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in the band. Such an increase is predicted by the 
theories of Lax5 and of Cohen.6 Both of these theories, 
however, predict a stronger curvature than is actually 
observed. Because of the curvature of these lines, a 
linear extrapolation of the data to zero field yields a 
value for the energy gap which is too high. This error is 
reduced when lower energy transitions are used. The 
absorption data should then yield a better estimate of 
the energy gap than the higher energy reflection data. 
A systematic increase of the intercept value for tran
sitions of higher quantum number can be seen in both 
sets of data. An estimate of the actual energy gap can 
be obtained by extrapolating these values to zero 
number. This yields a value of 0.024 eV. A similar 
estimate of the effective mass at the band minima for 
this orientation yields a value of 0.0065 Wo as compared 
to a value of 0.01 wo for this mass when measured at the 
Fermi surface. 

This value of 0.024 eV for the edge energy and the 
value for the Fermi energy of 0.022 eV7 yields 0.068 eV 
for the position of the optical absorption edge (hwo) 
which is in reasonable agreement with the observed 
transmission of the sample. 

5 B. Lax, J. G. Mavroides, H. J. Zeiger, and R. J. Keyes, Phys. 
Rev. Letters 5, 241 (1960). 

6 M. H. Cohen, Phys. Rev. 121, 387 (1961). 
7 D . Weiner, Phys. Rev. 125, 1226 (1962). 

RECENT analysis of the optical properties of 3-5 
semiconductors1 has demonstrated the effect of 

interband absorption from the d bands of several of 
these semiconductors. In order to obtain a satisfactory 
fit with the data, the final state for optical absorption 
must be assigned an extremely short relaxation time.1* 

t Supported by the U. S. Air Force through the Air Force Office 
of Scientific Research, by the National Science Foundation, and 
by the Advanced Research Projects Agency through the Materials 
Science Center at Cornell. 

* Present address: National Bureau of Standards, Washington, 
D. C. 

1 H. R. Philipp and H. Ehrenreich, Phys. Rev. Letters 8, 92-94 
(1962). 

l a Note added in proof. In reference 1, the broad optical structure 
was discussed in terms of lifetime broadening of an otherwise 
narrow interband transition. This report is written accordingly. 
It was brought to the author's attention that, in more recent 
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The fact that the even transitions are not observed 
for energies below the absorption edge indicates that 
the selection rule AZ=0 is obeyed. This implies that the 
valence band is located directly below the conduction 
band,8 which lends further support to the current 
contention that only three conduction band ellipsoids 
exist.9 

The material used for this investigation came from 
two crystals of Bi, one grown by pulling from the melt, 
and the other grown by a horizontal zone technique. 
Both showed identical magneto-optical effects. One 
end of the samples was mounted onto the cold ringer 
of an optical cryostat in order to minimize strain. An 
enclosure filled with helium as an exchange gas was used 
to keep the sample temperature close to the bath 
temperature. 

The author would like to thank Professor H. Levin
stein of Syracuse University for supplying the Cd-doped 
Ge used in the construction of the infrared detector for 
these experiments and Dr. D. Brown and M. L. Keifer 
of this laboratory for supplying the Bi crystals. I am 
also indebted to Dr. F. Ham and Dr. H. Ehrenreich 
for their help in preparing this paper. 

8 J. G. Mavroides and D. Dresselhaus, in The Fermi Surface, 
edited by W. A. Harrison and M. B. Webb (John Wiley & Sons, 
Inc., New York, 1960), pp. 210, 211. 

9 A. L. Jain and S. H. Koenig, Phys. Rev. 127, 442 (1962). 

This final state may be considered to include a d-band 
hole and a "conduction band" electron; the coupling 
of these may, of course, be significant. The required 
short relaxation time may, in principle, arise from (1) a 
short lifetime for the d-band hole, or (2) a short lifetime 
for the electron state. 

I t is the purpose of this note to report the results of a 
measurement which tends to exclude the first alternative 
above. This measurement is of the line shape of the 
indium L/32 x-ray transition. The initial state for this 
transition includes a hole in the In 2p band (Lin state) 

work, other possibilities have been considered by Philip and 
Ehrenreich (Physical Review, this issue). They now consider also 
the possibility that the broad optical structure may arise from 
superposition of transitions at different points in the zone. Such 
a view is not inconsistent with the results reported here. 
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Profiles of the In Lfo x-ray emission in metallic indium and in InSb have been recorded by means of a 
vacuum two-crystal instrument. According to the usual term assignments, the final state for this transition 
contains a hole in the 4d band. With suitable assumptions regarding both this state and the initial state, an 
approximate measure of the decay width of the 4d hole is obtained. 
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and the final state includes a hole in the 4<2 band 
(iViv.v state).2 This emission will exhibit lifetime 
broadening due to the decay of both the initial and 
final states. Since independent estimates (discussed in 
detail below) of the Lin level width indicate that it is 
roughly half as large as alternative (1) above would 
require for iV^v.v, the latter should be quite apparent 
from a study of the line shape. 

