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We present here a method for calculating the power absorbed in the ferromagnetic resonance of a sample
consisting of metallic multilayers, with arbitrary directions of the applied static field. It is presented in as
general a form as possible and then a number of simplifications are introduced to make the numerical
calculation reasonable. These simplifications are shown to be justified and applicable for a large class of
problems. In a following paper, the method is applied to a particular problem, and a semiquantitative model

of the resonance behavior is presented.

I. INTRODUCTION

This is the first of two articles on the theoretical
study of ferromagnetic resonance (FMR) in iso-
tropic metalgc magnetic multilayers, with applied
static field (H,,,) at an arbitrary angle with respect
to the film normal. Our work is a logical exten-
sion of Hoffmann’s study,® in which he considered
primarily the case in which ﬁ,,,,, is normal to the
film surface. There is reason to believe that such
investigations of the effect of interfacial coupling
upon resonance absorption spectra will aid in clar-
ifying the troubling problem of the magnetic be-
havior of the surfaces. The possibility of analyz-
ing resonance spectra for arbitrary field direc-
tions, and under arbitrary conditions of coupling

strength, should contribute substantially to the un- .

derstanding of this problem.

For the analysis of the properties of the individ-
ual layers, we use the approximate method . which
we have reported earlier.? This permits us to
simplify both the mathematical description and the
numerical solution of the problem. The continuity
equations for the rf magnetization at the:interfaces
between layers are those derived by Hoffmann,’
modified to make them consistent with the approxi-
mate calculation. Finally, an expression is de-
rived from Poynting’s theorem for the power ab-
sorbed in terms of surface impedances.

In the following paper® we solve the problem of
FMR for a sample consisting of three layers with
similar properties. This is the simplest problem
to which the method can be applied. Based on the
results of this calculation, we are able to describe
a method for deducing the coupling strength from
absorption spectra. We show that it is possible,
from a relatively simple semiquantitative model,
to interpret and understand the numerical predic-
tions obtained from the calculations.

The method described here is applicable to a
large number of different problems. It may be
used for predicting the behavior of metallic multi-
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layers with ferromagnetic® or with antiferromag-
netic? interfacial coupling. It may be used for in-
vestigating resonance in metallic films with fer-
rimagnetic surface layers,® or with inhomogeneous
ferromagnetic surface layers.®”® Finally, one can
develop a simplified version, neglecting conductiv-
ity, which may be applied to the ferrimagnetic
resonance in garnet films, with surface layers dif-
ferent from the bulk.®~*! In all of these problems,
application of the method described here would
permit a more exact and more complete calcula-
tion (of linewidth, for example) than has been pos-
sible in the past. The semiquantitative model of
the following paper® should yield insights into all
of these problems. At present, we are using the
method to calculate transmission through thin bi-
layers, for which interesting exchange effects
might be expected.’?

II. THEORETICAL SITUATION

Consider a ferromagnetic thin-film sample con-
sisting of N metallic layers, infinite in the x-y
plane. Each of the layers consists of isotropic
material. The spatial configuration is shown in
Fig. 1.

The solution of the FMR problem for such a sam-
ple consists first of the simultaneous solution of
the Landau-Lifschitz (LL) equation and Maxwell’s
equations to obtain the dispersion relations. Then-
the relative amplitudes of the different components
are obtained from the continuity equations for the
electromagnetic (EM) fields and the rf magnetiza-
tion at the outer surfaces. There are two difficult-
ies in this procedure: First, the LL equation and
Maxwell equations form a set of differential equa-
tions whose coefficients are physical variables (dc
magnetization, exchange, conductivity, ete.), and
are difficult, if not impossible to solve analytical-
ly. It is therefore necessary to solve the problem
numerically, point by point. Second, the values of
the physical variables (mentioned above) at the in-
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FIG. 1. Spatial configuration of the sample.

terfaces between layers, and the behavior of the
solutions as a function of the z coordinate depend
upon the interdiffusion between layers; this is dif-
ficult to determine once the films have been pro-
duced. However, Hoffmann' has shown that when
this interdiffusion is small it is possible to divide
the problem into as many subproblems as there
are layers. In fact, when this condition is ful-
filled, the coefficients appearing in the LL and
Maxwell equations for the jth layer may be treated,
to first order as constant, even near the interfaces
of this layer (z=z; and z =z;,,) as shown in Fig. 1.
In this case, the problem reduces to the solution
of the equations of motion for each of the N layers,
followed by solution of the continuity equations at
each of the N -1 interfaces and the exterior sur-
faces to fix the amplitudes of the different waves.

