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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 layers~,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 material.@S0163-1829~98!03037-9#
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I. INTRODUCTION

Recently there has been increasing interest in excha
spring systems which are mixtures of hard and soft magn
materials.1–4 These materials typically combine the high a
isotropy found in some rare-earth dominated perman
magnets with the larger magnetic moment found
transition-metal ferromagnets. These materials have a n
ber of uses, including exchange biasing applications an
permanent magnets.

A recent paper1 studied exchange-spring bilayers com
posed of magnetically hard Sm-Co~1100! and a transition
metal ferromagnet. In addition to static measurements s
as that of a hysteresis curve, this paper also presented i
mation on dynamic spin wave modes through Brillouin lig
scattering. The analysis of the spin wave frequencies
limited but interesting. It was shown that there was an eff
tive exchange field,Hex, acting on the transition metal fer
romagnet due to the coupling with the high-anisotro
Sm-Co. When this exchange field was added to the app
field, conventional spin wave theory gives the correct va
for the lowest spin wave frequency of the system. This re
is quite encouraging for applications in high frequency sig
processing, since it shows that substantial frequency s
may be obtained by coupling Fe or Co films to high anis
ropy materials. For example, with the applied field set
zero, one normally expects the spin wave frequency of a
Fe or Co film to also be close to zero. However, due to
coupling and the high anisotropy in Sm-Co, the spin wa
frequency is shifted up by about 20 GHz.

There are a number of improvements, however, wh
should be made to such a calculation. Normally the elec
magnetic response of a material is characterized by the
quency dependent permeability tensor, rather than just b
single frequency. This tensor provides information on
ellipticity of the magnetic precession and on the strength
the dynamic response of the system to small driving fields
well as information on the excitation frequencies. The p
meability tensor, or equivalently the susceptibility, is fund
mental for calculations of Brillouin light scattering intens
ties and the response of the structure in ferromagn
PRB 580163-1829/98/58~13!/8646~8!/$15.00
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resonance experiments. Such information is also vital
characterizing and employing the exchange-spring mater
and we illustrate this with a calculation of the properties o
high frequency magnetic filter based on the exchange sp
permeability derived here.

In this paper we present a microscopic calculation for
permeability tensor of an exchange-spring system. This
culation gives results based on the microscopic paramete
the structure: the number of layers of the hard and soft m
terials, the exchange and anisotropy constants in each m
rial, and the interface exchange couplings. We can thus m
numerical predictions for the resonance frequencies for
Sm-Co structures as a function of the thickness of the dif
ent films.

The initial calculations described above are outlined a
lytically, but must be completed numerically. It is, howeve
useful to have analytic forms for the permeability tensor,
least in some limits. In the weak to moderate interface c
pling limit the structure can be approximated by two bloc
of spins, one for the transition metal ferromagnet and one
the hard ferromagnet. These blocks of spins are coupled
an effective interfacial exchange which depends on the n
ber of layers of each material. In this limit we obtain a sim
plified set of equations which can be solved analytica
When the analytic results are compared to the numer
ones, we find that they are in very good agreement for w
interfacial coupling, and that even for moderate interfac
coupling the analytic solutions provide a reasonable e
mate.

Finally, we illustrate the use of the permeability tensor
an example calculation for the properties of a high freque
filter based on an exchange-spring material as the active
dium. We find that coupling of Fe to Sm-Co can raise op
ating frequencies significantly without substantially reduci
the performance of the filter.

II. MICROSCOPIC DEVELOPMENT
OF PERMEABILITY TENSOR

We can set up the geometry quite generally on a layer
layer basis. As is shown in Fig. 1 the equilibrium positions
8646 © 1998 The American Physical Society
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PRB 58 8647MAGNETIC PERMEABILITY FOR EXCHANGE-SPRING . . .
the spins in each layer are assumed to lie in thez direction.
The instantaneous direction will, of course, vary from th
position. There is a constant applied fieldH also in thez
direction and this is also the easy axis for both materi
There areNa layers of the soft ferromagnet andNb layers of
the hard Sm-Co. Throughout the paper we will refer to p
ticular layer structures asNa /Nb meaning the~number of Fe
layers!/~number of Sm-Co layers!. While we show just a
bilayer system here, a superlattice can be easily constru
by imposing periodic boundary conditions in they direction.

