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Magnetic permeability for exchange-spring magnets: Application to Fe/Sm-Co
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We investigate the properties of the dynamic permeability for a layered structure composed of a ferromagnet
with low anisotropy coupled to a ferromagnet with high anisotropy. The permeability of a structure with a
small number of layer§<200 can be directly calculated numerically with few approximations in the long-
wavelength limit. For larger structures we obtain analytic forms for the permeability which are appropriate in
the weak-coupling limit. Our results give the resonance frequency as a function of the thickness of the two
materials, the interface and bulk exchange fields, and the anisotropy in each material. We find that significant
shifts in the resonance frequency, on the order of 40 GHz, can be obtained with only a small reduction in the
strength of the resonance. This can be important for high-frequency signal-processing devices, and we calcu-
late the properties of a filter based on a Fe/Sm-Co mat¢8al63-182808)03037-9

I. INTRODUCTION resonance experiments. Such information is also vital to
characterizing and employing the exchange-spring materials,
Recently there has been increasing interest in exchangénd we illustrate this with a calculation of the properties of a
spring systems which are mixtures of hard and soft magnetibigh frequency magnetic filter based on the exchange spring
materials~* These materials typically combine the high an- permeability derived here.
isotropy found in some rare-earth dominated permanent I[N this paper we present a microscopic calculation for the
magnets with the larger magnetic moment found inPermeability tensor of an exchange-spring system. This cal-
transition-metal ferromagnets. These materials have a nungulation gives results based on the microscopic parameters of
ber of uses, including exchange biasing applications and d§e structure: the number of layers of the hard and soft ma-
permanent magnets. terials, the exchange and anisotropy constants in each mate-
A recent papé-r studied exchange-spring bi|ayers com- rial, and the interface exchange couplings. We can thus make
posed of magnetically hard Sm-Ad00 and a transition numerical predictions for the resonance frequencies for Fe/
metal ferromagnet. In addition to static measurements suchm-Co structures as a function of the thickness of the differ-
as that of a hysteresis curve, this paper also presented infoght films.
mation on dynamic Spin wave modes through Brillouin ||ght The initial calculations described above are outlined ana-
scattering. The analysis of the spin wave frequencies walytically, but must be completed numerically. It is, however,
limited but interesting. It was shown that there was an effecuseful to have analytic forms for the permeability tensor, at
tive exchange fieldH.,, acting on the transition metal fer- least in some limits. In the weak to moderate interface cou-
romagnet due to the Coup”ng with the high_anisotropyp”ng limit the structure can be apprOXimated by two blocks
Sm-Co. When this exchange field was added to the appliedf spins, one for the transition metal ferromagnet and one for
field, conventional spin wave theory gives the correct valudhe hard ferromagnet. These blocks of spins are coupled by
for the lowest spin wave frequency of the system. This resul@n effective interfacial exchange which depends on the num-
is quite encouraging for app“cations in h|gh frequency signaper of Iayers of each material. In this limit we obtain a sim-
processing, since it shows that substantial frequency shiftlified set of equations which can be solved analytically.
may be obtained by coupling Fe or Co films to high anisot-When the analytic results are compared to the numerical
ropy materials. For example, with the applied field set toones, we find that they are in very good agreement for weak
zero, one normally expects the spin wave frequency of a thiﬂﬂterfaCia' Coupling, and that even for moderate interfacial
Fe or Co film to also be close to zero. However, due to theoupling the analytic solutions provide a reasonable esti-
coupling and the high anisotropy in Sm-Co, the spin wavenate.
frequency is shifted up by about 20 GHz. Finally, we illustrate the use of the permeability tensor in
There are a number of improvements, however, whicth example calculation for the properties of a high frequency
should be made to such a calculation. Normally the electrofilter based on an exchange-spring material as the active me-
magnetic response of a material is characterized by the fredium. We find that coupling of Fe to Sm-Co can raise oper-
quency dependent permeability tensor, rather than just by ating frequencies significantly without substantially reducing
single frequency. This tensor provides information on thethe performance of the filter.
ellipticity of the magnetic precession and on the strength of
the dynamic response of the system to small dr_iving fields as Il. MICROSCOPIC DEVELOPMENT
well as information on ;he excitation frequepqlgs. _The per- OF PERMEABILITY TENSOR
meability tensor, or equivalently the susceptibility, is funda-
mental for calculations of Brillouin light scattering intensi-  We can set up the geometry quite generally on a layer by
ties and the response of the structure in ferromagnetitayer basis. As is shown in Fig. 1 the equilibrium positions of
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- ferromagnetic resonance, filter applications, and Brillouin
N, layers light scattering. In this limit the wavelength of the spin
waves parallel to the surface is thousands of atoms long and
it is a reasonable approximation to neglect intralayer varia-
tions in magnetization because the contribution of the ex-
- change and magnetostatic energies is very small. We note

