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Abstract, We have measured ExAFs spectra of liquid(1-) Se, Te, Se~Te mixtures and vapour
{v-) Se for the first time. It is clearly observed that the two-fold coordinated chain structure
is largely preserved in I-Se and that the intrachain covalent bond contracts on melting. The
EXAFs spectra of -Te can be reproduced well by assuming a two-fold coordinated chain
structure with shorter and longer bonds within the chain. In order to obtain partiai structure-
parameters in liquid Se-Te mixtures, spectra are taken on both Se and Te K edges. The Se—
Se bond elongates with increasing Te concentration. The number of the longer Te-Te bonds
increases with increasing temperature of increasing Te concentration; this may be associated
with the semiconductor-to-metal transition,

1. Introduction

It has been reported that the two-fold coordination in the chain of crystalline Se
(c-Se) is largely preserved on melting [1, 2], and that liquid Te (I-Te) has a three-fold
coordinated structure [3-6]. However, in 1-Te there are serious disagreements about the
interpretation of the first peak in the radial distribution function because the first
coordination shell substantially overlaps the second. Recently Enderby and Barnes [7)
have suggested that the covalently bonded chain structure may be preserved even in
1-Te, and that one of the three neighbouring atoms has a distinct bond origin.

Liquid Se (I-Se) exhibits semiconducting behaviour similar to that of ¢-Se, while 1-Te
exhibits metallic behaviour. Recent measurements of various physical properties for
liquid Se-Te mixtures such as density [8, 9], sound velocity {10, 11], specific heat [12],
electrical conductivity [13~15], magnetic susceptibility [16~18], MR [18, 19] and optical
properties [20, 21] show that a semiconductor-to-metal transition is induced by raising
the temperature or by increasing the Te concentration. It is suggested that the transition
is accompanied by a structural transformation from the liquid Se-like structure to the
liquid Te-like one. However, the partial distribution functions of liquid Se-Te mixtures
have not been obtained.

ExAFS measurements give useful information on the local environment around cen-
tral Se and Te atoms in the mixtures. In particular, EXAFS has an advantage in that it can
extract information on the intrachain atomic arrangements, since the EXAFS signals due
to the interchain correlation are expected to be damped in the liquid state. This is due
* Present address: Faculty of Science and Technology, Keio University, Yokohama 223, Japan
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Figure 1. The construction of the sapphire cell
used for EXAFS measurements with an enlarge-
ment showing the sample space.

" to disorder and thermal agitation [22]. There has been little application of the EXAFS
technique to liquids at high temperature [22-25] because it is difficult to keep a thin
liquid sample stable in a cell. We have measured ExaFs of I-Se, Te, Se-Te mixtures and
v-Se for the first time by using polycrystalline sapphire cells of our own design. Since the
wave-vector dependence of the photoelectron backward scattering amplitude of a Se
atom is very different from that of Te, clear separation of the data into the scattering
originating from Se and Te atoms is possible. We have succeeded in deducing the partial
structure-parameters of the first coordination shell in the mixtures.

2. Experimental technique

EXaFs experiments for I-Se, Te and Se-Te mixtures were performed using the spec-
trometer installed at BL-10B of the Photon Factory in the National Laboratory for High
Energy Physics (KEK). With a silicon (311) channel-cut monochromator, an energy
resolution of 1.1 eV at 9 keV was achieved with a typical photon flux of 10° photons s~}
when the storage ring was operated at 2.5 GeV and 300 mA [26]. The reproducibility of
the energy axis was better than (0.0005 deg; this corresponds to 0.3 eV around the Se K-
edge and 2 eV around the Te K-edge. The intensity of the incident beam /; and the
transmitted beam / were monitored using two ionization chambers filled with 85%—-15%
nitrogen—argon mixtures and pure argon for the Se K-edge, and with pure argon and
pure krypton for the Te K-edge. X-ray absorption spectra were measured over the range
from 12.4 to 13.8 keV for the Se K-edge and from 31.5 to 33.0 keV for the Te K-edge.
The integration time for photon counting above the Te K-edge was 10 s per point; this
is ten times as long as that above the Se K-edge because of the low photon flux. In a
typical run, it took 20 min to survey the region around the Se K-edge, and 100 min
around the Te K-edge.

