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The GeK x-ray absorption spectrum was measured in three forms of Ge02: hexagonal crystalline, tetrag­
onal crystalline, and amorphous. From the measured results it is concluded that either the Kronig explana­
tion of the extended fine structure observed in the spectra needs to be modified or the "glassy" Ge02 is 
actually crystalline in character over small regions, i.e., the amorphous Ge02 has a high degree of short-
range order identical to that of the hexagonal crystalline form. 

INTRODUCTION 

TH E Kronig1 explanation of the fluctuations in the 
x-ray absorption coefficient observed on the high-

energy (short wavelength) side of a major absorption 
discontinuity is dependent upon the crystalline char­
acter (periodicity) of the absorber. In this approach, the 
electron ejected in the absorption process is considered 
to be essentially "free," i.e., it is treated as a conduction 
electron whose motion is only slightly affected by the 
potential field of individual atoms inside the crystal. 
Using this concept, Kronig solved the Schrodinger 
equation for an electron moving in a periodic potential 
field (whose period is that of the crystal lattice) by a 
perturbation calculation. The calculation indicates the 
energies "forbidden" to the ejected electron and, for a 
simple cubic lattice, these energies are given by the 
familiar expression 

E=A2(o2+/32+72)/8wd2 cos20, 

where h is Planck's constant, m is the electronic mass, 
(a,/3,y) characterize a crystallographic plane, d is the 
interplanar spacing of planes (a,P,y)y and 6 is the angle 
between the electron momentum vector and the normal 
to the planes (a,/3/y). 

Although the Kronig theory gives a plausible qualita­
tive explanation for some of the observed coefficient 
fluctuations, particularly for fluctuations which are 
energetically some distance (~100 eV) from the main 
discontinuity, it is inadequate in many respects as has 
been discussed in the literature. Several modifications or 
alternatives have been proposed to account for the 
observed fluctuations.2-4 Of these, the most interesting 
is that due to Shiraiwa, et al.A 

* Owens-Illinois Research Fellow. 
f Adjunct Professor of Physics, University of Toledo, Toledo, 

Ohio. 
i R. de L. Kronig, Z. Physik 75, 191 (1932). 
2 T . Hayashi, Sci. Repts. Tohoku Univ. Ser 1, 33, 123, 183 

(1949); 34, 185 (1950). 
3 A. L. Kostarev. Zhur. Eksp. i Teoret. Fiz. 11, 60 (1941); 19, 

413 (1949); 21, 917 (1951). 
4 T. Shiraiwa, T. Ishimura, and M. Sawada, J. Phys. Soc. Japan 

13, 847 (1958); T. Shiraiwa, ibid. 15, 240 (1960). 

In this modification, the ejected electron is considered 
to be scattered by the adjacent atoms in the solid, i.e., 
the phenomenon is treated as a collision scattering 
problem. The electron is again represented by a plane 
wave function which is, however, multiplied by an 
attenuating factor to take account of the energy losses 
incurred in the inelastic collisions of the electron with 
neighboring atoms. One of the consequences of this 
treatment is that the fine structure observed may be 
dependent only on the atoms in the neighborhood of the 
absorbing atom. This would be true if the interactions 
between the ejected electron and the adjacent scattering 
atoms were largely inelastic, i.e., if the electron is never 
really very "free" in the lattice as is required by the 
Kronig assumption. 

The most direct way to test the validity of the Kronig 
theory would be to use polarized x rays and a single-
crystal absorber. This has been tried without much 
success to date.5-"9 As an alternative way to test the 
Kronig theory, the authors decided to measure the 
absorption coefficient fluctuations in a glass and com­
pare these with measurements on the same material in 
crystalline form since any fluctuations which depend 
directly upon long- range order should not appear for the 
amorphous form. This would enable one to identify the 
energy region over which the Kronig assumption is 
valid. The GeG2 system was chosen since there are two 
crystalline forms (hexagonal and tetragonal) and pure 
Ge02 can also be made into a glass. 

EXPERIMENTAL PROCEDURE 

The measurements were made at room temperature 
using a G.E. XRD-3 diffractometer with a NaCl single 
crystal as the monochromator and with a 1° takeoff slit. 
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FIG. 1. K x-ray absorption spectra of Ge in crystalline and in amorphous Ge02. The ordinate is JJ,X, where n is the linear absorp­

tion coefficient and x is the sample thickness measured normally to the incident x-ray beam. The abscissa is the energy of the inci­
dent x rays. The zero of energy is taken at the midpoint (half-height value) of the initial discontinuity. The positions of the mid­
points for the three curves coincide within the experimental accuracy of the data. 

and a 0.02° detector slit. Data were taken manually by 
alternately recording the time for 104 counts with the 
sample in the x-ray beam and out of the beam at each 
angular setting. The angular increments used were 
20=0.005 deg. 

