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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
frequencyy(Hq + 4mMy), which is in the 70 GHz range for external magnetic figtjsof 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[S0021-897@®7)08717-3

I. INTRODUCTION device applications, made possible through use of the spin

During the past decade, there has been impressiv\@’aves as a means of modifying the propagation characteris-

progress in the growth of very high quality thin metallic t?cs of the electromagnetic wave supported by the dielectric

films, and multilayer structures such as superlattices formefIm- , )
from such films. Multilayers can be synthesized from diverse FOr many years, gamet films have been used as the basis
constituents, and growth by either sputtering techniques oi°f microwave and integrated optics devices. A recer15t ex-
molecular beam epitax¢MBE) provide samples with inter- ample is the development of the magneto-optic Bragg’cell.

faces of very high quality. In the garnet films, the maximum spin wave frequencies
There has been particularly strong interest in structure¥/hich may be realized for device applications are in the
which contain films of metallic ferromagnets such as Fe, Cofange of 10 GHz, or slightly above. Large external magnetic
or Ni and their alloys. Phenomena such as giant magnetordields must be applied to exceed this frequency range, and
sistance(GMR)2 and spin dependent tunneling make suchthese are difficult to realize in device geometries.
structures suitable for various applications, such as magnetic The use of films such as Fe offer the possibility, at least
sensors, or elements in high density memory devices. Fdn principle, of operating at much higher frequencies. The
this reason, there has been a very high level of activity irreason is as follows. When spin motions are excited in a
recent years, devoted to the synthesis and characterization f&frromagnet, the spin precession frequency, and hence that of
new multilayer structures. the spin wave or collective excitation, is the Larmor fre-
While the remarks above have in mind metallic films, quency of the spin in the externally applied magnetic field
and multilayers formed from them, it is the case that veryH,, supplemented by an internal field generated from the
high quality metallic films may be grown on semiconductorsferromagnetically aligned spin array. A measure of the
as well, by methods such as MBE. There is a good latticgtrength of this internal field is #Mg, with M the satura-
match between Fe, and thE00) surface of GaAs. Also, high tion magnetization of the ferromagnet. In the garnetsivi
quality Fe films may be grown on ZnSe. Progress in this are@ roughly 2 kG, whereas in ferromagnetic Fe, this internal
has been summarized in a review article by Pfinz. field is 21 kG at room temperature. In the absence of anisot-
Such semiconductor/ferromagnetic film combinationsropy, the ferromagnetic resonance frequeiity, of thin
offer new device possibilities. The semiconductor, viewedferromagnetic films is given byy[Hq(Ho+47M)]Y2
here as simply a dielectric film, may support the propagatiofyhere y is the gyromagnetic ratio. Applicationf@ 2 kG
of a microwave signal, or perhaps also an optical beam. Ifie|d to a Fe film provides a resonance frequency a bit above

addition, the magnetic film possesses collective excitationgg GHz, while the same field applied to a garnet film gives a
referred to as spin waves. These are magnetic analogs of thgsonance frequency of roughly 8 GHz.

sound waves in elastic media. Optical beams or microwaves The obvious disadvantage of utilizing Fe and other me-
may couple to the spin waves in the magnetic film, sinC&y)jic ferromagnets in devices is the Ohmic dissipation nec-
their electric and magnetic fields penetrate the metal film bBéssarin introduced into the structure. For this reason
virtue of its finite skin depth. One may envision possible yig|ectric/ferromagnetic multilayers are most attractive, since
the electromagnetic energy is stored mainly in the dielectric
3Electronic mail: dimills@uci.edu components, where the electrical conductivity is extremely
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thors had only one magnetic film, and not two. We shall also
(a) y z — explore other forms of multilayer structure, such as the su-
Ho perlattice illustrated in Fig. (b).
X We suppose a magnetic field is applied in the plane of
the magnetic film, as illustrated in Fig. 1. The microwaves
propagate parallel to the direction, along which the mag-
netic field is directed. All quantities thus exhibit the spatial
T T variation expikz). If Q is the frequency of the disturbance,
both the real and imaginary part of the wave vedtoare
determined from an implicit dispersion relation described be-
(b) H low for the various structures of interest.
0 If we consider a single isolated ferromagnetic film, and
/ examine the spin waves which propagate in this geometry,
the configuration is such that one realizes entities referred to
in the literature as “backward volume waves.” These have
standing wave character in the direction perpendicular to the
film surfaces, and they propagate down the film, with group
velocity that is antiparallel to the phase velocity. It will be
apparent that our interest will center on very thin ferromag-
FIG. 1. Two examples of the structures explored in the present pap@), In  netic films, for whichkd<1. In this limit, the backward vol-
we have a dielectric film of thicknes®, with a ferromagnetic film of ume waves have frequen€yg\w(k) described by a simple

thicknessd deposited on both the top and the bottom. We consider micro—dispersion relation ”QFM is the ferromagnetic resonance

waves launched down the structure, which propagate irz ttlieection. In fr n f the thin film di dins | we hav
(b) we have a superlattice formed from ferromagnetic filsisadegl and equency o e scusse ec. I, we have
2
QBVV\/(k)ZZQFM_ZW’yZHoMskd, (1)

kol
my

dielectric films. Again the microwaves propagate in théirection.