Even in this situation, there remains one diffi-
culty: despite weak interdiffusion, the direction of
the static magnetization varies near the interface,
and the Hoffmann model fails if this variation is
large. We shall return to this question, in order to
quantify the limits of validity, in Sec. IV.

The special case, of small diffusion and of small
variation of magnetization direction within a layer,
is still of considerable interest. Under these con-
ditions one can directly apply the methods previ-
ously developed for FMR in monolayer films,
either exact'® or approximate,® to each layer. Fur-
ther, from the absorption spectrum, it is possible
to obtain, by a fairly simple method, an under-
standing of the behavior of the rf magnetization
near the interface. This will be demonstrated in
the following paper.® Thus, this article is devoted
to the problem in the case of weak interdiffusion.

III. DISPERSICN RELATIONS
A. Exact method

Consider the jth layer of the sample of Fig. 1.
The Maxwell equations for this layer are

3><'§,=—-—1— a(H, +47M,) ’ o
c ot
VXH = 410,;/c)8,, (2

Ve (8, +47M,) =0, ®3)

V-%=0. )

'ﬁj and lﬁ,- represent the internal field and the mag-
netization in this layer. The electric field is writ-
ten as §; to indicate that the static component is
assumed to be zero; o, is the conductivity of the
layer. In these equations we have neglected the
dielectric, displacement terms in comparison with
the conduction terms (low-frequency approxima-
tion). The LL equation may be written

1 aM, - = 2A - A =
— =M, |:H + =l VM- —5 M
Y t J J sz j .ij? 7

(dem) o

Equation (5) is written with the convention y, <0.

A; is the exchange constant and A; the damping con-
stant of the jth layer. The spatial orientation of the
fields and of the magnetization in a layer, far from
any interface, is shown in Fig. 2. It is easy to
show from Eq. (5) that the static components of

H, the internal field and of M;, which we call H,
and ﬁoj, are parallel. We take them as lying in
the x-z plane. By writing the demagnetizing field
in terms of the static magnetization we see that the
applied and internal fields are related by

—ﬁw = _ﬁapp — (47My; cosfy) 2 , (6)
and that

2mM,; 8in20; + H,,p, sin(a - 6,;) =0, (7)

z Hopp

| na— -4 Mg cos 9°,~ F

’.‘Haj
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o
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FIG. 2. Orientation of the static fields. % is the unit
vector in the direction normal to the sample plane. «
is the angle between the applied field H,,, and the nor-
mal. )
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where the angles, 6, and @, are as shown in Fig.
2, ' .

For the infinite plate, propagation may be as-
sumed to be confined to the z direction, so that

M, = ﬁw + _r;lj s (8)

H;=Hy, +h,, - (9)
where

5: = elWt-ka) ,

B = Ew elwi-hz)

We assume, in what follows, that m, and i, are
small compared to Mo, and HO, (small-signal ap-
proximation). Itfollows from this® that m; is nor-
mal to Mo,, so. that only two of its three compon-
ents are independent. Substituting the values from
Egs. (6)—(9) into Egs. (1)-(5), and neglecting sec-
ond-order terms,? one obtains

mi=—-Q;hj, n=x,y, (10a)
m§ = <hj3/4n , ) (10b)
where :
1= (1/4m)[1 - 382 I (11)
and

87=c?/2m0;w .

Eliminating il by means of Eqs. (10), Eq. (5) re-
duces to

G <m?> =0. | (12)
m

In Eq. (12)
Gl = ( c; sin®0y, + b, cos®6,, a; +zQ,>
—(d; sin®6; +a,; cos®0y, +iQ;) by
(13)

FIG. 3. Cartesian and polar components of the rf
magnetization.

The terms a;, b;, c,, d,, and , in Eq. (13) are
defined in Appendix A. The terms m{ and m? are
the polar components shown in Fig. 3.

