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calculated by Kane, and E& is the energy gap of
0.25 ev at helium temperature. ' Zwerdling, Lax.
and Roth'~' have observed magneto-optical transi-
tions to the lowest Landau Level (l =0) in the
conduction band which gave the value of p. = 26 '~.'

In the present experiments the shift of the g
value with concentration is also believed to be
associated with the increasing mass of the elec-
trons. Table I shows the close agreement be-
tween the observed g's and those calculated by
using Eq. (1). The values of m* were calculated
from the known Fermi energy in the samples. 7

All samples were degenerate at helium temper-
atures with the purest sample having a degeneracy
temperature of 11'K. Since the only electrons
which participate in the resonance absorption
belong to the highest occupied Landau level, the
amplitude of the signal does not increase with the
concentration of electrons. We were unable
to observe resonance in a sample with 10"
electrons/cmR. This is probably due to the pro-

gressive broadening of the lines with concen-
tration (Table I).

I would like to thank C. Lee and R. Logan for
the InSb samples, G. Feher for the use of the
X-band spectrometer and B. Szymanski and E.
Gere for help with the experiments.
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A cavity spectrometer operating at 2.1 mm

(136 kMc/sec) has been constructed and cyclo-
tron resonance absorption experiments have
been performed on high-purity n-type silicon
from 1.2'K to about 50'K.

About 50 microwatts of 2.1-mm microwave
energy are generated as the second harmonic
from a crossed guide crystal harmonic genera-
tor which is fed with 4-mm fundamental power
from a Philips DX 151 klystron. The harmonic
output is transmitted through an over sized wave-
guide to a circular TMpy5 cavity located at the
bottom of a helium Dewar. The sample, which
is about 0.020 in. diameter and about 0.040 in.
long, is coupled to the high electric field region
of the cavity through a small axial hole beyond
cutoff in the end wall of the cavity. The sample
is fastened to a quartz rod which extends to the
top of the Dewar and serves to position the sam-
ple in the cavity and as a light pipe for carrier
excitation. Temperature is monitored with a
carbon resistance thermometer fastened to the
top of the cavity. The cavity, waveguide, and
quartz rod are encased in a shield to prevent
direct contact with liquid helium, thus eliminat-

ing noise due to bubbling of liquid helium in the
system. A low pressure of He gas inside the
shield provides heat transfer from the cavity
and sample to the helium bath. Stabilization of
the klystron frequency is accomplished by apply-
ing a small 1-kc/sec signal to the reflector of
the klystron, and feeding back the synchronously
detected signal to the reflector. Resonance lines
are observed as a function of the static magnetic
field in the standard way by modulating the car-
rier density with a light chopper at a low audio
frequency and synchronously detecting the signal
as the magnetic field is swept.

Very pure n-type silicon (3000 ohm cm at
room temperature) has been used to obtain the
effective-mass parameters of the constant ener-
gy ellipsoids associated with the conduction
band minima. Orientation data were taken to
obtain experimental values for the sum 1/m, '
+1/m22+1/ms (see Fig. 1) which is constant for
all orientations and is given by

1 1 1 3 1 2-
(1)

1 2 3 [111] t l t



VOLUME 4, NUMBER 2 PHYSICAL REVI EW LETTERS JxwUARv 15, 1960

40
59—

0

+ +
mt m2

1

m s

17—

16—

15—

12—

10—
, ( Ioo&]

()

«o]

I I I I I I I I I I I I I

10 20 50 40 50 60 70 80
RELATIVE CRYSTAL ROTATION ANGLE (degrees)

FIG. l. Experimental values of 1/m&t+ 1/mtt+ 1/m&,
2{1/m&2+ 1/m 22), and 1/m&t (in normalized mass units)
as a function of sample orientation at 4. 2'K.

Here m„m„and m, are the effective masses
measured for the individual ellipsoids in the
conduction band of Si; mg and m~ are the trans-
verse and longitudinal components of the ellip-
soids, and m [111 is the effeCtive mass in the
[ill] direction. T e maximum of the sum
~t[1/m, + 1/m2 ] as a function of orientation
yields the effective mass m [110]given by

1 1 1 1 ltl 1
~. (2)
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In addition, an extra relation is found by plotting
the experimental values of -', (1/m, '+1/m, ') and

1/m, ' as a function of orientation. Where the two
curves intersect, the following holds:

1 1 l(1 2

ported values; however, our m~ lies outside the
limits of error of the values previously reported. '
At present no explanation of this discrepancy
can be given.