In order to deduce the EXAFs oscillation y(k) as a function of photoelectron wave-
vector k, the background level for higher shells and the absorption of an isolated atom
were subtracted from the observed absorption In(Z,/I) using the Victoreen fit and cubic
spline technique [27]. The subtracted spectrum was then normalized by the absorption
of an isolated atom to obtain y(k). For the measurements of ExaFs for i-Se, Te and
Se-Te mixtures (which have a high vapour pressure and a highly corrosive nature) we
have developed a sample cell made of polycrystalline sapphire. The cell assembly is
illustrated in figure 1. Two sapphire tubes with outer diameters of 6.5 mm and inner
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Figure 2. A side view of the cylindrical water-cooled chamber for EXAFS measurements.

diameters of 4.0 mm were prepared. The length of the longer tube was 40 mnt and the
shorter one 30 mm. Each of the tubes had one closed end. These tubes were inserted
into another open tube having an inner diameter of 6.5 mm, an outer diameter of 8.0 mm
and a length of 65 mm, in such a way that the closed ends of the inner tubes faced each
other with a narrow and uniform gap between them. The closed ends were polished to
a thickness of 250 um in order to improve the efficiency of x-ray transmission. The
thickness of the sample space was adjusted so that the jump in thie x-ray absorption at
the absorption edge, Aut, was about 1. The thickness was from 40 ym to 200 um for
liquid samples and 20 mm for Se vapour. It is useful to note that, when a single crystal
sapphire cell was used, we observed spurious peaks in the EXAFS spectrum due to
the Bragg reflections from the cell. In the present experiment, therefore, we used
polycrystalline sapphire with a grain size smaller than 15 um. As shown in the figure,
the sapphire components were cemented together with high temperature glaze (Owen-
Illinois Inc Type 01328-C).

The cell was heated by a heating element made of molybdenum (Mo) wire. As seen
in the figure the Mo heater was set around a Mo tube which kept the temperature of the
sample space uniform. The temperature was measured by chromel-alumel thermo-
couples which were inserted into the holes drilled in the Mo tube and were in close
contact with the sapphire wall in the vicinity of sample space. The sample reservoir was
maintained at a temperature about 50 °C above the melting point of the sample during
the EXAFS measurements. The reservoir was encased with copper which trapped the Se
and Te vapour escaping from the reservoir.

The sample cell was positioned in a cylindrical water-cooled chamber with x-ray
windows of Kapton. Figure 2 shows the side view of the chamber. As indicated in the
figure, the x-ray beam passed through the Kapton windows, the closed-ends of sapphire
tubes and the liquid sample. The collimation of the x-ray beam was performed by using
x and z translation stages on which the chamber was fixed.

The sample space was filled with the liquid sample in the following way. First, the
chamber was evacuated and the sample space was heated to a temperature around
500°C. Then, the chalcogen sample loaded in the reservoir was fused by heatingittoa
temperature 50 °C above the meiting point. Finally, He gas at atmospheric pressure was
introduced into the chamber to force the fused sample to the sample space through a
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narrow channel between the outer and inner sapphire tubes. It was confirmed by means
of x-ray photography that the liquid sample filled up the sample space completely. The
gaseous state sample was prepared by heating the sample space above the boiling point
while maintaining the temperature of the reservoir near the melting point.

For the measurements of 1-Te in the supercooled state, a quartz cell similar to the
sapphire cell was used. The cell filled with Te was put into a furnace with x-ray windows.
After raising the temperature above the melting point, the furnace was cooled slowly
down to temperatures below the melting point. We determined the freezing point by
monitoring the density change from x-ray absorption measurement. For the measure-
ments of c-Se and Te at 80 K and room temperature, solid samples were powdered
and sandwiched between two layers of Scotch tape. EXAFS spectra on ¢-Se at high
temperatures were measured using a graphite cell.

3. Results and discussion

3.1. Liguid Se

Figure 3 shows EXAFS oscillations x(k) of c-, I- and v-Se at various temperatures. The
pattern of y(k) of 1-Se is similar to that of c-Se. The amplitude of (k) has a peak around
7 A~ and it becomes smaller with increasing temperature. The data for v-Se at 1473 K,
a much higher temperature than the boiling point, show rather simple oscillations
compared with data obtained near the boiling point.

