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Abstract

X-ray absorption fine structure (XAFS) measurements for expanded fluid Se at
high temperatures and pressures up to 1650 °C and 600bar have been carried out
to investigate the change of local structure with volume expansion. The electronic
property of fluid Se changes from a semiconducting one to metallic with increasing
temperature and pressure. When the volume is further expanded, the fluid becomes
non-metallic vapor. XAFS spectra of the non-metallic vapor shows that the vapor
rarer than the critical density consists mainly of Se dimers. When the volume
contracts exceeding the critical density, the first peak in the radial distribution

function is shifted towards larger distance and is increasingly asymmetrical.

1 Introduction

Fluid (f-) Se undergoes a semiconductor-metal (SC-M) transition at high tempera-
ture and high pressure [1]. Many experimental and theoretical investigations have
been made so far to understand the SC-M transition [2]-][13]. Recent experimen-
tal studies have suggested that the transition occurs around the contour of 30
Q lem™1[3].

As is well known, liquid Se has two-fold coordinated chain structure and more



than 10* atoms are covalently bonded near the melting temperature. The result of
nuclear magnetic resonance measurements [2] suggest that the average chain length
becomes short with increasing temperature and pressure. Structural studies show
that the two-fold coordinated structure is largely preserved in the metallic f-Se at
high temperature and pressure (7, 9]. These data mean that the SC-M transition is
connected to the stability of the chain structure. To observe the change of covalent
bonds in the chain, x-ray absorption fine structure (XAFS) spectroscopy is a useful
probe. It prompts us to carry out the XAFS measurements despite difficulties
in experimental technique such as high pressure and high temperature. We have
measured XAFS spectra of f-Se up to the metallic region and already reported
structural change at the SC-M transition [10].

When the metallic fluid is further expanded, the conductivity decreases and the
fluid finally becomes an insulating vapor consisting of Se dimers, which indicates that
metal-non-metal (M-NM) transition occurs in the volume expansion process around
the critical point (the critical constants; T,=1615°C, p,=385bar and p,=1.85g/cm?
[12]) . It is interesting to study how Se dimers condense to a metallic fluid consisting
of chain molecules. Two of the authors carried out XAFS measurements for dense
Se vapor to 150 bar at the Photon Factory [14] and studied the temperature and
pressure variation of the covalent bond in a Se dimer. In this paper, results of XAFS
measurements for pressure variation at 1650 °C in addition to temperature variation

at 600 bar are presented.

2 Experimental

XAFS measurements were carried out in transmission mode using the spectrometer
installed by the French Collaborative Research Group on BM32 beamline at the
ESRF. The details of the optics are described in a previous paper [10]. The ex-
perimental condition of high temperature and high pressure were achieved using an
internally heated high-pressure vessel made of super- high-tension steel, similar to
the previous one [14]. The incident and transmitted x-ray beams passed through Be

windows. The vessel was pressurized by He gas (99.9999%). The Se sample (99.999



%) was contained in a cell made of polycrystalline sapphire [14] which is resistant to
chemical reaction with Se at high temperatures. Two cells with sample thickness of
50 pm and 100 pum were prepared and hereafter we refer to them as Cell-50 and Cell-
100, respectively. Cell-50 could be used for the measurements in the density region
from semiconducting fluid to dense vapor around the critical point while Cell-100
was available for dense Se vapor. The temperature was measured at three locations
by B-type thermocouples (Pt/Rh 30 % , Pt/Rh 6 %) and the difference of the tem-
peratures was within 5 °C at 1650 °C. After liquid Se was loaded in the thin space
of Cell-50 and Cel-100 at 500 °C and 1 bar, the vessel was pressurized up to 600bar.
Then we increased and controlled temperature to measure XAFS spectra. When
the temperature was increased to 1650 °C, the pressure was reduced to measure the
spectra. Near the critical density, p., the pressure was decreased at intervals of 4

bar and the spectra were measured at each pressure.