The total energy density of the system may be written1

E52 (
i 51

N21 S Ai ,i 11

d2 Da~ i !
•a~ i 11!2(

i 51

N

Ki~az
~ i !!2

2(
i 51

N

~H1h~ i !!•a~ i !M ~ i !. ~1!

Here M ( i ) is the magnetization vector in layeri, Ki the an-
isotropy constant for layeri, andAi ,i 11 is the exchange cou
pling constant between layersi andi 11. The quantityh( i ) is
a small fluctuating magnetic field. The total number of lay
is N5Na1Nb . The distance between magnetic layers isd.
For convenience, we have changed to unitless variables
the magnetization, i.e.,a( i )5M ( i )/M ( i ). To obtain the perme-
ability tensor, we need to find the response of the magn
zation to a small fluctuating driving fieldh( i ) which can vary
from layer to layer. Effective medium methods for deali
with magnetic layered structures have been developed in
past.5,6 However, these methods depend on the interfa
exchange being weak compared to the exchange within
individual material. This is appropriate for structures such
Fe/Cr/Fe, Fe/Cu/Fe, or Co/Cu/Co where the effective
change coupling between the Fe films through the nonm
netic film is only a few percent of the intrafilm exchang
coupling.7–10 However, recent experiments on Sm-C
transition metal systems show very strong interfacial
change. Thus we turn to a microscopic method develo
recently11 which does not depend on weak interfacial e
change.

This calculation is done in the long-wavelength lim
appropriate to the applications mentioned above

FIG. 1. Illustration of the geometry of the structure. The appl
field is along thez axis and they axis is perpendicular to the layers
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ferromagnetic resonance, filter applications, and Brillou
light scattering. In this limit the wavelength of the sp
waves parallel to the surface is thousands of atoms long
it is a reasonable approximation to neglect intralayer va
tions in magnetization because the contribution of the
change and magnetostatic energies is very small. We
that there has been some previous theoretical work11 com-
paring calculations which take into account fullinteratomic
exchange with calculations in the long wavelength lim
which include onlyinterlayer exchange. This work showe
that in the long wavelength limit the interlayer exchan
model worked very well for films under a few hundred Å.
fact the answers produced by the full calculation were l
than a few percent different than those which include o
interlayer coupling. Of course, in some calculations int
atomic exchange can be important, e.g., in the calculation
nucleation fields in exchange-spring systems.12

We start with the Bloch equations of motion for the sp
system. The equations of motion for layeri are given by

da~ i !

dt
5ga~ i !3~Heff1h~ i !!. ~2!

Here g is the gyromagnetic ratio.Heff is the effective field
acting on layer~i! produced through the energy density giv
above through the definition Heff52]E/]M ( i )5
2(1/M ( i ))]E/]a( i ). Using this definition and Eq.~1! we may
define the following effective fields. The effective exchan
field in layer i is given by contributions from the layers bot
above and below:

Hex
~ i !5S Ai 21,i

d2M ~ i !Da~ i 21!1S Ai ,i 11

d2M ~ i !Da~ i 11!

5He
i 21a~ i 21!1He

i 11a~ i 11!. ~3!

The effective anisotropy field~in thez direction! is given by
Ha

( i )5(2Ki /M ( i ))az
( i ) .

In this way the equations of motion for an arbitrary lay
~i! may be written explicitly. We assume that the drivin
field h and the dynamic magnetization vectorsa both have a
time dependence of the form exp(2ivt). The equations of
motion become

iv

g
ax

~ i !1~Ha
~ i !1H1He

~ i 21!1He
~ i 11!!ay

~ i !

2He
~ i 21!ay

~ i 21!2He
~ i 11!ay

~ i 11!5hy
~ i !

~4!

and

iv

g
ay

~ i !2~Ha
~ i !1H1He

~ i 21!1He
~ i 11!!ax

~ i !

1He
~ i 21!ax

~ i 21!1He
~ i 11!ax

~ i 11!52hx
~ i ! .