whereM is the saturation magnetization amdhe gyromag-
low. There is then the question of achieving strong couplinghetic ratio. Recall that
to the spin waves. This paper is devoted to a theoretical B 12
study of this question, for several model structures, and for Qew=y[Ho(Hot+47Mg)]™ @
microwave propagation in the 20 GHz frequency range.  Whenkd<1, the modes of interest to which the microwaves
The pOSS|b|I|ty of Ut|I|Z|ng Fe films deposited on GaAs Coup|e a” ||e Very C|Ose in frequency mFM i
(100 as the basis for a notch filter was considered some e will also be interested in structures formed from thin
years ago by Schioannet al” The GaAs film serves as a ielectric films, so we havkD<1 as well. The microwave
dielectric waveguide, and as mentioned above coupling tehode of interest is then the lowest frequency TM mode of
spins in the Fe film is achieved through the skin effect. Mi-the structure. For this mode the magnetic fields parallel
crowaves are absorbed as they propagate down the structugg,the x direction. WhenkD<1, thisH field is almost spa-
in a frequency band centered aroufidy, with width con-  tja|ly uniform throughout the dielectric film. Since tangential
trolled by the ferromagnetic resonance linewidth. Sofdan  components oH are conserved across the dielectric/metal
and his co-workers presented both theoretical studies of thigterface, the fullH field penetrates into the metal films, to
structure, and data in the 10 GHz frequency range ORxcite the spins. For the TM mode, the dominant component
samples. The calculations presented here are in very goqs electric field is parallel to thg direction, as illustrated in
accord with his, when we examine the structures exploreqi:ig. 1(a). There is a small longitudinalzj component of
earlier. electric field as well. The structure illustrated will support
This paper is organized as follows. In Sec. II, we sum-the TM mode just discussed, for all frequencies down to zero
marize our theoretical approach, with emphasis on physicaequency.
considerations that enter importantly. In Sec. Ill, we present There are h|gher order TM modeS, which on|y exist for
results of our studies of microwave attenuation in Va”OUSfrequencies above a cutoff frequency the order of\f)
model structures, and in Sec. IV we summarize our principak (n7/D), with e the dielectric constant of the dielectric
conclusions. film. For a GaAs film with thickness in the 300m range
(e=12), the cutoff frequency of th@=1 mode is roughly
150 GHz, well above the frequency range of interest here.
The structure also supports TE modes, in which the electric
Two examples of the model structures explored here aréield is parallel to thex direction. The TE modes all have a
illustrated in Fig. 1. In Fig. (a), we have a system which is cutoff frequency in the range just estimated, and thus will not
patterned after that used previously by Semwmn and his propagate.
colleagues. We have a dielectric film of thicknd3s with We now turn to our analysis. First we explore the very
metallic ferromagnetic films of thicknesisdeposited on both simple case where the metal films are not ferromagnetic.
the top and bottom surface. The only difference between thighis will allow us to assess the influence of Ohmic dissipa-
configuration, and that explored in Ref. 7 is that these aution on microwave propagation down the structure. This is a

Il. ANALYSIS

J. Appl. Phys., Vol. 82, No. 6, 15 September 1997 R. E. Camley and D. L. Mills 3059



concern for any device which incorporates metallic overlay-may confine our attention only to one of the two metal films,
ers. This discussion is straightforward, and will enable us tavhich we take to be that betwegn=—d and y=0. The
establish the notation and approach. We remark that in thimost general forms for the electric and magnetic fields in the
section, we just obtain the implicit dispersion relations formetal is then
our various models. We present results based on their solu-

(S‘/ 5 eixy 4 E( )(S‘/ e

tion in Sec. Ill. E=
A. Microwave attenuation in a dielectric waveguide (53
cladded with metal films

