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We explore the theory of microwave propagation in dielectric films, on which thin metallic
ferromagnetic films have been deposited. Our aim is to study coupling between the microwave
electromagnetic fields, and spin excitations in the ferromagnetic films. We present quantitative
studies of attenuation provided by coupling to spin excitations, for various model structures
including superlattices. We find strong attenuation of the microwaves, for frequencies near the
ferromagnetic resonance frequency of Fe. Modest magnetic fields place this resonance above 20
GHz, and allow its frequency to be tuned. We note a transmission minimum occurs near the
frequencyg(H0 1 4pMs), which is in the 70 GHz range for external magnetic fieldsH0 of a few
kilograms. We explore the dependence of these phenomena on film thicknesses, and argue that such
structures will move suitably for high frequency microwave devices. ©1997 American Institute of
Physics.@S0021-8979~97!08717-3#
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I. INTRODUCTION

During the past decade, there has been impres
progress in the growth of very high quality thin metall
films, and multilayer structures such as superlattices form
from such films. Multilayers can be synthesized from dive
constituents, and growth by either sputtering techniques
molecular beam epitaxy~MBE! provide samples with inter
faces of very high quality.1

There has been particularly strong interest in structu
which contain films of metallic ferromagnets such as Fe,
or Ni and their alloys. Phenomena such as giant magnet
sistance~GMR!2 and spin dependent tunneling make su
structures suitable for various applications, such as magn
sensors, or elements in high density memory devices.
this reason, there has been a very high level of activity
recent years, devoted to the synthesis and characterizatio
new multilayer structures.

While the remarks above have in mind metallic film
and multilayers formed from them, it is the case that ve
high quality metallic films may be grown on semiconducto
as well, by methods such as MBE. There is a good lat
match between Fe, and the~100! surface of GaAs. Also, high
quality Fe films may be grown on ZnSe. Progress in this a
has been summarized in a review article by Prinz.4

Such semiconductor/ferromagnetic film combinatio
offer new device possibilities. The semiconductor, view
here as simply a dielectric film, may support the propagat
of a microwave signal, or perhaps also an optical beam
addition, the magnetic film possesses collective excitati
referred to as spin waves. These are magnetic analogs o
sound waves in elastic media. Optical beams or microwa
may couple to the spin waves in the magnetic film, sin
their electric and magnetic fields penetrate the metal film
virtue of its finite skin depth. One may envision possib

a!Electronic mail: dlmills@uci.edu
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device applications, made possible through use of the s
waves as a means of modifying the propagation characte
tics of the electromagnetic wave supported by the dielec
film.

For many years, garnet films have been used as the b
for microwave and integrated optics devices. A recent
ample is the development of the magneto-optic Bragg ce5

In the garnet films, the maximum spin wave frequenc
which may be realized for device applications are in t
range of 10 GHz, or slightly above. Large external magne
fields must be applied to exceed this frequency range,
these are difficult to realize in device geometries.

The use of films such as Fe offer the possibility, at le
in principle, of operating at much higher frequencies. T
reason is as follows. When spin motions are excited in
ferromagnet, the spin precession frequency, and hence th
the spin wave or collective excitation, is the Larmor fr
quency of the spin in the externally applied magnetic fie
H0 , supplemented by an internal field generated from
ferromagnetically aligned spin array. A measure of t
strength of this internal field is 4pMs , with Ms the satura-
tion magnetization of the ferromagnet. In the garnets, 4pMs

is roughly 2 kG, whereas in ferromagnetic Fe, this inter
field is 21 kG at room temperature. In the absence of ani
ropy, the ferromagnetic resonance frequencyVFM of thin
ferromagnetic films is given byg@H0(H014pMs)#1/2,
where g is the gyromagnetic ratio. Application of a 2 kG
field to a Fe film provides a resonance frequency a bit ab
20 GHz, while the same field applied to a garnet film give
resonance frequency of roughly 8 GHz.

The obvious disadvantage of utilizing Fe and other m
tallic ferromagnets in devices is the Ohmic dissipation n
essarily introduced into the structure. For this reas
dielectric/ferromagnetic multilayers are most attractive, sin
the electromagnetic energy is stored mainly in the dielec
components, where the electrical conductivity is extrem
7/82(6)/3058/10/$10.00 © 1997 American Institute of Physics
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low. There is then the question of achieving strong coupl
to the spin waves. This paper is devoted to a theoret
study of this question, for several model structures, and
microwave propagation in the 20 GHz frequency range.

The possibility of utilizing Fe films deposited on GaA
~100! as the basis for a notch filter was considered so
years ago by Schlo¨mannet al.7 The GaAs film serves as
dielectric waveguide, and as mentioned above coupling
spins in the Fe film is achieved through the skin effect. M
crowaves are absorbed as they propagate down the struc
in a frequency band centered aroundVFM , with width con-
trolled by the ferromagnetic resonance linewidth. Schlo¨mann
and his co-workers presented both theoretical studies of
structure, and data in the 10 GHz frequency range
samples. The calculations presented here are in very g
accord with his, when we examine the structures explo
earlier.

This paper is organized as follows. In Sec. II, we su
marize our theoretical approach, with emphasis on phys
considerations that enter importantly. In Sec. III, we pres
results of our studies of microwave attenuation in vario
model structures, and in Sec. IV we summarize our princ
conclusions.

