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Excitation of Spin Waves in a Ferromagnet by a Uniform rf Field*
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It is possible to excite exchange and magnetostatic spin waves in a ferromagnet by a uniform rf field,
provided that spins on the surface of the specimen experience anisotropy interactions diff'erent from those
acting on spins in the interior. Modes with an odd number of half-wavelengths should be excited in a Rat
plate. The definition of what is meant by a diferent anisotropy interaction is worked out and is a rather
lenient condition. Experiments which would determine the exchange energy constant should be possible
using su%ciently thin platelets of single crystals having parallel faces. It is perhaps not unlikely that the
theory may account for the observation by Waring and Jarrett of a large number of resonance peaks in
NiMnO3.

'HE purpose of this note is to demonstrate the
possibility of exciting by a uniform rf field both

exchange and magnetostatic spin waves in a ferro-
magnetic insulator. The excitation of spin waves by an
iehomogeeeols rf field' is now well recognized, but it
has been believed that a uniform or homogeneous rf

.held would excite only the uniform precession mode in
which the magnetization precesses as a whole. Indeed,
if all ferromagnetic atoms in the specimen experience
identical exchange, Zeeman, and anisotropy inter-
actions, then one may prove rigorously that only the
uniform mode is excited by a uniform rf field. We must
recognize, however, that atoms on the surface of the
specimen are in a special position, particularly with

respect to the interactions leading to magnetocrystalline
anisotropy. ' The local symmetry of a spin at the surface
is always lower than the symmetry of a spin in the
interior, and we must expect that terms in the energy
which vanish by symmetry at interior points will not
vanish at the surface. ln short, we expect the eRective
anisotropy field acting on a spin at the surface to be
larger than that acting on a spin in the interior. We
discuss, for simplicity, a geometry in which only the
exchange energy contributes to the wave energy.
Magnetostatic modes may be treated along the same
lines and will exhibit similar eRects.

Although the proportion of surface atoms in an actual
specimen may be less than 1:104 of the total number of
atoms, yet a modest surface anisotropy can have a far-
reaching eRect on the transition probabilities for the

excitation of spin waves in the microwave region. The
essential point is simple: the surface anisotropy acts to
pin down the surface spins; if one thinks of a line of
length L with the origin on one end, the modes will tend
to have the form sin(psrs/L, ), where p is an integer. The
modes of odd p will have a nonvanishing interaction
with a uniform rf field, because the instantaneous
transverse magnetic moment does not sum to zero over
the line.

We now consider the question of the strength of the
surface anisotropy required for the end spins to act as
Axed rather than as free. The solution of the analogous
problem for an elastic string in mechanical vibration is
given by Rayleigh. ' The motion of the interior spins is
given by the usual classical equation

AS/t3t= nSXVsS+ySXH,

provided ka((1, where k=2sr/)t is the wave vector and
a is the interatomic spacing. On an atomic model,

X)=27a'/A,

where J is the exchange integral. If the average mag-
netization is parallel to the line and in the s direction,
the solutions of Eq. (1) for small amplitudes are of the
form

~pits) te+ikZ
Sy g

with

(o= K)Sk'+yH p,
.

here Hp is the static magnetic field in the s direction.
I et us examine in detail on an atomic model the

motion of the end spins m= 1 and N in a line of N spins
along the s axis. We suppose that the end spins ex-
perience a surface anisotropy field H, which we choose
for simplicity to be parallel to the line and to the static
magnetic field Ho. For convenience we neglect ani-

sotropy and magnetostatic eRects in the interior of the
line. We have for m = 1 the equation
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i)S,/N= (2J/A)S, XSs+pSrX(Hp+H ). (5)

ar 'Lord Rayleigh, Theory of Sound {reprinted by Dover Publi-
cations, New York, 1945), Vol. I, p. 200.
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BSq" a2 82Sq"
Spp=Si"+ii +— +

Bs 2 Bs —=2irP(10 P to 10 P)«1,

so that, with pp]=p(Hp+H ),

The x-component equation for small amplitudes is The inequality (15) is not difficult to satisfy. The

/ gt (2J/$) (S p S p)S+ S p (H +H ) (6)
anisotroPy energy of a surface atom may be of the order
of 10 ' to 10 ' of the isotropic exchange energy. Even

We write, with a as the lattice constant, for a specimen as thin as 3X10 cm, for which
L/a=104, we have

~Sr" 2JS ~Sr* a ~ S
a +-

Bt A Bs 2 Bs2
coyS]

2JS ()Sx~ +' &PS&~

8 + +cpiS1",'

tlat

2 Bs

(9)

as long as P is less than 10 or 100, according to the
material.

VVe now consider the magnitude of the excitation of
the several spin-wave modes by the uniform rf field
& =hpe' . We shall assume that the spins at the ends
of the line are effectively pinned down by the surface
anisotropy. We look for solutions of the form

Combining (8) and (9), we have S,=e'"' Q„a„sink„s,
O'S "/BP = —(2JS/ft)'z'Si*

where k„=pm/L. The equ.ations of motion are

(19)

where
8 82 8~

2—=a—+-
BC 2 BS

where now

BS./Bt = —ZS„;

BS„/Bt=ZS +ASH„.