Measurements of the effective mass and line
width were also made as a function of tempera-
ture from 1.2'K to 50'K with the crystal oriented
so that the static magnetic field was approxi-
mately along the [100]direction. No indication
of a change in mass was observed. ao7 as a
function of temperature measured at low light
intensities is shown in Fig. 2. (u&7 =2HO/~,
where H, is the field at resonance and ~ is the
line width. ) Values of cue approaching 200 were
observed, corresponding to a "cyclotron mobility"
of the order of 1.5 x10s cm'/volt-sec.

Also shown in Fig. 2 is a curve of m u&p/e,
where m is given by 1/m =~(1/mt+2/mt) and
p, =4.0x10'T "cm'/volt-sec is the high-tem-
perature conductivity mobility for conduction
electrons given by Morin and Maita. ' Our ex-
perimental results could be extrapolated to the
straight line m cop/s. However, we were un-
able to obtain data at temperatures higher than
50'K due to the masking of the light-excited car-
riers by intrinsic carriers.

It is hoped that the improved resolution (about
6 times that of a K-band system) and high sen-
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Figure 1 shows experimental curves of 1/m, '
+1/m2 +1/ms, ~(l/m~'+I/m2 ), and I/m~ as
a function of sample orientation at 4.2'K. Using
the appropriate values from the curves in Fig. 1
with Eqs. (1), (2), and (3), the self-consistent
values mt =(0.192 a 0.001)mo and m~ = (0.90+ 0.02)mo
are obtained, where m, is the free electron mass.

Our value of m& agrees with previously re-

TEMP ERATUR E ' K

FIG. 2. ~v as a function of temperature for cyclo-
tron resonance absorption in high-purity n-type silicon
at 135.95 kMc/sec. The observations were made on
the low-field electron resonance with the magnetic
field approximately along the t100] axis. (The dif-
ferent symbols refer to different runs. ) Also shown
is a curve of m*~p/e, where p, is the high-tempera-
ture conductivity mobility for electrons.
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Sitivity of the 2-mm spectrometer will permit
the observation of cyclotron resonance in other
mater ials.

We wish to thank Dr. Benjamin Lax for his
continued interest in this work.
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Seitz' has estimated that the threshold energy,
Ed, for displacement of an ion or atom in a
tightly bound solid should be about 25 ev. Ex-
periments have been carried out on metals' '
and semiconductors &' which yield displacement
energies of 10 to 30 ev. This Letter reports
the first direct determination of Ed for a non-
conducting material, i.e. , e-A1,0,.

Levy and Dienes' have shown that reactor
irradiation of u-A1,0, causes the growth of an
optical absorption band at about 204 mp. which
cannot be generated by x-rays or y irradiation.
This band is presumed to arise from the trap-
ping of charges at defects which occur when
atoms are displaced.

In the present experiment, 0.0635-cm thick
samples of o. -A1,0, (Linde) were irradiated at
VV'K with fast electrons from a Van de Graaff
accelerator and the resulting optical absorption
was measured at 7V'K without intervening warm-
up with a Cary Model 14M spectrophotometer.
In Fig. 1 are shown the absorption features in-
duced by irradiation with 2-Mev electrons at
VV K and by a fast-neutron irradiation at pile
temperature (Oak Ridge X-10 reactor). As
previously reported by Levy and Dienes, ' ab-
sorption bands were found at 205, 230, and 255
my. in neutron-irradiated material. The only
band observed after electron irradiation was at
205 mp. The absorption on the long-wavelength
side of the 205-mp band in the electron-irrad-
iated sample bleached when the sample was
warmed to room temperature, and a slight in-
crease in absorption took place at 205 mp. No
bleaching of the 205-my absorption occurred
when the samyles were irradiated and held at
V7'K. A very slow bleaching of this band took
place when held at room temperature after the
low-temperature irradiation. Irradiation at

7V'K produces many more centers than does a
comparable irradiation at room temperature,
the ratio of the yields at these two temperatures
being at least ten.

The growth of the 205-m p band with increas-
ing electron flux was qualitatively similar to
that found by Levy and Dienes' for neutron ir-
radiation, i.e., a rapid initial increase followed
by a linear growth. No dependence on rate or
crystallographic orientation with respect to the
electron beam was found.

The formation of the 205-mp. centers as a
function of electron energy was determined at
a constant incident flux (0.945 x10"e/cm').
This flux gives absorption values on the rapidly
rising portion of the growth curve. The energy
absorbed in the sample, 8', is obtained from
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FIG. l. Optical density vs wavelength in mp for
O. -A1203. Background prior to ix'radiation has been
subtracted. — 10 net (fast), pile temperature.——2-Nev electrons, 9.45 x 10 8 e/cm, 77'K. Meas-
urements made at 77 K.