II. ANALYSIS

Two examples of the model structures explored here
illustrated in Fig. 1. In Fig. 1~a!, we have a system which i
patterned after that used previously by Schlo¨mann and his
colleagues. We have a dielectric film of thicknessD, with
metallic ferromagnetic films of thicknessd deposited on both
the top and bottom surface. The only difference between
configuration, and that explored in Ref. 7 is that these

FIG. 1. Two examples of the structures explored in the present paper. In~a!,
we have a dielectric film of thicknessD, with a ferromagnetic film of
thicknessd deposited on both the top and the bottom. We consider mic
waves launched down the structure, which propagate in thez direction. In
~b! we have a superlattice formed from ferromagnetic films~shaded!, and
dielectric films. Again the microwaves propagate in thez direction.
J. Appl. Phys., Vol. 82, No. 6, 15 September 1997
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thors had only one magnetic film, and not two. We shall a
explore other forms of multilayer structure, such as the
perlattice illustrated in Fig. 1~b!.

We suppose a magnetic field is applied in the plane
the magnetic film, as illustrated in Fig. 1. The microwav
propagate parallel to thez direction, along which the mag
netic field is directed. All quantities thus exhibit the spat
variation exp(ikz). If V is the frequency of the disturbance
both the real and imaginary part of the wave vectork are
determined from an implicit dispersion relation described
low for the various structures of interest.

If we consider a single isolated ferromagnetic film, a
examine the spin waves which propagate in this geome
the configuration is such that one realizes entities referre
in the literature as ‘‘backward volume waves.’’ These ha
standing wave character in the direction perpendicular to
film surfaces, and they propagate down the film, with gro
velocity that is antiparallel to the phase velocity. It will b
apparent that our interest will center on very thin ferroma
netic films, for whichkd!1. In this limit, the backward vol-
ume waves have frequencyVBVW(k) described by a simple
dispersion relation. IfVFM is the ferromagnetic resonanc
frequency of the thin film discussed in Sec. I, we have

VBVW~k!25VFM
2 22pg2H0Mskd, ~1!

whereMs is the saturation magnetization andg the gyromag-
netic ratio. Recall that

VFM5g@H0~H014pMs!#
1/2. ~2!

Whenkd!1, the modes of interest to which the microwav
couple all lie very close in frequency toVFM .

We will also be interested in structures formed from th
dielectric films, so we havekD!1 as well. The microwave
mode of interest is then the lowest frequency TM mode
the structure. For this mode the magnetic fieldH is parallel
to thex direction. WhenkD!1, this H field is almost spa-
tially uniform throughout the dielectric film. Since tangenti
components ofH are conserved across the dielectric/me
interface, the fullH field penetrates into the metal films, t
excite the spins. For the TM mode, the dominant compon
of electric field is parallel to they direction, as illustrated in
Fig. 1~a!. There is a small longitudinal (z) component of
electric field as well. The structure illustrated will suppo
the TM mode just discussed, for all frequencies down to z
frequency.

There are higher order TM modes, which only exist f
frequencies above a cutoff frequency the order of (c/Ae)
3(np/D), with e the dielectric constant of the dielectri
film. For a GaAs film with thickness in the 300mm range
~e>12!, the cutoff frequency of then51 mode is roughly
150 GHz, well above the frequency range of interest he
The structure also supports TE modes, in which the elec
field is parallel to thex direction. The TE modes all have
cutoff frequency in the range just estimated, and thus will
propagate.

We now turn to our analysis. First we explore the ve
simple case where the metal films are not ferromagne
This will allow us to assess the influence of Ohmic dissip
tion on microwave propagation down the structure. This i

-
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concern for any device which incorporates metallic overl
ers. This discussion is straightforward, and will enable us
establish the notation and approach. We remark that in
section, we just obtain the implicit dispersion relations
our various models. We present results based on their s
tion in Sec. III.

A. Microwave attenuation in a dielectric waveguide
cladded with metal films

1. The structure depicted in Fig. 1(a)

Here we explore the particular structure illustrated
Fig. 1~a!, wherein a dielectric waveguide has deposited
both its top and bottom surface a thin film of conducti
material, with air outside each metal film. If these films a
made from a material~such as Fe! which may oxidize, quite
commonly one adds an overlayer of a noble metal such
Ag or Au, whose role is to suppress oxidation. We sh
consider the influence of such overlayers in the next sub
tion. We shall see, when the results in Sec. III are presen
that the presence of such overlayers strongly influences
nature of the Ohmic damping present in such systems.

The dielectric waveguide occupies the regime 0,y
,D, while the lower metal film lies in the region2d,y
,0, and the upper metal filmD,y,D1d.

It is straightforward to synthesize fields within the d
electric waveguide from Maxwell’s equations applied to t
TM mode of interest. We write the electric fieldE and mag-
netic fieldH in the form

E5E'H ŷ cosFQS y2
1

2
D D G

2 i
Q

k
ẑ sinFQS y2

1

2
D D G J eikze2 iVt ~3a!

and

H52
eV

ck
x̂E' cosFQS y2

1

2
D D Geikze2 iVt. ~3b!

We note that, in accord with our earlier discussion,H is an
even function about the midplane of the structure. Here,e is
the dielectric constant of the waveguide, assumed real for
numerical calculations reported below. Thenc is the velocity
of light, and Q along with the propagation constantk are
related through requiring each Cartesian component of
fields to satisfy the wave equation. One has

Q25e
V2

c2
2k2. ~4!

