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We present a useful new approximate calculation of ferromagnetic resonance in isotropic metal plates.
The key step in this calculation is a transformation, previously applied to magnetoelastic insulators,
which permits the separation of the resonant and nonresonant senses of polarization. As a result, we
are able to reduce the dispersion relation resulting from simultaneous solution of the Landau-Lifshitz
equation and of Maxwell’s equations from a quartic, for arbitrary directions of the magnetization, to a
quadratic. Assuming a simple (but arbitrary) spin-pinning boundary condition on the surface rf
magnetization, the surface impedance Z can then be obtained from a linear equation. Near resonance,
at X or K band, we find that Z agrees with values from the exact calculation to within a fraction of
1% for all magnetization directions. The resonant frequency and linewidth both agree with the exact

calculation to better than 1 Oe.

I. INTRODUCTION

The problem of ferromagnetic resonance (FMR)
in metals has been studied extensively, both theo-
retically and experimentally since the pioneering
work of Ament and Rado® in 1955, However, the
complexity of calculations for general cases has
meant that theoretical studies have largely been
confined to parallel*™ or perpendicular® reso-
nance, or have involved approximations which are
not necessarily justified. It is only relatively re-
cently that a metihod had been presented for the gen-
eral solution of the problem of resonance in an in-
finite isotropic metallic plate, in which the dc
magnetic field is at an arbitrary direction with re-
spect to the plate normal.® The anisotropic plate
has been discussed even more recently. ”® While
this method has been used with success for some
problems, ¥ it has not been widely applied, owing
to the fact that the dispersion relation is quartic in
kz, and that the boundary conditions involve a
quadratic whose coefficients are determinants. 8
This has meant that a given problem involves a
fairly lengthy computer calculation. Very recently,
Kobayashi ef al. " have reported an approximate
method for a related problem, the magnetoelastic
insulating plate. For this problem, even in the
magnetostatic limit, the dispersion relation is
quintic in ¥%. It was found that by a simple trans-
formation one can reduce the solution of the part
with physical interest to a quadratic, or at worse,
a cubic. This approximation has been applied both
to resonance!® and to phonon generation. ® We
shall demonstrate here that by the same transfor-
mation the problem of FMR in metals can be con-
siderably simplified, making it easily applicable.
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We treat only the isotropic case here, although the
extension to the anisotropic problem is not very
difficult, and will be reported elsewhere, **

II. DISPERSION RELATIONS

Macroscopic analysis of FMR in metals!=%15

consists of the simultaneous solution of Maxwell’s
equations and the Landau-Lifshitz equation. As-
suming that the dielectric terms in the electric
field are negligible compared to the conduction
terms, the former may be written

- 19 -~ -
VXE——Cat (H+471M), (1)
vxH=@4m0/c)E, (2)
v (H+41M)=0, ®3)
while the latter is written
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Equations (1) and (2) may be combined to elim-
inate E:

- 3 - —
vxvxii= - 822 (@ an i), (5)

We now assume that the sample is a slab, infinite
in the x and z directions, and that the static mag-
netization 1_\7[0 lies in the y-z plane. H,, the sum of
the static applied and demagnetizing fields, lies
parallel to ﬁo. Then we may write

“ e R ettt (62)

M=Mg+me@t®) (6b)
The form of Eq. (4) assures that m is normal to

+ o
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f/[o, so that only two components of m are indepen-
dent. We now substitute Eqs. (6)into Egs. (3)-(5),
and make a small-signal approximation, so that we
may neglect terms second order and higher in &
and m. We find that we may eliminate #, by ap-
plying the relation

Me=—Qhy, a=x,2 7)
where

Q=(1/4m)(1 - 3i6%7),
and

8%=c%/2m0w .
Neglecting the exchange field in the damping term?!®
we find?®

- (a+iQ)m, + (c sinb + b cosb cotd)m, =0,  (8a)

b sin@m, + (d sin®0 + a cos®0 +iQ)m, =0 . (8b)

In Egs. (8), 6 is the angle between M, and the y

axis, and

A [H, 1 M 2A
AMH, 1 Mg A
“ 7(1W0+Q)’ Q +Mo

2A 5 A (fl )
=H
c=Hy+4m Mg+ n (Ok , d=— —9-0 +471), Q=w/7.

