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Wave Propagation in a Gyromagnetic 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 10 000-Mc/sec wave, at liquid nitrogen and room temperatures. Results are in good agreement
with the “helicon” theory, which implies that wZw,, w.m>1.

A. INTRODUCTION

IT has been shown by Aigrain! that in a solid con-
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
w,7>1; v, 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
N free electrons per unit volume with a single effective
mass (constant energy surfaces being spheres). Let Oz
be the direction of both the dc magnetic field B, and
the wave vector K. i

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/di+ (m*/7)v=e(E+vX By),

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?

vy= (eE.)/[m*/r+i(m*wteBy)],
where

ve=0,%v,, E =L, +iFE,

thus introducing two circularly polarized waves. Let
us define o4 as the complex conductivity

or=Nevi /E,, or=ewlr/[1+i(wtw)r],

1P. Aigrain, Proceedings of the International Conference on
Semiconductor Physics, Prague, 1960 (Czechoslovakian Academy
of Sciences, Prague, 1961).

2 See for instance: R. Rau and M. Caspari, Phys. Rev. 100,
632 (1955).

where w,2=Ne*/m*ey and w.=eBo/m*. Applying the
Appleton and Hartree equation,

ex=¢/e0—1w,’7/w[ 1+i(wtw)7],
the dispersion equation is
K 2= ew?/eg—iwfor/[14i(wdw)T].
If we make the following hypothesis:

wLwe, w1,

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
K~ Fow/wt—iwko/wlrd,

where we write
Ki=ai+iBy,
a_~wyt/cwd, B~ wwt/cw i [1/2w.7],

ar > wpwt/cod J[1/20:r],  fro~wwl/cwd;

here 1/8 is the attenuation length and « is the propa-
gation vector. a— and B_, which represent the extra-
ordinary wave, can be large; for example, in InSh with
N=10"% electron/cm?, u,=2X105 cm?/V sec, and
By=10000 G, we have

@_~3600 m,

which leads to a wavelength in the sample of 1.75 mm,
and
B_>~90 m,

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,

0w, w1,

the extraordinary wave can propagate with a small
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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be added. This supposes that the electron-hole inter-
action is unimportant.

If war>>1 and weere<K1, the effect of the low-
mobility carriers is not important; it increases slightly
the attenuation of the helicon wave. This is the case
of InSb at 300°K.

When werio>1, weere>1, and N=P, where P is the
density of holes, helicon waves become the well-known
Alfvén waves. Experiments on Alfvén waves have been
performed in bismuth.?

C. DIMENSIONAL RESONANCE

To show this effect in a simple way, we study the
transmission of guided waves through a thin slab of a
conducting solid. In the sample itself, the wavelength
is that of nonguided waves, for the effective electrical
permittivity is large.

Let Ao be the wavelength in the air, A the wavelength
in our sample, corresponding to the working frequency,
and / the thickness of the sample. Maxima of trans-
mission occur for

I=uN/2=n\o/26,

The Q of the resonance depends on both the loss angle
w,m and the Q of the slab which is a “Perot-Fabry”
type of structure. For low B, losses are important.
For high B, the Q of the sample is poor, the reflection
coefficient being small.

I=menwt/wpwh.

D. EXPERIMENTAL SETUP

InSb is a semiconductor noted for its good relaxation
time and a number of free carriers such that dimensional
resonance can occur in a reasonable thickness of the
specimen.

We work in the X band, with a circularly polarized
wave. The magnet is an iron-core solenoid, of the type
described by Bitter, which gives a dc field continuously
variable from 0 to 16 000 G.

In Fig. 1 is shown the experimental arrangement for
circular polarization study. The Dewar is not shown.
The magnetic field is parallel to the axis of the wave-
guide. Circular polarization is obtained by a quarter-
wavelength dielectric plate. Attenuators are placed in
order to prevent reflection of power not accepted by the
rectangular guides.

The sample is inserted in a molybdenum ring; it is
important to avoid any high-frequency leakage which
can interfere with the signal transmitted through the
sample.

The signal is detected by a crystal, working in the
quadratic range of its characteristic, followed by a
lock-in detection.

We worked with monocrystals and polycrystals of
InSb and found no detectable difference, as could have
been predicted (spherical energy surfaces).

3S. J. Buchsbaum and J. K. Galt, Phys. Fluids 4, 1514 (1961).
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Fic. 1. Experimental arrangement for circular polarization
studies of helicon wave propagation.

E. RESULTS

Figure 2 shows a transmission experiment through a
sample 2 mm thick, 7 mm in diameter, with the follow-
ing characteristics given by the usual conductivity and

Transmitted Power

T

0
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1. (B)
Magnetic  Field .

F1G. 2. Plot of transmitted power vs magnetic field at liquid
nitrogen temperature. Curve II is the transmitted power for the
direction of the magnetic field which allows helicon wave propa-
gation. Curve III for the reversed direction of the magnetic field.
Curve I is a part of curve II magnified by 12 dB, showing a
resonance at small field.
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Fic. 3. Plot of transmitted power vs magnetic field at room
temperature. Curve I: helicon wave propagation; Curve II:
reversed direction for the magnetic field.

Hall effect experiments:

N=1.2X10" electron/cm?, N>P,
pe=23X10% cm?/V-sec, temperature=78°K,
w=9000 Mc/sec, w,s>1 for By>>400 G.

Two resonances are observed for a magnetic field of
1400 and 7400 G corresponding to #=2 and n#=1. The
calculated value for the number of free charge carriers
is N~1.3X10* electrons/cm3. 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=1.35X10 electron/cm3, N=P,
te=5X10* cm?/V-sec, ;=800 cm?/V-sec,
(wer)e>1 for  Be>2000 G.
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The attenuation distance being of the order of 1.5 mm
at 10000 G, dimensional resonances cannot be clearly
observed. If we suppose that the two points indicated
on the curve correspond to n=3 and the related
minimum, we find N=~1.6X10' electron/cm?. With
the magnetic field 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 sodium* 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.!:6
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