The system of homogeneous equations, Eq. (12),
has a solution only when the determinant of G’ is
zero. From this condition, one obtains a digper-
sion relation which is quartic in %%, except at a
=0, where it decouples into two biquadratic equa-
tions, and at & =90°, where it separates into a
cubic and a linear equation in %2,

The four pairs of £ values for each frequency,
obtained from the dispersion relation, may be re-
introduced into Eq. (12) to give the relationship
between m{ and m{". Then Eqgs. (2) and (10) yield
the electric and magnetic fields associated with
each solution. This constitutes the exact method.*?

B. Approximate method

In the absence of conductivity and of damping,
G’ reduces to?

9-](')=<H01+2Ajk12/Moj +47TM°J sin2901 ‘LQj )
-9, Hy, +2A,K /M,

(14)
The matrix Q{, can be diagonalized by the same
unitary transformation gj which permitted Kobay-
ashi et al.' to obtain the uniform precession mode
for the magnetoeleastic insulator. The elements
of U’ are

U4, =UL, =9,/ (202 + 419 4 M, sin®0,,)Y/?,  (152)

U, =Uh, =09,/ (202 - 410, M,, sin®0,;)"/? . (15D)
In Eqgs. (15)
Q% =Qf +(2nM,, sin®6,,)? .

If we apply the transformation U’ to G’ the off- .
diagonal elements of the matmx

s'=vtc'y’

are generally small compared with the diagonal .
elements.? Thus, in taking the determinant of §/,
we may neglect the off-diagonal elements. Then
each of the diagonal elements yields a dispersion
relation which is biquadratic in %:

Tk +my B +Ty, =0, (16)

Tyyhki+ms ;B +mg;=0. an)

The terms m;; of Eqs. (16) and (17) are given in
Appendix B. Equation (16) is the dispersion rela-
tion for the branches with the resonant sense of
polarization, Eq. (17) for the nonresonant sense.
We refer to these as u; and 1], respectively. The
relation between m and 1 is given by.
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Each of the dispersion relations, Eqs. (16) and
(17) gives rise to four roots, in two pairs, for
positive and negative propagation directions. We
shall refer to the roots of Eq. (16) for propagation
in the positive z direction as k], and &};, and to
those of Eq. (17) as k7; and k;;. The rf magnetiza-
tion in layer j (omitting the time dependence here,
and in what follows) may then be described by

2
=Z I*‘L:j
n=1

2
=Y [Cri cos(ky2)+ Chyy g sin(kE2)] . (19)
n=1

The eight coefficients C,;(1<p<4), are to be
determined from the simultaneous solution of the
EM continuity equations, the continuity equations
for the different magnetization polarizations, and
the boundary conditions on the magnetization at the
external surfaces. We may now combine Egs. (18)
and (19), and make use of the relation between
polar components of m evident from Fig. 3, to
solve Egs. (10) for the magnetic field in terms of
the resonant and nonresonant polarized components
of the magnetization:

2 i+ 3 -
I} = —cosb,; (%‘?‘L + Eg@u) ) (20)
n=1 nj nj
- Z<_ax__ru _aa’inz_> 21)
@
W} =4 sinfy; (U 1) +Ui,u)), (22)
where

Qn = (1/4m)[1 - 5363 (kpy)?] .

Then, with Eq. .(2), we may solve for the electric
field §;:

€i dno; oz ’ (23)
yo_C_ Ohy

¢ 4 o; 9z (24)

ei=0. (25)

Thus, the problem is solved for the bulk of a
given layer. However, before going further, it is
worthwhile to point out the limitation of the ap-
proximate technique. At antiresonance (FMAR),
the off-diagonal matrix elements of g’ are no long-
er negligible compared to the diagonal elements,?
and one must resort to the exact method for ac-
curate solutions.'® Outside of this region, we have
found that the approximate method yields excellent
agreement with the exact method, with a factor of

7 or 8 less numerical computation.? Given this
fact, and the difficulties in numerical calculation
associated with the problem considered here, the
remainder of this and the following paper assumes
use of the approximate method.

IV. CONTINUITY EQUATIONS FOR THE MAGNETIZATION

For the case of weak interdiffusion, that is, the
case when the magnetization |M| remains essen-
tially constant almost to the interface, Hoffmann
has obtained a set of continuity equations for M at
each interface from enthalpy minimization con-
siderations:

Ay aM A -
x — a1 X
M2 M a9z ey M;M;, M; > My

+B; (M, - 2)(M,;X2)=0, (26)

——_Aziilﬁjnx oMy, Ajiny ; IXM,
Mj., 02 gy, M;Mj.,

+Bis1 (M, ,* 2)(M,,,X2)=0, 1<j<N-1. (27)
The first term of each cf these equations repre-
sents the torque due to the gradient in the direction
of M near the interface, so that the exchange con-
stant is that of the material concerned. The sec-
ond torque is due to the exchange coupling between
layers, and contains the coupling constant A; ;,,.