~5!

In order to form the susceptibility, we need to connect t
average magnetization for the entire structure to the ave
driving fields. The average magnetization is given by
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^m&5
1

N (
i 51

N

a~ i !M ~ i ! ~6!

and the average driving field is given by

^h&5
1

N (
i 51

N

h~ i !. ~7!

The set of equations of motion for theN layers provide 2N
equations connecting thea( i ) to theh( i ). There are, however
additional connections provided by the boundary conditio
In the long wavelength limit, we expect that the tangen
components ofh in each layer will be the same, i.e
hx

(1)5¯5hx
( i )5Cx . Furthermore, the normal componen

of the B field must also be continuous. Thu
hy

(1)14pay
(1)M (1)

¯5hy
( i )14pay

( i )M ( i )5Cy . The ampli-
tudesCx andCy are constants.

The susceptibilityx connecting the average magnetizati
to the average driving field according to^m&5x̃^h& can now
be determined numerically. The boundary conditions
gether with the equations of motion provide a total of 3N
11 equations connecting the amplitudesa( i ) andh( i ) to the
constantsCx and Cy . For a given frequencyv, we choose
Cx50 andCy51 and then using a linear equation solver w
may solve explicitly for all thea( i ) and h( i ). We can then
form the average fieldŝm& and^h& according to Eqs.~6! and
~7!. With the choice ofC’s above ^hx&50 and we may
immediately find xyx and xyy by xxy5^mx&/^hy& and
xyy5^my&/^hy&. To find the remaining components of th
susceptibility tensor we repeat the calculation withCx51.
This allows us to findxxy and xyx by using the relations
xxx5(^mx&2xxy^hy&)/^hx& and xyx5(^my&2xyy^hy&)/
^hx&.

It is important to note that one expectsxxy52xyx . This
provides an important check on the solution. From the co
puted values ofx we then obtain the permeability tens
using the relationm5114px. Our tensor for the permeabil
ity takes the usual form for an anisotropic and gyrotro
material

m5S mxx mxy 0

myx myy 0

0 0 1
D 5S m1 im t 0

2 im t m2 0

0 0 1
D . ~8!

In order to include the effects of dissipation, we replacev
→v1 iG in our calculations. This makes all the permeabil
terms complex, but we focus on the real parts of the diago
elements and the imaginary portion of the off diagonal term

We explore the numerical results for the permeability fi
in the limit when the coupling is zero. The paramete
used in the calculation are those given in Ref. 1, i.e.,Ai ,i 11
51.231026 ergs/cm for the Sm-Co,Ai ,i 1152.831026 for
Fe,Ki553107 erg/cm3 for Sm-Co,Ki5103 erg/cm3 for Fe,
Ms5550 emu/cm3 for Sm-Co, andMs51700 emu/cm3 for
Fe. The gyromagnetic ratio is taken to be 2.92 GHz/kG,
value appropriate for Fe. We use an applied field of 2 kG a
takeG to be 200 G, a reasonable value for metallic syste

In Fig. 2 we plot the low frequency permeability for di
ferent values of the number of hard and soft magnetic lay
For a pure Fe film, the resonance in the permeability e
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ments occurs at the frequency associated with the app
field, gH. For H52 kG used here, we expect the resonan
at 5.84 GHz. We see that even in the absence of excha
coupling, the resonance frequency shifts upward for bothmxx
and myy as the number of Sm-Co layers is increased.
addition the size of the resonant signature decreases formyy
but increases~initially ! for mxx . We can obtain a feeling for
the anisotropy in precessional motion due to the layer
when we comparemyy to mxx . In an isotropic material, thes
are the same. In Fig. 2 however, we see that as the amou
Sm-Co is increased, the permeability becomes more an
tropic.

In Fig. 3 we explore howmyy andmxx depend on interface
coupling. We examine the results for the 36/4 structure w
the interfacial coupling varying from zero to the value fou
in recent experiments. One feature is immediately obvio
There is a substantial shift in the resonance frequency as
interfacial coupling is increased. In addition, the values
myy and mxx approach each other as the coupling is
creased. Thus the coupling has nearly restored the cond
myy5mxx which is found when there is no layering.