EXPERIMENTAL PROCEDURE 

The transition In Lfi2 is well known. Its mean wave
length is 2744.9 xu.3 The present measurements were 
carried out by means of a vacuum two-crystal spec
trometer using calcite crystals. The specimen was 
excited to x-ray fluorescence by primary radiation from 
a Ti target operated at 20 kV, 200 mA. Data were 
stored in paper tape and reduced by means of a com
puter.4 Spectra from metallic indium and InSb were 
recorded. The metallic indium specimen was prepared 
by rolling indium wire to a sheet approximately 0.002 in. 
thick. The InSb specimen was prepared by pulverizing a 
fragment of single-crystal material into a relatively 
coarse grained powder (~100 mesh).5 This was mixed 
with a polystyrene-benzene solution and spread on a 
thin aluminum sheet. 

RESULTS AND DISCUSSION 

Spectra obtained from metallic indium and from 
InSb are shown in Fig. 1. Relative intensity measure
ments were made at intervals of 0.22 eV (16 sec of arc) 
with 400-sec counting time at each point. Each point is 
the average of four measurements. In no case does the 
statistical uncertainty exceed 1% of the peak height. 
There is no difference between the contours observed for 
metallic indium and for InSb which exceeds experi
mental error. 

The observed spectrum contains the effect of finite 
instrumental resolution as a smearing aberration. It was 
assumed that the instrumental window is given by the 
(1 , -1 ) rocking curve6 and the spectra corrected for its 
effect by the method of Burger and van Cittert.7 In 
this correction procedure, the unfolding operator was 
taken as its third approximation. The results are indi
cated by the solid curves in Fig. 1. 

2 This discussion makes use of the usual assumption that, if 
interactions with the photoelectron are neglected, the system con
taining an inner shell vacancy has a unique energy (except for 
lifetime broadening). The possibility that this may not be the case 
is advanced in reference 8. 

3 P. Haglund, Arkiv Mat. Astron. Fysik 28A, No. 8 (1941). 
4 Further experimental details may be found in a paper by 

R. Deslattes "The iT/3 Emission Spectra of Argon and KC1" (to 
be published). 

6 This was kindly supplied the author by Dr. H. R. Philipp of 
General Electric Research Laboratory. 

6 J. O. Porteus, J. Appl. Phys. 33, 700 (1962). 
7 H. C. Burger and P. H. van Cittert, Z. Physik 79, 722 (1932); 

81,428(1933). 
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FIG. 1. Emission contours associated with the hole transition 
L\w —> Niv.v in metallic indium and in indium antimonide. The 
curves have been displaced vertically for clarity. The zero of 
energy is placed at the position of maximum intensity. 

The width for the Lm state may be estimated. 
Parratt's empirical numbers8 for such widths may be 
interpolated to give 2.5±0.1 eV. Recent measurements 
of the In Lm absorption edge9 appear consistent with 
this estimate. 

To proceed further, we need to make some assumption 
about the d-band hole relaxation time and the origin of 
pronounced asymmetry of the contours in Fig. 1. The 
simplest assumptions regarding these points are that 
(1) the lifetime of a d-band hole is independent of its 
energy within the band, and (2) the asymmetry arises 
either from a splitting of the Niy and A7

V levels in the 
solid or that the asymmetry arises from satellite 
processes or a combination of these effects. Under these 
assumptions, a "natural band profile" is obtained by 
reflecting the low-energy part of the contours of Fig. 1 in 
a line drawn through the maximum ordinate. The full 
width at half maximum of this "natural band profile" 
is 2.7±0.1 eV. This presumably results from a composi
tion of an Lm state width of 2.5 eV and the lifetime 
broadening of a d-band hole which is what we seek to esti
mate. If the line shapes are presented to be Lorentzian, 
then the width of the NIV,Y state is 0.2=fc0.2 eV. 

This result suggests that the very short relaxation 
time which is required from the optical data should not 
be attributed to fast processes leading to the destruction 
of d-band holes. This leaves alternative (2) mentioned 
above. Thus the optical data together with the present 
results suggest either (1) that the conduction band is 
quite broad or (2) that electron-electron scattering 
leads to a very short lifetime for the optical photo-
electron. 
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