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An EXAFS study of amorphous selenium

As part of our programme of study of amorphous
chalcogenides we have investigated the extended
X.ray absorption fine structure (EXAFS) of glassy
selenium. X-ray diffraction studies of amorphous
Se have already indicated peaks in the radial distri-
bution function (RDF) at 2.34, 3.78 and 497A
[1]. Structural models suggested for glassy Se indi-
cate that it contains both chains and rings of vary-
ing lengths [2]. EXAFS is known to be particularly
effective in the study of local structure in glasses
[3]. Considering the diverse opinions on the struc-
ture of amorphous Se, we felt that an EXAFS
study would be instructive.

Se glass was prepared from the 5N purily el-
ement (Koch-Light, UK). The K-edge absorption
spectrum was recorded on a bent-crystal spectro-
graph using Mo radiation [4]. A Carl-Zeiss micro-
densitometer was used to record the trace with a
linear reverse dispersion of 0.7eVmm™ .

Data up to 350eV beyond the edge were amen-
able to analysis. Computation of the radial struc-
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ture function was carried out using a Hanning
window function and Eccles’ procedure [5]. After
background subtraction, the following steps were
carried out:

(a) Data between 30 and 350 eV from the edge
were Fourier transformed.

(b) The first few components were set equal to
zero and data were back-transformed to k-
space.

(c) Finally a transform to R-space was carried
out to yield the radial structure function
shown in Fig. 1.

Changes in the integration limits did not shift
the positions of the peaks shown in Fig. 1, so
that we feel sure that these do represent physical
distances and are not computational artefacts.
Uncertainties (+ 0.02A) in the peak positions
make estimation of phase-shifts difficult. Never-
theless, the fact that our values for various dis-
tances agree quite well with reported values indi-
cates that these shifts are quite small.

In Fig. 1, the peak at 2.34 A represents the
usual Se—Se distance [1]. Apart from the peaks at
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Figure 1 Radial distribution curve for glassy selenium. Distances shown are accurate to = 0.02 A.

the distances mentioned earlier, we see additional
peaks at 1.98, 3.13, 4.50 and 5.94 A. As indicated
in Fig. 1, the peak at 1.98 A was obtained through
visual deconvolution. While we consider this peak
to be the most important, in respect of the dis-
tance it represents, its actual area is subject to
much uncertainty.

We suggest that the peak at 1.98 A corresponds
to Se—Se double bonds, likely to be present as

chain-end Se bonds. Based on this we are able to
explain the other three peaks at 3.13, 4.50 and
5.74 A (Fig. 2). We see that the n-bonds result from
an alternate scheme of charged defect formation:
se *se
_se/ + See—-Se\
€y

Westbury and Cooper [2] have summarized
many other studies which indicate the presence of

Se— —» —seP=s5. +

Figure 2 Model of a terminal
configuration containing double-
bonded selenium.
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a large number of terminal Se atoms. While there
appears to be a wide range of chain-length esti-
mates, it is significant that values as high as 10%
can be derived for the fraction of terminal Se
atoms on the basis of these studies. More recently,
Malaurent and Dixmier [6] had to use a model
containing random chains at least 200 atoms long,
in order to account for the occurrence of a peak at
5.70 A in amorphous Se. The fraction of terminal
atoms in this case should be at least as high as 1%.

Using the ratio of peak areas in Fig. 1, we esti-
mate that the fraction of terminal Se atoms could
be 7 + 3%. However, we emphasize that quantitat-
ive estimates based on EXAFS are, in general, error
prone. The transform ripple present in the radial
structure function, for example, vitiates such esti-
mates. The comparatively high concentration of
terminal Se atoms that we see could possibly be
caused by extended irradiation.

The infra-red spectrum of amorphous Se re-
ported by Lucovsky [7] shows a shoulder at
230cm™ which has been attributed to a funda-
mental vibration. Since the frequency of this
vibration is roughly 1.6 times the Se—Se stretching
frequency, we wonder whether it can be attributed
to Se--Se double bonds of the nature described
above.

It is interesting to speculate on an alternative
explanation for the 1.98 A distance in glassy Se.
Kastner et al. [8] have suggested the existence of
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Figure 3 Model of a defect centre
containing a C} defect.

Ci-type defect centres. Such centres would be
expected to have short bond lengths since charged
defects are stabilized only when the overlap in-
tegral is large. Enhanced overlap requires the for-
mation of short bonds, the shortness in this case
being accentuated by the presence of a positive
charge. One can visualize a model based on C3
centres which also accounts for all the distances, as
shown in Fig. 3.

The explanation based on C centres is however,
not entirely satisfactory since the concentration of
such defects should be extremely small.
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Debye temperatures of oxides with the
NaCl structure

The characteristic Debye temperature is an im-
portant parameter which features in descriptions
of the thermal and elastic properties of a solid.
Traditionally, Debye temperatures (calorimetric,
0..1) are obtained from heat capacity measure-
ments, but values may also be calculated from
elastic constants (6,)). A number of high precision
techniques for the latter procedure have been
reviewed by Alers | 1], and Konti and Varshni [2].
At temperatures close to absolute zero 0., is
usually very close to ;.

Debye temperatures have been published for a
wide variety of solids [1-—4], but despite their
relative simplicity, there are only limited data for
oxides having the NaCl structure. Elastic constants
of varying reliability are now available for most
of these oxides and thus 8 may be readily calcu-
lated.

By considering only acoustic branches of the
phonon dispersion spectrum of a diatomic solid,
the elastic Debye temperature at 0K may be
approximated to

h (3pNp V3
o1 = —(—*—) *Vm, (1)

k \ 4nM

where & is Planck’s constant, k¥ is Boltzmann’s
constant, p is the number of atoms in the molecule
(ie. 2 in this case), N is Avogadro’s number, p is
density, M is molecular weight and V,, is the mean
sound velocity defined by

1 aQ\ "
R = e

i=1 4r

ie. the average of all the direction-dependent
velocities ¥; [3]. When the individual elastic
moduli are available, the integral in Equation 2
may be solved by using one of the high precision
techniques [1, 2].

Alternatively, for isotropic crystals, an approxi-
mate value may be obtained from

1 2 1\ ~1/3

— —_ + —_
RGN
where V and ¥, are the transverse sound velocity
and longitudinal sound velocity, respectively [3].

Vi = 3)

TABLE I Elastic moduli, densities and calculated Debye temperatures of some NaCl structure oxides

Oxide

Elastic moduli (X 10'® Nm™2) Density Reference 6 (cale)
X 103 kgm~? K

Cll Clz C44 ( gm )
BaO 12.440 4.869 3.368 5.992 [5] 2923
SrO 17.354 4.715 5.587 5.009 {5} 441.4
CoO 25911 14.87 8.268 6438 [6] 517.8
MnO 22.3 12.0 7.90 5.39 7 525.7
CaO 22.063 5.655 8.032 3.346 [5] 673.6
MgO 29.404 9.248 15,581 3.579 [8] 939.1
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