3 Results

A standard procedure [15] was performed to deduce normalized XAFS oscillation,
x(k), where k is the wave-number of a photoelectron, from an x-ray absorption
spectrum. Since an edge jump has a linear relation with the density of sample, x-
ray absorption spectrum contains information on the density. By obtaining a scaling
constant between Cell-50 and Cell-100 by comparing the edge jumps at the same
temperature and pressure, the density, p, at the measured condition was estimated.
The obtained scaling factor is about 3 because of the uncertainty in the sample
thickness is estimated to be %10 %.

Figure 1 shows x(k) of fluid Se at various temperatures and pressures together
with the estimated p. The x(k) from 200 bar to 420 bar at 1650 °C were obtained
using Cell-100 and the others using Cell-50. As shown in the figure a phase shift
is observed between 430 bar and 434 bar at 1650 °C, where p increases across the
isochore of p,.

Figure 2 shows the magnitude of Fourier transform, |F'(r)|, of k times x (k) shown

in Fig. 1. The first peak around 2 A in |F(r)| at 500 °C and 700 °C is approximately



symmetric. The peak position is shifted toward smaller r at 1230 °C where the SC-
M transition occurs. A shift of the first peak is observed between 430 bar and 434

bar corresponding to the phase shift in x(k).

4 Discussion

To investigate the quantitative variation of the bond length, a standard curve fit
analysis is performed based on a one-Gaussian model [15].

sin(2k'ry 2+ (;S(k’))’ 1)

T{

kx(k) = S|f (m, k)| N1 exp(—207k™ — 2r1 /A(K'))

K = \/k? — AEy/3.81, (2)

where |f(7, k)| and ¢(k) are the backward scattering amplitude and phase shift pa-
rameters for a Se atom calculated by FEFF code[16], respectively. Ni, 71, and oy
are the coordination number, the bond length, and the mean-square displacement
of r; for Gaussian distribution function, respectively. A mean free path of a photo-
electron, A(k), and a scaling factor adjusting an experimental backward scattering
amplitude with the theoretical one, S, are estimated by the FEFF code. AFEy is a
correction of the absorption edge and it is optimized as a parameter in this analysis.

Figure 3 shows the optimized r and NV; as a function of p. r; is denoted by solid
symbols and N; by open ones. The results from Cell-50 and Cell-100 are denoted
by squares and circles, respectively. Both results agree well with in the error bar in
the overlapping region at p < p.. The optimized r and N; values around p = 0.3
g/cm?® are about 2.15 A and about 1, respectively. These results mean that most of
Se atoms form Se dimers at this density. The increase of 71 shows linear dependence
from 0.3 g/cm?® to p.. We call this region NM-1. When p exceeds p., r; increases
from about 2.18 A to more than 2.2 A and the slope of its dependence on p increases
significantly. This density region up to 2.8 g/cm? is named NM-2.

Let us compare the radial distribution function in NM-1 and NM-2. It is note-
worthy that |F(r)| in NM-2 is asymmetric with a tail extending toward larger r while

|F(r)] in NM-1 is approximately symmetric. However it may be difficult to deduce
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the real atomic distribution from the asymmetrical peak in NM-2 because |F(r)|
in NM-1, where the fluid consists mainly of Se dimers, shows a secondary peak on
both sides of the first peak. To reduce such a noise, we assume that all the x (k) for
cell-50 have the same systematic noise. We perform a Fourier back-transformation
of the first peak at p = 1.3 g/cm®. By subtracting the back-transformed oscillation
from the initial x(k), & noise spectrum is deduced. Taking account of the difference
between the edge jumps, we subtract the noise spectrum from the x(k) for other
densities and the deduce noise-reduced x(k). The same procedure was tried for the
spectra of Cell-100 but the noise was not reduced.

Figure 4 shows |F'(r)| obtained from the noise-reduced x(k). The first peak
in |F(r)| of 1.4 g/cm® is symmetric and the secondary peaks are reduced. The
r; obtained from the curve fit aﬁalysis is 2.18 A, which indicates that most of
molecules in the fluid are Se dimers. When p exceeds p,, the first peak in |F(r)]
becomes asymmetric toward larger r and the asymmetry remains for every |F(r)| in
NM-2. In the previous XAFS measurements [14], the obtained bond length around
0.3 g/cm® is 2.17 + 0.01 A. The difference in the bond length is considered to be
within uncertainties of the measurements.