The last term represents the torque due to the
interfacial (surface) anisotropy, and contains the
term B, defined as

B=—-K,/M* .

Since we wish to employ the approximate calcula-
tion for the rf magnetization, we need to trans-
form Eqgs. (26) and (27) into the coordinate system
of the resonant and nonresonant polarizations.
This poses a problem: because of the interfacial
anisotropy and the coupling between layers, the
magnetization direction varies near the interface
even in the case of small interdiffusion. There
are two serious consequences of this fact: First,
a completely rigorous solution of the LL equation
should include the exchange interaction arising
from the variation of magnetization direction.
This makes the characteristic wave vectors func-
tions of position within each layer. Second, it is
not obvious a priori that the approximate calcula-
tion can be applied in the surface layer, that is,
that the rf magnetization can be described simply
as the sum of a resonant and a nonresonant wave.
It can be proved,'® however, that the exchange
modifies only the diagonal terms in G’(z) [Eq.
(13)]; it introduces no additional off-diagonal



terms. In fact, for each point in space, the wave
vectors are given by the approximate calculation
if we use the transformation of Eq. (15) with 6,(z)
replacing 6,;. This of course implies that, for the
region of the interface, the coefficients C,f, in Eq.
(19) must be replaced by C,;(z) when the k’s are
replaced by k;;(z) (1<p <4). In order to make
this distinction clear, we designate the waves in

J
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the interface region by E,-* , and those in the bulk of
a layer, where 6=6,, by ;. Solution of the con-
tinuity problem thus requires transformation of
Egs. (26) and (27) into equations for ;. This is
done after transformation into polar coordinates,
with Egs. (18), in which 6, is replaced by 8,(z).
Neglecting second-order terms, and making use of
-r;lj . 1\_/1(1, =0, we find

AV (1) +B 00" e, (57 ) B0y, <*’§f+ ) : 92’“<zm>(§f+“> -0, 8)

§; ng-

[l_)l_]’“(z,ﬂ)+_L: 31@[’“(2“1)] (£;+1> +§Q“1(Zj+1) (

j+1

where 9=98/62z. A,...,F are diagonal matrices
whose elements are given in Appendix C. The ele-
ments of the derivatives of U (z) are given in Ap-
pendix D.

A complete rigorous solution of the problem re-
quires solving the dispersion relations point-by-~
point, followed by the point-by-point solution for
£f. Thatis, one finds amplitude functions Cj};(z)
(1 <p <4) such that the waves Ej* simultaneously
satisfy Egs. (28) and (29) at all the interfaces.
This can be done, in principle, but is exceedingly
difficult. The problem can, however, be greatly

" simplified if we make two assumptions (whose
validity we shall discuss later). First, we assume

J

Ej-+ 1

“f“) FU e, ) () =0, (29)
8&,, &

—

that the thickness D;, over which 6;(z) is different
from 6,;, obeys the relation

D;<d;,

where d, is the total thickness of the jth layer.
Second, 6,;;, the value of §;(z) at the interface,
obeys

[6;; =68q] small.

When these two conditions are fulfilled, the mag-

netization direction is constant almost everywhere
and assumes values near the bulk value at the in-

terfaces. In this case, we can take £; as equal to
1 to first order, and Egs. (28) and (29) become

. : + aut + '
[AU' 254+ B OV’ 2;.)] (“f> +BU' 24.) < “’) +£l_f’”(z,“>(“’“) =0, (30)
By I Biey
. + + ’ +
[l_)l_}j+1(zj+1)+£ 32”1(314—1)] <“1+1> +Egj+l(21+1) (a““1> +Eg’(z,+1) (uj =0 (31)
i Hisy 8y, T

at the interfaces. We note that while £ have been
replaced by 1} in Egs. (30) and (31) the values of
0;(z) and of 6,,,(z) in the matrices A-F are those
at the interface. These are obtained from the so-
lution of the equation for the equilibrium magnetiz-
ation direction

24, %6, (2)

