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Theory of a high frequency magnetic tunable filter and phase shifter
R. J. Astalos and R. E. Camley
Department of Physics, University of Colorado at Colorado Springs, Colorado Springs,
Colorado 80933-7150

~Received 3 September 1997; accepted for publication 24 November 1997!

Microwave propagation in a layered dielectric/ferromagnet were explored in the past. Previous
studies, however, made use of an approximation to the full permeability tensor in the ferromagnet.
This approximation fails in a frequency range where the structure can act as a band pass filter. Here
we seek to verify the behavior in the predicted band pass region using the full permeability tensor.
We also explore the use of the layered structure in two devices: a tunable band pass filter and an
adjustable phase shifter. ©1998 American Institute of Physics.@S0021-8979~98!05405-X#
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I. INTRODUCTION

Recently there has been increasing interest in signal
cessing in higher frequency ranges, 20 GHz and abo
While magnetic insulators such as yttrium iron garnet~YIG!
have long been used for lower frequency applications, s
materials require large external magnetic fields to operat
higher frequencies. To overcome this problem, a numbe
publications have suggested the use of thin metallic films
Fe,1–4 or other metallic magnets.5

The primary reason that Fe, e.g., might be preferred o
YIG is that it has a much higher saturation magnetizati
Ms . To a large extentMs determines the typical operatin
frequency since the resonance frequency of a simple fe
magnetic thin film is given byv5gAH0(H014pMs).
Clearly Fe, with aMs of about 1.7 kG, will have a much
higher operating frequency than YIG with aMs of 0.16 kG.

Unfortunately, the fact that Fe is a metal causes diffic
ties, since induced currents in the Fe can cause energy lo
which result in significant damping of electromagne
waves. Furthermore, these same currents tend to scree
electromagnetic waves giving a skin depth on the order o
mm. Thus, use of Fe in signal processing has been limite
films of 1 mm or thinner.

Despite these difficulties, there have been a numbe
initial studies, both experimental and theoretical, using t
Fe films as the active element in a signal processing ap
cation. For example, Schloemann1,2 showed that a notch fil-
ter could be fabricated on a GaAs/Fe based structure, w
could operate in the 15–20 GHz range with an applied fi
on the order of 1–2 kG. Some recent theoretical work in
cates that a tunable band pass filter, operating around
GHz, can be constructed using essentially the same des3

The theoretical calculations in Refs. 1–4 approxim
the magnetic permeability tensor in Fe with a diagonal t
sor. This approximation is valid near resonance, where
skin depth is less than a micron. However, in the band p
region the skin depth becomes much larger and the appr
mation becomes suspect.

Our first goal in this article, therefore, is to complete
calculation for the band pass filter without recourse to
approximation used previously. Thus we use the full perm
ability tensor to describe the magnetic material. This cau
3740021-8979/98/83(7)/3744/6/$15.00
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a significant increase in the complexity of the calculatio
but is necessary to validate the existence of the band
region.

We have two additional goals. First, we want to explo
how the band pass filter characteristics depend on mat
parameters, such as the conductivity of the Fe and the th
ness of the different films in the filter. Second, we explo
whether the filter structure could also be used as an ad
able phase shifter.

Our results are very encouraging. Using the full perm
ability matrix has made it possible to show that the band p
region does, indeed, exist, and it’s structure is very simila
that anticipated in earlier studies. It has also allowed us
demonstrate the extent to which the shape of the region
sponds to changes in the material. The width, minimum
tenuation, and center frequency of the region can all
modified. Finally, parameter values which would allow t
filter to act as a phase shifting device have been found, d
onstrating that other applications of the device are possi

The structure of the article is as follows: In Sec. II th
theoretical calculations are briefly outlined. Section III pr
sents our numerical results and their possible application
devices. Section IV contains concluding remarks.

II. THEORY

The geometry of the filter structure is illustrated in Fi
1. A dielectric layer of thicknessD sits on top of a layer of
silver. It is covered by an iron layer of thicknessd, which is
then covered by another silver layer. For convenience
define our coordinates such that all interfaces are paralle
the xz-plane. The Fe/dielectric interface is chosen to be
y50, so the bottom of the dielectric layer is aty52D, and
the top of the Fe layer is aty5d. Edge effects will be ig-
nored in thex direction; that is, we treat the structure as if
extends fromx52` to x51`.