—iky | alkz—iQt

x
xlx

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

Here we explore the particular structure illustrated in H:_X Ok (E(He'KyJFE 'Ky) e%e ™ (b
Fig. 1(a), wherein a dielectric waveguide has deposited on
both its top and bottom surface a thin film of conducting!n these expressions:
material, with air outside each metal film. If these films are
made from a materiagluch as Fewhich may oxidize, quite (1+1). (6)
commonly one adds an overlayer of a noble metal such as 50
Ag or Au, whose role is to suppress oxidation. We shalljere 5, is the classical skin depth of the metal:
consider the influence of such overlayers in the next subsec-
tion. We shall see, when the results in Sec. Il are presented, c
that the presence of such overlayers strongly influences the 60:(2?9)1’2 @)
nature of the Ohmic damping present in such systems. 0
The dielectric waveguide occupies the regimel¥0  with o its conductivity.
<D, while the lower metal film lies in the regior d<y Relations between the three amplitudes, E{*), and
<0, and the upper metal il <y<D+d. E(™) follow upon applying the electromagnetic boundary
It is straightforward to synthesize fields within the di- conditions aty=0. Conservation of tangential components
electric waveguide from Maxwell’s equations applied to theof E provide us with
TM mode of interest. We write the electric fielland mag-

o . 1
netic fieldH in the form sin(— QD|E, =i g(E(f)_E(f))- (83
E= Ei[g’ CO{Q =3 D” while conservation of tangential yields
. 1 Lo 1 c?k?
—i %zsir{Q(y—ED) ]e‘kze"Qt (3a cos(z QD ELI—(E(+)+E( ). (8b)
6
and

No new information follows from the requirement that nor-
keg-i0t mal components ob be_ conserved._ _
. (3b) We must now consider the region belgw —d, which
we assume is occupied by air with dielectric constant unity.
We note that, in accord with our earlier discussibhis an  The fields in this region will be evanescent in character, for

even function about the midplane of the structure. Heiis,  \yayves confined to and guided by the structure. ¥ar—d
the dielectric constant of the waveguide, assumed real for thge have fields which we write as

numerical calculations reported below. Theis the velocity

eQ)

Hz—ExEL CO{Q

1
Lo,

of light, and Q along with the propagation constaktare e o 0| oyt d)aikza— 0t
related through requiring each Cartesian component of the E=E lyHi k z)ew ere (%3
fields to satisfy the wave equation. One has q
an
QZ
Y
Q=e 2 ke (4 H:_% E(<)geoly+dgikzg-iot (9b)

Given the frequencyl, our aim is to solve for the propa-
gation constank. We shall do this through an implicit dis-
persion relation derived below. ( Q2> 12

apg=

where the wave equation in vacuum gives

We must find the electromagnetic fields within the metal k?— = (10
films, and then match them to the fields in E¢3. through

the appropriate boundary conditions. With microwave fre-For all the modes we consider, the imaginary partkof
guencies in mind, we neglect the displacement current termamely k,, will be very small compared to its real part.
in Maxwell's equation, since its influence in metals is quite Waves are bound or guided by the structure wken the
negligible at such frequencies. The structure in Figy has real part ofk, is larger thanQ)/c. We always choose the

reflection symmetry through the plane=D/2. Thus, we square root in Eq(10) so that
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Re(ag)>0. (11

Once again we require tangenttalandH be conserved, but
now at the interfacg/=—d. Conservation of tangenti#  Again we present calculations which address this structure in

1
K1=5—1(1+i). (16)

gives Sec. Il.
. N s . Qg
E{Ye xd—E{Jeixd=—j — E() 12 : o :
L L k (123 B. Microwave attenuation in a dielectric waveguide
. . . . cladded with ferromagnetic metal films
while conservation of tangenti&l requires
2 1. The structure depicted in Fig. 1(a)
(+)aixd (Haikd— = (<) . . .
El e+ E, e =——E". (12b We now turn to the case where the metal films in Fig.

c . ) : )
" 1(a) are not only metallic, as in the discussion above, but

In Egs.(8) and (12), we have four homogeneous equa- ferromagnetic as well. Here we discuss the situation illus-
tions in the four field amplitude€, , E(*), E(™), and  trated in Fig. 1a) where the ferromagnetic films are un-
E(<). Once the frequenc is chosen, these equations ad- capped, with air above. In the next subsection, we discuss the
mit nonzero solutions only for one, or perhaps a discrete saixtension to the case where each ferromagnetic film is cov-
of propagation constants It is a straightforward matter to ered by a thick metallic film.
derive an implicit equation from which the allowed propaga-  The electromagnetic fields within the dielectric wave-

tion constants may be obtained. This has the form guide, and those in the air outside the ferromagnetic film are
1 1— 7d2eD described as in Secll A). Thus, we do not display their
CO<_ QD) =i xQ g (13  form here, but we will use the expressions given in the pre-
2 ekg (1+zd?xd) vious section. We do discuss the influence of the ferromag-
netism on the fields within the two ferromagnetic films. As
where . L .
we proceed, we will invoke an approximation described be-
a0K+ik§ low which we believe to be quite accurate, for the systems
— (143 studied here.
ok~ 1Ko The two principal Maxwell equations we explore are
and we have defined VXE=ikoB (179
Q
kOZE. (14b) and
40y
In Sec. Ill, we shall discuss numerical solutions of Eq.  VXH= E (17b