Figure 4 shows the magnitude of the Fourier transform, |[F(r)|, of x(k) multiplied by
k for c-, 1- and v-Se. The first sharp peak of c-Se at 80 K corresponds to the distribution
of the intrachain nearest neighbour atoms. The second peak consists of two peaks—one
corresponds to that of the interchain nearest neighbours and the other the intrachain
second nearest neighbours. Distributions of interchain second neighbours and intrachain
third neighbours appear in the third peak. In the [F(r)| at 300 K, the first peak is still
sharp but the second peak is reduced. At 478 K just below the melting point the second
peak disappears, suggesting large fluctuations in the interchain distance and in the bond
angle. When Se is melted, the first peak is shifted towards smaller r. The peak of I-Se at
523 K is nearly as high as that of c-Se at 478 K, implying that the coordination number
ofI-Seis 2, as it is for c-Se. With increasing temperature the peak height becomes lower,
while the position is almost unchanged. The first peak of v-Se lies at a much smaller
distance than that of I-Se. This means that the bond of v-5e is stronger than that of I-Se,
which is consistent with the fact that the vapour consists of Se, dimers [28].

In order to determine the structural parameters such as bond length r, and the mean
square displacement o, we have used the standard technique of Fourier filtering. In this
analysis the first peak in |F(r)| of Se was back-transformed into k-space. The resulting
Fourier filtered spectrum F(k) was fitted with the following formula.

in(2k'r, + s (k'

sin( rlrzfp_s_( ) @
1

k' = (k* — AE,/3.81)"2. )

Here Bg.(k) and @g. (k) are the backward scattering amplitude and phase shift functions
of 8e. We used Bg (k) and gg.(k) as calculated by McKale et al [29).

In the curve fitting procedure, the scaling factor §, the ratio of the experimental
amplitude to the calculated one, was selected to be 0.65; this gives 2 as the coordination

K23(k) = SBs (k' Yk'N, exp(-2k'20?)
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Figure 3. The ExXAFS oscillation y(k) of c-, I- and Figure 4. The magnitude of Fourier transform,
v-Se at various temperatures. |F(#)|, of k times x(k) in figure 3.

number N of ¢-Se. We also adopted a reasonable assumption that &V, is 2 for1-Se and 1
for v-Se. In order to alleviate a parameter correlation and false minima, A Eq was fixed
tobe 4.42 ¢V, which gives the most reasonable bond length of c-Se. The resulting r; and
o; are tabulated in table 1

In order to determine the first and second nearest-neighbour distances of c-Se at
80 K, we carried out the Fourier back-transform of |F(r)| in the region which includes
both the first and second peaks. The filtered spectrum was fitted with the standard
formula based on the three shell model. The intrachain bond length which we obtained
is 2.380 A, nearly the same as that determined from an x-ray diffraction measurement
for a s1ngle crystal at room temperature by Cherin and Unger [30]. The interchain
nearest neighbour and the intrachain second nearest-neighbour distances are 3.38 A
and 3.73 A, respectively. These are close to the values of 3.436 A and 3.716 A obtained
from the x-ray diffraction measurement.

Figure 5 shows the temperature variation of bond lengths of c- (open circle) and I-Se
(full circle). The bond length decreases s with increasing temperature in both crystailine
and liquid states, and it is noticed that the bond contracts on melting, while the volume
expands. This implies that the intrachain covalent bond is strengthened when the
interchain distance increases.
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Table 1. The bond length r, and the root-mean-square displacement o, for ¢-, - and v-5e at

various temperatures.
Sample Terﬁperalure (X) r(A) ' g (A)
e G R G L T o
c-Se 80 2372 0.044
300 2.368 0.064
433 2362 . 0.067
478 2,361 0.069
I-Se 323 2.331 0.072
573 2,330 0.076
673 2327 0082
773 2.326 0.089
873 2.323 0.094
923 2372 0.097
v-Se 1473 2,125 0.076
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Figure 5. The temperature variation of the Se~Se Figure 6. The mean square displacement o} of the
bond length for ¢-Se (open circle) and §-Se (full Se-Se bond length for ¢-5e (open circle), 1-Se (fult
cirele). circle) and v-Se (full square).