Y
=21 M3, sin26,(2) + My, H,p, sinfa = 6,(z)],  (32)

where p=j,j+1. Equation (32) is subject to two
boundary conditions: 6;(z) is equal to 6,; far from
the interface, and simultaneously satisfies Egs.
(26) and (27) at the interface.

r

Let us now consider the validity of the two as-
sumptions made above on the size of D and of 6.
For simplicity, we ignore the interfacial aniso-
tropy term, which we assume will be less import-
ant than the exchange coupling term.! When two
adjacent layers have the same magnetization, the
gradient at the interface is zero, and the two hypo-
theses are automatically satisfied. When the ap-
plied field is parallel or perpendicular to the film
normal, the magnetization in each is parallel to
the field, and they are again satisfied automatical-
ly. Finally, when adjacent layers have similar
values for the magnetization M; ~ M, ;,,, or when
the applied field is strong (for arbitrary 6), then
the bulk magnetization directions of adjacent lay-
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ers are close to each other [see Eq. (7)]. We then
expect the magnetization gradients to be small,
and two conditions to be satisfied, at least to first
order. This will be discussed further below, and
in PaperIL.? In all other cases, for example, when
the magnetizations in adjacent layers are dissimi-
lar, and the field is small but 6 is close to 0° or
90°, we have not found an a priori criterion for
determining if the assumptions are good. It is
necessary in these cases to solve Eq. (32) and de-
termine 6;(z). If the hypotheses are satisfied, one
may use Egs. (30) and (31); if not, one must solve
Egs. (28) and (29).

A. Decoupling the continuity equations

Let us now assume that the above hypotheses
hold and that Eqs. (30) and (31) apply. In this case,
the problem can be further simplified. Inspection
of these equations indicates that'the resonant and
nonresonant senses of polarization, p©* and -,
are coupled. However, if the magnetizations of
adjacent regions are similar, or if a strong field
is applied, as indicated above, the magnetization
directions satisfy

015 0;,5410 000,541 > (33)
U @a) 20U Mg ) = U = U7, (34)
and Egs. (30) and (31) reduce to

W\ A (e | My (w)
)
I“Lj- Af:l+1 3“,'- Mo.i+1 “';+1
(35)

IJ‘;+1 _ A,i+1 (3“;“) __MQ,,[-FL (H;) =0
- A - M, - ‘
Kjss Parro\owsy, o Ky
(36)
The continuity equations for the two polarizations
are decoupled and may be treated separately. We

note that when the coupling A; ;., between layers
j and j+1 is weak these reduce to

81, =0, p=j,j+1. (37)
The spins are free at the interface. When the cou-
pling is strong, the waves are in phase and

Moo lhy =Mojlisy - (38)

From Egs. (35) and (36) we find that the gradients
of the rf magnetization are related in a fashion
completely independent of the coupling:

A A
bt 3“*=_~1_+_.‘|._ au* . 39
Moi ! Mo,1+1 e ( )

The derivatives of the rf magnetization waves have
the same sign at the interfaces.

There exists one other case for which the two
polarizations are decoupled. When the interfacial
anisotropy B is large, the first terms of Egs. (30)
and (31) dominate the others. The continuity equa-
tions then reduce to

Hp=0, p=j,j+1. (40)

The spins are pinned at the interface z=z;,,.
[This result can also be obtained directly from
Egs. (26) and (27).]

B. Continuity equations at the outer surfaces

At the external surfaces of the sample the con-
tinuity conditions are given by Egs. (30) and (31),
with A01=0’ AN,N+1=0:

Th Ty
(41)

[égN(z N+ 1)"'5 B’QN(Z N+ 1)] H;)
Ky

+
+'§.QN(ZN+1) <3#N> =0. (42)
oly
These equations are equivalent to those which have
been given previously in the literature':!” for sin-
éle films. They differ only in that they are written
in terms of u* and u~. The only nonzero terms
remaining in matrices A and D (see Appendixes C
and D) are those proportional to 8, the surface
anisotropy. When B is large, the first terms of
Eqgs. (41) and (42) are dominant, and the spins are
pinned at the external surfaces. If 8 is zero, the
external spins are free. Except in these two lim-~
its, u* and u~ are coupled at the external sur-
faces. Clearly, the value of 8 may be different
for each of the external surfaces.