(13) for structures of interest, and we shall also obtain ap-

proximate analytic solutions applicable to particular regimeswhere once again we ignore the displacement current contri-
bution to Eq.(17b), since in the frequency regime of interest,

its influence is quite negligible. Recall thiy=/c, from

2. The influence of metallic caps on the structure in Eq. (14b). The conditionsV-E=V-B=0 are appended to
Fig. 1(a) Egs.(17). _ o |
o . To proceed, we require a constitutive relation betwBen
As noted above, the expression in Efj3) provides us andH. This takes the form, for a ferromagnet oriented such
with the implicit dispersion relation of microwaves which as that in Fig. 1:
propagate down the structure illustrated in Fig),lwhere it _ )
is assumed that we have air outside the two metallic films. In Bx=maHxtiuaHy, (183
practice, most particularly if the thin films are a metal such g — —ipoHy+ uiH (18b)
. ) y 2P T Mgy,
as Fe, a noble metal overlayer will be deposited over the Fe
films to prevent oxidation. and
In what follows, we assume such overlayers are present, B,=H,. (180

and furthermore that they are sufficiently thick that they may

each be supposed to be of infinite thickness. Let the condu%Xpr?SSions for the frequency dependent magnetic response
tivity of the overlayer material be-;, and its skin depth be unctions are derived standardly from the Landau—Lifshitz

61. It is straightforward to modify the discussion given in equations. Let y be the gyromagnetic ratio, and defifig,

the previous subsection to describe this case. When this is YMs andQy=yH,. One then find$

done, the implicit dispersion relation has precisely the form 47Qu(Qu—iTQ)
given in Eq.(13), except the quantity is replaced byz;, =1+ — (193
where (Qu=irQ)"—0
_ and
:( K Kl) 15
! K+ Ky ( B 47 Q (19b)
and H2= . —ira)2—q?
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The dimensionless parametéiin Egs.(19) has its origin in  fields do not have pure TM character. As a consequence, the
dissipation in the spin systeflts value controls the ferro- mode as a whole is no longer a TM mode, by virtue of the
magnetic resonance linewidtkH, defined by Heinrich and gyrotropic response of the ferromagnet. We argue below,

Cochran a% however, that under circumstances of interest to us, devia-
Q tions from pure TM character are very small.
AHzl_le(_)r_ (20) The microwave skin depth is affected strongly by the
Y magnetic response of the film, as one sees from(E2g).

We proceed by combining Eq&L8) with (17), and seek-  The effective skin depth is
ing eigensolutions with the form exp{xy)expikz)exp s
(—=iQt). There are two eigensolutions, neither of which has 5eﬁ:_°_ (23
the character of a pure TM mode, or a pure TE mode. The ()M
gyrotropic character of the response of the ferromagnet, Wiﬂl'lf, in the interest of simplicity,
origin in u,, produces normal modes in which all the Car- to zero. then
tesian components of the field are nonzero. It follows from ’
this that the electromagnetic fields within the dielectric Qé—Qz
waveguide are also no longer of pure TE or TM character, Mﬁm
but are mixtures of the TE and TM mode. FM
If, in the metal film, we take the mathematiddlut un-  whereQp,, is the ferromagnetic resonance frequency of the
physica) limit w,—0, one of the two modes reduces to afilm discussed in Sec. [Q§M=QH(QH+47TQM)], and
TM mode, and one reduces to a TE mode. For ease of difag=0,+47Q,,.
cussion, whernu,# 0, we refer to one of the exact modes as As ) approaches the ferromagnetic resonance fre-
the TM mode, and the second the TE mode, labeling each byyuency, ., increases dramatically, and the skin depth de-
their behavior in the limitu,— 0. This nomenclature is ap- creases by a large amount. This will have important conse-
propriate, for reasons we shall appreciate below. quences for the calculations presented in Sec. Ill. This is an
Consider the electric and magnetic fields associated witlunfortunate situation, because the reduced skin depth “cuts
the TM mode of the ferromagnetic film. These have the formoff” coupling between the microwave field and the spins,
i = o precisely when it is most desired, on resonance. Notice that
E(t>=E(+)( )A(HA/:LE i)eilkyelkzeﬂt (21a M, has a zero, and thus the metallic films “open up” near

we set the damping constant

(24)

L —
(y=1) the frequencyQg, which for Fe is in the 70 GHz range,
%2\ when a 2 kdfield is present. We shall explore consequences
B =g(* —(m)x—i of this as well.