The bond length of v-Se deduced from our EXAFS measurement is 2.13 A, which
is slightly shorter than the value of 2.21 A determined by the electron diffraction
measurement by Maxwell and Mosley [31]. The bond length of v-Se is much shorter than
that in ¢- and 1-Se.

Figure 6 shows the temperature variation of the mean square displacement o7 for
Se. The values of o2 for ¢- (open circle) and I-Se (full circle) become large with increasing
temperature, implying that fluctuationsin the bond lengths increase owing to the thermal
agitation. The value of o for v-Se at 1473 K (full square) is much smaller than that of I-
Se near the boiling point.

3.2. Liguid Te

Figure 7 shows y(k) for ¢- and 1-Te at various temperatures, including x(k) in the
supercooled liquid state. The amplitude of x{k) for ¢-Te at 80 K is large in the low k
region and has a minimumaround7 A~!and a maximum around 10 A-1,Suchavariation
in the amplitude of (k) corresponds to the k-dependence of the backward scattering
amplitude. When the temperature is raised, the oscillation of y(k) of c-Te is rapidly
damped in the high & region. The ExaFs oscillation is observable even in the liquid state,
although the amplitude is much smaller than that in the crystalline state.

Figure 8 shows the magnitude of the Fourier transform, |F(r)|, of kx{(k} for c- and I-
Te. In the |F(r)| of c-Te at 80K the main peak around 2.7 A can be assigned to the
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Figure 7. The ExaFs oscillation y(k) of c-Te and Figure8. The magnitude of the Fourier transform,
I-Te at various temperatures including super- [F(r)], of k times x(k) in figure 7.
cooled liquid state. The melting point of Te is
T23K.

Table 2. The first and second nearest-neighbour distances of ¢-Te obtained from Exars (this
work) and x-ray diffraction measurement [33],

T(X) ri(A) riA)
EXAFS a0 2.84 3.48
X-ray diffraction 300 2.835 3.495

intrachain nearest-neighbour distribution. The main peak is split into two, giving a
subpeak near 2.3 A. This arises from the amplitude modulation of ¥(k), which in turn is
related to the resonance in the electron—atom scattering processes [32]. The second peak
near 3.3 A gives the distribution of four interchain nearest-neighbour atoms. The third
peak around 4.4 A may be related to the distributions of the intra- and interchain second
nearest neighbours. With increasing temperature the second peak is merged into the
main peak and the third peak is substantially reduced. The height of the main peak in
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Table 3. The first coordination number N, the bond length r), the interchain nearest-
neighbour distance r,, and the root-mean-square displacement o for ¢-Te at various tem-
peratures, obtained from curve fitting using (3). ’

T{K) N, L4} (A) Oy (A) r2 (A)

¢Te 80 1.93 2.84 0019 347
300 2.00 2.83 0063  —
573 186 2.83 00 | —

Table 4. The first coordination number N|, the bond length r|, and the rooi-mean-square
displacement &, for I-Te at various temperatures, obtained from curve fitting using (3) on
the assumption that G{r} consists of one Gaussian curve.

T{K) Ny n(A) o} (A)

I-Te 623 0.94 2.79 0.067
673 0.84 2.79 0.076
693 0.81 2.79 0.067
713 0.79 2.78 - 0.070
743 0.76 2.80 0.083

773 0.82 2.87 0.103

the liquid state is reduced to half of that in the crystalline state; this is in contrast to the
results for Se. The main peak of 1-Te has a tail extending to larger spacing and its position
is shifted to smaller spacing on melting.

The first and second peaks in [F(r)| for c-Te were Fourier back transformed. This
filtered %(k) spectrum was fitted with the standard formula based on a two shell model
to determine the intra- and interchain nearest-neighbour distances. The resulting bond
length for c-Te at 80 K is 2.84 A; this is much larger than that for c-Se. In table 2 our
values of the intrachain nearest-neighbour distance r; and interchain nearest-neighbour
distance r, are compared with the data determined by the x-ray diffraction measurement
for a single crystal at room temperature [33].