The microwaves propagate along thez-axis with wave
vector kz . There is aky component, as well. However, b
symmetry,kx50. There is a constant external magnetic fie
H0 applied parallel to thez-axis.

Our goal is to describe the propagation of electrom
netic waves in our device. That is, we want to determine
propagation vectork for a given frequencyv. As usual, the
4 © 1998 American Institute of Physics
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real part ofkz will determine the phase of the wave, whi
the imaginary part governs attenuation. Thus examinatio
k as a function ofv gives the information necessary to pr
dict the behavior of both the band pass filter and the ph
shifter.

We will start with Maxwell’s equations applied to th
ferromagnet, developing a relationship involving the comp
nents ofH. This will allow us to analytically determine th
ky values that go with a particular value ofkz and v. The
number ofky values gives the number of independent el
tromagnetic modes allowed in the ferromagnet. For e
mode, we obtain the components ofE and H in terms of a
single variable through Maxwell’s equations. At the end,
form a superposition of these modes to represent the
field in the ferromagnet.

This analysis will then be repeated in the dielectr
stressing the differences in the results. Once all the com
nents in both layers have been represented in terms o
independent variables, we will discuss the boundary con
tions used. These will be used to write a matrix equat
Rv50, whereR is our ‘‘boundary condition matrix,’’ andv
is the vector of independent variables. This has a nontri
solutiononly if the determinant ofR is zero. Since the only
unknown inR is the value ofkz , kz can be found by con-
ventional root finding techniques. This process is then
peated for each value ofv in the frequency range of interes

The permeability tensor in Fe used for this analysis is
the form

m5F m1 imT 0

2 imT m1 0

0 0 1
G ~1!

with

m1511
4pgMS~gH02 iGv!

~gH02 iGv!22v2 , ~2!

mT5
4pgMSv

~gH02 iGv!22v2 , ~3!

whereg is the gyromagnetic ratio.
The dimensionless parameterG stems from dissipation

in the spin system. The ferromagnetic resonance line wi
DH, depends upon it in the following way:6,7

FIG. 1. Geometry of the filter structure. A dielectric layer and magne
layer are surrounded by layers of Ag. An external field is applied along
1z direction, parallel to the propagation direction.
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DH51.16S v

g DG, ~4!

whereDH is in kG andg is 2.87 GHz/kG.
The permittivity tensor is of the form

e5F e 0 0

0 e 0

0 0 e
G ~5!

for both the Fe and dielectric layers. In Fe,em(v)51
1 is/e0v, where s will be varied from 13105 to 1
3108 V21 m21. For the dielectric, we choseed'11.7,
which is close to that of GaAs.

We begin with an analysis of the waves in the iron lay
Using the two Maxwell curl equations and the relations

D5eE, ~6!

B5mH, ~7!

we obtain

¹3~e21¹3H!52
1

c2

]2

]t2 ~mH!. ~8!

In order to evaluate the derivatives we assume a wave of
form Aei (k–x2vt). The position derivatives each introduce
factor of ik j , where thej representsx, y, or z, appropri-
ately. The time derivatives each introduce a factor of2 iv.
Thus, Eq.~8! becomes

î F1

e
~2kykxHy2kzkxHz1ky

2Hx1kz
2Hx!G

1 ĵ F1

e
~2kzkyHz2kxkyHx1kz

2Hy1kx
2Hy!G

1 î F1

e
~2kxkzHx2kykzHy1kx

2Hz1ky
2Hz!G

5 î Fv2

c2 Hxm11
v2

c2 HymTG
1 ĵ F2

v2

c2 HxmT1
v2

c2 Hym1G1 k̂Fv2

c2 HzG . ~9!