|

magnetization Mg

Y

—_ Ny, layers that there has been some previous theoretical Haram-
—_— b paring calculations which take into account firteratomic
_— magnetization My, exchange with calculations in the long wavelength limit

which include onlyinterlayer exchange. This work showed
that in the long wavelength limit the interlayer exchange
model worked very well for films under a few hundred A. In
and easy axis fact the answers produced by the full calculation were less
than a few percent different than those which include only
2 interlayer coupling. Of course, in some calculations inter-
atomic exchange can be important, e.g., in the calculation of
FIG. 1. lllustration of the geometry of the structure. The appliednycleation fields in exchange-spring systéﬁws.
field is along thez axis and they axis is perpendicular to the layers. We start with the Bloch equations of motion for the spin
system. The equations of motion for layiesre given by

—®  Applied Field - H

the spins in each layer are assumed to lie inzldirection.

The instantaneous direction will, of course, vary from this da . A

position. There is a constant applied fidialso in thez T=ya<'>><(Heﬁ+ h(). 2)
direction and this is also the easy axis for both materials.

There areN, layers of the soft ferromagnet amdj, layers of  Here y is the gyromagnetic raticH ¢ is the effective field
the hard Sm-Co. Throughout the paper we will refer to par-acting on layei) produced through the energy density given
ticular layer structures as, /N, meaning thénumber of Fe  apove  through the  definition Hey=—dE/oM )=
layerg/(number of Sm-Co layeys While we show just a _1/M®)gE/9a). Using this definition and Eq1) we may

bilayer system here, a superlattice can be easily constructggbfine the following effective fields. The effective exchange
by imposing periodic boundary conditions in thelirection.  fie|d in layeri is given by contributions from the layers both
The total energy density of the system may be written apove and below:

N—-1

N
Aiiv1) i) i A A | .
= — i (i), (i+1) _ . (i)y2 (i) _ i—1, -1) ii+1 1)
E ;1 (—dz— a’-a 21 Ki(az') HY) = I al~b+ FEvIo) alt
% ( h(i>) - " :Hie—la(i—l)_FHi;la(iu)' ?)
- H+ -amt, 1
i=1

The effective anisotropy fiel@in the z direction is given by

HereM() is the magnetization vector in layerK; the an- Hg)=(2Ki/M('))a§'). _ , ,

isotropy constant for layer andA, ;  ; is the exchange cou- In this way t'he equaﬂp_ns of motion for an arbitrary I_a_yer

pling constant between layerandi + 1. The quantiph® is (1) may be written explicitly. We assume that the driving

a small fluctuating magnetic field. The total number of layergi€!d h and the dynamic magnetization vectarsoth have a

is N=N,+N, . The distance between magnetic layerslis M€ dependence of the form expiwt). The equations of

For convenience, we have changed to unitless variables fgpotion become

the magnetization, i.ea)=M®/M®_ To obtain the perme- .

ability tensor, we need to find the response of the magneti- el al+ (HO+H+HI D4 Hi+D)a0)

zation to a small fluctuating driving field" which can vary X é ¢ ¢ Y

from layer to layer. Effective medium methods for dealing

with magnetic layered structures have been developed in the —H{ Yall "V —H{"Pal*D=h)

past>® However, these methods depend on the interfacial (4)

exchange being weak compared to the exchange within an

individual material. This is appropriate for structures such agnd

Fe/Cr/Fe, FelCul/Fe, or Co/Cu/Co where the effective ex- )

change coupling between the Fe films through the nonmag- o 6y i-1 1)y A (i

netic film is only a few percent of the intrafiim exchange 7 3y’ —(Ha +H+H(e )+H§3 ))aﬁ()

