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the plasma are strongly coupled to the transverse
modes [4-6]. This will happen, for large enough
B,, when the propagation vector k does not lie
along B, [4-6]. For example, an approximate
solution of 'RI = 0 is given at low temperatures,
by [4 eq. (76)]

L2 2 2 i 9 2.2 .9 2.2
s -wp+Qe sin 0+wpae siné g/c%k% (6A)

where w, and Q4 denote the electron plasma and
gyro frequencies. On the other hand, the corre-
sgonding solution of €1, = 0 (which we denote by
S4app) is given by

S “’12» + 92 sin2 6. (6B)
Eq. (6B) is the square of the frequency at which
the "side peaks' in the spectrum of scattered
light is usually assumed to occur. Eq. (6A),
however, predicts that, due to the transverse
motion of the plasma, the square frequency of
the "side peaks' will be shifted by an amount
equal to

wﬁgﬁ sin2 g/c22. (n
Clearly, this shift is significant when
c2k2 2 92 sin? 6. (8)

Kng = 1012 ¢m~3 one can obtain a value for % as
small as 2 cm~1 so that eq. (8) will be satisfied
when ¢ 2 6x 1010 sec-1 (B, = 3500 gauss). Un-
der these circumstances the frequency shifts of
the "side peaks" which are due to the transverse
motion of the plasma will be quite significant.

1. J.Weinstock, Phys.Rev. (to be published July, 1965);
J. Weinstock, Bull. Am.Phys.Soc.I, 10 (1965) 233.

2. D.Farley, J.Dougherty and D. Barron, Proc.Roy.
Soc.A263 (1961) 238;
J.Renau, H.Camnitz and W.Flood, J.Geophys.Res.
66 (1961) 2703,

3. M.N.Rosenbluth and N, Rostoker, Phys, Fluids 5
(1962) 776.

4. 1.B. Bernstein, Phys.Rev.109 (1958) 10.

5. Dennisse and Delcroix, Plasma waves (Interscience
Publishers, N.Y., 1963),

6. Allis, Buchsbaum and Bers, Waves in anisotropic
plasmas (M.I.T.Press, Cambridge, Massachusetts,
1963),

* ok ok K %

WAVELENGTH EFFECTS IN MICROWAVE ACOUSTIC RESONANCE

A.M.STONEHAM
Theoretical Physics Division, Atomic Energy Research Establishment,
Harwell, Didcot, Berks

Received 24 June 1965

Stevens and Tucker [1] showed recently that
the finiteness of the phonon wavelength in micro-
wave acoustic resonance altered the moments of
the absorption line. Their approach, based on the
moment method of Van Vleck[ 2], shares its fun-
damental weakness that changes in the observed
line shape are not completely described by the
changes in a small number of its moments. These
may be due to some combination of line broaden-
ing, a line shift or the appearance of satellite
lines. Further, in [1] the moments are related
to the phonon wave vector g, which is replaced
by q,, the wave vector appropriate to the peak
of the resonance line. In general ¢ varies if the
phonon frequency w is varied to measure the line
shape, i.e., ¢ = q(w). But the moments are inte-
grals over w - if y(w) is the line shape, the Nth
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o0
moment is (wN) = f dw o™ (w) - and it is not
-0
clear what meaning can be given to an equation
which relates this moment to q, which is a func-
tion of the integration variable w.

A different approach is practical in certain
simple cases, and gives some insight into the
results of [1]. It indicates that the moments are
altered by the appearance of additional weak
resonance lines, with intensity quadratic in ¢ and
position independent of g. These will be difficult
to detect, even though there may be large
changes in the moments. The first moment of
the absorption line is changed by the variation
of wavelength with w.

In the simplest model showing the effects dis-
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cussed in [1] spins with effective spin ¢ = } inter-
act with a static magnetic field and are coupled
in pairs by the isotropic exchange interaction
Fjoi-09, with only weak interactions between the
pairs. The eigenstates of one such pair can be
written in terms of the states |01z,097). They
are |+3,41), with energy *#w,, the symmetric
state |s) ={|3,- %)+ |- 2, )}/ 2 with energy zero,
and the antisymmetric state |a) ={|3,-3) +

- |- %,9}/~ 2 with energy - #j. Transitions are
induced between the levels of this pair by the
microwave phonon interaction: k = hy + kg =

= A{oy sin (wi+¢ +q.r1) + 0xg sin(wt + ¢ + g-ro)}.
Any dependence of A on g or w will be neglected.
We write & = rg - r{. When q-a is zero the only
allowed transitions are between |s) and |£3,+3),
both transitions involving phonons of energy Zwg.
If g-a is finite transitions between |a) and |+ 3,2 3)
become slightly allowed, for (alh|%, =

={(, - 3|9l 3,27 - (-, 3|h1|2, 2}/ /2 and

(alh|- 3, - %) do not vanish, giving satellite lines
at frequencies w+ = |(wg £ j)|. In the long wave
limit ¢-& « 1 we obtain, after averaging over the
phase ¢:

(el 3,25 = (slmzh 2 H B a2 (1)

These transitions are weaker by (3 q-a)2 than the
main pair line; for X band phonons and spins on
nearest neighbour sites this factor is typically
10-5 or 10-6. The resultant resonance spectrum
is independent of the magnetic field orientation
when the spin-spin interaction is isotropic ex-
change alone. If a more general form of inter-
action between the members of the pair is used
the resonance spectrum is anisotropic, although
the overall picture is not changed. Both the al-
lowed and slightly allowed transitions are broad-
ened by dipolar interactions with spins in differ-
ent pairs.

The moments of the spectrum can be calcu-
lated from

N
where Wj; is the transition probability between
levels i and j and w;; the corresponding frequency.
There is no difficulty in treating the case ¢ = g(w);
for the main line we use q = g{w,) and for the
satellites g, = g(w,). To order (g-8)2 (1) and (2)
yield - -

") =0l 4 3l - Mg+ Y Mg,

The denominator of (2) is independent of q-8, as
the appearance of transitions involving |a) slightly
diminishes the intensity of those involving | s). If
the phonon wavelength does not change with fre-
quency, i.e., ¢ =q_, then the first moment (w)
is simply w, and (w2) = w2 + § j2(¢-2)2, in
agreement with the result of [1]. Thus in this
simple case the changes correspond solely to the
appearance of satellite lines. If w = v|q| the lines
at w, and w_ have different intensities; (w) is
raised from wqby $(qo-8)2j when wo <jandw, =
j* wy, and by g(qo-a)%z/wo when w, > j and
w,=w.tj.

In practice the satellites will be hard to detect,
as they are much weaker than the main resonance
line. I j is small the satellites will lie under the
main resonance line, with negligible effect on
both the line shape and its moments. When j is
large (as in the example given in [1] they will lie
outside the frequency range in which the line
shape is measured, and the shape actually mea-
sured will probably be the same as that of the
photon resonance line given by ordinary spin res-
onance experiments [3]. The changes in the ob-
served line shape are unlikely to be observable,
despite the large increases in the moments, in
analogy with other situations in both paramag-
netic and ferromagnetic resonance [2,4]. In ex-
ceptional circumstances the satellites will be in
a region where their intensity is sufficient for
detection, j being several times the linewidth of
the main line. As their intensity is quadratic in
a this favours cases where j has such a value
for widely separated spins. For a given w, the
dependence of intensity on g favours crystals
with a low sound velocity. In this case the posi-
tions of the satellites give the magnitude of the
exchange interaction directly; these must be
measured for several magnetic field orientations
if anisotropic exchange or dipolar interactions
are appreciable.
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