Given the frequencyV, our aim is to solve for the propa
gation constantk. We shall do this through an implicit dis
persion relation derived below.

We must find the electromagnetic fields within the me
films, and then match them to the fields in Eqs.~3! through
the appropriate boundary conditions. With microwave f
quencies in mind, we neglect the displacement current t
in Maxwell’s equation, since its influence in metals is qu
negligible at such frequencies. The structure in Fig. 1~a! has
reflection symmetry through the planey5D/2. Thus, we
3060 J. Appl. Phys., Vol. 82, No. 6, 15 September 1997
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may confine our attention only to one of the two metal film
which we take to be that betweeny52d and y50. The
most general forms for the electric and magnetic fields in
metal is then

E5FE'
~1 !S ŷ2

k

k
ẑDeiky1E'

~2 !S ŷ1
k

k
ẑDe2 ikyGeikz2 iVt

~5a!

and

H52 x̂
ck2

Vk ~E'
~1 !eiky1E'

~2 !e2 iky!eikze2 iVt. ~5b!

In these expressions:

k5
1

d0
~11 i !. ~6!

Hered0 is the classical skin depth of the metal:

d05
c

~2ps0V!1/2
~7!

with s0 its conductivity.
Relations between the three amplitudesE' , E'

(1) , and
E'

(2) follow upon applying the electromagnetic bounda
conditions aty50. Conservation of tangential componen
of E provide us with

sinS 1

2
QDDE'5 i

k

Q
~E'

~1 !2E'
~2 !!, ~8a!

while conservation of tangentialH yields

cosS 1

2
QDDE'5

c2k2

eV2
~E'

~1 !1E'
~2 !!. ~8b!

No new information follows from the requirement that no
mal components ofD be conserved.

We must now consider the region belowy52d, which
we assume is occupied by air with dielectric constant un
The fields in this region will be evanescent in character,
waves confined to and guided by the structure. Fory,2d,
we have fields which we write as

E5E'
~, !S ŷ1 i

a0

k
ẑDea0~y1d!eikze2 iVt ~9a!

and

H52
V

ck
E'

~, !x̂ea0~y1d!eikze2 iVt ~9b!

where the wave equation in vacuum gives

a05S k22
V2

c2 D 1/2

. ~10!

For all the modes we consider, the imaginary part ofk,
namely k2 , will be very small compared to its real par
Waves are bound or guided by the structure whenk1 , the
real part ofk, is larger thanV/c. We always choose the
square root in Eq.~10! so that
R. E. Camley and D. L. Mills
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Re~a0!.0. ~11!

Once again we require tangentialE andH be conserved, bu
now at the interfacey52d. Conservation of tangentialE
gives

E'
~1 !e2 ikd2E'

~2 !eikd52 i
a0

k
E'

~, ! ~12a!

while conservation of tangentialH requires

E'
~1 !eikd1E'

~2 !eikd5
V2

c2k2
E'

~, ! . ~12b!

In Eqs. ~8! and ~12!, we have four homogeneous equ
tions in the four field amplitudesE' , E'

(1) , E'
(2) , and

E'
(,) . Once the frequencyV is chosen, these equations a

mit nonzero solutions only for one, or perhaps a discrete
of propagation constantsk. It is a straightforward matter to
derive an implicit equation from which the allowed propag
tion constants may be obtained. This has the form

cotS 1

2
QDD5 i

kQ

ek0
2

~12zei2kD!

~11zei2kd!
, ~13!

where

z5
a0k1 ik0

2

a0k2 ik0
2

~14a!

and we have defined

k05
V

c
. ~14b!

In Sec. III, we shall discuss numerical solutions of E
~13! for structures of interest, and we shall also obtain
proximate analytic solutions applicable to particular regim

2. The influence of metallic caps on the structure in
Fig. 1(a)

As noted above, the expression in Eq.~13! provides us
with the implicit dispersion relation of microwaves whic
propagate down the structure illustrated in Fig. 1~a!, where it
is assumed that we have air outside the two metallic films
practice, most particularly if the thin films are a metal su
as Fe, a noble metal overlayer will be deposited over the
films to prevent oxidation.

In what follows, we assume such overlayers are pres
and furthermore that they are sufficiently thick that they m
each be supposed to be of infinite thickness. Let the cond
tivity of the overlayer material bes1 , and its skin depth be
d1 . It is straightforward to modify the discussion given
the previous subsection to describe this case. When th
done, the implicit dispersion relation has precisely the fo
given in Eq.~13!, except the quantityz is replaced byz1 ,
where

z15S k2k1

k1k1
D ~15!

and
J. Appl. Phys., Vol. 82, No. 6, 15 September 1997
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k15
1

d1
~11 i !. ~16!

Again we present calculations which address this structur
Sec. III.