coupling’~® However, recent experiments on Sm-Co/

transition metal systems show very strong interfacial ex- +HU-Dal-D f yl+Dgli+D) - _ (i)

change. Thus we turn to a microscopic method developed e ¢ (s

recently* which does not depend on weak interfacial ex-

change. In order to form the susceptibility, we need to connect the
This calculation is done in the long-wavelength limit average magnetization for the entire structure to the average

appropriate to the applications mentioned above—driving fields. The average magnetization is given by
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and the average driving field is given by 20 36/4 |
) 5 2020 oo
1 | ot —
(= 3 ho. ™ \/V
=1 -20 + .
The set of equations of motion for thélayers provide Rl [ ,
equations connecting tté#") to theh("). There are, however, 60 ‘ :
additional connections provided by the boundary conditions. el 36/4 |
In the long wavelength limit, we expect that the tangential 4010 20/20
components ofh in each layer will be the same, i.e., o0 L 10/30 ]
hV=-..=h{'=C,. Furthermore, the normal components &
of the B field must also be continuous. Thus 0r '
h{P+a7alPM®--.=h{) +47a)MO=C,. The ampli-
20 F J
tudesC, andC, are constants.
The susceptibilityy connecting the average magnetization 40 , .
to the average driving field according ¢m)=x(h) can now 0 10 20 30
be determined numerically. The boundary conditions to- Frequency (GHz) '

gether with the equations of motion provide a total i 3
+1 equations connecting the amplitud#8 andh( to the
constantsC, andC, . For a given frequencw, we choose
Cy=0 andC,=1 and then using a linear equation solver we

FIG. 2. uyy and u, as a function of frequency for different
layerings. The 40/0 notation means 40 layers of Fe and zero layers
of Sm-Co. The interface coupling is zero. Note the difference in
magnitude betweep,, and .

may solve explicitly for all thea®) and h(). We can then
form the average fieldén) and(h) according to Eqs(6) and
(7). With the choice ofC's above (h,)=0 and we may
immediately find x,x and x,, by x.,=(my/(h,) and
Xyy={my)/(hy). To find the remaining components of the
susceptibility tensor we repeat the calculation wth= 1.
This allows us to findy,, and x,x by using the relations
Xxx:(<mx>_)(xy<hy>)/<hx> and ny:(<my>_)(yy<hy>)/

"y

It is important to note that one expegtg,= — xyx. This
provides an important check on the solution. From the com
puted values ofy we then obtain the permeability tensor
using the relationu =1+ 4 y. Our tensor for the permeabil-
ity takes the usual form for an anisotropic and gyrotropic

ments occurs at the frequency associated with the applied
field, yH. ForH=2 kG used here, we expect the resonance
at 5.84 GHz. We see that even in the absence of exchange
coupling, the resonance frequency shifts upward for hgth
and uyy as the number of Sm-Co layers is increased. In
addition the size of the resonant signature decreases,for
but increasesinitially) for u.,. We can obtain a feeling for
the anisotropy in precessional motion due to the layering
when we comparg,, to u. In an isotropic material, these
are the same. In Fig. 2 however, we see that as the amount of
Sm-Co is increased, the permeability becomes more aniso-
tropic.

In Fig. 3 we explore howu,, andu,, depend on interface
coupling. We examine the results for the 36/4 structure with

material the interfacial coupling varying from zero to the value found
0 i 0 in recent experiments. One feature is immediately obvious.
Foxx Fxy 'Lfl e There is a substantial shift in the resonance frequency as the
u=| tyx Myy O =[ —ipy up O (8 interfacial coupling is increased. In addition, the values for
0 0 1 0 0 1 Myy and u,, approach each other as the coupling is in-

creased. Thus the coupling has nearly restored the condition

In order to include the effects of dissipation, we replage .= u,, which is found when there is no layering.
—w+iIl in our calculations. This makes all the permeability = A comment on the shift in the resonance as the interfacial
terms complex, but we focus on the real parts of the diagonatoupling is increased from zero is appropriate. For Fe/Cr/Fe
elements and the imaginary portion of the off diagonal termstype systems, it is well known that the low frequency exci-