Noting thatkx50, several terms vanish. This can be writt
in the matrix formQH50:

3
ky

2

e
1

kz
2

e
2

m1v2

c2 2
imTv2

c2 0

imTv2

c2

kz
2

e
2

m1v2

c2 2
kykz

e

0 2
kykz

e

ky
z

e
2

v2

c2

4 FHx

Hy

Hz

G5F 0
0
0
G ,

~10!

which has a nontrivial solution only if the determinant ofQ
is zero.uQu50, then, is an expression which can be used
analytically determine the value ofky for a givenkz :

e
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ky
4F2

m1v2

e2c2 G1ky
2F v4

ec4 ~m11m1
22mT

2!2
kz

2v2

e2c2 ~11m1!G
1F2m1kz

2v4

ec4 2
kz

4v2

e2c2 1
v6

c6 ~mT
22m1

2!G50. ~11!

The relationship is a simple quadratic inky
2, so analytical

solutions are readily found. For a givenkz , there are fourky

roots, and therefore, four independent variables. We w
the totalHx as a linear superposition of the four waves w
different ky’s:

Hx5(
j 51

4

A~ j !eiky~ j !yeikzz, ~12!

where theA( j ) are the independent variables.
We also useQ to write Hy andHz in termsHx , and then

in terms of theA( j ):

Hy5(
j 51

4

a~ j !A~ j !eiky~ j !yeikzz, ~13!

Hz5(
j 51

4

b~ j !A~ j !eiky~ j !yeikzz, ~14!

where thea’s and b’s are determined from theQ matrix
through Eq.~10!.

We now express the components ofE in terms ofHx ,
Hy , andHz , and thus, in terms of our independent variabl
Maxwell’s equation for the curl ofH can be written

e21¹3H5
1

c

]E

]t
. ~15!

Working out the derivatives,

i

e
~kyHz2kzHy!52

iv

c
Ex , ~16!

i

e
~kzHx2kxHz!52

iv

c
Ey , ~17!

i

e
~kxHy2kyHx!52

iv

c
Ez . ~18!

We now solve these forEx , Ey , andEz and write them in
terms of theA( j ) ~rememberingkx50!.

Ex5
c

ev (
j 51

4

$@kza~ j !2ky~ j !b~ j !#A~ j !eiky~ j !yeikzz%,

~19!

Ey52
c

ev (
j 51

4

@kzA~ j !eiky~ j !yeikzz#, ~20!

Ez5
c

ev (
j 51

4

@ky~ j !A~ j !eiky~ j !yeikzz#. ~21!

At this point all six components,Hx , Hy , Hz , Ex , Ey ,
and Ez , in the Fe layer are written in terms of the fou
independent variablesA( j ). In order to make use of the
boundary conditions, a corresponding analysis must be d
te

.

ne

in the dielectric, deriving expressions for theky’s and writing
the E andH components in terms of independent variable

In the dielectric, the permeability tensor is simplym
5I , which produces a somewhat simplifiedQ matrix:

3
ky

2

e
1

kz
2

e
2

v2

c2 0 0

0
kz

2

e
2

v2

c2 2
kykz

e

0 2
kykz

e

ky
2

e
2

v2

c2

4 FHx

Hy

Hz

G5F 0
0
0
G . ~22!

BecauseQ is block diagonal, we get two separate conditio
which determineky values for a givenkz . The first condition
comes from the~1,1! element ofQ:

ky
2

e
1

kz
2

e
2

v2

c2 50. ~23!

This represents theky’s of the wave’s transverse magnet
mode. Since this expression is quadratic, we will get twoky

values, which we will label with a superscript 1 to avo
confusion with the previous fourky’s. The second condition
is that the determinant of the lower right 232 submatrix
must be zero. This represents theky’s of the wave’s trans-
verse electric mode, and is mathematically equivalent to
first condition. Though theky values themselves are th
same, they do represent two additional independent varia
because they exist simultaneously in a separate mode. Th
fore, these twoky values will be superscript 2.

The block diagonal character ofQ also means that we
cannot expressHy andHz in terms ofHx . Instead, we write
Hx in terms of the first two independent variables:

Hx5(
j 51

2

B~ j !eiky
~1!

~ j !yeikzz. ~24!

We then writeHy in terms of the second pair of independe
variables:

Hy5(
j 51

2

C~ j !eiky
~2!

~ j !yeikzz, ~25!

andHz in terms ofHy :

Hz5(
j 51

2

d~ j !C~ j !eiky
~2!

