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Optical absorption spectra of liquid sulphur over a wide
absorption range
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Abstract. The optical absorption coefficient o of liquid sulphur has been measured in a wide
absorption range from 5.5 x 1072 to 2 x 10° cm™! at temperatures from 130 to 450°C. For
measurement in the high-absorption range beyond 10° cm~!, we have developed an optical
cell of our own design with a sample thickness of about 3000 A. It was found that the
absorption specira are substantially changed at the polymerization temperature, espectatly in
the high-absorption region; a new absorption band appears at around 3.25 eV and increases with
increasing temperature. We discuss the origin of this new absorption band in the high-absorption
region together with the details of the spectral changes in the intermediate and low-absorption
regions,

1. Introduction

Elemental sulphur melts to form a liquid of unique and often striking properties which have
attracted considerable attention for many decades [1-3]. Much of the work has focused on
the fact that liquid sulphur exhibits a thermodynamic transition between two distinct liquid
modifications. Between the melting point (113 °C for orthorhombic sulphur) and the critical
polymerization temperature of 159 °C, it forms a light-yellow insulating liquid with a low
viscosity consisting of 3z molecules which have the shape of puckered rings. Above 159°C,
it forms a highly viscous liquid in which a significant fraction of ring molecules polymerize
to Jong polymeric chains containing up to 10° atoms. The concentration of chains increases
with increasing temperature [4, 5].

Physical properties such as the structure factor [6], magnetic susceptibility [7], ESR
[8], density [9], heat capacity [10] and viscosity [11] are influenced by the temperature-
dependent structural changes and changes in the molecular composition. A remarkable
change in the optical properties also appears; the colour of the liquid changes rapidly from
yellow to red with increasing temperature. The optical absorption coefficient has been
extensively measured by different investigators [12-16]. Most of the work deals with the
temperature dependence of the red shift of the absorption spectra and the influence of the
polymerization on the shift rate. In fact, appreciable changes in the electronic states can be
expected around the polymerization temperature since the different ring and chain species
differ in their structural correlation extending beyond the first neighbours. However, the
polymerization seems to have little effect on the optical absorption spectra [13—16] except
for the appearance of the low-energy band at around 1.4 eV [15] originating from the
diradical chain whose temperature-dependent intensity correlates with the paramagnetism
of the chain ends.
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Recently, Tamura and co-workers [17] performed a precise measurement of the optical
reflectivity in a wide energy region and deduced the absorption specira from detailed analysis
of the reflectivity data. The most surprising feature of the results is the characteristic change
in the absorption spectra at about 3.2 ¢V for temperatures higher than the polymerization
temperature of about 160 °C which indicates the appearance of a new absorption band. They
concluded that the new absorption band is strongly connected with the atoms in the chains.

The main purpose of the present study is to perform a direct measurement of the optical
absorption coefficient in a wide absorption range from 5.5 x 1072 to 2 x 10° cm™!, which
may clarify the sensitivity of the optical absorption to the polymerization which has been
demonstrated in the optical reflectivity data [17].
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Figure 1. (a) Quartz cell used for the optical absorption measurements: CA, chromel-alumel.
{b) Side view of the chamber used for the optical absorption measurements.

2. Experimental details

In order to measure ¢ in the absorption range beyond 10° cm™! of liquid sulphur, we had
to make an optical cell of our own design with a sample thickness of about 3000 A, which
is illustrated in figure 1(a). Two quartz rods with a diameter of 6,5 mm and a length of
80 mm, the ends of which were polished to have optically flat surfaces, were put in a quartz
tube with an inner diameter of 6.5 mm, an outer diameter of 8 mm and a length of 150 mm.
The cell had a uniform gap between these two rods in which the liquid sample was located.

As seen in figure 1(a), the sample with a purity of 99.9999% was heated by a heating
element made of Mo wire with a diameter of 0.7 mm. In order to reduce the temperature
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gradient around the sample, a Mo tube was put between the cell and the heater. The
temperature was measured by two chromel-alumel thermocouples attached on the outside
wall of the cell through the holes drilled in the Mo tube. The sample reservoir was encased
in a Cu holder which trapped sulphur vapour escaping from the reservoir. Another heating
element made of Mo wire with a diameter of 0.5 mm was put around the Cu holder to keep
the temperature of the reservoir at about 150°C.

The optical cell was positioned in a cylindrical water-cooled chamber with two windows
made of quartz, the side view of which is illustrated in figure 1(b). As shown in the figure,
the light passed through the quartz windows, the quartz rods and the liquid sulphur. The
electrodes for the heaters and the thermocouples were taken into the chamber through
hermetic seals. The chamber was fixed on x- and z-translational stages adjustable to the
light path.