We explore the numerical results for the permeability firsttations for a magnetic bilayer can be classified as “acoustic”
in the limit when the coupling is zero. The parametersor “optic” type modes®*~1® The acoustic mode essentially
used in the calculation are those given in Ref. 1, kg, has all the spins moving together and as a result is not
=1.2x10 ® ergs/cm for the Sm-CoA; ;,,=2.8x10"° for  strongly influenced by interfacial exchange. For that system
Fe,K;=5x10’ erg/cn? for Sm-Co,K;=10* erg/cnt for Fe, it is the optic mode, where the spins in the two Fe fims are
M =550 emu/cr for Sm-Co, andM =1700 emu/cri for ~ not moving together, which strongly depends on interface
Fe. The gyromagnetic ratio is taken to be 2.92 GHz/kG, theexchange.
value appropriate for Fe. We use an applied field of 2 kG and The situation is quite different in the Fe/Sm-Co structure
takel to be 200 G, a reasonable value for metallic systemsstudied here. The lowest frequency mode is basically the

In Fig. 2 we plot the low frequency permeability for dif- acoustic mode, but it is not shifted from just the exchange
ferent values of the number of hard and soft magnetic layersnteraction alone. In this case the interaction of the Fe spins
For a pure Fe film, the resonance in the permeability elewith the high anisotropy Sm-Co spins has made the spin
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FIG. 3. uyy and u,, as a function of frequency for different _ N ‘
values of interface coupling. The structure is 3636 layers of Fe FIG. 4. () The Voigt permeability u, , as a function of fre-
and 4 layers of Sm-Qo The numbers indicate the values fay, quency for different layerings indicated by the numbers. The 40/0

e.g., a number of 1.8 indicates the full experimental coupling valughotation means 40 layers of Fe and zero layers of Sm-Co. The
of A;=1.8x 10" ergs/cm. Note the shift in frequency as coupling interface coupling is zerob) u, as a function of frequency for

is increased. Also the difference in magnitude betwegnand different layerings. The interface coupling has its maximum experi-
is reduced as the coupling is increased. mental value of;=1.8x 10"° ergs/cm.

system much “stiffer” and therefore substantially raised thecluded. In contrast to Fig.(d) where interfacial exchange is
frequency. Thus we have a case of exchange-couplegero, we see in this figure a dramatic upward shift in the
anisotropies discussed recently in the literature forresonance position as more Sm-Co layers are introduced into
ferromagnet/antiferromagnet structufés. the structure.

We note that the parameters used in our calculation are A key point of Figs. 2—4 is that as long as the number of
those obtained from static measurements in Ref. 1. When wem.Co layers is rather small, the strength of resonance in the
use the dynamic permeability tensor obtained here in thgayered structure is not significantly reduced from that of
standard calculation for magnetostatic wave frequencies, wgure Fe. We therefore in Fig. 5 look at the effect of different
obtain excellent agreement for both the zero field value Ofnterface coupling constants for a structure with 4 layers
the frequency found in Ref. 1 and the field dependence of them-Co and 36 layers of Fe. A relatively small interface cou-
frequency. The experimental and theoretical values lie Wlthlrb“ng of AI =0.1X 106 ergs/cm a|ready shifts the frequency
a few percent of each other. up by about 10 GHz. Using the interface coupling found in

The shift of the resonance seen in Fig. 2, even in th&zef. 1 of 1.8<10° ergs/cm the frequency for the resonance
absence of interfacial coupling, is somewhat misleading. Of

course, uyy, and uy, are only individual components of

the permeability tensor and do not represent the general in- 100 "o
teraction of electromagnetic radiation with the material. A 01 o4
better measure is the Voigt permeabilitygiven by 18

to=(papo— pd) .

In Fig. 4a we therefore plot the behavior ¢f, as a
function of frequency again for structures with different lay- = 0r
erings. If there is only Fe, the resonance frequency in the
Voigt permeability occurs at the usual value for a thin Fe
film given by w,=yyH(H+47M,). For the parameters
used here this frequency occurs at about 20 GHz. In contrast
to the results fop,,, the resonance frequency in the Voigt -100 o
permeability does not shift substantially with different layer-
ings in the absence of coupling. The main feature seen here
is that the strength of the resonance shrinks as more Sm-Co FiG. 5. Effect of interface exchange qm, for the 36/4(36
layers are introduced. layers Fe/4 layers Sm-Gatructure. The numbers indicate the val-

Figure 4b) shows the behavior of the Voigt permeability ues forA,, e.g., a number of 1.8 indicates the full experimental
as a function of frequency when interface exchange is ineoupling value ofA;=1.8x 10" ergs/cm.

