) for k=0 anda~0°. For  parameters can then be estimated as a function of the Co
k#0 it is observed that a red produces resonance fields concentration. In Fig. @ we show the values oK as a
lower than the uniform mode and that for imagindyhe  function of concentration together with the values of the total
surface modes have a resonance field larger than that of tlaisotropyK , multiplied by the film thicknes is zero for
uniform mode. In the limita~0° we have the following low concentrations where a single resonance line is observed
equations for the resonance fields of the uniform and thend increases as a functionxfThe larger values ok for
surface modes, largerx come from the fact that the separation betwégn
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~ 5ol /../ ] FIG. 9. Temperature variation of the uniform and the surface
L /O L _ modes during the first sequengepen circley during the second
10 | 1 sequenceésolid circleg, and at room temperature after the last cycle
() Sge® q p y
0 I / . L] (solid star$. Measurements were made at X-band, in a sample with
_“...H_“ L L . . .
0.2 03 0.4 0.5 0.6 a Co concentratiorx=0.48, and fora=0°. Note the irreversible
Co concentration (vol. %) changes after both temperature cycles.
FIG. 8. (8) Comparison between the total anisotrdj#, | and Measurements in Fe-Sjdilms?® showed the presence of

the surface anisotroplKy as a function of the Co concentratien  gyrface modes for a single Fe concentratigr0.42. The

(b) Dependence of the parametes,M as a function of the Co parameterd, and d,M calculated for Fe granular films are

concentratiorx. Data calculated from X-band measurements. of the same order of magnitude than our results in Co, sup-
porting the validity of the employed model.

andHg (for «=0°) increases with the Co concentration. As
increases the exchange interaction among FM grains is larger
and the magnetization is more affected by the conditions at 10 Study the effects of temperature we selected a sample
the surface. In the case of symmetric surfaces we expect aith @ concentration above the percolation threshotd
increase in the separation between both lines, but we do ngt0-48- At room temperatur¢Tg) this sample has only one

expect a second additional absorption. Although we are notU'face mode. Below room temperature no significant
completely sure, we believe that we are in the asymmetrié:hanges occurred, but when the temperature was raised the

case because for=0.52 a second mode appears at interme-SPectra changed considerably. Consequently we concentrated

diate fields. The difference between the two resonance fieldy?e measurements in this temperature region. In the first tem-

He—H,, also increases with increasing This fact suggests perature sequence we rais@dfrom Tg up to 500 K. We

: . " measured the resonance field of the uniform and the surface
that for a given concentration the conditions at both surfaceﬁ10des fora=0°. The results are shown in Fig. 9 with open

_change n suc_h away that _two_dn‘fe_rent solutions are aIIOWe%ircles. It is observed that both resonance fields decrease at

in Eq. (21). This interpretation implies that both surfaces a'®high temperatures. This result is associated to the decrease of

not equivalent, probably because of a different environmeng,"yith T'in FM materials. The perpendicular resonance field

(the glass substrate is not necessary the same as the SiQ proportional toHq [see Eq(7)], which is dominated by

capping layey or some degree of oxidation in the top layer. shape effects and is essentially proportionaMo There is

The anisotropy constant of the second surface mode coulglsg a decrease in the separation betwlerand Hg with

not be calculated because it was very close to the uniformemperature indicating a decrease in the surface wave vector

mode and the superposition of both lines prevented a gook..

estimation of the resonance field. After the first temperature cycle we made another mea-
We have also calculated the parameigvl. This quantity  surement fromTg to 800 K. We would like to stress that the

is related to the change in magnetization at the surface renitial conditions were not the same. In Fig. 9 we have plot-

gion. A larger value ob,M indicates a sharper surfagee., ted the results of this second sequence as full circles. It is

the transition from bulk magnetization to surface magnetizaobserved that the mode separationTatis smaller and that

tion is more abrupt The observed dependence with concen-the value ofH, is slightly larger. These differences indicate

tration confirms that the surface is sharper for langg¢see that the thermal treatment, even at moderated temperatures,