We next consider the order of magnitude of the various
parameters that enter Eq21), with the 20 GHz frequency
range in mind. We hav&,=Q/c=4cm L. One expectk
=ko\Je~8—10cm?, for a typical semiconducting wave-

eti?yeikze—iﬂt

k( B )A+_%( B )
><k_O Iu’l)_l y_lk_O lu’v_l z

(21b guide. The paramete® will be in the same range, since
and Q%+k?= kée for these propagating modes.
~2 K 1 i However, « anq7<' are very much larger indeed than the _
H“):E“)[—( (X+iBY)+ — — ( ) three parameters just described. For Fe at 20 GHz, the skin
* kkost, ko po \mp—1 depth 5, off resonance is very close to 1&cm, or 1 um.
~ B Hence,k~10* cm %, >k,, Q, or k. The argument given
x| —igk+yF— Mvi) et YgikzgiOt (210 above suggests that near ferromagnetic resonands, in
fact much larger tham.
In these expressions: If one examines Eq.2139 with the above numerical es-
s timates in mind, one sees that theomponent of the electric
M7 Mo field (the component parallel to the biasing fiélg) is larger
My = (223 - o
M than thex andy components by roughly three or four orders

of magnitude. For the magnetic field, whose tangential
components are conserved across the interface; toenpo-
Mo nent(parallel to the interfageand they component{normal

is often referred to as the Voigt permeability:

B= uy (22D o the interfacgare larger than tha component by three or
four orders of magnitude.
and It is the presence of th& component ofE, and thez
() Y2 ' component ofH which are responsible for “mixing in”
K= % (1+i). (220 fields of the TE character in the dielectric waveguide. We

have just seen that these two components are three to four

Some general comments on the structure of these expresrders of magnitude smaller than the dominant components
sions are in order. First note, as remarked above, that whesf E andH, which can be matched appropriately to fields of
Mo and consequentlg are nonzero, as mentioned earlier, theTM character in the dielectric.
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With these remarks in mind, we shall proceed by ap-located betweey=0 andy=D, and through the appropri-
proximating the fields in the dielectric film by fields of pure ate translation describe the remaining dielectric films. If we
TM character, as given in EQ3). We match them to fields in  sit in one of the ferromagnetic films, the structure also has
the metal film, which are linear combinations of the fieldsreflection symmetry through the midpoint of the ferromag-
E™), and H*) given in Egs.(21a and (21¢. When we netic film. A consequence is that the Cartesian components
match the fields, we require only that tangential componentsf the electric and magnetic field have well-defined parity in
of E andH be conserved across the boundary, and ignore thehese films. Within the ferromagnetic film centered between
very small quantitative errors introduced by requiring conti-y=0 andy= —d, for the tangential components BfandH

nuity of the other small components. we have

Once this approximation is accepted, the implicit disper- ~ 1
sion relation may be derived by a discussion that follows that  g,=—i — EMZ sin k| y+ = d” (289
given in the previous section. We thus simply quote the k 2
result: and

1 ®Q [1-7Zel%xd %2 . 1
cof = QD| =i — 25 H=———EMXxco +=d]|. 28h
t(z Q ) ek, | 1+Ze'?< @9 © o kkop, Y72 (280
where Since these field forms are repeated throughout the structure
_ unchanged in shape, we obtain the implicit dispersion rela-
-~ aok+ikiu, tion by tangential components & andH to be conserved
= ao?—ikg,uv . (26) across the interface gt=0. A short calculation gives us
1 ®Q 1_

2. The influence of metallic caps on the structure in cot 5 QD |=~— e cot 5 kd]. (29
Fig. 1(a) €Koky

We handle this with the approximation described in the N the next section, we present both analytical results in
previous subsection, in regard to the fields within the ferro_spec!al I|m|t_s, an_d numgncal results for the various structures
magnetic films, presently capped by a thick conducting film.considered in this section.

The thick conducting films are treated as in Sec. Il A 1. The
derivation is straightforward, and the effective dispersion re-
lation has form identical to Eq25), with the factorz re- lll. RESULTS AND DISCUSSION
placed by Next we turn to a discussion of the results of a series of
"=y Ky calculations based on the implicit dispersion relations ob-
~+—) (27) tained in Sec. Il. It should be noted that all calculations are
KT oKy performed for a frequency of 20 GHz. We have in mind
with k, defined by Eq(16). dielectric waveguide thicknesses in the range of a few tens to
a few hundred microns. The skin depth of Fe is very close to
one micron at 20 GHz, so Fe film thicknesses will be at most
C. Microwave propagation in the superlattice a few microns. As we shall see, in fact, a few hundred ang-
structure depicted in Fig. 1(b) stroms of Fe will allow one to achieve optimum coupling.

