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exponentially with depth, which is not the case for the
anomalous contribution to the Geld. In this note, there-
fore, the absorption will be expressed in terms of the
"absorptivity" A, de6ned as the fraction of normally-
incident electromagnetic energy absorbed by an ef-
fectively infinite depth of material.

A calculation on the same lines as that previously
published for metals (e.g., Dingle') shows that for
semiconductors with not too low carrier concentrations:
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where Re stands for "the real part, " 'U for the integra-
tion oPerator 'U—= (—J~"dIo v') with fo ——Fermi-Dirac
distribution function and v= carrier velocity, co= circu-
lar frequency, m=effective carrier mass, 7=relaxation
time, p=fraction of carriers specularly reflected at the
internal surface, and P is the quantity defined in
Dingle2 taking into account the e6ects of displacement
current, atomic polarization, and the presence of ab-
sorption bands near the frequency region investigated.
The 6rst term in (1) is that predicted by the DKZ
theory, and the second that arising from the anomalous
nature of the skin eGect.

With the approximations (a) p=0, as found for
metals s (b) combined effect of displacement current,
atomic polarization and absorption bands negligible, a
supposition normally valid for frequencies in the infra-
red (except of course very close to absorption bands),
and (c) ter»1, a condition usually satisfied for fre-
quencies above the far infrared, the second (anomalous)
contribution to (1) reduces to

several hundred times that from the DKZ term for
good conductors at low temperatures. ' The corre-
sponding contribution for semiconductors will be much
less important, since with a lorn impurity concentration
the carrier system will be practically nondegenerate
and the average carrier velocity therefore small Lsee
(4)), while with a high impurity concentration the DKZ
contribution will be large and therefore much more
important than A, , Nevertheless, the anomalous
contribution could still represent an appreciable correc-
tion to the DKZ theory.
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' 'N the course of work to be published on absorption
~ ~ spectra of NaCl and KCl at 300'K and at 140'K
by a reAectivity method, ' ' a measurement was also
made on a large single crystal of MgO obtained from
the Norton Company (Canada). The apparatus for
making this measurement appearing in Fig. 1 will be
presented in greater detail in the forthcoming paper on
alkali halides.

The result of this measurement on MgO is shown in
Fig. 2. In discussing it recently, Krumhansl has pointed
out that he believes the narrowing of the 1640 A peak
at 140'K is fairly good evidence of exciton absorption.
Also, we feel from our absorption studies of NaCI and
KC1 both by transmission and reQectivity, that this
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where the F's are Fermi-Dirac integrals~ ' and Tp is the
degeneracy temperature.

In the degenerate limit T((Tp, as for metals
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For metals, this anomalous contribution to A may be Fro. 1. Diagram of apparatus.
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FIG. 2. Relative reRectivity of MgO as a function of wavelength.

peak is a truly fundamental absorption band with
absorption coefficients of the order of 10' cm ', and
not weak absorption due to impurity levels. This peak,
indeed, confirms the results of Johnson' who made
fluorescence and transmission measurements on thin
crystals of MgO of known impurity content and also on
samples of lower impurity content from the University
of Missouri. Johnson found that in the region (indi-
cated in Fig. 2) from 1635 A to 1695 A there isa rapid
change in the excitation spectrum for Ruorescence, and
that at 1695 A the absorption coeS.cient is rising very
rapidly. From these results, he concluded that there
must be fundamental absorption in this region.

Before considering the shorter wavelength peaks, it
should be pointed out that there is no resolvable split-
ting in the exciton peak of MgO at low temperature as
we have observed in NaC1 and KC1 and as has also been
seen in BaO.'

The temperature-independent peaks at 1120 A and
930 A are tentatively interpreted as absorption due to
transitions from the uppermost 61led band to the
normally empty conduction band. This absorption
band begins at about 1240A; the band gap, then,
would be about 10 ev and not 5.9 ev as reported re-
cently by Saksena and Pant~ who made studies on
natural crystals of MgO.

In closing, it is interesting to compare this 10-ev
band gap value with the approximate 11-ev value that
I empicki' gives as the threshold primary electron en-

ergy for secondary emission in MgO. This may be con-
6rmation of his original supposition that the secondary
electrons come from the uppermost filled band.
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'T is well known that holes in germanium can be
~ - bound by Group III impurities in so-called acceptor
levels. The observed ionization energies of such holes
are 0.0104 ev (8) ' ' 0.0102 ev (Al) ' 0.0108 ev (Ga) '
and 0.0112 ev (In).' The fact that these energies differ

by only 10% suggests that the binding is largely
due to the long-range Coulomb potential of the accep-
tors rather than to the less well understood forces in
their immediate vicinity.

We have therefore carried out a theoretical calcula-
tion using a Coulomb potentiap —e'/Er and "mass"-
parameters determined by cyclotron resonance experi-
ments. ' The resulting theoretical ionization energy is
0.0089 ev, in rather good agreement with experiment.

The calculation was based on the coupled effective
mass equations which have recently been shown to
arise when the band structure is degenerate. ' ~ In view
of the fact that the spin-orbit splitting at the top of the
valence band in Ge is about 30 times as large as the
ionization energy of the acceptors, ' the four coupled
equations (V.15) of reference 7 are a good first approxi-
mation. Group-theoretical considerations suggest a
trial function of the form (see reference 7):
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The parameters were varied to maximize the ionization
energy. The value 0.00883 ev was obtained with the
following parameters: r~ =43.3)&10 ' cm, r2= 33.8
X10 ' cm, a=1.71)&10' cm &, b= —2.29)&10" cm 't'
c=4.97)(10"cm ~"

With this wave function as a starting point, the origi-
nal six coupled equations (see reference 7, V.13) were
treated by a perturbation-variation method, which in-

creased the ionization energy by about 1%to 0.00893 ev.
A variational calculation, such as the present one,

always leads to a low ionization energy. We estimate
that the true eigenvalue of the six coupled equations
lies in the range 0.0094&0.0005 ev. The remaining dis-
crepancies with the experimental values may be as-
cribable partly to the breakdown of the theory in the
immediate vicinity of the acceptor ions and partly to
inaccuracies of the mass parameters used.

Kittel and Mitchell' have reported a theoretical
value of 0.022 ev for the ionization energy. The large
discrepancy with our result and with experiment is due
to an incorrect transformation of the Hamiltonian
operator (see their concluding sentence). A better
order of magnitude estimate is obtained from a simple


