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Since the proposal of a method of coherent spin wave excitation by

Sch18mann 1 and its verification by Eshbach, 2 an interest in the uae of co-

herent spin waves has arisen.

Spin waves are of interest for microwave time delay because of their short

wavelengths and consequent low velocities. For example, for a 3000 Mc

spin wave of wavelength (5) (10-5) cm, the phase velocity is (1.5) (10s)

cm/sec. Assuming, for illustration, that the group velocity were equal to

the phase velocity, then a pulse of spin waves launched on one side of a

crystal of 1 cm length would arrive at the other side 6.7 microseconds later.

The pattern of electromagnetic propagation in such devices as microwave

ferromagnetic phase shifters is generally determined by simultaneous solu-

tion of Maxwell’s equation and the equation of motion of magnetization,

shown here in loss-free form:

(1)

Here i is the magnetization, fi is the magnetic field intensity, and y is the

magnetogyric ratio.

The magnetic energy density corresponding to (1) is

fm = pfi. i (inks) (2)

The wavelengths arrived at here are of the order of magnitude of the free-

spsce wavelength.

While this type of propagation implies that the magnetization undergoes a

phase shift, the phase change of the precession per spin separation is neg-

ligible. For example, for a lattice spacing of (5)(1 0-8) cm and a wavelength

of 10 cm, there are 108 a pins between the two spins that precess with a

phase difference of 180°. For such a minuscule rate of change of azimuthal

precession angle per spin, Eq. (1) is quite satisfactory.

If a more rapid rate of change of precession phase exists, an additional

energy term is added to the right side of (2). This “exchange” term de-

pends on the rate of change of spin orientation and is given by: 3

f ex =A [(%1)2 + (~~2)2 + (Rx3)21 (cga). (3)

Here CXi are direction cosines of magnetization with respect to a Cartesian

coordinate system; and A is a conatent of the material (* 10-6 ergs/cm).

As a consequence, the magnetization is now governed by4’s

&
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For @ane wave propagation, exp (jrnt - j~. ~), the secular equation cor-

responding to (4) is (5), which describes the well-knOwn spin wave spec-

trum. Here ok is the spin wave frequency; ffi is the internal dc field; k is

the wavenumber; e is the angle between Hi and k.

A more exact solution, in which Eq. (5) is solved simultaneously with

Maxwell’s equations, was arrived at by AuId, 6’7 w~~ fOu~d the dismrsiOn

characteristics of Fig. 1 and gave expressions fOr e and h fields.
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Fig. 1. Dispersion curves for uniform plane waves in an unbounded ferrite medium

(Hdc = 1750 oe., 477M~ = 1750 oe. ). The region of interest here is the

spin wave region (after Au Ids).

&cause of the form of the expressions derived, the statement has been

made that as the spin wave wavelength becomes shorter and shorter, the rf

electric field becomes increasingly sma her compared with the rf magnetic

field, and can eventually be neglected. 6’7

We find that this is not the case, but that the converse is true. This is

easily seen by substitution of a magnetic field intensity of form

into the Maxwell curl-H equation, in the absence of conduction cument. The

result is

so that

[

k k2= ;hl — +;(–hcJ — 1exp[j (at- k-z];
Cl)creo U&rEo

(6)

(7)

AS the wavelength kg gets shOrter, k becomes larger, so that the ratio

le/hl becomes greater. At 10 Gc, for E, = 15, and fOr ~g = (5) (10–7) meters>

\e/hl = (1.5)(106) ohms.
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Direct substitution of the appropriate quantities into AuId’s expressions

yields essentially the same result.

Since spin waves are a magnetic, rather than an electric phenomenon, this

is rather surprising. However, the mystery is cleared up by computing the

magnetization. The results, summarized in Table I and Fig. 2, show that

the rf magnetization m dominates the picture; the ratio m/e also varies di-

,ctly as k.
,.

TABLE I

Wave components for spin wave propagation. The dc magnetic field is

in the z-direction. Propagation is in the Y.~ plane. (Note that ~ is

circularly polarized in both cases; ~, ~and b are circularly polarized

only fOr O= OO).
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Fig. 2. Field Vectors for spin wave propagation. Left: for 8 = OO.
Righk for @ = 90°.

lt is of interest to compute the field intensities at a particular level of

power. These are given in Table II, for spin wave propagation in a typical
case (4n’Mo = 2439 gauss; A = (4.9) (10-7) erg/cm; &r = 14; precession angle

Lo; 3~00 Me). Here pem is the electromagnetic power density, computed as

E x H; pmag is the magnetization energy power flow, computed by multi-

plication of the stored energy (fm + fex) by the group velocity. 8
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I TABLE II I

Typical amplitudes far spin wave propagation.