As one sees from the figure, one has a superlattice struc- The first question we address is the influence of the
ture whose basic unit cell consists of a dielectric film of metal films on the microwave propagation length, in the ab-
thicknessD, and a ferromagnetic film of thickness The  sence of magnetism. That is, we inquire the extent to which
unit cells are stacked together as indicated in the figure. Wehe presence of the metal films leads to attenuation over and
shall assume here that we have an infinite number of uni@bove that provided by losses in the dielectric film itself.
cells, so the structure fills the entire space frgm —= to If the two metal films are very thick compared to the
y=+o. It should be remarked that our interest will be in the skin depth, then one may derive a very simple analytic for-
case where the dielectric film thickneBs is rather small. mula for the attenuation length. One uses B¢), and takes
Thus, a practical sample will consist of many unit cells.  the limit d—c, where exp@«d)—0. We recall from Sec. II

We shall treat the fields within the scheme described irthat under the conditions of interest/ko) ~10. The right-
Sec. Il B, where we regard the mode as very well approxihand side of Eq(13) is then very large compared to unity,
mated by one TM character. We match tangential compoand we are in the limiQD<1. Thus, cot(1/@D) is well
nents ofE and H in the dielectric film to the very large approximated by Z3D, and thusQ?=— (2i ekj/xD), then
tangential components & andH in the ferromagnetic film. recall that

For the superlattice which consists of the infinite stack of
unit cells, from the perspective of any individual dielectric k= (ekj— Q?)2= %,
film, the structure has reflection symmetry through the mid-
plane of the film. Thus, within each dielectric film, the elec- We writek=Kk; +ik,, and note thalky=2m/\o, where\, is
tromagnetic field may be taken to have a form identical tothe free space wavelength of the radiation field, at the wave-
that described by Eq$3). These apply to the particular film length of interest. We then have a very simple result:

’z:

i
1+ D/ (30
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Lol T T T T T ] CO[( Q ) KQ [k(2)+(a0K+ |k(2)) Kd] (32)
: AIR a =— .
it 2 ek [ aon+i(aon+ikg)xd]
—~ L2 3 —
e SV _d A i i
S AR ¥ In both the numerator and the denominator of this expres-
s'or VERY THICK Ag sion, (a0K+ik§) may be replaced bygk, and in the de-
Zosle o d: Fe nominator, the term incd may be dropped altogether. When
= d this is done, Eq(32) may be written
S 06} VERY THICK Ag
4
= 1 2iayd
50.4— B 1 cot(EQD)=€%[O(1+ kz(;)z ) (33
0“0
o.2r -
L L . The metal overlayers continue to assert their presence so
%001 003005 01 0305 10 3050 100 long as 2vd/k365 is large compared to unity. Recall that

d(pm) ko=2m/\g, With N the free space wavelength of the radia-
_ ' _ _ tion. The wave vectok is always close in value te'%,, as
FIG. 2. The microwave attenuation at 20 GHz, as a function of Fe fimgne sees from the example in E(GO) Hence the metal films

thickness, for two cases. Ca@®) is a lossless dielectric file=12) with a .
thickness of 10Qum, and air outside the Fe films on the top and bottom of control the behavior of the structure so Iong as

the dielectric. CaséB) is the same dielectric film, but now deposited on
each Fe film are overlayers of Ag, whose thickness is large compared to the ™ 53 B
skin depth in Ag. >(€_ 1)1,2 )\—0=dc. (34)

For Fe, as notedg,=10"%cm, and at 20 GHzg5,/\,
~10 *. Hence, the conducting overlayer has a very strong
12 influence on the propagation characteristics until the cover-

mE O . . .
= 2 4> So. (31) age is down to the atomic monolayer level! We are reminded
Ao D’ of a study of ultrathin Ag films on GaAs some years ago,
which demonstrated that monolayer quantities of Ag com-

pletely screened electric fields generated by atomic motions
From Eq.(13), we may calculaté,, for the case where in the GaAs from the outside world.

the metal films have finite thickness. We have done this nu- In the regimed_<d<3,, we may ignore the factor of

merically. For the structure illustrated in Figial, where we . . ; .
have a dielectric waveguide with a metal film deposited onunlty on the right-hand side of E¢33), and we still have

top and on bottom, the results are surprising. As the thickﬁa[\):l' Upon proceeding as in the derivation of &), we
ness of the metal films is decreased, the Ohmic dissipation

increases rather than decreases, as one might expect intu- mel2 52

itively. Of course, asl— 0, as one sees from E(L3), Q and ko= ——gq (de<d<p). (35
consequentlk are purely real, as they must be for the loss- 0

less dielectric assumed here. But, as just remarked, initiallAs discussed above, the attenuation rate increases inversely
the attenuation rises, asdecreases. with the metal film thickness. This expression provides a

We illustrate this in the curve labeled (&ee Fig. 3 The  good account of curve A in Fig. 2, wheh< §;.
calculations assume the dielectric waveguide has a thickness If, as is commonly done to prevent oxidation, the Fe
of 100 um, with a (rea) dielectric constant of 12, a value films are covered with a noble metal film, the behaviokef
typical for the common semiconductors. The metal filmsdiffers qualitatively from the case just described. Curve B in
have the conductivity of Fe at room temperature. Fig. 2 are calculations for a dielectric film 1Qm in thick-