Since the main peak becomes broader and the second peak merges into the main
peak athigh temperatures, the standard formula may no longer be appropriate for fitting
the EXAFS spectrum. In the present analysis the following formula was used.

- 2k’ + . k’
K23y = SBTe(k')k’fdr 4mp,r*G(r) sin(2k'r rZWT (k") &

where it is assumed that pair distribution function G(r) is expressed by the superposition
of Gaussian curves as given by (4).

N,‘ (r - F‘- 2
60)= S ptyee (- 5) @
The number density p, was taken from the data by Thurn and Ruska [8]. The value of
AE,was fixed to be —0.90 eV; this was obtained by fitting (k) of ¢-Te at 80 K with the
standard formula. The value of $ was selected to be 0.097, giving 2 as the coordination
number of ¢-Te. The curve fitting was carried out assuming that G(r) consists of two
Gaussians, The resulting intrachain nearest-neighbour distance r,, coordination number
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30A Figure 9. Schematic diagram of [-Te consisting of
chain molecules with shorter and longer bonds,
The charge transfer from the lone pair orbital in
the neighbouring chain may result in weakening
the covalent bond.

Table 5. The coordination number N, the bond length » and the root-mean-square dis-
placement ¢ for shorter and longer bonds in I-Te at various temperatures obtained from
curve fitting using {3) on the assumption that G{r) consists of two Gaussian peaks.

Shorter bond Longer bond

TKY M r(A) oA N (A o(A)

]-Te 623 0.94 2.78 0.064 1.06 2.97 0.154
673 0.98 2.78 0.080 1.02 3.03 0.200
693 0.65 2.78 0.056 1.35 2.93 0.185
713 0.59 277 0.055 1.41 2,92 0.173
743 0.69 2.7% 0.077 .31 2.9 0.224
773 0.65 2.83 0.076 1.35 3.04 0.188

N\ and mean square displacement ¢ for c-Te are listed in table 3. The bond length of ¢-
Te was found to be 2.84 A at 80 K, which is in agreement with the result of the standard
fitting method, and it changes little with increasing temperature, The interchain nearest-
neighbour distance r,is 3.47 A at 80 K. Unfortunately we cannot determine r, accurately
at higher temperatures.

The curve fitting for I-Te is carried out on the assumption that G(#) consists of only
one Gaussian. Table 4 shows the structural parameters of I-Te at various temperatures.
Asseenintable 4, we obtain about 1 for the coordination number of I-Te. [t is, however,
unreasonable to expect that I-Te might consist of dimers as in the vapour phase.

Recent neutron diffraction measurements |5, 6] show that the two-fold coordinated
structure of Te is preserved even in the liquid state. The ratic of r, to 7, in c-Te is larger
than in c-Se, suggesting that the interchain coupling is rather strong in Te. Ai high
temperatures the thermal motion of atoms becomes violent and an atom can approach
very close to another atom in the neighbouring chain. The charge transfer from the
occupied lone pair orbital to the unoccupied antibonding orbital in the adjacent chain is
thereby enhanced. This charge transfer from the neighbouring chain may also result in
a weakening of the covaient bond. Hence we suppose that the chain structure of I-Te is
formed by at least two kinds of covalent bonds: shorter and longer ones as shown in
figure 9. It is reasonable to consider that the EXAFS signal from the atoms in the
neighbouring chains is substantially damped by disorder and thermal agitation in the
liquid state. Therefore, we performed the curve fitting, assuming that G{r) within the
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spectrum of 1-Te a1 623 K {dotted curve). (b) G{r) used for the theoretical fit in Ggure 10(a).
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Figure 11. The temperature variation of the Figure 12. The temperatuge variation of the aver-
shorter (triangle) and longer {square) bond age number N of the shorter (triangle) and longer
lengths for -Te. Circles denote the intrachain (square) bonds per atom in |- Te.

bond length of ¢-Te, obtained from curve fitting,
on the assumption that G{r) consists of two Gaus-
sians.

chain consists of two Gaussians and that the total coordination number is 2. The refined
structural parameters are listed in table 3.