V. SOLUTION OF THE PROBLEM: ABSORBED POWER
SPECTRUM

In order to write an expression for the power ab-
sorbed by the specimen, one must know the vari-
ous components of electric and magnetic field
throughout the sample. That is, one needs the dif-
ferent coefficients C,; (1<p <4; 1<j<N) of Eq.
(19). In order to obtain these, one simultaneously
solves the equations of continuity for the EM fields
and for the magnetization waves of both polariza-
tions at the external surfaces and at all the inter-
faces. In general, this is a difficult problem, and
we 'shall solve it in the special case of complete
symmetry about a central plane, with completely
free or completely pinned spins at the outer sur-
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faces. By complete symmetry we imply symme-
trical excitation, a sample consisting of an odd
number of layers, with layer j identical with layer
N -j+1, and interfacial conditions identical at z
=z;and 2=2y_j,,.

Under these assumptions, only one half of the
continuity equations need be solved, as the other
half are identical and are solved trivially. The
equations which remain are the continuity equations
for the transverse electric and magnetic fields at
the interfaces®® [see Eqs. (20), (21), (23), and
(24)]:

X _1,%X oma

hl' i+ 1 h?"hfn’

x _ X o

ej-e.i-n.’ e},_e;'+1; (43)
N 1

2=25,, l<j<z(N-1);

and at outside surface:

ni=n%, (44)
ny=h3 , (45)
ei=e}, (46)
ey=el, 47)
2=2,,

plus the equations of continuity for the two polar-
izations of the magnetization at the interfaces and
at the surfaces. -

In all, there are 2(N +1) equations for the EM
field, and 2N equations for the magnetization, giv-
ing a total of 2(2N+1). As for the number of un-
knowns, there are 4(N - 1) values of C;; to be de-
termined for the first (N — 1) layers, and 4 for the
central layer (due to symmetry, only the even so-
lutions are kept for this layer). Finally, there are
four unknowns (3,43, €, €3) at the surface, giving
a total of 4(N+1). That is, there are two arbitrary
amplitudes which we may specify.

Let us now introduce a set of quantities which
play the role of surface impedances®®:

Ryy=—€3/hy (48)

Ry =el/hy . (49)

With Egs. (48) and (49), we may eliminate the two
electric components (¢ and e3) from Egs. (46) and
(47). Then, from the group of continuity equations
[Egs. (30), (31), and (41)—(47)], one obtains the co-
efficient C,; in terms of hf, h, R,,, and R,;. Us-
ing these coefficients in Eqgs. (20) and (21) along
with Eqs. (44) and (45), one obtains two homoge-
neous equations for g and k). Setting the deter-
minant of this system of equations to zero, we ar-
rive finally at an equation of the form

RyyRy+0, Ry +ay Ry +3=0. (50)

When R,,= R, = R, there is conservation of the
polarization of the EM mode as it is reflected at
the sample surface.”® R is a surface impedance,
in the same sense in which the term is generally
defined.’® In this case, Eq. (50) is quadratic in R
and has two solutions, R* and R™. These are the
characteristic impedances of the system. To each
of these, there corresponds a characteristic polar-
ization of the EM wave in vacuum. These two po-
larizations are linearly independent,'® and it is
possible to treat any incident polarization as a lin-
ear combination of the characteristic polariza-
tions. Let us be more explicit: let i and h; be
the values of the incident magnetic fields in the
waves corresponding to R*and R~, let P* be the
power absorbed when the incident field is hj and
let P~ be the power absorbed from h;. Since the
two polarizations are linearly independent, the
power absorbed when the incident field is
h;=ah; + bl ,

A

given by the sum of the power absorbed separately
from fields of intensity aa*|k;|? and bb*|h;|?,
that is,

P=qga*P* +bb*P" . (51)

The problem of calculating the resonance spec-
tra is thus reduced to the problem of obtaining P*
and P~, thatis, to a solution of the equations of
continuity with the characteristic impedances of
the system. Let us therefore, obtain explicit ex-
pressions for P* and P~.