From curve A in Fig. 2, we see the conductivity damping ness, where now the Fe films of thicknesare covered with
depends weakly on film thickness wheln>2 um, as ex- very thick Ag films. We now see that as the Fe films
pected from the value of the skin depth mentioned above. Aare made progressively thinner, the attenuation decreases
the film thicknesses drop below Am or so, quite surpris- substantially.
ingly once again, we see a dramatic increase. If one exam- These calculations show that capping the Fe films with
ines the electric field within the metal film, the dominant thick metallic overlayers plays a most important role in lim-
component of the electric field is the longitudinal componentiting the conductivity damping, as the Fe fiims are made
(z component The combined effect of the boundary condi- thinner. For reasons discussed below, Fe films in the 300—
tions at the air/metal interface, and metal/dielectric interface$00 A range will be proven to be of primary interest. In the
is to cause the strength of taecomponent of electric field to absence of capping, the conductivity damping would be se-
increase as #/ when «d<<1. In the end,k, increases as vere, to the point where the metal coated dielectric wave-
1/d as well, as a consequence of this field enhancement. guide would be of limited usefulness.

One may extract the behavior just described from Eq. We now turn our attention to the coupling between the
(13), and derive as well an estimate of the film thicknessmicrowave fields, and spin motions in ferromagnetic films
below whichk, will eventually fall to zero asl—0. When located on the top and bottom of the dielectric waveguide.
xd<<1, we make the replacement expé@)=1+2ixd to find  We shall confine our attention to the case where thin ferro-
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FIG. 3. The frequency dependent attenuation, for a dielectric waveguide
(e=12) of thicknessD =100 uxm, upon which two Fe films of thickness

hav_e been dep_osited._Each Fe film is assumed capped by a thick Iayc-_zr of A@ur calculated peak attenuation rates are thus quite close, as
as illustrated in the inset. We assume an external fi¢jd=1.85 kG is |_?prect(:jd' to twice theirs.

present, which gives a ferromagnetic resonance frequency very near 20 G . .
in the Fe films. One virtue of the strong dependence of the skin depth on

frequency is that it reduces the sensitivity of the peak attenu-

ation to the linewidth of the ferromagnetic resonance line of
magnetic films of thicknesd are placed on the waveguide, the ferromagnetic film. In our treatment, this is controlled by
and these are each capped by very thick metallic overlayeithe parametel” which enters Egs(19). In general, on reso-
which we take to be silver. nance, the absorption rate is inversely proportionall'to

In Fig. 3, we show the frequency dependence of theHere, the peak scales a5 2, so the peak absorption is
attenuation introduced by coupling between the microwavessomewnhat less sensitive to linewidth than one might expect.
and the ferromagnetic films. These calculations explore variif one increases the linewidth of the ferromagnet, the ampli-
ous Fe film thicknesses, for a dielectric waveguide whoseude of the spin response on resonance is of course, reduced.
thickness is 10@um. An external field of 1.85 kG renders the However, the skin depth is larger at resonance; this allows
ferromagnetic resonance frequency to be 20 GHz. the microwave field to sample more spins than before to

One might believe that to achieve maximal coupling, thepartially compensate for the loss in amplitude of the spin
Fe films must have a thickness of a few microns, since theesponse.
skin depthdy is the order of 1um. We have seen, however, The peak attenuation realized in the geometry employed
that near resonance, the effective skin depth is very muc Fig. 3 is affected sensitively by the thickness of the di-
smaller. Right on resonance, for the parameters we have usetkctric waveguide. AD, the thickness of the waveguide
in these calculation$,/u,=35, so in fact the skin depth is decreases, the peak attenuation increases dramatically as il-
reduced to only about 300 A. Thus, maximal coupling islustrated in Fig. 4. Note, that if the dielectric waveguide
achieved even with very thin Fe films. thickness is decreased from 100 to afh, then the calcu-

We illustrate this in Fig. 2, where we display the attenu-lated peak attenuation rate increases to a value in excess of
ation introduced by coupling to the ferromagnetic resonanc&5 dB/cm. If strong coupling between the microwave fields
response of the spin system. We see almost no differencand spins in the ferromagnetic films is highly desirable, quite
between the peak attenuation produced by a film @i  clearly one should fabricate samples from the thinnest pos-
(1000 A) in thickness, and that produced by a film 0,08  sible dielectric waveguide.