~ j !yeikzz, ~26!

where thed’s are determined fromQ.
We express the components ofE in terms of the inde-

pendent variables in the dielectric in the same manner a
the ferromagnet. The result is

Ex5
c

ev (
j 51

2

$@kz2ky
~2!~ j !d~ j !#C~ j !eiky

~2!
~ j !yeikzz%, ~27!

Ey52
c

ev (
j 51

2

@kzB~ j !eiky
~1!

~ j !yeikzz#, ~28!

Ez5
c

ev (
j 51

2

@ky
~1!~ j !B~ j !eiky

~1!
~ j !yeikzz#. ~29!
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We now have allE andH components written in term
of eight independent variables: the fourA’s, two B’s, and
two C’s. Because we have eight independent variables,
will need eight boundary conditions. We use the stand
condition at an interface that the tangential components oE
andH must be continuous, along with the approximation th
the waves do not enter the silver layer. Aty5d, there are
two conditions:Ex50 andEz50. At y50, there are four:
Ex , Ez , Hx , andHz in the ferromagnet are equal toEx , Ez ,
Hx , andHz in the dielectric. Finally, aty52D, there are
two: Ex50 and Ez50. Writing these eight equations i
terms of the eight independent variables as given above,
expressing them in matrix form yieldsRv50, which, again,
has a nontrivial solution only ifuRu50.

The problem is now reduced to finding the value ofkz

which, for a givenv, satisfiesuRu50. This is a root-finding
problem, requiring an initial guess at the value of the ro
Our approach was to use the analytical solution to a ge
etry with no iron layer as an initial guess. We were able
generate results over the entire frequency range of inte
for higher modes as well as the lowest. We then turned
model presented by Schloemann, and found it to be hig
accurate, although only suitable for producing the low
mode.

III. NUMERICAL RESULTS AND APPLICATIONS

As noted in the introduction, earlier treatments of t
problem depended on an approximation, the validity
which is not obvious in the band pass region. Our first o
jective, therefore, was to verify the behavior of the device
the band pass region. We found it useful to display our
sults using semi-log graphs such as Fig. 2, which presen
typical attenuation curve. The band pass region is cle
demonstrated.

The ability to alter the shape of the band pass regio
crucial in designing a filter for a specific application. For th
reason, we studied the effect of dielectric thickness, fe
magnet thickness, external field, ferromagnet conductiv
and FMR line width on the depth and width of the attenu

FIG. 2. Attenuation vs frequency for typical material parameters. The b
pass region is clearly visible above 60 GHz.
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tion curve. We found that the shape of the band pass reg
can be adjusted to a great extent by varying the phys
parameters of the system.

The thickness of the dielectric layer has a significa
impact on attenuation. As shown in Fig. 3, a dielectric thic
ness of 100mm provides one hundred times less attenuat
in the band pass region than a thickness of 1mm, holding all
other parameters constant. A band pass filter would hav
lower minimum attenuation with a thicker dielectric laye
The width of the region is not greatly affected.

The skin depth of iron is on the order of 1mm; therefore,
increasing the ferromagnet layer thickness beyond 1mm has
little effect on attenuation. However,decreasingthe thick-
ness of that layer not only reduces attenuation, but a
greatly broadens the width of the band pass region and s
the minimum attenuation to a slightly higher frequency,
seen in Fig. 4.

The applied magnetic field has only a very slight effe
on minimum attenuation; it’s main influence is to shift th
center of the band pass region in frequency, as seen in Fi
Fields varying from 10 to 1800 G result in a band cen

d
FIG. 3. Effect of dielectric thickness on attenuation. A thicker dielect
layer provides significantly less attenuation.

FIG. 4. Effect of ferromagnet thickness on attenuation. A decrease in th
ness decreases attenuation, but also widens the region significantly.
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from 61 to 67 GHz. This shift provides the possibility o
making the band pass filter tunable. The frequency shift fr
the zero field value is given simply bygH0 .

The change in attenuation with ferromagnet conductiv
is quite interesting. Figure 6 shows that in the band p
region, increasing the conductivity reduces the width of
band. Therefore, a band pass filter can be designed w
much higherQ using a higher conductivity in the ferromag
net.