For a solution to Egs. (8) to exist, the determinant
of the coefficients of m must be zero. This yields
the quartic secular equation® which is the starting
point of the previous work. At 6=0, this equation
factors into two quadratics, ® and at 6=90°, it fac-
tors into a cubic and a linear equation.?~® But for
other angles it does not factor exactly. However,
it is possible to find an approximate factorization
which is extremely accurate in almost all cases.
Following Kobayashi et al. ! we define

b=Hy+ K,

My = —mgsind, m,=m, . (9)
Then,

Gly= {2<Ho+ 24 ka>+M0[4frsin20 + %5 (1 +cosze)]— zno} Qo+

§("\-=o0, (10)
My

where
2 2 .
¢ sin“6 + b cos®0 a+i2
g=< . (11)
- (dsin®6+acos®0+iQ) b

We wish to find an approximate diagonalization of
G. In the absence of conductivity, G reduces to

g- Hy+ (24/Mg)k? + 41M, sin®0 iQ
-9 Hy+ (2A/M)k?

(12)
G can be exactly diagonalized. In fact this is done
by the same transformation

g=U'sU, (13)

previously used by Kobayashi and co-workers!!~%3
to diagonalize the uniform precession mode. That
is, U is given by

Uy = | 2| /(202 +47M, sin260,)Y2 |
Use=i|Q| /(20 - 47M, sin®60,)"2 ,

_ —i(27Mysin®0 + Q) (14)
17 (203 + 47M, sin0Q,)"%

_ __(2aMysin®0 —Qg)
27 (202 - 41M, sin20Q,)"2

Uz

Uz

Q= [(27M, sin?0)? + Q%2 ,

Now let us find

G'=2Q,G, (15)
where

G=U'GU. (16)
Then,

s 20\2 .
2m(Mosin0)" 2 [Z—H-Q +47sin6 + % (1+cosze)jl,

Mo Q Y MO
(17a)
G&:{Z(HM % k2)+M° [41rsin29 + % (1 +cosae)]} Qo+ <41r - -16)211(M0sin29)2+292 -
0
ix 2H, 1
2o |4 in%0 + — 2 ]
5 [Mo +47sin®6 + Q (1+cos®0)|, (17b)
. 2
G, ={zfgﬂ + —;—[411H+(411— %) 90+211M0<41rsin29+ _1_+c_os_9_>J}sin29 , (17¢)
. 2
Gz = —%l—j-g—g- + ;—[41rH+((% —41r>ﬂo+ 27M, G}n sin6 + “Z)ﬂﬂ}smze . (17d)

As before, the dispersion relations are given by det G’=0. I G{; and Gz, are negligible, the two branches
with the resonant sense of polarization, that is, the “uniform precession” and propagating spin-wave
branches are given by Gi;=0, or
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k- [2;14(:0 + (Hy + 2mM, sin%0) (—7&91‘7.; - iﬂo>
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.22 .
&Q—]kz - (Hy+41M,) (90+ @)mz:o .