To the two surface impedances R* and R~ there
correspond two series of coefficients (C;;)* and
(C4;)~. Introducing these coefficients into Egs.
(20), (21), (23), and (24), we obtain the magnetic
and electric fields everywhere inside the sample.
From Poynting’s theorem, one obtains expressions
for the power absorbed by the sample, and by each
of the layers. We find®® that the power absorbed
by the whole sample is given by

P*=(c/m)|0;|?Re(R?). (52)

The power absorbed by the jth layer [and by its
mirror image, the (N —j+1)th layer] is

Py =(c/mIR;1*Re(IN*|* Ry + I P RAIEZH 4 o

1<j<i(N-1). (53)
For the central layer

P, (jr-r 1/2
= (/MR R RE + N PR ey,
(54)
The coefficients A, A%, and the R’s are defined in
Appendix E. We note finally that Eqgs. (52)-(54)
are not exact. In going from Poynting’s theorem to
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these final equations we have neglected the surface
and interfacial impedances in comparison with the
intrinsic impedance of vacuum. This is always a
good approximation, since R never exceeds a few
ohms,?! while the vacuum impedance is 367 9.'°
Equations (52)—-(54) have the desirable feature of
being relatively simple and easily used in numeri-
cal calculations.

A special case. Let us consider the special case
in which the interface anisotropies are negligible,
and one of the two conditions, strong applied field,
or similar neighboring layers, are satisfied. As
we have shown in Sec. V, the two polarizations are
then decoupled and may be treated separately. The
nonresonant polarizations will be only weakly ex-
cited,' and it is possible to neglect them without
introducing any inconsistency in the continuity
equations. In this case, Egs. (20), (21), (23), and
(24) yield

K _ el _ Ulz)cost;(z)

= —WEL Rl 1<j<z(N+1).
A ) =j=zlved)

(55)
When we take account of Egs. (33) and (34), this
implies

W Mo € Ein
BooR,, e e’
) J i j (56)

2=2;,, 1<js3z(N+1).

Equations (56) permit us to eliminate half of the
equations of continuity for the EM field. Since we
may neglect the continuity equations for the non-
resonant polarization, the total number of equations
and of unknowns is half of what it was previously.
Following the same reasoning as in the previous
discussion, we obtain a linear equation in R for a
single surface impedance. Then, the absorbed
power is

P=(c/m)|h,[*Re(R) (57)

for the whole sample,

z2=z;

P,:(c/n)lhiI2Re(l)\lzr|,=,]’+l), 1<sj<3i(v-1)
(58)
for the jth layer, and
P(N+1)/2=(C/'”)'hilzRe(lele'-z(Nu)/z) (59)

for the central layer. The coefficients A and » are
defined in Appendix F. This is obviously a much
simpler numerical problem than the general case.

Whether we are interested in the general or the
special case, the power can always be obtained by
another approach. Combining Poynting’s theorem
with Gauss’s theorem, one can integrate the energy
density to obtain??’

P=jw Im(/ fﬁ-ﬁ*dv) +§a[ eee*dy.
v v
This expression is useful in the interpretation of
the behavior of the system, but is disadvantageous
for numerical calculations as it requires lengthy
numerical integrations.

V1. DISCUSSION

We have presented here a method which permits
us to solve, by an approximate treatment, the
problem of FMR in metallic multilayers for arbi-
trary directions of the applied static field. The
restrictions on the validity of the approximations
and of the method are: first, that the FMR spec-
trum not include the antiresonance of either of the
layers, as the approximate dispersion relations
are not valid in this case?; second, the interdiffu-
sion between layers must be weak so that Hoff-
mann’s equations® will be applicable; third, the
static magnetization near the interfaces must obey
the conditions, discussed above, of small change
and of small region of change (compared to the
layer thickness). If the second and, especially,
the third conditions are not obeyed, the wave vec-
tors become point-by-point functions of position
and a completely different approach must be taken
to the problem. We have seen that when the third
condition is fulfilled, the magnetization may be
described everywhere in a layer in terms of the
two polarizations u* and u~. If adjacent layers
are sufficiently similar, or if the applied field is
sufficiently large, one may simply neglect the non-
resonant polarization in the solution of the prob-
lem. Evidently, the conditions of small change of
magnetization direction and of similar layers are
closely interrelated if the interfacial coupling is
reasonably strong.