Finally, it is interesting to note that, in contrast to th
usual situation, FMR line width has very little effect on th
width of the band pass region. Varying the line width prim
rily alters the minimum attenuation, as seen in Fig. 7. O
side of the band pass region, the effect is negligible.

Another possible device application for this structure
an adjustable phase shifter. With zero external field, the
nal’s phase upon exiting the device is some value,f. Appli-
cation of a nonzero external field causes the phase upon
to bef1d. If we can choose the material parameters su
thatd>6p, then the device could act as an adjustable ph
shifter. In the graphs that follow, the quantity labeled ‘‘pha
difference’’ is d for an external field of 1800 G.

FIG. 5. Effect on attenuation of varying the external field. The shift
frequency of the band pass region makes a tunable filter possible. Note
the shape of the region is not appreciably affected.

FIG. 6. Effect of ferromagnet conductivity on attenuation. High conduc
ity causes a sharp decrease in the width of the band pass region.
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One further requirement is necessary if the device is
be useful: the attenuation through the length of the dev
must be sufficiently low, say 1–2 dB. Since the attenuation
lowest in the band pass region, it is reasonable to focus
that frequency range in our search.

As noted above, a thicker dielectric layer provides
lower attenuation. However, for a phase shifter, the effect
phase change must also be considered. While a thinner l
produces a higher attenuation, Fig. 8 shows that it also p
duces a greater phase change—ap phase-shifter could be
made of a shorter length device if a thinner dielectric layer
used. Reducing the thickness of the ferromagnet layer a
reduces attenuation. However, it is seen in Fig. 9 that it p
duceslessof a phase change, requiring a greater length
vice to achieve the same phase shift.

We have seen that the external magnetic field can a
the center frequency of the band pass region. Therefore,
our adjustable phase shifter to be useful, the band pass re

hat

-

FIG. 7. Effect of ferromagnetic resonance line width on attenuation. It
interesting that the width of the band pass region is not affected. Only
minimum attenuation changes with line width.

FIG. 8. Effect of dielectric thickness on attenuation and phase change. N
that the increase in attenuation with a thinner layer is offset to a great ex
by the increase in phase difference.
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will have to be fairly wide so that the attenuation is low ov
all values ofH0 . Since decreasing ferromagnet conductiv
increases the width of the band pass region, a low cond
tivity ferromagnet is desirable. That lower conductivity al
improves the phase change as seen in Fig. 10. A phase s
will therefore benefit from a lower conductivity in multipl
ways.

It was shown above that a lower FMR line width reduc
the minimum attenuation in the band pass region. This
obviously useful for an adjustable phase shifter. Our cal
lations show that the phase shift is not appreciably affec
by the line width.

For an adjustable phase shifter, the attenuation sho
remain below some reasonable value over the entire rang
external fields. In Fig. 11 we study attenuation and ph

FIG. 9. Effect of ferromagnet thickness on attenuation and phase chang
thicker layer increases attenuation, but also increases the phase differ

FIG. 10. Effect of ferromagnet conductivity on attenuation and ph
change. The lower conductivity broadens the band pass region and incr
the phase difference, both important for a useful phase shifter.
c-

fter

s
is
-
d

ld
of
e

shift as a function of applied field. The frequency is set
66.5 GHz and we take the length of the device to be 0.92
We see that the phase can be changed continuously from
p, and the attenuation kept below 1.7 dB over most of
range.

IV. CONCLUSIONS

We have been able to verify the behavior of our dev
in the band pass region, without resorting to the approxim
tion which, in past analyses, was suspect precisely in
region of interest. The approximation due to Schloema
proved to be very accurate at all frequencies studied. It
also been shown that the shape of the band pass region
be modified by adjustment of the physical parameters:
width of the region,the minimum attenuation, even the cen
frequency, can all be controlled. These results suggest th
tunable band pass filter is viable at the higher frequenc
desired in signal processing. Other devices, such as the
justable phase shifter we demonstrated, may also be pos
using iron/insulator layers.
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FIG. 11. Attenuation and phase difference over a range of external field
reasonable attenuation and a maximum phase difference ofp make an ad-
justable phase shifter feasible.