Fig. 8b)]. This result is again a consequence of the increasis enough to produce irreversible changes to the sample. The

ing exchange interaction among Co grains. Note that the vaincrease oH, at T originates in a larger value dfl, prob-

ues ofg,M are negative, as it should be for a film in which ably due to the release of tensions or the better definition of

the magnetization decreases towards the film surface. the grain surfaces after the sample was heated. When the

C. Temperature dependence
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ture but probably to grain diffusion or chemical changes
spite of the capping layer, the exposed Co surface could have
oxidized at these high temperatured/e have used the for-

) malism of Sec. Il B3 to calculate the surface anisotropy
E constant andd,M (at room temperatuje and we have ob-
=0 tained the following values]Ky|=28.9 erg/cm, [d,M,]
3 [T=654K ] =1040 G/nm; |Kgy|=3.17 erg/cm,  |d,M,|=139 G/nm.
ER ﬂf ] Within the proposed theoretical framework these results in-
Sk T=709 K (x2 4 . PTOpO: : : )
2 - dicate that there is an increase in the surface anisotropy after
e [ l the thermal treatment. We have not yet a definitive explana-
E i T=817 K (x4) 7 tion for this increase, but it is evidently favored by the irre-

"’/’\/\r._.nf/;\/- versible changes produced by the thermal cycles. A similar

[ H’ %% H W7 behavior was observed in annealed Fe/Ni multilayérs.

I - ]

8 10 12 14 IV. CONCLUSIONS
H (kOe)

We have determined the anisotropy of Co-gl@teroge-
FIG. 10. Resonance spectra for the sample wi#®.48 mea-  neous films using FMR measurements. From the field posi-
sured during the second temperature cycle. The uniform mode angon of the uniform mode we have calculated the effective
the two surface modes are indicated by arrows. Measurements haggjisotropy field and estimated the total anisotropy constant
been done at X-band with the magnetic field perpendicular to th‘Kl. We have observed thét, is zero for lowx and starts to
film pla_ne(a:0°). They—axis_s_cale of the two spectra at the bottom grow above the critical or percolation concentratign At
of the figure has been amplified by the factor in parentheses. this concentration the ferromagnetic grains begin to form a
) ) continuous network and the exchange interaction becomes
sample was heated for the second time the separétion  gominant over other interactions. As a consequence the film
—H, remained constant up to 500 K as can be seen in Fig. &faces start to be well defined. At this same valug ol
The fact that the two measurements gave different results igaye observed a new resonance line at fields largerHhat
due to a change in the sample propertigging the firSt  This |ine merges with the uniform mode line at a critical
measurement. In the second cycle the state reached after tHﬁgleac and there is also a linear relationship between the
first temperature sequence stayed frozen and no strgctura{,amityr and co$2¢). These characteristics are typical of
changes occurred up to 500 K. Above 500 K the behavior of;itace resonance modes arising from the different condi-
the surface mode changed. In this regidnincreased with ¢ 4t the film surface. We have estimated the value of the
increasing temperature. From700 K a second surface g tace anisotropy as a functionfrom the angular varia-
mode appears between the two previously observed absorga, of the additional resonance link, follows the same

tions. trend askK, but with lower values(see Fig. 5 suggesting
In Fig. 10 we show a sequence of spectra measured @fia¢ it contributes considerably to the total anisotropy. Dif-

different temperatures corresponding to the second_ temperasrences may arise from the presence of other anisotropies
ture cycle. The growth of a second surface mode is clearlyh,t \we did not consider in the present model, or to small
observed and the sudden increase in the resonance field \9:£riations of the paramete#s or M, taken from measure-
the first surface mode becomes evident Tor 500 K. The 1 .ants made in bulk Co. We havesobserved a second addi-
appearance of a second surface mode is a clear indicatiqyng) jine hoth at large concentrations or when the films are

that we are in a situation of asymmetric boundary conditionspaated above 700 K. The appearance of this extra absorption
In this case the temperature caused a different effect on bo@hggests that both film surfaces are not equivalent.

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 k@=e Fig. 9, solid The authors wish to acknowledge the support of ANPCyT,
starg. This again indicates that the sample suffered irreversArgentina, through Grants Nos. PICT 03-3392 and PICT
ible changes, but this time not only related to the microstruc36340, and Conicet, Argentina through Grant No. PIP 2626.
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