10 20 30 40 50
Frequency (GHz)
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FIG. 6. Influence of layering structure on resonance frequencies FIG. 7. Examination of high frequency mode resonances in the
of the Voigt permeability. We assume full interfacial coupling of Voigt permeability: (a) Frequency as a function of interface ex-
A,=1.8x10"8 ergs/cm.(a) Frequency as a function of the number change for 36/436 layers Fe/4 layers Sm-Cstructure. The num-
of Sm-Co layers for fixed number of Fe layefb) frequency as a bers indicate the interfacial coupling, e.g., 1.8 indicates #hat
function of the number of Fe layers for a fixed number of Sm-Co=1.8x107° ergs/cm. (b) Frequency as a function of layering
layers. structure for full interface coupling.

has nearly doubled and the strength of the resonance is ontime the interfacial coupling is kept constant and the struc-

slightly reduced from the pure Fe case. ture is varied. Clearly, changes in the structure can produce
In Fig. 6 we explore how the frequency depends on thesignificant changes in the resonance frequency.

number of layers of one material when the number of layers

of the other is held constant. In Fig(e the number of

Sm-Co layers is held constant at 30 and the number of Fe lll. ANALYTIC RESULTS FOR THE PERMEABILITY

layers is varied. As the number of Fe layers is reduced, the IN THE WEAK COUPLING LIMIT

frequency increases rapidly. The shift in the frequency from  \whijle the calculation in Sec. Il will, in principle, find the
the infinite thickness value is close to a 1/thickness deperbermeab“ity for any number of |ayerS, it becomes more dif-
dence. The origin for this will be discussed in the next sec+icylt as the number of layers increases. For example for a
tion. In contrast, the dependence of the frequency on thgpical 500 A structure, one must find the solution to a set of
Sm-Co thickness is much weaker. As is seen in Fig),6he 751 |inear equations. Therefore it is helpful to obtain analytic
frequency remains essentially constant with Sm-Co thicknesgsults when possible. In this section we concentrate on an
for films thicker than 10 layers. As the thickness is reducecypproximation which dramatically simplifies the calculation
below 10 layers, however, the frequency shifts downward. zjlowing analytic forms to be found.

Using this method we can also explore the higher fre- |f the coupling between the interfacial layers is weak
quency resonances. In Fig. 7 we show how the second resgompared to the coupling within the different materials, then
nance in the structure depends on interface coupling and afhe may essentially treat the system as two blocks of spins
layering pattern. Figure(@ plots the Voigt permeability as a with one block representing each material. To find the equa-
function of frequency for different interfacial coupling con- tions of motion for the two blocks of spins, one adds together
stants. As the coupling is increased, both the frequency angl| the equations of motion for each component of matefial
the strength of the resonance increase. The strength of thgyd materiaB separately. With the assumption that all the
resonance is significantly reduced compared to the lower frespins in materiald move rigidly together and that all the

quency one investigated in Figs. 2—6, however, with thespins in materiaB move rigidly together we then have
strength of this resonance being only about 3% of that for the

lower frequency one. Nonetheless, it may be possible to
measure and use this resonance. Figibg @gain examines

. .- : . a(l):a(z):-..:a<Na):a (9)
the Voigt permeability as a function of frequency, but this X X X X
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and Similarly we have for materiaB H,=H{+H+H,, where
Hep=A, /d?MOIN, .
We see that the exchange coupling tery for the ef-
bi”eﬁ Do bf(Na+2)=---= bf(Na+ No) _ by (100 fective field acting on materia is inversely proportional to
the thickness of materiah through the IN, term. This
and similar equations hold for thecomponent. The entire COmMes about because the external and anisotropy energies

set of 2(N,+Nj) equations of motion for the spin system scale with the number of layers of the material, but the in-
then reduge to just four equations given by terfacial coupling is independent of the number of layers.