The bond lengths of |-Te at 623 K are given as 2.78 A and 2.97 A. The shorter bond
length is almost the same as that estimated from the one-Gaussian fitting. It is observed
that the longer bond is much shorter than the interchain nearest-neighbour distance in
c-Te. In figure 10(a) the theoretical fit using (3) is shown by a solid curve ; for comparison,
the Fourier filtered spectrum of 1-Te at 623 K is denoted by a dotted curve. As seen in
the figure, the agreement is satisfactory. In figure 10(b) we show the G(r) used for the
theoretical fit. The temperature variation of the shorter (triangle) and longer (square)
bond lengths are shown in figure 11. The bonds elongate slightly with increasing tem-
perature. The average numbers of the shorter (triangle) and longer (square) bonds per
atom are plotted as a function of temperature in figure 12. The longer bond is more
probable than the shorter one above 690 K.
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|-Se.yTesy at 673 K, I-SeyyTey and SeygTey at 723 K. (b) The EXAFs oscillation x(k) taken on
the Te K-edge for the datain (a).

Many investigators have proposed the existence of a three-fold site with an As-like
pyrimidal configuration in -Te. However, the present EXAFs study has given no evidence
for the pyramidal configuration.

3.3. Liquid Se-Te mixtures

Figure 13(a) shows (k) taken on the Se K-edge of I-SegyTespat 573 K, SespTespat 673 K,
Se oTem and SezgTeg, at 723 K. The amplitude of x(k) of 1-SegTey has a peak around
! aswasseen in pure 1-Se. With increasing Te concentration the amplitude becomes
con51derably larger in the low k region. This is owing to the strong backward scattering
from Te atoms around a central Se atom. Figure 13(b) shows x(k) above the Te K-edge
of these liquid Se-Te mixtures. The amplitude of the oscillation is small compared with
that for the Se K-edge.
Figure 14(a) shows the Fourier transform, |[F()|, of & times y(k), taken from figure
13(a). There exists only a main peak, which corresponds to the distribution of the
nearest-neighbour atoms around a central Se atom. In the [F(r)| of 1-Seg Te, the shape
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Figure 14. (2) The magnitude of the Fourier transform, [F(r)], of & times y(k) in figure 13(a).
(b) The magnitude of the Fourier transform, [F{r}|, of & times x(k) in figure 13(b).

of the main peak is similar to that of I-Se, implying that most of neighbouring atoms are
Se atoms. In |[F(r)| at 50% or more Te concentration, the main peak splits into two and
there appears a sharp minimum around 2 A. The results of the curve fitting analysis
show that this minimum comes from the interference effect between the EXAFS signals
from neighbouring Se and Te atoms. Figure 14(b) shows the Fourier transform, [F(r)|,
of k times x{k), taken from figure 13(&). The first peak of I-SegyTey is sharp. The main
peaks of I'Sengesg, l-SCgﬂTej() and Sengegg have a minimum around 2.2 A

Large differences in k-dependence of the backward scattering amplitude and phase
shift functions between Se and Te atoms make it possible to separate the partial dis-
tributions. In order to obtain partial distributions of Se(Se-Se) and Te(Se-Te} around
a central Se atom (S¢), and Te(Te-Te) and Se(Te-Se) around a central Te atom (Te),
we performed the following curve fitting analysis. The main peaks in |F(r)| for Se and
Te K-edges were backtransformed into £-space. Since the partial distribution of Se-Te
must be the same as that of Te~Se, both the filtered spectra were simulitaneously fitted
with the following equations.

in(Zk;r+ @ (ky
kig(k;) =8, 2 B (ky)ky f dr 409r*G,(r) s jrrz ?yk) (5)
- Ny _r=r)?
G(r) = %v—-—z :rr}ar,-; exp ( _——20% ) ©)
k’f = (ktz - AEU‘}/381)I'IQ )