B. Microwave attenuation in a dielectric waveguide
cladded with ferromagnetic metal films

1. The structure depicted in Fig. 1(a)

We now turn to the case where the metal films in F
1~a! are not only metallic, as in the discussion above,
ferromagnetic as well. Here we discuss the situation ill
trated in Fig. 1~a! where the ferromagnetic films are un
capped, with air above. In the next subsection, we discuss
extension to the case where each ferromagnetic film is c
ered by a thick metallic film.

The electromagnetic fields within the dielectric wav
guide, and those in the air outside the ferromagnetic film
described as in Sec.~II A !. Thus, we do not display thei
form here, but we will use the expressions given in the p
vious section. We do discuss the influence of the ferrom
netism on the fields within the two ferromagnetic films. A
we proceed, we will invoke an approximation described b
low which we believe to be quite accurate, for the syste
studied here.

The two principal Maxwell equations we explore are

¹3E5 ik0B ~17a!

and

¹3H5
4ps0

c
E ~17b!

where once again we ignore the displacement current co
bution to Eq.~17b!, since in the frequency regime of interes
its influence is quite negligible. Recall thatk05V/c, from
Eq. ~14b!. The conditions¹•E5¹•B50 are appended to
Eqs.~17!.

To proceed, we require a constitutive relation betweenB
andH. This takes the form, for a ferromagnet oriented su
as that in Fig. 1:

Bx5m1Hx1 im2Hy , ~18a!

By52 im2Hx1m1Hy , ~18b!

and

Bz5Hz . ~18c!

Expressions for the frequency dependent magnetic resp
functions are derived standardly from the Landau–Lifsh
equations.8 Let g be the gyromagnetic ratio, and defineVM

5gMS andVH5gH0 . One then finds8

m1511
4pVM~VH2 iGV!

~VH2 iGV!22V2
~19a!

and

m25
4pVMV

~VH2 iGV!22V2
. ~19b!
3061R. E. Camley and D. L. Mills
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The dimensionless parameterG in Eqs.~19! has its origin in
dissipation in the spin system.9 Its value controls the ferro
magnetic resonance linewidthDH, defined by Heinrich and
Cochran as8

DH51.16S V

g DG. ~20!

We proceed by combining Eqs.~18! with ~17!, and seek-
ing eigensolutions with the form exp(6iky)exp(ikz)exp
(2iVt). There are two eigensolutions, neither of which h
the character of a pure TM mode, or a pure TE mode. T
gyrotropic character of the response of the ferromagnet, w
origin in m2 , produces normal modes in which all the Ca
tesian components of the field are nonzero. It follows fro
this that the electromagnetic fields within the dielect
waveguide are also no longer of pure TE or TM charac
but are mixtures of the TE and TM mode.

If, in the metal film, we take the mathematical~but un-
physical! limit m2→0, one of the two modes reduces to
TM mode, and one reduces to a TE mode. For ease of
cussion, whenm2Þ0, we refer to one of the exact modes
the TM mode, and the second the TE mode, labeling eac
their behavior in the limitm2→0. This nomenclature is ap
propriate, for reasons we shall appreciate below.

Consider the electric and magnetic fields associated w
the TM mode of the ferromagnetic film. These have the fo

E~6 !5E'
~6 !S ib

~mv21!
x̂1 ŷ7

k̃

k
ẑDe6 i k̃yeikze2Vt ~21a!

B~6 !5E'
~6 !F2S k̃ 2

kk0
D x̂2 i

3
k

k0
S b

mv21D ŷ6 i
k̃

k0
S b

mv21D ẑGe6 i k̃yeikze2 iVt

~21b!

and

H~6 !5E'
~6 !F2S k̃ 2

kk0mv
D ~ x̂1 ib ŷ!1

k

k0

1

mv
S ib

mv21D
3S 2 ib x̂1 ŷ7

k̃

k
mvẑD Ge6 i k̃yeikzeiVt. ~21c!

In these expressions:

mv5
m1

22m2
2

m1
~22a!

is often referred to as the Voigt permeability:

b5
m2

m1
~22b!

and

k̃5
~mv!1/2

d0
~11 i !. ~22c!

Some general comments on the structure of these exp
sions are in order. First note, as remarked above, that w
m2 and consequentlyb are nonzero, as mentioned earlier, t
3062 J. Appl. Phys., Vol. 82, No. 6, 15 September 1997
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fields do not have pure TM character. As a consequence
mode as a whole is no longer a TM mode, by virtue of t
gyrotropic response of the ferromagnet. We argue bel
however, that under circumstances of interest to us, de
tions from pure TM character are very small.

The microwave skin depth is affected strongly by t
magnetic response of the film, as one sees from Eq.~22c!.
The effective skin depth is

deff5
d0

~mv!1/2
. ~23!

If, in the interest of simplicity, we set the damping consta
G to zero, then

mv5
VB

22V2

VFM
2 2V2

~24!

whereVFM is the ferromagnetic resonance frequency of
film discussed in Sec. I@VFM

2 5VH(VH14pVM)#, and
VB5VH14pVM .

As V approaches the ferromagnetic resonance
quency,mv increases dramatically, and the skin depth d
creases by a large amount. This will have important con
quences for the calculations presented in Sec. III. This is
unfortunate situation, because the reduced skin depth ‘‘c
off’’ coupling between the microwave field and the spin
precisely when it is most desired, on resonance. Notice
mv has a zero, and thus the metallic films ‘‘open up’’ ne
the frequencyVB , which for Fe is in the 70 GHz range
when a 2 kgfield is present. We shall explore consequenc
of this as well.