The sample space of the cell was filled with liquid sulphur in the following way. First,
the chamber was evacuated and the sample space was heated to 150°C. Then, the solid
sulphur loaded in the reservoir was melted by heating it to 150°C. Finally, Ar gas at
atmospheric pressure was introduced into the chamber to force the liquid sulphur into the
sample space through a narrow channel between the quartz rod and the tube.
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Figure 2. Schematic view of the chamber used for the construction of the optical cell.

Here, we should note that it is extremely difficult to construct the optical cell keeping
such a liquid thin film, especially with a high vapour pressure, stable. So we briefly describe
the method of how to make it. Figure 2 shows a schematic view of a chamber used to
construct the quartz cell. The vertical scale is enlarged so that it is easy to see. First, a
small amount of fine graphite powder was put into the space between the rods. Then, the
reds were pushed by two alumina tubes, making a very small gap between rods, in the
chamber. The alumina tube on the right-hand side was supported by the springs. If the gap
was not uniform, many interference fringes were observed on illumination by the yellow
light of an Na lamp. When these interference fringes disappeared by adjusting the strength
of the spring, a uniform gap had been obtained. Then, we pasted a high-temperature glaze
(Vitta type P-1015) at the positions shown in the figure and cemented by the cell by heating
it to 950°C in Ar gas. Finally, the graphite powder was completely burnt out in the air
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by heating the cell to 550°C. The thickness of the gap or the optical path length was
determined again by the optical interference method. We have previously measured o for
liquid Se [18), As2S; and AssSe; [19] using the same type of the cell.

We measured o using a Jasco CT-25GD spectrometer in the wide photon wavelength
range from 260 to 2500 nm, which corresponds to the energy range from about 0.50 to
4,75 eV. In order to obtain & from the measured optical transmittance, we took account of
various corrections, of which the following four were very important: optical reflectance,
interference fringes, temperature variations in the sample thickness and temperature
variations in the optical absorption of the quartz cell.
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Figure 3. Logarithmic plots of the optical absorption
w2 . 1' L é L é L zl. 1 ] coefficient e for liquid sulphur as a function of photon
fw (&) energy hew at various temperafures,

3. Results

Figure 3 shows the logarithmic plots of « for liquid sulphur as a function of photon energy.
The spectra are shown at temperatures every 10°C from melting point to 200 °C and every
50°C in the higher-temperature range. The spectra at 450°C were measured at slightly
higher pressure than atmospheric pressure. For the measurements we used optical cells
with different optical path lengths of about 40 mm, 4 mm, 0.5 mm, 40 um, 1.8 um,
0.5 um and 0.3 wum, which enabled us to measure v in the range from 5.5 x 102 to
2 x 10° cm™!. It should be noted that this is the first measurement of & in a very wide
absorption range of more than six orders of magnitude including the high-absorption range
exceeding 10° cm™!. Our results are in good agreement with the previous data [14-16] in
the absorption range around 10 em™!, but less consistent in the lower-absorption region.
As seen in the figure, there is a substantial yed shift of the spectrum with increasing
temperature. The absorption curves seem to be decomposed into three parts as observed in
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amorphous semiconductors: the high-absorption part with a power dependence on photon
energy, the intermediate part with an exponential variation, and a weak shoulder in the low-
absorption region. It should be noted that in the high-absorption region a new absorption
band appears at around 3.25 eV accompanied by polymerization at 160 °C, which increases
rapidly with increasing temperature. The slope of the exponential tail in the intermediate-
absorption region decreases with increasing temperature. In the low-absorption region, an
absorption band appears at around 1.3 eV at temperatures higher than about 300 °C, which
increases with increasing temperature.

4, Discussion

The characteristic yellow colour of liquid sulphur below the polymerization temperature
originates from the optical absorption clearly demonstrated by the absorption curve in
figure 3, which corresponds to the long-wavelength tail of an intrinsic absorption band
peaking at about 4 eV. The 4 eV band has been attributed to the lone-pair (LP) states — o*
(antibonding states) transition [20]. This assignment is based on the molecular orbital
analysis and tight-binding ideas [21,22] for the isolated Sg-ring molecule. The chalcogens
have an s’p* valence configuration; two of the p orbitals form ¢ bonds, leaving s and LP
orbitals. The L states lie at the top of the valence band and o* states form the conduction
band. In the low-temperature liquid, the weak van der Waals interaction between ring
molecules broadens the energy levels of the isolated S; rings only slightly [23]. However,
the assignment to the LP— o™ transition is not fully supported by another molecular orbital
caiculation [24,25]. When electron-electron interactions are included, the description in
terms of one-electron levels no longer suffices. The molecular orbital calculation [24, 25]
indicates that in the Sg-ring molecule the enetgy interval between the highest filled and
lowest empty levels is found to be about 9 eV. Therefore the absorption band of the Sg
ring located at around 4 eV may be dominated by exciton creation processes {24] which is
supported by photogeneration studies [26].