Even if the three conditions cited above are
obeyed, if adjacent layers are not sufficiently sim-
ilar a solution involving all of the polarizations be-
comes very difficult numerically, It is relatively
easy to see why this becomes a problem. We can
write the set of continuity equations as a matrix
equation

T c=r. (60)
In Eq. (60), C is a vector of amplitude coefficients
C,is T is a vector whose components depend upon
the fields at the surface of the sample, and 7 is a
matrix whose elements depend upon the physical
properties of the various layers. Solving Eq. (60)
is equivalent to finding the inverse of 7. In the ap-
proximate problem of N layers, 7 is a 4NX4N
matrix. In the more complete problem, it is an
8N X 8N matrix, as one takes into account both
resonant and nonresonant polarizations. The terms
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relating to the nonresonant polarization appear in
the same rows as those relating to the resonant
polarization. These different types of term may
differ in size by several orders of magnitude. If
one simply attempts to invert the matrix, itis
impossible to find an appropriate normalization
which avoids overflows or underflows, and the
numerical accuracy becomes unacceptable. As a
result we have not yet solved such a problem, al-
though it is likely that this can be done by using
the solution of the simpler problem as a starting
point.2?

In the following paper,® we shall present the solu-
tion of a particular simple problem, along with a
semiquantitative model explaining the results of
the calculation. ‘
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APPENDIX A .

The terms in Eq. (13) are defined as follows:
ay=O; /v )Hog /M oy +1/Q)) +24, 0,k [y My,
b, =H,, + My, /Q, +2A, k2 /My, |
c;=Ho;+4uMy; +24, k5 /M, ,
dy= Oy fy oy Moy +4T) 24,0, B fy, M3,
Q;=w/ly; .

APPENDIX B

The terms in Eqgs. (16) and (17) are defined as
follows: )

Ty =iA;Qo; 85 &1y /Moy

Moy =—[2A4,; Qo815 /Moy + Hyy +21M y,; Sin?6,,)
Xy Ry /vy Moy - iQ0, 1305 +3i 95,851, .

Mgy == oy +4Mog) Qo5 +iXyQy [y s Moy) +95

My =14, 80,07 &2y /Moy

Ty = (Hoy +2TM o, SIn?0,,) Ny Q; /vy Mo; +i Q)

X 305 = 24, Q0; &5y /Mo; +3i 923, 85,
Ty == (Hoy +4TM ;) Q0y = 17 ;R [y s Mog) = 95
where
£y =140, 9, /R0, Mo,
&=1-90,Q; /on'ijoj .

APPENDIX C

The diagonal elements of matrices A-F of Egs.
(28) and (29) are given by

a1 = Ay, 541/Moy) €0S(8; 54, =6,y)
- ByM,;cos26; ,
oy =8IN0;[(A;, 5 41/ Mog) cOS(8;5= 6y, 541
~B; Mg, cos?,,] ,
bu=A; /Moy, by =A;/My,)singy; ,
cu==WA;, ;11/ Mo, ;.1)€08(0; ;.1-6,;),
Co2==(4,, ;411/My, 44,8100, ,
diy =4, .4/ My, ;41)€08(68;, 541~ 0;y)
=Bj+1Mo, 541€0820, 4.1,
dpy =8ind;, ;1[4 541/Mo, 541) 0860, 541~ 6yy)
-31’+1Mo.j+1c°529£,1+1] ,
ell=—Aj+1/Mo,j+17
222=—(AJ+1/M0.1+1)Sin9{,j+1’
==y, ;+1/Mo;) €088, ;41 04,
fzz=_(Ai.l+1/M01)Sin91.J+1-

APPENDIX D

The derivatives of the matrix U in Eqgs. (28) and
(29) are given by

UL R) _8UZ@) __yrp () Repths \2As
9z 8z 1(2) 202 9z ’
0p
aU{z(z)=aUg1(z)=U, (Z)(Qop—Ap ?A‘e
9z 9z 12 202, Joz ’
where

A, =2M,,sin®0,(z), p=j,j+1.

APPENDIX E

The terms in Egs. (53) and (54) [ omitting the (+)
and (-) superscripts] are defined as

Ryx lz=z, =(ez/h;)]z=z, ’

R,, l,:,p=-(e’,f/h;)|,=,, ,

'x l2= lpl2 hxelt’ﬂ'pz
SRR TV P
In ool [EBle=e ?
y . 1+|p|2 _h”ga'l ’
where
p=(h’1"/h’.:l')lg=xl *
APPENDIX F

The terms in Eqs. (58) and (59) are defined as
z=2p =R R

P‘lzlz=t’=(lkx |2+ lhy |2)|E=lp .

1'] rslx‘-‘-z,: yxlz=xp’
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