We next consider the order of magnitude of the vario
parameters that enter Eqs.~21!, with the 20 GHz frequency
range in mind. We havek05V/c>4 cm21. One expectsk
>k0Ae;8 – 10 cm21, for a typical semiconducting wave
guide. The parameterQ will be in the same range, sinc
Q21k25k0

2e for these propagating modes.
However,k and k̃ are very much larger indeed than th

three parameters just described. For Fe at 20 GHz, the
depthd0 off resonance is very close to 1024 cm, or 1mm.
Hence,k'104 cm21, @k0 , Q, or k. The argument given
above suggests that near ferromagnetic resonance,k̃ is in
fact much larger thank.

If one examines Eq.~21a! with the above numerical es
timates in mind, one sees that theẑ component of the electric
field ~the component parallel to the biasing fieldH0! is larger
than thex̂ and ŷ components by roughly three or four orde
of magnitude. For the magnetic fieldH, whose tangential
components are conserved across the interface, thex̂ compo-
nent~parallel to the interface! and theŷ component~normal
to the interface! are larger than theẑ component by three o
four orders of magnitude.

It is the presence of thex̂ component ofE, and theẑ
component ofH which are responsible for ‘‘mixing in’’
fields of the TE character in the dielectric waveguide. W
have just seen that these two components are three to
orders of magnitude smaller than the dominant compone
of E andH, which can be matched appropriately to fields
TM character in the dielectric.
R. E. Camley and D. L. Mills
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With these remarks in mind, we shall proceed by a
proximating the fields in the dielectric film by fields of pu
TM character, as given in Eq.~3!. We match them to fields in
the metal film, which are linear combinations of the fiel
E(6), and H(6) given in Eqs.~21a! and ~21c!. When we
match the fields, we require only that tangential compone
of E andH be conserved across the boundary, and ignore
very small quantitative errors introduced by requiring con
nuity of the other small components.

Once this approximation is accepted, the implicit disp
sion relation may be derived by a discussion that follows t
given in the previous section. We thus simply quote
result:

cotS 1

2
QDD5 i

k̃Q

ek0
2mv

S 12 z̃ei2k̃d

11 z̃ei2k̃dD ~25!

where

z̃5
a0k̃1 ik0

2mv

a0k̃2 ik0
2mv

. ~26!

2. The influence of metallic caps on the structure in
Fig. 1(a)

We handle this with the approximation described in t
previous subsection, in regard to the fields within the fer
magnetic films, presently capped by a thick conducting fi
The thick conducting films are treated as in Sec. II A 1. T
derivation is straightforward, and the effective dispersion
lation has form identical to Eq.~25!, with the factorz̃ re-
placed by

z̃5S k̃2mvk1

k̃1mvk1
D , ~27!

with k1 defined by Eq.~16!.

C. Microwave propagation in the superlattice
structure depicted in Fig. 1(b)

As one sees from the figure, one has a superlattice st
ture whose basic unit cell consists of a dielectric film
thicknessD, and a ferromagnetic film of thicknessd. The
unit cells are stacked together as indicated in the figure.
shall assume here that we have an infinite number of
cells, so the structure fills the entire space fromy52` to
y51`. It should be remarked that our interest will be in t
case where the dielectric film thicknessD is rather small.
Thus, a practical sample will consist of many unit cells.

We shall treat the fields within the scheme described
Sec. II B, where we regard the mode as very well appro
mated by one TM character. We match tangential com
nents ofE and H in the dielectric film to the very large
tangential components ofE andH in the ferromagnetic film.

For the superlattice which consists of the infinite stack
unit cells, from the perspective of any individual dielectr
film, the structure has reflection symmetry through the m
plane of the film. Thus, within each dielectric film, the ele
tromagnetic field may be taken to have a form identical
that described by Eqs.~3!. These apply to the particular film
J. Appl. Phys., Vol. 82, No. 6, 15 September 1997
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located betweeny50 andy5D, and through the appropri
ate translation describe the remaining dielectric films. If
sit in one of the ferromagnetic films, the structure also h
reflection symmetry through the midpoint of the ferroma
netic film. A consequence is that the Cartesian compone
of the electric and magnetic field have well-defined parity
these films. Within the ferromagnetic film centered betwe
y50 andy52d, for the tangential components ofE andH
we have

Et52 i
k̃

k
E~M !ẑ sinF k̃S y1

1

2
dD G ~28a!

and

Ht52
k̃ 2

kk0mv
E~M !x̂ cosF k̃ S y1

1

2
dD G . ~28b!

Since these field forms are repeated throughout the struc
unchanged in shape, we obtain the implicit dispersion re
tion by tangential components ofE and H to be conserved
across the interface aty50. A short calculation gives us

cotS 1

2
QDD52

k̃Q

ek0
2mv

cotS 1

2
k̃dD . ~29!

In the next section, we present both analytical results
special limits, and numerical results for the various structu
considered in this section.

