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E have observed cyclotron or diamagnetic resonance in

n- and p-type germanium crystals at 4°K at a frequency

of 9050 Mc/sec. In cyclotron resonance absorption the conduction
electrons or holes are curved in spiral orbits by the application of
a static magnetic field; resonant absorption of energy from an rf
electric field perpendicular to the static magnetic field occurs
when the frequency of the electric field is equal to the frequency
of rotation of the particle. This is the principle of the cyclotron
an the simple magnetron. The angular rotation frequency in a

crystal is
wr= (¢H)/(m*c), M

where m* is the appropriate effective mass; thus the experiment
determines the effective mass directly. Cyclotron resonance should
not be confused with electron spin resonance. Cyclotron resonance
arises from an electric dipole transition, whereas spin resonance
arises from a magnetic dipole transition: the transition proba-
bilities for the former are larger by a factor of the order of 101
under the conditions of our experiment.

The theory of cyclotron resonance absorption goes back to
Drude, Voigt, and Lorentz. The effect is important to the propaga-
tion of radio waves through the upper atmosphere.! The transla-
tion of the theory to solids has been discussed recently by Dingle?
and by Shockley;? the latter who has pointed out that conditions
in germanium are favorable for the observation of the effect. For a
plane polarized E field the conductivity at frequency w is related
to the static conductivity oo by the equation

o ldder
oo 14 (wr2—e?) 2+ 2iwr’

here 7 is the collision or relaxation frequency of the electrons. It
is desirable to have wr>1 to define the resonance; for this it is
advantageous to work with pure crystals at low temperatures and
high frequencies.

Cyclotron resonance was observed in a 38 ohm-cm n-type ger-
manium crystal at a field of 37045 oersteds, corresponding to an
effective mass at 4°K of

@

m*/m=0.11,

presumably for electrons. The static magnetic field was parallel
to a 100 axis. The relaxation time is approximately 0.7X1071 sec
as estimated from the width of the resonance (~100 oersteds
half-width at half-power). We note that Suhl and Pearson,? in an
unsuccessful attempt to detect cyclotron resonance in #-Ge,

were able to set a limit #*/7<0.3; this is compatible with our

measurements.
The relative intensity of the resonance depends on the rf power

level. With our present equipment no signal from the specimen .

is detected at low rf power. As the power is increased the resonance
line suddenly appears. Further increases in power make the speci-
men visible over a wider range of static magnetic field intensity.
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At the highest powers the resonance line is broadened. Similar
effects were observed in p-type germanium. The resonance posi-
tions are essentially independent of power at the levels employed.
The cavity was always filled with liquid helium. The dependence
of the signal on power level is consistent with a large increase in
carrier concentration caused by avalanche ionization of shallow
traps (or perhaps donor impurity atoms) occurring as the elec-
trons near resonance gain sufficient energy from the rf field to
cause ionization. Threshold rf fields in the 1 to 10 v/cm range
start the carrier multiplication.® The presence of ionization effects
near resonance eliminates the possibility that paramagnetic im-
purities cause the resonance. The behavior of the resonance sig-
nals during thermal ionization on warming up above 4°K was
easily distinguishable from the behavior during rf ionization.

Cyclotron resonance was also observed in a p-type germanium
crystal having about 10" acceptors/cmd. Two resonances were
observed, one at 12545 oersteds with a half-width of about 50
oersteds and another at 970450 oersteds with a half-width of
about 100 oersteds. Ionization was observed near each resonance.
The order of magnitude of the intensities of the two lines are
comparable. In all runs the field was explored up to 9000 oersteds.
The hole resonances correspond to, at 4°K,

(a) m*/m=0.04; 7=0.5X1071 sec,
(b) m*/m=0.30; 7=~2X1071 sec.

The field was applied parallel to 100, 110, and 111 axes in suc-
cessive experiments. No shift in resonance positions with orienta-
tion was observed. The sample on the 100 run was different in
size and shape from that used on the other runs, so that “cavity-
type” false resonances may presumably be excluded.
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liquid helium, and also to the Shell Development Company for
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STUDY has recently been completed in our laboratories of

the angular intensity distribution of x.radiation scattered by
liquid helium. From this, following essentially the method of
analysis described by Gingrich,! an atomic distribution function
for the liquid has been evaluated. The experimental method has
already been indicated elsewhere,? and in this note we wish briefly
to present the qualitative results obtained.

While minor variations in intensity distribution may result
as the temperature of the liquid helium is changed, these are at
present considered to be within our observational accuracy. It is,
therefore, certain that no large change occurs in the atomic dis-
tribution over the whole liquid range from 4°K to 1.27°K, nor
can the A-point transition be regarded as the result of any drastic
re-ordering process.

Taking the intensity distribution at 2.06°K, just below the
A point, as typical of the present results, we obtain the atomic dis-
tribution shown in Fig. 1. This gives, as usual, the number of

827