The samples were prepared in the form of a powder 
which was uniformly spread over the adhesive side of 
cellophane tape. A Ge02 thickness of approximately 
0.003 in. was used. The uniformity of samples prepared 
in this fashion was checked in earlier measurements on 
the Fe edge in Fe-containing glasses by grinding a piece 
of the glass to the same thickness as the powder samples. 
The results from the ground-glass sample and the 
equivalent powder sample were identical within the 
accuracy of our measurements. 

The Ge02 used was Eagle-Picher electronic grade 
which is 0.99999+ pure. This material is supplied in the 
form of the hexagonal crystalline powder. The tetrag­
onal GeD2 was made by converting the hexagonal form 
to the tetragonal form in a hydrothermal bomb in the 

manner described by Laubengayer and Morton.10 The 
glass was made by melting and quenching the hexagonal 
form. All three forms were identified by x-ray diffraction. 

DISCUSSION OF RESULTS 

The results of our measurements are shown in Fig. 1. 
The data are not corrected for the "thickness effect"11 

and other corrections usually made when analyzing 
data obtained with a two-crystal spectrometer. The 
curves have been normalized in the manner of Van 
Nordstrand12 to facilitate*comparisons. 

From the figure, we see that the two crystalline forms 
of Ge02 give fluctuations in the absorption coefficient 
which are markedly different from each other. This 
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result can be expected from the viewpoint of either the 
original Kronig theory or from its modifications due to 
Shiraiwa et al.A The most interesting result is the fluctu­
ation pattern for the Ge02 glass or amorphous form. 
From the figure, we see that, within the limits of the 
measurements, the pattern is identical to that for the 
hexagonal crystalline modification. A similar result was 
found for "amorphous" and crystalline Ge by Shiraiwa.4 

On the basis of the Kronig theory, this is a somewhat 
surprising result since the Ge02 glass was distinctly 
amorphous as determined by ordinary x-ray diffraction 
while the hexagonal crystalline modification was indeed 
crystalline. Thus, although it may not be surprising that 
there are fluctuations for the amorphous Ge02 out to 
300 eV in energy, it is surprising that the fluctuations 
are identical with those for the crystalline form since 
electrons of this energy should begin to be affected by 
the differences in long-range order between the two 
materials if the "free" electron approximation of Kronig 
is valid. 

On the other hand, on the basis of the Shiraiwa modi­
fication of Kronig's theory, which allows for all of the 
fine structure to be caused by nearest or next-nearest 
neighbors, the result is reasonable. But even here, the 
fact that the results are identical is still a little surprising 
because this would seem to indicate a requirement for 
not only the same coordination but, in fact, exactly the 
same symmetry and spacing for at least the first or 
second configuration shells in both the crystalline Ge02 
and the Ge02 glass. In other words, a truly random 
network concept of the Zachariasen-Warren type13 does 
not seem applicable to the Ge02 glass, at least as far as 
can be determined from a measurement of this type. At 
the same time, the ordinary x-ray diffraction measure­
ments indicate that there is really no extensive long 
range order in the amorphous sample. 

Although we do not make the unequivocal claim that 
the Ge02 glass is "crystalline" when examined on a 
sufficiently localized scale, the present results do suggest 
such a possibility. Furthermore, infrared measurements 
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made on the two crystalline forms and on the amorphous 
form of Ge02 by Obukhov-Denisov et al.u give similar 
results, i.e., both the infrared and Raman spectra of the 
glass and the hexagonal form are quite similar while the 
spectrum for the tetragonal form is completely different. 

Recent measurements by Lytle16 of the x-ray absorp­
tion spectra of Cu and Ni at cryogenic temperatures 
lead him to the conclusion that if the Kronig explana­
tion is correct, it is necessary to consider the Bragg 
reflection of the ejected electron to occur at planes of 
extremely high Miller indices, i.e., very small inter-
planar spacings and therefore rather short distances 
from the absorbing atom. If the Ge02 glass is, in fact, 
crystalline on a localized scale, the Kronig explanation 
might still be valid if one accepts Lytle's interpretation 
since reflection from higher-index planes would not 
require any long-range order in the sample. Further­
more, utilizing the higher-order planes makes the Kronig 
and Shiraiwa theories essentially equivalent since 
diffraction is only a special type of scattering. 

CONCLUSIONS 

Our results suggest that the study of x-ray absorption 
spectra in glasses offers a new way to check the validity 
of theories of the observed fine structure which require 
long-range order and also might help characterize what 
is termed the "amorphous" or "glassy" state of matter. 
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