III. RESULTS AND DISCUSSION

Next we turn to a discussion of the results of a series
calculations based on the implicit dispersion relations
tained in Sec. II. It should be noted that all calculations
performed for a frequency of 20 GHz. We have in min
dielectric waveguide thicknesses in the range of a few ten
a few hundred microns. The skin depth of Fe is very close
one micron at 20 GHz, so Fe film thicknesses will be at m
a few microns. As we shall see, in fact, a few hundred a
stroms of Fe will allow one to achieve optimum coupling

The first question we address is the influence of
metal films on the microwave propagation length, in the a
sence of magnetism. That is, we inquire the extent to wh
the presence of the metal films leads to attenuation over
above that provided by losses in the dielectric film itself.

If the two metal films are very thick compared to th
skin depth, then one may derive a very simple analytic f
mula for the attenuation length. One uses Eq.~13!, and takes
the limit d→`, where exp(i2kd)→0. We recall from Sec. II
that under the conditions of interest (k/k0);104. The right-
hand side of Eq.~13! is then very large compared to unity
and we are in the limitQD!1. Thus, cot(1/2QD) is well
approximated by 2/QD, and thusQ2>2(2i ek0

2/kD), then
recall that

k5~ek0
22Q2!1/2>e1/2k0S 11

i

kD D . ~30!

We writek5k11 ik2 , and note thatk052p/l0 , wherel0 is
the free space wavelength of the radiation field, at the wa
length of interest. We then have a very simple result:
3063R. E. Camley and D. L. Mills
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k25
pe1/2

l0

d0

D
, d@d0 . ~31!

From Eq.~13!, we may calculatek2 , for the case where
the metal films have finite thickness. We have done this
merically. For the structure illustrated in Fig. 1~a!, where we
have a dielectric waveguide with a metal film deposited
top and on bottom, the results are surprising. As the th
ness of the metal films is decreased, the Ohmic dissipa
increases rather than decreases, as one might expect
itively. Of course, asd→0, as one sees from Eq.~13!, Q and
consequentlyk are purely real, as they must be for the los
less dielectric assumed here. But, as just remarked, initi
the attenuation rises, asd decreases.

We illustrate this in the curve labeled A~see Fig. 3!. The
calculations assume the dielectric waveguide has a thick
of 100 mm, with a ~real! dielectric constant of 12, a valu
typical for the common semiconductors. The metal film
have the conductivity of Fe at room temperature.

From curve A in Fig. 2, we see the conductivity dampi
depends weakly on film thickness whend.2 mm, as ex-
pected from the value of the skin depth mentioned above
the film thicknesses drop below 1mm or so, quite surpris-
ingly once again, we see a dramatic increase. If one ex
ines the electric field within the metal film, the domina
component of the electric field is the longitudinal compon
~z component!. The combined effect of the boundary cond
tions at the air/metal interface, and metal/dielectric interfa
is to cause the strength of thez component of electric field to
increase as 1/d when kd!1. In the end,k2 increases as
1/d as well, as a consequence of this field enhancement

One may extract the behavior just described from E
~13!, and derive as well an estimate of the film thickne
below whichk2 will eventually fall to zero asd→0. When
kd!1, we make the replacement exp(2ikd)>112ikd to find

FIG. 2. The microwave attenuation at 20 GHz, as a function of Fe fi
thickness, for two cases. Case~A! is a lossless dielectric film~e512! with a
thickness of 100mm, and air outside the Fe films on the top and bottom
the dielectric. Case~B! is the same dielectric film, but now deposited o
each Fe film are overlayers of Ag, whose thickness is large compared t
skin depth in Ag.
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cotS 1

2
QDD5

kQ

ek0
2

@k0
21~a0k1 ik0

2!kd#

@a0k1 i ~a0k1 ik0
2!kd#

. ~32!

In both the numerator and the denominator of this expr
sion, (a0k1 ik0

2) may be replaced bya0k, and in the de-
nominator, the term inkd may be dropped altogether. Whe
this is done, Eq.~32! may be written

cotS 1

2
QDD5

Q

ea0
S 11

2ia0d

k0
2d0

2 D . ~33!

The metal overlayers continue to assert their presenc
long as 2a0d/k0

2d0
2 is large compared to unity. Recall tha

k052p/l0 , with l0 the free space wavelength of the radi
tion. The wave vectork is always close in value toe1/2k0 , as
one sees from the example in Eq.~30!. Hence the metal films
control the behavior of the structure so long as

d.
p

~e21!1/2

d0
2

l0
[dc . ~34!

For Fe, as noted,d0>1024 cm, and at 20 GHz,d0 /l0

;1024. Hence, the conducting overlayer has a very stro
influence on the propagation characteristics until the cov
age is down to the atomic monolayer level! We are remind
of a study of ultrathin Ag films on GaAs some years ag
which demonstrated that monolayer quantities of Ag co
pletely screened electric fields generated by atomic moti
in the GaAs from the outside world.10

In the regimedc!d!d0 , we may ignore the factor o
unity on the right-hand side of Eq.~33!, and we still have
QD!1. Upon proceeding as in the derivation of Eq.~31!, we
have

k2>
pe1/2

l0

d0
2

Dd
•~dc!d!d0!. ~35!

As discussed above, the attenuation rate increases inve
with the metal film thickness. This expression provides
good account of curve A in Fig. 2, whend!d0 .