A comment on the shift in the resonance as the interfa
coupling is increased from zero is appropriate. For Fe/Cr
type systems, it is well known that the low frequency ex
tations for a magnetic bilayer can be classified as ‘‘acoust
or ‘‘optic’’ type modes.13–16 The acoustic mode essential
has all the spins moving together and as a result is
strongly influenced by interfacial exchange. For that syst
it is the optic mode, where the spins in the two Fe films a
not moving together, which strongly depends on interfa
exchange.

The situation is quite different in the Fe/Sm-Co structu
studied here. The lowest frequency mode is basically
acoustic mode, but it is not shifted from just the exchan
interaction alone. In this case the interaction of the Fe sp
with the high anisotropy Sm-Co spins has made the s

FIG. 2. myy and mxx as a function of frequency for differen
layerings. The 40/0 notation means 40 layers of Fe and zero la
of Sm-Co. The interface coupling is zero. Note the difference
magnitude betweenmyy andmxx .
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system much ‘‘stiffer’’ and therefore substantially raised t
frequency. Thus we have a case of exchange-cou
anisotropies discussed recently in the literature
ferromagnet/antiferromagnet structures.17

We note that the parameters used in our calculation
those obtained from static measurements in Ref. 1. When
use the dynamic permeability tensor obtained here in
standard calculation for magnetostatic wave frequencies
obtain excellent agreement for both the zero field value
the frequency found in Ref. 1 and the field dependence of
frequency. The experimental and theoretical values lie wit
a few percent of each other.

The shift of the resonance seen in Fig. 2, even in
absence of interfacial coupling, is somewhat misleading.
course, myy and mxx are only individual components o
the permeability tensor and do not represent the genera
teraction of electromagnetic radiation with the material.
better measure is the Voigt permeability18 given by
mv5(m1m22m t

2)/m2 .
In Fig. 4~a! we therefore plot the behavior ofmv as a

function of frequency again for structures with different la
erings. If there is only Fe, the resonance frequency in
Voigt permeability occurs at the usual value for a thin
film given by v r5gAH(H14pMa). For the parameters
used here this frequency occurs at about 20 GHz. In con
to the results formyy , the resonance frequency in the Voi
permeability does not shift substantially with different laye
ings in the absence of coupling. The main feature seen
is that the strength of the resonance shrinks as more Sm
layers are introduced.

Figure 4~b! shows the behavior of the Voigt permeabili
as a function of frequency when interface exchange is

FIG. 3. myy and mxx as a function of frequency for differen
values of interface coupling. The structure is 36/4~36 layers of Fe
and 4 layers of Sm-Co!. The numbers indicate the values forAI ,
e.g., a number of 1.8 indicates the full experimental coupling va
of AI51.831026 ergs/cm. Note the shift in frequency as couplin
is increased. Also the difference in magnitude betweenmyy andmxx

is reduced as the coupling is increased.
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cluded. In contrast to Fig. 4~a! where interfacial exchange i
zero, we see in this figure a dramatic upward shift in t
resonance position as more Sm-Co layers are introduced
the structure.

A key point of Figs. 2–4 is that as long as the number
Sm-Co layers is rather small, the strength of resonance in
layered structure is not significantly reduced from that
pure Fe. We therefore in Fig. 5 look at the effect of differe
interface coupling constants for a structure with 4 lay
Sm-Co and 36 layers of Fe. A relatively small interface co
pling of AI50.13106 ergs/cm already shifts the frequenc
up by about 10 GHz. Using the interface coupling found
Ref. 1 of 1.83106 ergs/cm the frequency for the resonan

e

FIG. 4. ~a! The Voigt permeability,mv , as a function of fre-
quency for different layerings indicated by the numbers. The 4
notation means 40 layers of Fe and zero layers of Sm-Co.
interface coupling is zero.~b! mv as a function of frequency for
different layerings. The interface coupling has its maximum exp
mental value ofAI51.831026 ergs/cm.