2 YM (18)

The two branches with a nonresonant sense of polarization, that is, the branches corresponding to ordi-
nary electromagnetic propagation and to the rapidly decaying spin wave, are given by G3,=0, or

. 2 2
1AQ,0 4 .2 (m . o) _
—L—MO k* + |(Hg+ 2mM sin®e) A +iQ 7",

It is obvious that for 8 =0 (perpendicular reso-
nance), Gi,=G3,=0. That is, the factorization is
exact, and we obtain the well-known results for
this case.® For other angles the factorization is
always approximate. However, the off-diagonal
terms are typically of the order of 1072 compared
to the diagonal terms, for materials such as nickel
or permalloy, so that they produce a term in the
determinant which is 10* smaller than that due to
the diagonal terms. The only case in which the
approximation fails is near antiresonance? (FMAR),
at which the wave vector of the “uniform-preces-
sion” branch becomes extremely small. Thus, for
this branch, 1/Q is no longer small, but approaches
471, Even in this case, the approximation works
for angles up to about 20° since sin? keeps the off-
diagonal terms small for these angles. At FMR,
since the k for the uniform-precession branch be-
comes relatively large, the approximation works
even better than usual. Comparing with the exact
calculation® for Ni near resonance at K- and X-
band frequencies, we find that the approximate cal-
culation gives the dispersion relation for the
branches with resonant polarization to better than
1%. That is, it can be applied with confidence to
such problems.

III. CHARACTERISTIC POLARIZATION AND BOUNDARY
CONDITIONS

There are two pairs of roots to Eq. (18), corre-
sponding to the almost uniform precession and the
resonant spin wave. They both have approximately
the polarization u;, given by

r)ob)

The nonresonant spin wave and normal electro-
magnetic propagation branch, the solutions of Eq.
(19), have approximately the polarization p,.

These two, u, and p, are approximately the char-
acteristic polarizations®!® for which Z, the surface
impedance, is a constant. That is, 18

(20)

470 e 470 e
Z="—0 - _ — & 2
c h(}x 4 ho, ( 1)
In Eq. (21) eg and hj are the electric and mag-
netic field components at the surface. It is easy

to show®!® that for orthogonal components at any
angle to the x and z axes, the same relationship

240,

252 i
%‘;5—} kz-—(Ho+47rMo)<no - 1—-9-)- Q%=0.

M (19)

holds. The characteristic polarizations are trans-
mitted and reflected without change of polariza-
tion®?® so that any arbitrary polarization, which
does change, can be studied by decomposing it into
Ky and po,

Following Kobayashi et al., 11 we may assume
that u, is negligibly excited. Then

my=Uphy, my=Ush, . (22)

That is, the resonant polarization is determined
[see Eq. (14)] by M, , and 6, but is virtually in-
dependent of conductivity, damping, magnetoelastic
coupling, etc.

Now, Egs. (21) and (22) imply that it is sufficient
to satisfy three boundary conditions at each sur-
face: continuity of 4., continuity of e,, and a pinning
condition on ;. Conditions on %, and e, are redun-
dant, and a condition on u; is unnecessary as y,
=0 will automatically be satisfied. Thus, we have
half the boundary conditions necessary for the ex-
act calculation. These conditions are to be satis-
fied by

™ =(E A;cosky+ 9 B;sin k,.y> et“t | (23)
=12 12

where &, , k, are the solutions of Eq. (18) with posi-
tive real part, and A; and B; are to be determined.
We lose no physical interest by assuming symme-
trical surfaces and symmetrical excitation, so that
(omitting the time dependence)

py=C,coskyy+Cycoskyy . (24)

We assume that the plate surfaces are at y==d.
Then the continuity of %z is satisfied by applying Eq.
(7), to yield

Elcosk d+£acosk d=-}L"‘-
1 2

@ Q2 Uy * (25)

Inside the medium, by applying Eq. (2), we find!"*

ic

€iz= 0 kb
Y (P Cap g
4170<Q1 kysink; y+ % kysink,y) . (26)

Outside, Eq. (21) is satisfied at y=+d. Then the
continuity of e is given by

Zh
Cl b sinkyd + 2 by sinkyd = - 2% 27)
& Uz

Q2
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For the condition on p, we assume a simple
pinning condition, that is, if p is pinned

Cicoskyd+Cycoskyd=0 . (28)
If uis free
Cikysinkd + Cakysinkyd=0 . (29)

For intermediate pinning

a(Cycos kyd + Cy cos kyd)

+b(Cykysinkyd + Cokysink,d)=0 . (30)

Here, the ratio of b to a represents the effective
pinning strength, This ratio is assumed known.
J

[(Q, = Q)b kyk, sin kyd sin kod + a(Q,ky Sin kyd cOS kayd — Q 1k Sin kyd cos kyd) |
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It is relatively simple to extend the calculation to
more complicated boundary conditions, such as
surface anisotropy.