This effective 1/thickness behavior clearly is connected to
the behavior seen in Fig. 6 where the frequency of the Fe
film resonance decreases as the number of Fe layers is in-

hy twly  Hy 0 —Heal| /g creased.
—h? —H; iw/ly Hg 0 a, We may now writeh® andh® in terms of an average field
R 7l 0 —Ho i/ H b |- (h). This is done using the definitidigh?+ fyhP=(h) where
Y e2 Y 2 bx the filling factorsf, andf, are given by the usual definitions
—hy He O  —H, ioly| ‘P f,=N,/(N,+Ny,) andf,=N,/(N,+Np). Similarly the av-

(11  erage magnetization will b&,aM .+ f,bM,=(m). In addi-
tion, one needs the boundary conditidn&Jr 477Maay=h$
In the above we have useéd=H{¥+H+H, and the ef- 4+ 47M pby andhi=h%=(h,). Using these relations we may
fective exchange field acting on materkalis given byHe;  write the equation of motion matrix in terms of the average
=A,/d®M@N, whereA, is the interface coupling constant. fields:

(hy) iwly Hy+fydmM, 0 —He1—fpdmM, a,
—(hy) —H; iwly Het 0 ay
(hy | 7| 0  —Hep—fdnM, ioly Hy+fdaM, || byl (12
—(ho Hep 0 —H, iwly by

The equations can now be inverted to solve for #feand b’s in terms of the average driving fields. After some simple
manipulations we can then straightforwardly find analytic, though lengthy, expressions for the permeability tensor elements.
We obtain

1
p=1+ D [47f Ma(Her +Ho){HH+47M o (foH,— f1He ) —HeHeo}

+4mf,Mp(Heo+ H){H Ho+47My(f1H — foH ) —HegHeo}
+16m°M M {1 Hey (F1—F2)H1— 2 foHep) + FoHep(fo— f)Ho+ (F1+F5)H H,}
+(47TflM a[Hel_Hl+47Tf2(2M b— Ma)]+477f2M b(Hez_H2_47TflM b))(w/y)z], (13)

1
po=1+ D [47f1MaHe{2[ (w/y)?+H Hy—HeiHepl—HiHey —HoHep = 4m(Het M+ HeoMy,)

+4mfHM[HE— (w/y)2]+47f i H M [ H3— (w/ )]+ 1672H H,M M T}, (14)

and

w/
/.LtZT’y {47Tf1Ma[Hel(He2+2H1+2H2+477Ma)+H§+47TMbH2]

+47f,Mp[Hex(Her +47M b)+H§+47TM Hil—4m(f M+ M) (w/y)?). (15

In the above expressiois is the determinant of the matrix in E¢L2). It is given by

D:(HlHZ_ HelHEZ)[47TlelM b+47Tf2H2M a+ Hle_ HelHe2_87TflM aHel]
— (! 87fF M He1+ 2HHep+ H2+ H3+ 4rf ,H M+ 47 HoM 1+ (0l y) % (16)
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OA/A = 011 FIG. 9. Attenuation for waveguide structure as a function of
20 r 1 e . frequency for different layered magnetic structures. The thickness
s olb ] of the GaAs layer is 1um, the thickness of the Fe/Sm-Co layer is
= 1 um. The applied field is 2 kG with & of 200 G.
20 - 4
therefore of interest to see if the permeability of the coupled
40 ' system discussed here can still produce useful results.
0 10 20 30 40 50 ! . Ul
Frequency (GHz) We consider a planar waveguide structure consisting of a

. . lower film of a highly conducting metal, then a dielectric
FIG. 8. Effective medium results compared to full theory for fiim of GaAs, then the magnetic layered structure composed
different values of the interfacial coupling. The structure is 36 lay-of Fe and Sm-Co and finally an upper film which is again a
ers of Fe/4 layers of Sm-Co. The solid lines shay for the full - highly conducting metal. We can find the electromagnetic
numerical calculation from Sec. Il and the dashed lines show th‘?nodes which propagate in this structure by solving Max-
results from the approximate calculation. The approximate caIcuIaWe||,S equations in each region and applying the boundary
tion is good in the limit of weak interfacial coupling, as would be conditions at the interfaces of the different films. The mag-

found in Fe/Cr/Fe type structures, but do not properly describe th?‘letic field is applied parallel to the long axis of the wave-
strong coupling case of Fe/Sm-Co. guide