If, as is commonly done to prevent oxidation, the
films are covered with a noble metal film, the behavior ofk2

differs qualitatively from the case just described. Curve B
Fig. 2 are calculations for a dielectric film 100mm in thick-
ness, where now the Fe films of thicknessd are covered with
very thick Ag films. We now see that as the Fe film
are made progressively thinner, the attenuation decre
substantially.

These calculations show that capping the Fe films w
thick metallic overlayers plays a most important role in lim
iting the conductivity damping, as the Fe films are ma
thinner. For reasons discussed below, Fe films in the 30
500 Å range will be proven to be of primary interest. In th
absence of capping, the conductivity damping would be
vere, to the point where the metal coated dielectric wa
guide would be of limited usefulness.

We now turn our attention to the coupling between t
microwave fields, and spin motions in ferromagnetic film
located on the top and bottom of the dielectric wavegui
We shall confine our attention to the case where thin fer

f
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magnetic films of thicknessd are placed on the waveguide
and these are each capped by very thick metallic overla
which we take to be silver.

In Fig. 3, we show the frequency dependence of
attenuation introduced by coupling between the microwav
and the ferromagnetic films. These calculations explore v
ous Fe film thicknesses, for a dielectric waveguide wh
thickness is 100mm. An external field of 1.85 kG renders th
ferromagnetic resonance frequency to be 20 GHz.

One might believe that to achieve maximal coupling, t
Fe films must have a thickness of a few microns, since
skin depthd0 is the order of 1mm. We have seen, howeve
that near resonance, the effective skin depth is very m
smaller. Right on resonance, for the parameters we have
in these calculations,9 Amv>35, so in fact the skin depth i
reduced to only about 300 Å. Thus, maximal coupling
achieved even with very thin Fe films.

We illustrate this in Fig. 2, where we display the atten
ation introduced by coupling to the ferromagnetic resona
response of the spin system. We see almost no differe
between the peak attenuation produced by a film 0.1mm
~1000 Å! in thickness, and that produced by a film 0.05mm
~500 Å! in thickness. It is not until the Fe film thicknes
drops well below 300 Å that one begins to see a falloff in t
peak attenuation. This is illustrated by the curve labe
0.0125mm ~125 Å! in Fig. 3. We remark that conclusion
very similar to these are evident in the calculations displa
in the paper by Schlo¨mann and co-workers.7 Indeed, our cal-
culations are in very good accord with theirs in all regards
one realizes we have two ferromagnetic films deposited
the dielectric waveguide, while they have only a single fil

FIG. 3. The frequency dependent attenuation, for a dielectric waveg
~e512! of thicknessD5100mm, upon which two Fe films of thicknessd
have been deposited. Each Fe film is assumed capped by a thick layer o
as illustrated in the inset. We assume an external fieldH051.85 kG is
present, which gives a ferromagnetic resonance frequency very near 20
in the Fe films.
J. Appl. Phys., Vol. 82, No. 6, 15 September 1997
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Our calculated peak attenuation rates are thus quite clos
expected, to twice theirs.

One virtue of the strong dependence of the skin depth
frequency is that it reduces the sensitivity of the peak atte
ation to the linewidth of the ferromagnetic resonance line
the ferromagnetic film. In our treatment, this is controlled
the parameterG which enters Eqs.~19!. In general, on reso-
nance, the absorption rate is inversely proportional toG.
Here, the peak scales asG21/2, so the peak absorption i
somewhat less sensitive to linewidth than one might exp
If one increases the linewidth of the ferromagnet, the am
tude of the spin response on resonance is of course, redu
However, the skin depth is larger at resonance; this allo
the microwave field to sample more spins than before
partially compensate for the loss in amplitude of the s
response.

The peak attenuation realized in the geometry emplo
in Fig. 3 is affected sensitively by the thickness of the
electric waveguide. AsD, the thickness of the waveguid
decreases, the peak attenuation increases dramatically
lustrated in Fig. 4. Note, that if the dielectric waveguid
thickness is decreased from 100 to 50mm, then the calcu-
lated peak attenuation rate increases to a value in exces
75 dB/cm. If strong coupling between the microwave fiel
and spins in the ferromagnetic films is highly desirable, qu
clearly one should fabricate samples from the thinnest p
sible dielectric waveguide.

The results presented suggest that to obtain strong
pling, one wishes to make the dielectric waveguide very th
as just discussed. However, in practice, of course, there
lower limit to the thickness that may be utilized. In the pa
ticular example of a GaAs based structure explored here,
our understanding that a structure based on the use of
mm thick GaAs film would be quite fragile.

These remarks suggest one should utilize a superla
structure such as that illustrated in Fig. 1~b!. The notion is

e

g,

Hz

FIG. 4. For the structure studied in Fig. 3, we plot the peak attenuation
function of the thicknessD of the dielectric waveguide. We have taken th
thickness of the Fe film to be 500 Å.
3065R. E. Camley and D. L. Mills
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film
that one can create a macroscopic sample by stacking
gether many unit cells, as depicted in Fig. 1~b!.