FIG. 5. Effect of interface exchange onmv for the 36/4 ~36
layers Fe/4 layers Sm-Co! structure. The numbers indicate the va
ues for AI , e.g., a number of 1.8 indicates the full experimen
coupling value ofAI51.831026 ergs/cm.
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has nearly doubled and the strength of the resonance is
slightly reduced from the pure Fe case.

In Fig. 6 we explore how the frequency depends on
number of layers of one material when the number of lay
of the other is held constant. In Fig. 6~a! the number of
Sm-Co layers is held constant at 30 and the number o
layers is varied. As the number of Fe layers is reduced,
frequency increases rapidly. The shift in the frequency fr
the infinite thickness value is close to a 1/thickness dep
dence. The origin for this will be discussed in the next s
tion. In contrast, the dependence of the frequency on
Sm-Co thickness is much weaker. As is seen in Fig. 6~b!, the
frequency remains essentially constant with Sm-Co thickn
for films thicker than 10 layers. As the thickness is reduc
below 10 layers, however, the frequency shifts downwar

Using this method we can also explore the higher f
quency resonances. In Fig. 7 we show how the second r
nance in the structure depends on interface coupling an
layering pattern. Figure 7~a! plots the Voigt permeability as a
function of frequency for different interfacial coupling con
stants. As the coupling is increased, both the frequency
the strength of the resonance increase. The strength o
resonance is significantly reduced compared to the lower
quency one investigated in Figs. 2–6, however, with
strength of this resonance being only about 3% of that for
lower frequency one. Nonetheless, it may be possible
measure and use this resonance. Figure 7~b! again examines
the Voigt permeability as a function of frequency, but th

FIG. 6. Influence of layering structure on resonance frequen
of the Voigt permeability. We assume full interfacial coupling
AI51.831026 ergs/cm.~a! Frequency as a function of the numb
of Sm-Co layers for fixed number of Fe layers;~b! frequency as a
function of the number of Fe layers for a fixed number of Sm-
layers.
ly

e
rs

e
e

n-
-
e

ss
d

-
o-

on

nd
he
e-
e
e

to

time the interfacial coupling is kept constant and the str
ture is varied. Clearly, changes in the structure can prod
significant changes in the resonance frequency.

III. ANALYTIC RESULTS FOR THE PERMEABILITY
IN THE WEAK COUPLING LIMIT

While the calculation in Sec. II will, in principle, find the
permeability for any number of layers, it becomes more d
ficult as the number of layers increases. For example fo
typical 500 Å structure, one must find the solution to a set
751 linear equations. Therefore it is helpful to obtain analy
results when possible. In this section we concentrate on
approximation which dramatically simplifies the calculatio
allowing analytic forms to be found.

If the coupling between the interfacial layers is we
compared to the coupling within the different materials, th
one may essentially treat the system as two blocks of s
with one block representing each material. To find the eq
tions of motion for the two blocks of spins, one adds toget
all the equations of motion for each component of materiaA
and materialB separately. With the assumption that all th
spins in materialA move rigidly together and that all th
spins in materialB move rigidly together we then have

ax
~1!5ax

~2!5¯5ax
~Na!

5ax ~9!

s FIG. 7. Examination of high frequency mode resonances in
Voigt permeability: ~a! Frequency as a function of interface e
change for 36/4~36 layers Fe/4 layers Sm-Co! structure. The num-
bers indicate the interfacial coupling, e.g., 1.8 indicates thatAI

51.831026 ergs/cm. ~b! Frequency as a function of layerin
structure for full interface coupling.
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and

bx
~Na11!

5bx
~Na12!

5¯5bx
~Na1Nb!

5bx ~10!

and similar equations hold for they component. The entire
set of 2(Na1Nb) equations of motion for the spin syste
then reduce to just four equations given by

S hy
a

2hx
a

hy
b

2hx
b
D 5S iv/g H1 0 2He1

2H1 iv/g He1 0

0 2He2 iv/g H2

He2 0 2H2 iv/g

D S ax

ay

bx

by

D .

~11!