It is obvious from figure 3 that the polymerization transition changes the absorption
spectrum especially in the high-absorption range, to which the rapid colour change of liquid
sulphur above the polymerization temperature is attributed. We discuss now the details of
spectral changes in the three different absorption regions as follows.

4.1. High-absorption region

The tempertaure variation in absorption spectra in the high-absorption region, i.e. beyond
10* cm™!, is marked at around the photon energy of 3.25 eV. Figure 4(a) shows linear
plots of & at a photon energy of 3.25 eV as a function of temperature. At temperatures
below the polymerization temperature, ¢ at 3.25 eV slightly and almost linearly increases
with increasing temperature, while an abrupt increase is observed immediately above the
polymerization temperature. At temperatures above 300°C, the increase in « at 3.25 eV
becomes relatively small. Such a variation in o with temperature is quite similar to that
of the absorption spectra computed from the reflectivity data using a classical-oscillator-fit
analysis [17]. Further, absolute values of o at 3.25 eV in the literature [17] are almost the
same as those of the present measurement, which suggests that their classical-oscillator-fit
analysis is quite reasonable to extract the correct absorption spectrum from the reflectivity
data.

It should be noted that the increase in « with increasing temperature as shown in
figure 4(a) is very similar to the increase in the concentration of chains reported by Koh
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Figure 4. Linear plots of « at a photon energy of 3.25 eV as functions of (a) temperature and
(b) the concentration § of atoms in chain obtained by Koh and Klement {5). The arrow indicates
the polymerization temperature. The solid lines are guides for the eye.

and Klement [S]. Figure 4(b) shows o at 3.25 eV as a function of the concentration f
of atoms in the chain [53]. We find a strong correlation between o and f. Thus, the
equivalence of these temperature dependences is strong evidence that the optical absorption
at 3.25 eV is closely connected to the atoms in chains. This result is in contrast with the
conclusion drawn from a comparison [14] of earlier measurements of the low-energy part
of the absorption edge and preliminary calculations of the energy levels of ring and chain
that the polymerization does not affect the electronic levels. Gur result is in agreement
with an unpublished preliminary calculation by Salaneck [27]. He made a comparison of
electronic levels between an S ring and an Sy chain assuming that they had the same bond
angles and lengths. He found that the first optical absorption is 0.2 eV lower for the S¢
chain than the Sg ring. It is reasonable to assume that in the very long chains of sulphur
atoms, which appear immediately above the polymerization temperature, the first optical
absorption moves to still lower energies owing to delocalization of the wavefunctions. In
fact, the most recent calculation for the infinite linear chain of sulphur [28] gives a small
band-gap energy of about 2 eV for an infinite helical chain of sulphur.

As is well known, the absorption spectrum in the high-absorption region is closely
connected to the electronic transition from the valence to conduction band. From the
detailed analysis of the spectra, we obtain the optical gap E,, defined by the conventional
relation {(ohw)" o hiw — Eg, where n is a constant [29]. Figures 5(2), 5(b) and 5(c) show
the plots of (chw)® versus Aw at 150°C below the polymerization temperature assuming
the values of n to be §, 1 and 3, respectively. As is well known, the values of » are taken
to be 12- for most amorphous semiconductors. For amorphous Se we take it to be 1, which is
attributed to the sharp rise at the edges of the density of states, and strongly connected with
the one-dimensional character of the chain structure of amorphous Se [30]. As clearly seen
in the figure, the plots lie on the straight line when n = 2. Note that 3 is the largest value
of n for many amorphous [29] and liquid [18, 19] semiconductors, which may be related to
the zero-dimensional character of the weakly interacting Sz ring molecules in liquid below
the polymerization temperature. The value of E; for liquid sulphur at 150°C is 3.65 eV
and decreases slightly with increasing temperature. The value of E; of the orthorhombic
sulphur consisting of Sz ring molecules is 3.45 eV [31].

At temperatures higher than the polymerization temperature, we found that the plots of
o could not lic on one straight line for any selected values of r, which may be caused by
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Figure 5. Plots of (whw)" versus hew at 150°C below the polymerization temperature assuming
the value of  to be (a) §, (b} 1 and (c) 3.
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the fact that there is 2 mixing of rings and chains in the liquid above the polymerization
temperature.

