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Wave Propagation in a Gyrornagnetic Solid Conductor: Helicon Waves
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The propagation of circularly polarized electromagnetic waves in a solid under a high dc magnetic field
is examined theoretically. An experiment is performed, in which there is transmission through a thin slab of
InSb of a 10000-Mc/sec wave, at liquid nitrogen and room temperatures. Results are in good agreement
with the "helicon" theory, which implies that co&(co„co,~))1.

A. INTRODUCTION
' "T has been shown by Aigrain' that in a solid eon-
' ~ ductor, under a dc magnetic field, circularly polar-
ized waves with frequencies lower than the cyclotron
resonance frequency and wave vectors parallel to the
dc magnetic field, can propagate with small losses if
~,7-&)1; co, is the cyclotron angular rotation frequency
and 7- the relaxation time of the free charge carriers.

This can be proved by the direct application of the
Appleton and Hartree equations, giving the effective
electrical permittivity. We derive these equations for
one type of carrier in order to make the hypothesis
more precise, and present a transmission experiment at
10 000 Mc/sec.

B. ELECTROMAGNETIC WAVE PROPAGATION IN A
GYROMAGNETIC SOLID CONDUCTOR

The classical Drude-Zener model is used. A calcu-
lation starting from the Boltzmann transport equation
leads to identical results.

Consider the propagation of a plane electromagnetic
wave in a medium of electrical permittivity e and with
E free electrons per unit volume with a single effective
mass (constant energy surfaces being spheres). Let Os
be the direction of both the dc magnetic field Bp and
the wave vector E.

If v is the drift velocity and E the radio-frequency
electric field inside the sample, the equation of motion
of the free charge carriers is

m*dv/dt+ (m*/r) v= e(E+vX L),
where we neglect the effect of the radio-frequency
magnetic field.

The motion of the free charge carriers being confined
in the xy plane, the stationary solutions are'

z+ ——(eE+)/tcm*/r+i (m*cd &eBp) j,
where

vg= vg~zsy) Ey=E~~zEy)

thus introducing two circularly polarized waves. Let
us de6ne 0.+ as the complex conductivity

Xev~/E~, o g pp—c—d,'r/t 1+i (——cd'& .)rj,
~ P. Aigrain, Proceedings of the International Conference on

Semiconductor Physics, Prague, 1060 (Czechoslovakian Academy
of Sciences, Prague, 1961).

'See for instance: R. Rau and M. Caspari, Phys. Rev. 100,
632 (&95S).

where cd„'=Ãe2/m*pp and cd, =eB /pm*. Applying the
Appleton and Hartree equation,

p~= p/pp zcd„'—r/cd/1+i(cdacd, )r],

the dispersion equation is

Ky C = pcd /pp Zcd& cdr/$1+$(cd+cd )rj.
If we make the following hypothesis:

co((etc) or, 7 W)1)

the formulas are greatly simplified and one finds that
the propagation is strongly dependent on the type of
circularly polarized wave —ordinary or extraordinary.

As a practical case, one can neglect the effect of the
static electrical permittivity. The dispersion equation
becomes

Ky %cd~ cd/cdgc lcd cd/cd rc
q

where we write
Kg ng+i pg,

——
n cd,cd-/Ccd, —, p t cd,cd-/C~, -*jL1/2~,r j,
n+~fcd~cd'/ccdpgg1/2cd, r], P~~cd„cd~/ccd, *;

here 1/P is the attenuation length and n is the propa-
gation vector. n and p, which represent the extra-
ordinary wave, can be large; for example, in InSb with
S=10" electron/cm', p, = 2&&10' cm'/V sec, and
Bp= 10 000 Cr we have

3600 m ',

which leads to a wavelength in the sample of 1.75 mm,
and

p 90m'

i.e., an attenuation length of about 1 cm. The normal
skin effect is of the order of 10 ' mm.

We have thus shown that in a solid conductor with
one type of free charge carrier, under a dc magnetic
field, and under the following conditions,

Q)((Chic) c0,7.))1,
the extraordinary wave can propagate with a smaB
attenuation and with a slow phase velocity. This wave
is called a "helicon" wave.

When two types of free carriers are present, the
calculation remains valid; the two currents are just to
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Hall effect experiments:

N=1.2X10"electron/cm', N»P,
p, =3X10' cms/V-sec, temperature = 78'K,

(o = 9000 Mc/sec, oi 7'))1 fol Bp))400 G.

Two resonances are observed for a magnetic Geld of
1400 and 7400 G corresponding to m= 2 and e= 1. The
calculated value for the number of free charge carriers
is N 1.3X10i4 electrons/cm'. In the calculation we

have to take into account the effect of the static
dielectric permittivity.

Figure 3 shows an experiment at room temperature
through a sample 0.65 mm thick, 9 mm in diameter,
with the characteristics

N= 1. 53X10"electron/cm', N = P&

p.=5X104 cm'/V-sec, ps=800 cm'/V-sec,

(pp, r).))1 for Bp))2000 G.

FIG. 3. Plot of transmitted power vs magnetic field at room
temperature. Curve I: helicon wave propagation; Curve II:
reversed direction for the magnetic field.

The attenuation distance being of the order of 1.5 mm
at 10 000 G, dimensional resonances cannot be clearly
observed. If we suppose that the two points indicated
on the curve correspond to m=3 and the related
minimum, we find N~1.6X10" electron/cm'. With
the magnetic Geld reversed, no signal is detected.

We have also observed the shifts of the resonances
with temperature, frequency, and thickness of the
samples.

F. CONCLUSION

We have investigated the propagation of "helicon"
waves in a semiconductor. These waves have also
been studied in sodium4 and indium' at a much lower
frequency, the temperature being that of liquid helium.

These experiments in solids have a double interest,
in the first place as a measuring tool and secondly as a
technique for the study of plasmas in solids.

One can indeed measure the number of free charge
carriers in a solid and their mobility (the Hall effect
represents a limiting case of the helicon wave propa-
gation when the frequency goes to zero). By choosing
a suitable working frequency, the static dielectric
permittivity can also be measured.

For the study of plasmas in solids, helicon wave
propagation represents an experiment with a small
number of well-defined parameters. Another step will
be to apply a dc electric field parallel to the dc magnetic
field, which can, under some conditions, amplify the
helicon waves. ' '
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