In the above we have usedH15Ha
(a)1H1He1 and the ef-

fective exchange field acting on materialA is given byHe1

5AI /d2M (a)Na whereAI is the interface coupling constan
Similarly we have for materialB H25Ha
(b)1H1He2 where

He25AI /d2M (b)Nb .
We see that the exchange coupling termHe1 for the ef-

fective field acting on materialA is inversely proportional to
the thickness of materialA through the 1/Na term. This
comes about because the external and anisotropy ene
scale with the number of layers of the material, but the
terfacial coupling is independent of the number of laye
This effective 1/thickness behavior clearly is connected
the behavior seen in Fig. 6 where the frequency of the
film resonance decreases as the number of Fe layers i
creased.

We may now writeha andhb in terms of an average field
^h&. This is done using the definitionf aha1 f bhb5^h& where
the filling factorsf a and f b are given by the usual definition
f a5Na /(Na1Nb) and f b5Nb /(Na1Nb). Similarly the av-
erage magnetization will bef aaMa1 f bbMb5^m&. In addi-
tion, one needs the boundary conditionshy

a14pMaay5hy
b

14pMbby andhx
a5hx

b5^hx&. Using these relations we ma
write the equation of motion matrix in terms of the avera
fields:
le
lements.
S ^hy&
2^hx&
^hy&

2^hx&
D 5S iv/g H11 f b4pMa 0 2He12 f b4pMa

2H1 iv/g He1 0

0 2He22 f a4pMb iv/g H21 f a4pMb

He2 0 2H2 iv/g

D S ax

ay

bx

by

D . ~12!

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

m1511
1

D
†4p f 1Ma~He11H2!$H1H214pMa~ f 2H22 f 1He1!2He1He2%

14p f 2Mb~He21H1!$H1H214pMb~ f 1H12 f 2He2!2He1He2%

116p2MaMb$ f 1He1„~ f 12 f 2!H122 f 2He2…1 f 2He2~ f 22 f 1!H21~ f 1
21 f 2

2!H1H2%

1„4p f 1Ma@He12H114p f 2~2Mb2Ma!#14p f 2Mb~He22H224p f 1Mb!…~v/g!2
‡, ~13!

m2511
1

D
†4p f 1MaHe1$2@~v/g!21H1H22He1He2#2H1He12H2He224p~He1Ma1He2Mb!

14p f 2H2Mb@H1
22~v/g!2#14p f 1H1Ma@H2

22~v/g!2#116p2H1H2MaMb‡}, ~14!

and

m t5
v/g

D
$4p f 1Ma@He1~He212H112H214pMa!1H2

214pMbH2#

14p f 2Mb@He2~He114pMb!1H1
214pMaH1#24p~ f 1Ma1 f 2Mb!~v/g!2%. ~15!

In the above expressionsD is the determinant of the matrix in Eq.~12!. It is given by

D5~H1H22He1He2!@4p f 1H1Mb14p f 2H2Ma1H1H22He1He228p f 1MaHe1#

2~v/g!2@8p f 1MaHe112He1He21H1
21H2

214p f 2H1Ma14p f 1H2Mb#1~v/g!4. ~16!
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In Fig. 8 we compare the results of the analytical form
obtained above to the numerical results in the previous
tion for themxx component of the permeability tensor. Th
figure is calculated for a 36 Fe layer/4 Sm-Co layer struct
with H52 kG. In general, we see that the approxima
method developed in this section does a good job of mo
ing the strength of the resonance. The position of the re
nance is very accurate when the interfacial coupling is on
order of 1% of the bulk intrafilm coupling as is shown in Fi
8~c!. This would be appropriate for using these calculatio
for calculating the permeability of an Fe/Cr/Fe type struct
where the interface coupling between the iron film is rat
weak. In Fig. 8~c! we examine the case where the interfac
coupling is about 20% of the experimental value. In this c
the position of the resonance is off by about 23%, althou
the shape is still quite good. Thus we conclude that for
strong coupling case one must use the full set of equation
motion as is done in Sec. II.