We performed the curve fit analysis based on a two-Gaussian model [15] for the
asymmetric first peaks in non-metallic dense vapor in NM-2 and the obtained bond
lengths are 2.18 A and 2.30 A. Figure 5 shows the pair distribution function, 9(r),
reproduced using the optimized structure parameters for f-Se just above and below
pe- The bond length of 2.18 A corresponds to that of a Se dimer. The length of 2.30
A is close to the bond distance in the metallic f-Se. These are the first data which
show that the supercritical fluid in non-metallic region denser than p. is a mixture
of Se dimers and larger molecules.

It is interesting to review the structure in the SC and M region. We have carried
out XAFS measurements for supercritical f-Se in SC-M transition region for the first
time and the results have been published [10]. However the noise-reduced |F(r)| is
first deduced in SC and M regions in the present analysis. As seen in Fig. 4, in SC

region from 3.7 g/cm?® to 3.5 g/cm® the first peak in |F(r)| is symmetric and the



optimized 7 is 2.33 &+ 0.01 A. When SC-M transition occurs around 1200 °C the
peak position is shifted to smaller r and the width becomes larger. We suggest that
" the optimized r; at 3.0g/cm? in the M region is 2.29 & 0.01 A as shown in Fig. 3.
These results are an indication that the intrachain covalent bond becomes stronger
in the SC-M transition.

To discuss the structural change with SC-M-NM transition, it is useful to con-
sider the results of a computer simulation. Shimojo et al.[13] performed ab initio
molecular dynamics simulation for supercritical f-Se based on generalized-gradient-
corrected density functional theory. Although they carried out the simulation at
higher pressure than the present measurements, their results show that the first
peak position in g(r) is shifted from 2.35 A in semiconducting fluid to 2.32 A in a
metallic one with increasing the number of short chain molecules. Our XAFS results
show a tendency similar to their results.

Recently they carried out similar simulation for dense Se vapor with 1 g/cm?
and 2 g/cm? corresponding to NM-1 and NM-2, respectively, taking spin effects into
account. Their results show that for £-Se in NM-1 most of molecules are Se dimers
and the number of chain molecules is less than the number of dimers. The XAFS
result shows that r; increases with increasing p in NM-1. The simulation results
suggest that this increase is due to the increasing number of chain molecules with
increasing p. The simulation results in NM-2 show that most of Se atoms form chain
molecules. On the other hand, our XAFS results that f-Se in NM-2 is a mixture of Sev
dimers and chain molecules are not consistent with the simulation. This difference
may imply that in the dense vapor the effect of the density fluctuations increases

the probability of forming Se dimers.

5 Conclusion

The dense Se vapor with the density below p. of 1.85 g/cm® mainly consists of Se
dimers and the first peak of |F(r)| is symmetrical. With increasing density from 0.3
g/cm?® to 1.4 g/cm?® the average bond length of dense Se vapor becomes gradually

longer. When the density exceeds p., the bond seems to elongate discontinuously



and the first peak in |F(r)| shows an asymmetrical pattern with a tail extending
towards larger r. The peak is well reproduced using two-Gaussian peaks and the
obtained distances are 2.18 A and 2.30 A, which suggests a mixture of Se dimers and
chain molecules. Large density fluctuations and the strong intermolecular interaction
may induce the formation of larger molecules around p., where the average distance
between Se dimers is estimated to be 4.7 A from a small angle x-ray scattering
measurement [17]. The results of computer simulation by Shimojo et al. [?] is

consistent with above idea.
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Figure Captions

Figure 1 XAFS oscillation, x(k), of {-Se.

Figure 2 The magnitude of Fourier transform, |F(r)|, of k£ times x(k)
shown in Fig. 2.

Figure 3 The bond length r; and the coordination number /V; obtained
by curve fit analysis based on one Gaussian model.

Figure 4 Noise-reduced |F'(r)| for £-Se.

Figure 5 The pair distribution function, g(r), reproduced using the op-
timized N;, r; and o; for f-Se.
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