(20)

(21)

If we take as the solution in the interior of the line

S*= "'(n sinks+P cosks),

we have from (10) at s=0, with pp, =2JS/h,

Z = nS(B'/Bs') —ppp.

Combining (20) and (21), we have

O'S,/BP = —2'S,+p~pySH, .

(22)

(23)—PQP =Gr, 'LQ (ka)'yP (ka)' ——,'P (ka)']
+2 L ko ip (ko)Qj p p (13)

On substituting (19) in (23),

We find g„a„(pi„'—piP) sink„s=yS(opkp, (24)

p pi, '(ka)'+2&p, M, (ka)

~ 2 ~2 ~ P(kg)2+1~ 2(kg)4+~ ~ (kii)2

with the notation

pp„= SSk~'+ppp.

We consider (14) in the limit ka«1 and pi.&)pii))pi;
~g&)~,ka, We have

We multiply both sides of (24) by sink s and integrate
over - between 0 and I., finding

P 2pi ka
((1

O', GOy

(15) 4ySpipkp ( 1

7l m ipp~ QP)
(2&)

and the ends behave as if they were fixed. The relation
(15) is quite plausible. For other limiting cases we
should work with Eq. (14); the behavior of P/n is not
particularly simple in the general case.

The normal solutions of the equation of motion must
be symmetric or antisymmetric with respect to re-
flection in the center of the line (s=L/2), because the
Hamiltonian is symmetric under the reflection oper-
ation. In particular we must have

n sinkL+P coskL, =&P. (16)

If n»P, then sin kL must be «1 and the wave vectors
are given approximately by

k= p7r/L,

where p is any integer.

for m odd; a vanishes for m even. Thus the selection
rule for excitation by a uniform rf field is that the
number of half wavelengths should be odd. In a suitable
iehomogeneols field the even modes will also be excited,
usually less strongly than the odd modes. Eddy current
effects in thin metallic films may possibly permit even
mode excitation.

In a resonance experiment at constant frequency co

we pass through a finite series of resonances on varying
coo from zero to co, that is, we have spin-wave resonances
at discrete static field intensities between 0 and pi/y.
The last statement must be translated appropriately if
volume anisotropy and demagnetizing effects are
present. At constant frequency the effective oscillator
strength of the spin waves at resonance is proportional
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to
~p ~—(nS~'m'/L')

(27)

so that the oscillator strength decreases as m increases;
the numerator is always positive. Under the special
condition of a large negative uniaxial anisotropy, the
decrease with increasing m is less marked and it may
be shown that a ~ m ' is a good approximation in this
case, with H, and Ho perpendicular to the crystal axis.

The separation of successive spin-wave modes is

htp =tp~t —tp„ t = 4pr'SSm/L'

=8~'JSm(a/L)'h '. (28)

For S=1,5=3)&10 '4 ergs, and a/L=10 4, we have

or

~~=3X10'm,

hH =2m oersteds.

(29)

(30)

S,=e'"' P a(klm) sin(kprx/L )
)& sin(lay/L„) sin(ms-s/L, ), (31)

where k, l, m are odd integers. In (22) and (23) we
replace c)'/Bs' by p'; then

(32)
(k' P m'q

,= ns~'i + +
(L,' L„' L,')

It should be possible in thie single crystals with faces
quite accurately parallel to resolve a considerable
number of spin-wave resonances, particularly for
ns)10, if the individual resonance lines are not too
wide. If the crystal is too thick (say over 0.01 or 0.1
mm) the spin-wave structure may usually be obscured

by the line width, but the resulting apparent single
line may be slightly skewed by the spin-wave sub-
structure.

We consider brieQy the situation in three dimensions,
taking for convenience the normal to the slab to be the
z axis. We look for solutions of the form

The I'ourier component of the driving field is

hpJ sin(k'rx/L, ) sin(lay/L„) sin(mes/L, )dxdyds

= (8L.L„L,hp/m') (1/klm). (33)

Now k, l will only have a significant effect (given usual
relaxation frequencies) on the resonant frequency cp„
if they are at least of the order of I., „/L, in size, but
L, „/L, 10' or more for a reasonable slab. From (33)
we see that the intensity of split-off satellites will be
down by 100 or more from the intensity of the
resonance corresponding to k, 3=1.

Waring and Jarrett4 have reported microwave reso-
nance observations on a thin crystal of NiMn03, a
ferromagnetic compound having the ilmenite structure.
Their results at 24 000 Mc/sec show a large number of
resonance peaks spaced systematically; the results
suggested the present interpretation, although not
enough work has been done to make possible a detailed
comparison of their observations with the present
theory. Nickel manganite is highly anisotropic, having
negative uniaxial anisotropy, and there is also an
anisotropy in the basal plane. Until the anisotropy
constants are determined accurately and the role of the
twinning which occurs understood, it will not be
possible to undertake a detailed analysis. Other ma-
terials, however, should show spin-wave resonances if
the specimens are prepared properly. The observation
of exchange spin-wave resonances should be a very
good method for the determination of the exchange
interaction constants. In a noncubic crystal there may
be diferent exchange constants for diRerent directions
of spin wave propagation and polarization.
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