, n its of th wtical f In our calculation®?°we focus on the attenuation of the
In Fig. 8 we compare the results of the analytical formsgecyomagnetic wave due to the interaction with the mag-

obtained above to the numerical results in the previous Seqyetic material. The results for different structures are plotted
tion for the u,, component of the permeability tensor. This ;, Fig. 9. The curve labelled “pure Fe” is for an Fe film 1

figure is calculated for a 36 Fe layer/4 Sm-Co layer structurqicron thick. We see two significant features, a peak in at-

with H=2kG. In general, we see that the approximatewnation near 20 GHz and a dip in attenuation near 67 GHz.
method developed in this section does a good job of modehphg gitenuation peak could be used in making a notch filter

ing the strength of the resonance. The position of the resQgpich excludes certain frequencies from propagation. Simi-
nance is very accurate when the interfacial coupling is on th%my the dip in attenuation is useful in making a band pass
order of 1% of the bulk intrafilm coupling as is shown in Fig. jjter The remaining curves in Fig. 9 show the attenuation
8(c). This would be appropriate for using these calculationgyr 1 micron thick multilayers of Fe/Sm-Co with different

for calculating the permeability of an Fe/Cr/Fe type structurqayering patterns. As the amount of Sm-Co is increased and

where the interface coupling between the iron film is rathefhe amount of Fe is reduced, the frequency for both the peak
weak. In Fig. &c) we examine the case where the interfacial 5,4 the dip shift substantially. This is to be expected from

coupling is about 20% of the experimental value. In this casgne resylts in the previous sections. Furthermore, the strength
the position of the resonance is off by about 23%, althoughy e features, both peak and dip, are not substantially
the shape is_ still quite good. Thus we conclude that f_or th%hanged even when the layering includes 50% of Sm-Co.
strong coupling case one must use the full set of equations iy indicates that these exchange-spring type layered struc-
motion as is done in Sec. II. tures may be very useful in high frequency signal processing
applications.
IV. APPLICATION TO A HIGH FREQUENCY FILTER

. . V. SUMMARY AND CONCLUSIONS
Several papers have recently suggested that high quality

Fe films could be used as the active element in high fre- We have investigated the frequency dependent magnetic
quency signal processing devidgs?° The coupled system permeability for a layered structure of Fe exchange coupled
Fe/Sm-Co discussed here has a significant advantage over e a high anisotropy material of Sm-Co. We find that the
in that the operational frequency can be significantly in-coupled structure can have resonance frequencies which are
creased without applying large external magnetic fields. Obshifted well above that for a simple Fe film. The shift in
viously, the properties of such a magnetically dependent defequency depends on the interface coupling, the anisotropy
vice depend critically on the permeability tensor. It is of each material and the number of layers for each material.
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We treat this problem through a numerical scheme initially The strength of the resonance measures the ability of the
and then find analytic solutions in the case of weak interfamagnetic material to interact with electromagnetic waves.
cial coupling. We find that the shift in resonance frequencyOur results show that the resonance strength of the coupled
decreases as the number of Fe layers is increased. In contras§stem is somewhat reduced from that of pure Fe, but that
the frequency initially increases as the number of Sm-Caghe reductions are not large. This is important for signal pro-
layers is increased, but levels off when the number of Sm-Cgessing applications, and we illustrate this with a calculation
layers is close to the number of Fe layers. for attenuation in a waveguide structure. Our calculations
We note that the true structure of Sm-Co is likely to begnoy that the Fe/Sm-Co layered structures produce results
somewhat more complicated than that portrayed in OUgqivalent to those of pure Fe films, with the added feature

model. For example, the different atomic radii of Sm and Co\o+ the operating frequency can be shifted ard substan-
favor compounds which can have alternating Co and Sm'cﬂally perating frequency sh! Hpward subs

layers?! Furthermore, the roughness for a thin film can be
quite substantial; a rms roughness of 35 A for a 160 A film
was reported? In contrast, the characteristic lateral size is
still quite large, on the order of 1000 A and this supports our ACKNOWLEDGMENTS
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