Pem = 6.0 X 10-9 watts/cm2

Pmag = 3.5 x 10-2 watts/cm2

Ex = 12.8 volts per meter

HX = 4.7 X 10-6 amperes per meter

Mx = 3.4 X 103 amperes per meter

BX = 4.3 x 10-3 web. per meter2

The reason for considering spin waves for microwave time delay lies in

their slow propagation velocities. Far z-directed spin waves, the dispersion

11[ 1~,+2-4k2
relation is @k = y , ~ The phase velocity is

0

Vp = CL)k [Me/2A) (@k IYI – Ho)]%;

the group velocity is

vg = 2 IYI (2A/Me)% (ok IYI -Ho)%.

Both are variable with Ho. AS in a waveguide at cutoff, VP = cc when Ve = O.

Extrema of these functions are given in Tables III and IV.

TABLE 111

Extrema in velocities, “guide” wavelengths and delay rates for spin

waves.

Velocity Minimum Value Maximum Value Occurs at Ho =

()

~ Iyltik % o

‘P
@k/lylw

o @k/ty!

‘d

()

%
2 # /y{@k o

0

TABLE IV

Values of th~7Extrema for f = 3000 Mc, 4~M0 = 2439 gauss;

A=4.9x1O erg/cm.

At Ho=O At Ho = 6.)k/lYl

‘P (4.1) (104) cm/sec w

Ae (1.4) (10-5) cm w

‘e (8. 2) (105) cm/sec o

Delay Rate 12 microseconds/cm w
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Although Table III shows that very large delay rates are possible, high

losses will probably not allow them in practice. We are particularly inter-

ested in delay rates up to 100 microseconds/cm, where ~g H 10-5 to 10-4

cm. The crucial problem is how to excite spin waves of such wavelengths.

If we consider excitation by a circularly polarized field intensity

(iho + jjho) &jWf,

with
.

fide = ZHO,

we find, for z-directed spin waves, that

(8)

Here all rf quantities vary as exp(jcot); m. is (mX + jmy). Since Eq. (8) is

recognized as the Iossless transmission line equation with excitation, it is

convenient to examine it in terms of a transmission line analog.

We consider, for example, the analog parallel wire transmission line of

Fig. 3, which has been excited by a shunt current at location g. By the

usual transmission line analysis, the current at z is found to be

() 2rr[
1(2)=1 Cos —

A

~ j (o.Jt-2Trz/x)
(9)

where ~ is the wavelength.

If I is replaced by linear incremental current density, J(C), distributed

from~=OtO~=a, we get

J
a

I(z) = &jwf ~(f) df &–j(2mz/A)COS ~Fe
A

(10)
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Fig. 3. Parallel wire transmission line excited by shunt current. Top: excitation at

one point, Bottom: distributed excitation.
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If J(t) has a constant and in-phase value, J ~, from O to a, we find that

I(z) = (~/2r7) (J ~) for a = ~/4, 3 ~/4, . . . . Everywhere else it is less, falling

tozerOif a= A/2, A,.... In general, even though J ~ extends over longer

and longer distances, I (z) does not increase above (AJ ~/2@. Consequently,

only the first ~/4 is effective; the energy fed into the line cannot be in-

creased by merely increasing the length over which J ~ extends.

This situstion is the picture in spin wave excitation. Normal microwave

fields extend, with essentially equal amplitude and phase, over distances of

about 10-1 cm; however, in the above we considered wavelengths of 10-5 to

10-4 cm. As a result, we would expect to couple little energy from electro-

~gnetic waves to spin waves.
One scheme for increasing the coupling, *‘ 2 makes use of the change in

wavelength of spin waves effected by a change in Ho. Its transmission line

analog is a propagating hollow metallic waveguide, which contains a section

that operates very near cutoff and has a long guide wavelength. This tech-

nique causes the s ys tern to have a net dipole moment, increasing the coup-

ling length to several times ~g.

Another coupling scheme, useful for generating cylindrical spin waves, is

proposed. Instead of immersing a ferromagnetic material into a uniform field,

we propose to excite spin waves by an intense, highly localized field. Such

a f ie Id exists in the vicinity of a very fine wire, such as the 34-microinch

Wollaston wire of a microwave bolometer. For example, for an absorbed

power (300° K) in such s wire (length 0.2 cm) of 10-3 watts, the magnetic

field intensity at the surface is 11 oersteds, dropping to 5.5 oersteds in

(4. 3) (10-5) cm. A diagram of the proposed scheme is shown in Fig. 4. An

estimate of the degree of coupling possible by such a scheme has been

made. Under the assumption that the efficiency with which energy will ac-

tually be coupled into cylindrical 1 spin waves is approximately that which

would be coupled to a ferromagnetic slab of height equa 1 to the diameter of

the exciting wire (Fig. 5), the conversion efficiency of this transducer in a

nonresonant coupling system is predicted to be about 5%.

‘ wIRE OF DIAMETER 2Z0

Fig. 4. Spin wave excitation by fine wire.

h I

gii

Fig. 5. Model for estimating coupling in

arrangement of Fig. 4.

We are presently. investigating the genera 1 coupling problem by such

microscopic exciting systems by a Fourier integral technique. Progress on

this aspect of the problem will be reported in the presentation.
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