In Fig. 5, we show calculations for such a superlattice
which the dielectric films have a thickness of 1mm, and the
intervening Fe films have a thickness of only 100 Å. T
attenuation at the peak is now quite enormous, in exces
300 dB/cm. Thus, by fabricating such a structure, one
realize very strong coupling between microwaves and s
excitations. Off resonance, in the presence of the metal fil
the attenuation remains modest. In the 15 GHz range,
instance, one realizes 0.3 dB/cm, with a similar value at
GHz.

In Sec. II, it was noted that the Voigt susceptibilitymv
has a zero in the near vicinity of the frequencyVB5VH

14pVM , which is near 70 GHz, for Fe exposed to an e
ternal magnetic field in the 2 kG range. In this frequen
regime, the skin depth in the ferromagnetic film opens
and becomes very large, as one sees from Eq.~23!. In ferro-
magnetic resonance studies of thin films, there is a transi
resonance, discovered some years ago by Heinrich
Mescharyakov.11 This feature is referred to as an antires
nance of the film.

If one prepares a superlattice such as that displaye
Fig. 1~b! that is metal rich, then at frequencies removed fro
the antiresonance, the conductivity damping is very stro
However, nearVB , in the antiresonance region, the structu
opens up and transmits. We illustrate this in Fig. 6, where
show the frequency dependence of the transmissivity o
structure fabricated from dielectric films 1mm thick, with Fe
films 3 mm thick interspersed between them. We see
dramatic attenuation minimum near 70 GHz. At the mi
mum, the attenuation falls to 4 dB/cm; the depth of the mi
mum is controlled by the damping parameterG. This struc-
ture may be appropriate for use as a tunable band pass fi
Since VB5VH14pVM the frequency of the dip may b
tuned by varying the externally applied magnetic field.

In the limit that both constituents in the superlattice a
very thin, a simple analytic expression for the propagat
constantk follows from Eq. ~29!. If QD!1, and alsok̃d
!1, each cotangent may be replaced by its small argum
limit. This yields

FIG. 5. The attenuation as a function of frequency near the ferromagn
resonance frequency, for a superlattice structure such as that depicted i
1~b!. The thickness of the dielectric film~e512! is 1 mm, and that of the Fe
film is 100 Å.
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Q252
d

D
ek0

2mv , ~36!

from which one finds the simple result

k25ek0S 11
d

D
mvD . ~37!

An expression equivalent to this emerges from the effec
medium theory of magnetic superlattices.12

IV. SUMMARY AND CONCLUSIONS

The calculations presented in Sec. III have elucidate
number of features of the microwave propagation charac
istics of structures such as those depicted in Fig. 1. Our p
cipal conclusions may be summarized as follows:

~a! Capping of the Fe films by a nonmagnetic conduc
does more than simply prevent oxidation of the Fe film.
controls the dependence of the off-resonance conducti
damping on Fe film thickness, when the Fe films beco
considerably thinner than the off-resonant skin depth. W
out the capping, as the Fe films become very thin, one r
izes a very strong conductivity damping off resonance,
illustrated by curve A in Fig. 2. If the films are capped by
thick conducting layer, then the off-resonance conductiv
damping remains quite small, for all Fe film thicknesses c
sidered, for the structures explored here.

~b! One would think that to achieve maximal couplin
of microwaves to spins, one needs Fe films a few micro
thick. That is, they should be thicker than the nominal s
depth, so the microwave field comes into contact with
many spins as possible. This is not the case. The fact tha
apparent skin depth decreases dramatically on resonanc
lows one to achieve maximal coupling with rather thin~500
Å! Fe films, as illustrated in Fig. 3.

tic
ig.

FIG. 6. The frequency variation of the propagation length near the Fe
antiresonance, at the frequencyVH14pVM . The dielectric films~e512!
have a thickness of 1mm, and the Fe films a thickness of 3mm.
R. E. Camley and D. L. Mills
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~c! One can increase absorption on resonance by u
the thinnest possible dielectric film. The range of 50mm
seems interesting, if such a thin film structure can be fa
cated.

~d! The use of multilayer or superlattice structur
seems of great interest, if one seeks strong coupling betw
microwaves and the spins in the structure, for the follow
reasons:

~i! One can achieve very large attenuation on resona
as illustrated in Fig. 5, by making such a structure with rat
thin ~order of 1mm! dielectric films.

~ii ! There is a dramatic attenuation dip at high freque
cies, due to the ‘‘opening up’’ of the skin depth at antires
nance. This is illustrated in Fig. 6. The development
metal-rich structures will present very large attenuation aw
from the antiresonance region, with attenuation dips here
illustrated.

~iii ! Both effects ~i! and ~ii ! just described can be
achieved in samples made with rather low quality Fe film
For ~i!, the attenuation maxima are very high, so relativ
low quality films with only modest linewidths can provid
strong coupling to spins, if such films are incorporated int
superlattice. For~ii !, the overall shape of the attenuation d
is controlled by the real part of the Voigt susceptibilit
which is not so sensitive to linewidth, save quite near
zero in the real part which drives the phenomenon. Th
considerations suggest sputtered samples should prove
adequate, for the superlattice structures.

It is our hope that the calculations presented here p
vide an orientation of the influence of sample geometry a
J. Appl. Phys., Vol. 82, No. 6, 15 September 1997
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microstructure, for combinations of semiconductor and f
romagnetic metal films which may prove useful for high fr
quency microwave devices.
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