IV. APPLICATION TO A HIGH FREQUENCY FILTER

Several papers have recently suggested that high qu
Fe films could be used as the active element in high
quency signal processing devices.18–20 The coupled system
Fe/Sm-Co discussed here has a significant advantage ov
in that the operational frequency can be significantly
creased without applying large external magnetic fields. O
viously, the properties of such a magnetically dependent
vice depend critically on the permeability tensor. It

FIG. 8. Effective medium results compared to full theory f
different values of the interfacial coupling. The structure is 36 l
ers of Fe/4 layers of Sm-Co. The solid lines showmxx for the full
numerical calculation from Sec. II and the dashed lines show
results from the approximate calculation. The approximate calc
tion is good in the limit of weak interfacial coupling, as would b
found in Fe/Cr/Fe type structures, but do not properly describe
strong coupling case of Fe/Sm-Co.
s
c-

e

l-
o-
e

s
e
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l
e
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therefore of interest to see if the permeability of the coup
system discussed here can still produce useful results.

We consider a planar waveguide structure consisting o
lower film of a highly conducting metal, then a dielectr
film of GaAs, then the magnetic layered structure compo
of Fe and Sm-Co and finally an upper film which is again
highly conducting metal. We can find the electromagne
modes which propagate in this structure by solving Ma
well’s equations in each region and applying the bound
conditions at the interfaces of the different films. The ma
netic field is applied parallel to the long axis of the wav
guide.

In our calculations18,20 we focus on the attenuation of th
electromagnetic wave due to the interaction with the m
netic material. The results for different structures are plot
in Fig. 9. The curve labelled ‘‘pure Fe’’ is for an Fe film
micron thick. We see two significant features, a peak in
tenuation near 20 GHz and a dip in attenuation near 67 G
The attenuation peak could be used in making a notch fi
which excludes certain frequencies from propagation. Si
larly the dip in attenuation is useful in making a band pa
filter. The remaining curves in Fig. 9 show the attenuat
for 1 micron thick multilayers of Fe/Sm-Co with differen
layering patterns. As the amount of Sm-Co is increased
the amount of Fe is reduced, the frequency for both the p
and the dip shift substantially. This is to be expected fro
the results in the previous sections. Furthermore, the stre
of the features, both peak and dip, are not substanti
changed even when the layering includes 50% of Sm-
This indicates that these exchange-spring type layered s
tures may be very useful in high frequency signal process
applications.

V. SUMMARY AND CONCLUSIONS

We have investigated the frequency dependent magn
permeability for a layered structure of Fe exchange coup
to a high anisotropy material of Sm-Co. We find that t
coupled structure can have resonance frequencies which
shifted well above that for a simple Fe film. The shift
frequency depends on the interface coupling, the anisotr
of each material and the number of layers for each mate

-

e
a-

e

FIG. 9. Attenuation for waveguide structure as a function
frequency for different layered magnetic structures. The thickn
of the GaAs layer is 10mm, the thickness of the Fe/Sm-Co layer
1 mm. The applied field is 2 kG with aG of 200 G.
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We treat this problem through a numerical scheme initia
and then find analytic solutions in the case of weak inte
cial coupling. We find that the shift in resonance frequen
decreases as the number of Fe layers is increased. In con
the frequency initially increases as the number of Sm-
layers is increased, but levels off when the number of Sm
layers is close to the number of Fe layers.

We note that the true structure of Sm-Co is likely to
somewhat more complicated than that portrayed in
model. For example, the different atomic radii of Sm and
favor compounds which can have alternating Co and Sm
layers.21 Furthermore, the roughness for a thin film can
quite substantial; a rms roughness of 35 Å for a 160 Å fi
was reported.22 In contrast, the characteristic lateral size
still quite large, on the order of 1000 Å and this supports o
long wavelength approximation. Nonetheless the good ag
ment between the theoretical model and the experiment
both the static1 and dynamic results argues that this mod
has reasonable validity.
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The strength of the resonance measures the ability of
magnetic material to interact with electromagnetic wav
Our results show that the resonance strength of the cou
system is somewhat reduced from that of pure Fe, but
the reductions are not large. This is important for signal p
cessing applications, and we illustrate this with a calculat
for attenuation in a waveguide structure. Our calculatio
show that the Fe/Sm-Co layered structures produce res
equivalent to those of pure Fe films, with the added feat
that the operating frequency can be shifted upward subs
tially.
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