Simultaneous solution of Egs. (25), (27), and one
of (28)-(30) permits us to obtain the C’s, and Z.
For the spin-pinned case, we find

z,- kyQz sin kyd cos kyd — kyQ, sin kyd cos kyd

Z=

For the situations described above, in which the
approximate dispersion relation is accurate, we
find that both Z, and Z, agree with their values
from the exact calculation to within a fraction of
1%, for all angles. They are, of course, exact
at 6=0.

IV. POWER ABSORBED, RESONANT FREQUENCY, AND
LINEWIDTH

We may calculate the power absorbed from*
]

[(Q2 — Q,)a cos kyd cos kyd + b(Qzk; Sin kyd cos kyd — @k, Sin kyd cos kyd)]

(Q2 - Q) cos kyd cos kyd (31)
For the spin-unpinned case
7 - (@1 — Q5) By sin kyd sin kpd (32)
k1Qy 8in kyd cos kyd — kyQ, sin kyd cos kyd *
In the general case
(33)
f
P=Re(Z)|ho|? . (34)

We may also calculate the change in the @ of the
cavity!™18

A(1/Q)=-cIm [ mhdv . (35)
This requires using Egs. (25), (27), and the pinning

condition to obtain C, and C,. We find that for
pinned boundary conditions

| U, 12 Q@,Q, kysink,dcoskyd —kysink dcoskzd]
NA 1 ) 2 192 Ry 14—k 1
(2?)0C (1 T Upyl cos™ Im [Q - Q2 kyky cOS kyd cOs kod (36)

For the unpinned case

Q,Q,(k% — k3) sin kyd sin kyd

£

Near resonance, a plot of P vs field or frequency,
or of A(1/Q) vs H or w yields very similar lines,
and essentially the same resonant frequency and
line shape.!® For the conditions mentioned above
the approximate values of resonant field and line-
width agree with that obtained from the exact cal-
culation to within less than 1 Oe out of several
thousand for the field, and out of several hundred
for the width, for both pinned and unpinned bound-
aries, for all angles. For a (100) plate, including
anisotropy, !* the results are as good as these for
the (001) plane, and only slightly inferior (3 Oe) for
the (011) plane.

V. CONCLUSIONS

In order to perform FMR calculations for a metal
plate, one solves Eq. (18) for the resonant #’s. To

| Uy 12 cos 9) [ }
| Uy | ® k1ko(R1Qy sin kyd cOS kod — kyQ; Sin kyd cos kyd)

(37)

I

find the power absorbed, the % values are substituted
into Eq. (31) for pinned surfaces, or into Eq. (32)
for unpinned surfaces. To find the change of @ of
the cavity, one uses Eq. (36) or (37). The results
of (31), (32), (36), or (37) as a function of H or w
yield the desired comparison with experimental re-
sults. Equation (18) is a quadratic in ¥ whereas
Eq. (1) of Ref. 6 is quartic in ¥%. The others are
relatively simple, merely involving algebraic sub-
stitution, in contrast to Eq. (3) of Ref. 6, which is
a quadratic whose coefficients are 4 x4 determi-
nants. Thus, the approximate method results in

a much simplified calculation, with no essential
loss in accuracy, except near FMAR, when the
“uniform-precession” root is not accurately de-
scribed by Eq. (18). For this case, it is possible
to develop new approximations, !° but these do not
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seem to be sufficiently advantageous, and it ap-
pears that one should apply the exact method to
this case. But we believe that for all other
problems, the approximate method is advanta-
geous.
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