Here i and j denote Se and Te, r; the bond length, N; the partial coordination number
and o, the mean square displacement of the bond length between a central atomiand a
neighbouring atom j. The scaling factor Sy, is the same value as § of I-Te. The value of
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Ss. was selected to be 0.29, so that the coordination number of c-Se would be 2. The
values of AEyg.s. and AFEyr.y. were fixed to be those of I-8e and 1-Te. The condition that
the partial distribution of Se-Te should be the same as that of Te~Se was expressed as
FseTe = Proses OseTe = OTese 2d €seNsere = CrelVrese, Where c; denotes the concentration of
an i-element. We first tried to fit the spectra with (5)-(7), assuming that the coordination
number of Se and Te atoms was fixed to be 2 in the mixtures. As discussed in the previous
section, the strong interchain coupling in 1-Te weakens the intrachain bond, resulting in
the appearance of shorter and longer bonds. In order to reproduce the filtered spectra
of the Te K-edge for the Se-Te mixtures by using (5)(7), it was necessary to introduce
two kinds of Te-Te bonds. The resulting bond lengths, partial coordination numbers
and the mean square displacements are listed in table 6. We cannot obtain reasonable
values of parameters for the Te-Te bonds of I-Seg;Te,, because the contribution of the
Te-Te bonds to the EXAFS oscillation is too small.

Figure 15 shows the Se~Se (circle), Se-Te (diamond), shorter (triangle) and longer
(square) Te-Te bond lengths at 773 K as a function of Te content x. The Se~Se bond
elongates with increasing Te concentration. We suggest that this elongation is caused-
by the intra- and interchain charge transfer from an occupied lone pair orbital of a Te
atom to an unoccupied antibonding orbital of the neighbouring Se—Se bond, because
the ionization potential of Te is higher than that of an Se atom. The Se-Te bond and the
shorter Te-Te bond lengthen slightly with increasing Te content.

Figure 16 shows the probabilities that Te atoms are distributed around a central Se
atom (circle) and a central Te atom (square) as a function of Te content x. These
are deduced from the evaluation of the partial coordination numbers at 773 K. With
increasing Te concentration each of the probabilities becomes large, approaching 1
almost linearly; this suggests that the Se and Te atoms are arranged at random in a chain
molecule. :

In figure 17 the average number N¥, 1. of Te atoms which lie at a longer distance
(square) from a central Te atom is shown as a function of temperature for 1-SesyTesg,
SeqrTes and SeyTeg,. For I-SespTesy N 1. is about 0.5 at 673 K and increases slightly
with temperature, For the liquid mixtures with high Te content Nk, r, increases remark-
ably with temperature. The value of Nk, for I-Se,Teg, at 873 K reaches about 1.3,
which is nearly the same as that for }-Te. The charge transfer between neighbouring
chains leads to the electron delocalization around Te atoms, resulting in the elongation
of Te-Te bonds. This may be enhanced when the temperature or the Te content is
increased. Our previous NMR study suggests that the electrons around Te sites in the
chain tend to be delocalized, but this is not the case around Se sites [19]. It is concluded
that the rapid increase in N%,.7. is associated with the semiconductor-to-metal transition.

4. Summary

We have measured EXAFS of 1-Se, Te, Se-Te mixtures and v-Se for the first time, using
a sample cell of our own design. It was found that the intrachain bond becomes strong
when the interchain distance increases and the interchain coupling isreduced. The EXAFS
spectra of I-Te could be reproduced well by assuming a two-fold coordinated chain
structure with shorter and longer bonds within the chain. Their lengths are 2,78 A
and 2.97 A at 623 K in the supercooled liquid state. The longer bond is preferable as
temperature is raised.

In order to obtain partial structure parameters in liquid Se-Te mixtures, the filtered
spectra measured on both of the Se and Te K-edges were simultaneously fitted assuming
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Figure 15. The Se-Se (circle), Se~Te (diamond), Figure 16, The probabilities that Te atoms are
shorter Te~Te (triangle) and longer Te-Te distributed around a central Se atom (circle) and
(square) bond lengths of liquid Se—Te mixtures as a central Te atom (square) as a function of Te
a function of Te content x. content x.
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Figure 17, The temperature variation of the average number of Te atoms around a central
Te atom at a longer distance for [-SesyTesg, SesyTey and SeyTeg.

a two-fold coordinated structure. By postulating the existence of shorter and longer Te-
Te bonds, the spectra taken on the Te K-edge were reproduced better. The number of
longer Te-Te bonds increases with increasing temperature or increasing Te concen-
tration. This may be associated with the semiconductor-to-metal transition.
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