(500 A) in thickness. It is not until the Fe film thickness The results presented suggest that to obtain strong cou-
drops well below 300 A that one begins to see a falloff in thepling, one wishes to make the dielectric waveguide very thin,
peak attenuation. This is illustrated by the curve labeledas just discussed. However, in practice, of course, there is a
0.0125um (125 A) in Fig. 3. We remark that conclusions lower limit to the thickness that may be utilized. In the par-
very similar to these are evident in the calculations displayedicular example of a GaAs based structure explored here, it is
in the paper by Schilmann and co-workersindeed, our cal- our understanding that a structure based on the use of a 50
culations are in very good accord with theirs in all regards, ifum thick GaAs film would be quite fragile.

one realizes we have two ferromagnetic films deposited on These remarks suggest one should utilize a superlattice
the dielectric waveguide, while they have only a single film.structure such as that illustrated in Figbjl The notion is
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FIG. 6. The frequency variation of the propagation length near the Fe film

. . . . . . L _
that one can create a macroscopic sample by stacklng t(ﬁptlresonance, at the frequenf}y,+4mQ,,. The dielectric films(e=12)

. - ’ . ave a thickness of &m, and the Fe films a thickness ofwdn.
gether many unit cells, as depicted in Figb)1

In Fig. 5, we show calculations for such a superlattice, in
which the dielectric films have a thickness ofuin, and the
intervening Fe films have a thickness of only 100 A. The 5 )
attenuation at the peak is now quite enormous, in excess of Q%=- D ekory (36)
300 dB/cm. Thus, by fabricating such a structure, one can
realize very strong coupling between microwaves and spifrom which one finds the simple result
excitations. Off resonance, in the presence of the metal films,
the attenuation remains modest. In the 15 GHz range, for
instance, one realizes 0.3 dB/cm, with a similar value at 25
GHz.

In Sec. II, it was noted that the Voigt susceptibiljiy, An expression equivalent to this emerges from the effective
has a zero in the near vicinity of the frequen®g=CQ,  Medium theory of magnetic superlatticés.
+4m7Q,),, which is near 70 GHz, for Fe exposed to an ex-
ternal magnetic field in the 2 kG range. In this frequency
regime, the skin depth in the ferromagnetic film opens upy; syMMARY AND CONCLUSIONS
and becomes very large, as one sees from(£j). In ferro-
magnetic resonance studies of thin films, there is a transition The calculations presented in Sec. Ill have elucidated a
resonance, discovered some years ago by Heinrich amtumber of features of the microwave propagation character-
Mescharyakov! This feature is referred to as an antireso-istics of structures such as those depicted in Fig. 1. Our prin-
nance of the film. cipal conclusions may be summarized as follows:

If one prepares a superlattice such as that displayed in (a) Capping of the Fe films by a nonmagnetic conductor
Fig. 1(b) that is metal rich, then at frequencies removed fromdoes more than simply prevent oxidation of the Fe film. It
the antiresonance, the conductivity damping is very strongcontrols the dependence of the off-resonance conductivity
However, neaflg, in the antiresonance region, the structuredamping on Fe film thickness, when the Fe films become
opens up and transmits. We illustrate this in Fig. 6, where weonsiderably thinner than the off-resonant skin depth. With-
show the frequency dependence of the transmissivity of aut the capping, as the Fe films become very thin, one real-
structure fabricated from dielectric filmsdm thick, with Fe  izes a very strong conductivity damping off resonance, as
films 3 um thick interspersed between them. We see théllustrated by curve A in Fig. 2. If the films are capped by a
dramatic attenuation minimum near 70 GHz. At the mini-thick conducting layer, then the off-resonance conductivity
mum, the attenuation falls to 4 dB/cm; the depth of the mini-damping remains quite small, for all Fe film thicknesses con-
mum is controlled by the damping paramelérThis struc-  sidered, for the structures explored here.
ture may be appropriate for use as a tunable band pass filter. (b) One would think that to achieve maximal coupling
Since Qg=Qy+47Q) the frequency of the dip may be of microwaves to spins, one needs Fe films a few microns
tuned by varying the externally applied magnetic field. thick. That is, they should be thicker than the nominal skin

In the limit that both constituents in the superlattice aredepth, so the microwave field comes into contact with as
very thin, a simple analytic expression for the propagatiormany spins as possible. This is not the case. The fact that the
constantk follows from Eq.(29). If QD<1, and alsoxd apparent skin depth decreases dramatically on resonance al-
<1, each cotangent may be replaced by its small argumerows one to achieve maximal coupling with rather ti&90
limit. This yields A) Fe films, as illustrated in Fig. 3.

d
1+5,u,v . (37

k2: Eko
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(c) One can increase absorption on resonance by usingpicrostructure, for combinations of semiconductor and fer-
the thinnest possible dielectric film. The range of B  romagnetic metal films which may prove useful for high fre-
seems interesting, if such a thin film structure can be fabriquency microwave devices.
cated.
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