4.2. Intermediate-absorption region

Previous measurements of o were limited in the intermediate region from 1 to 10* cm~'.
Most of the work has focused on the temperature variation in the red shift of the absorption
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spectra and the influence of the polymerization on the shift rate. Zanini and Tauc [14), Weser
et al [15] and Donaldson and Caplin [16] investigated the temperature dependence of the
energy Ep at which « has a constant value and pointed out that no discontinuous behaviour
in the temperature dependence of Eo was observed. These observations have led to the
incorrect conclusion that the polymerization has little effect on the electronic states. Meyer
et al [12], on the contrary, obtained the completely opposite result that the rate of the red shift
with temperature shows a clear change at the polymerization temperature. In order to give
a clear solution to the controversy, we plot Ey versus temperature for different values of o
as shown in figure 6. Open circles, open triangles, open squares and open inverted triangles
indicate Ep for which @ = 10 ecm™!, 102 em™, 10* em™ and 10* cm™’, respectively.
Note that Eg at which & = 10°~10% cm™! is well known to be a conventionally defined
optical gap. For the case when o = 10 em™!, Ej decreases continuously with increasing
temperature and no anomalous behaviour is found at the polymerization temperature which
has been certainly observed in previous research [14-16] while, for & = 10%, 10° and
10* cm™!, Eg markedly decreases around the polymerization temperature.
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Figurc 7. Slope of the Urbach tail I at which @ = Fipure 8. Plots of the absorption coefficient Ae
10 em~! (©), 10* em™! (a) and 10? cm~! (0) as  obtained by subtracting the expomentially varying
functions of temperature: @, T at & = 10 em™}  Urbach tail,

cobtained by Donaldson and Caplin [16]. The arrow

indicates the polymerization temperature.

As seen in figure 3, each specira shows an exponential dependence on energy, given by
o = Cexp(Thw), which is called an Urbach tail, where I' is the slope of the exponential tail
and C a constant. It should be noted that the specira do not exactly lie on the straight lines
and are slightly bent. The values of T at the photon energy at which & becomes 10, 10? and
10* cm™! are plotted in figure 7 as a function of temperature. Open circles, open triangles
and open squares indicate I" at @ = 10 cm™", 10> cm~! and 10° ecm™!, respectively. Full
circles indicate I" at & = 10 cm™! obtained by Donaldson and Caplin [16]. As they pointed
out in their paper, the temperature variation in I" at o = 10 em~! shows no evidence of the
polymerization transition. Note that, however, those of I" at « = 10? and 10° cm™ again
show substantial jumps at the polymerization temperature.
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4.3. Low-absorption region

In the low-absorption region, i.e. below about 1 cm™, a new absorption band appears at
about 300°C around 1.3 eV and increases rapidly with increasing temperature. This band
was found for the first time by Weser ef al [15). From the comparison of the area of their
absorption band with the magnitude of the ESR signal [8], they concluded that the band
originated from the dangling bond at the sulphur chain ends. We have also studied the
absorption band. Pigure 8 shows the plots of the absorption coefficient A« obtained by
subtracting the exponentially varying Urbach tail. It is obvious that the logarithmic plots
of Awx lie on the parabolic curves indicated by the solid lines. With increasing temperature
the band increases and the maximum position at around 1.3 eV at 300°C shifts to a lower
energy. Figure 9 shows plots of the logarithm of the area of the absorption band as a function
of reciprocal temperature which are indicated by open circles. These open circles lie on a
straight line. The activation energy estimated from the slope is 0.70 eV, which is slightly
smaller than the value of 0.82 eV obtained from the ESR measurements. For comparison,
the temperature variation in ESR signal is also plotted in figure 9. The similarity of these
temperature dependences is strong evidence that the optical absorption at arcund 1.3 eV is
connected with the dangling bonds of the chain, which has been experimentally pointed out
by Weser et al [15] and theoretically predicted by Salaneck [27].

5. Summary

We have measured o for liquid sulphur in a wide absorption range from 5.5 x 10~2 to
2 x 10° cm™!. For measurements in the high-absorption range, we have developed a quartz
cell of our own design with a sample thickness of 3000 A. It was found that the higher-
order structural change accompanied by the polymerization transition affects substantially
the optical absorption spectra in the high-absorption region; a new absorption band appears at
around 3.25 eV at the polymerization temperature and increases with increasing temperature.
This new absorption band is closely connected to the electronic states of the polymeric
chains. An Urbach tail is observed in the intermediate-absorption range from 1 to 10* cm™.
The temperature variation in the slope of the tail shows a distinet jump at the polymertzation
temperature in the absorption range beyond 10 cm~!. In the low-absorption region, the
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absorption band originating from dangling bonds of the chains appears at temperature above
300°C and increases with increasing temperature.
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