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The structure of liquid (I-) selenium-halogen mixtures has been studied by both EX-
AFS and neutron scattering measurements. The concentration variation of the coor-
dination numbers of Se and halogen atoms around the central Se atom were deter-
mined. It was found that all Cl atoms in 1-Se,_Cl, act as chain terminators. The
rapid contraction of Se-Se and Se-Cl bonds was observed when the CI concentration
approached 0.5. For 1-Se,_,I,, I atoms are not always incorporated into the chain
molecules, and the excess I atoms form I, molecules. The intermolecular orientational
correlation for 1-Se, sCl; 5 and 1-Se, sBr, s will be discussed utilizing the results of the

neutron scattering experiments.

Introduction

§1.

The measurements of viscosity,” magnetic
susceptibility>® and NMR*® have suggested
that the Se chain is composed by 10* to 10°
atoms on the average near the melting point
and that it becomes shorter as the temperature
is raised. When the chain scission occurs in the
liquid state, neutral dangling-bond states are
created at the chain ends.

The viscosity of liquid Se is decreased
substantially by adding halogen impurities."®
Recently we have found that the electrical con-
ductivity increases considerably and the
thermopower becomes large and positive
when halogen impurities are doped into liquid
Se, and that these impurity effects increase
with the increasing electronegativity of the
halogen atom.”® These results suggest that the
impurity may have a strong influence on the
modification of the chain structure.

It is interesting that in Se-halogen binary
systems the melting point decreases dramati-
cally with increasing halogen concentration,
up to the eutectic composition of about 50
at.% halogen.>'? In the case of the Se-Cl
system the eutectic temperature is as low as
about —50°C. It has been reported that there
exists a stable crystalline form,*' which con-
sists of Se,Cl, molecules, at 50 at.% Cl, while
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in the gas phase SeCl, molecules'*' are found
to be stable rather than Se,Cl,. In the Se-I
system,'” on the other hand, no stable com-
pound has been found in both solid and gas
phases. However, no information has been
available to-date about the structure of liquid
Se-halogen systems.

It has long been argued that EXAFS is a
good tool to investigate local structure of
disordered systems such as liquids. Never-
theless, there has been little application of the
EXAFS technique to liquids. This is largely
due to the difficulty of containing a stable lig-
uid sample which is thin enough to transmit
the X-ray beam. Recently we have succeeded
in overcoming this problem by developing a
new sample cell.'® A more serious problem is
the fact that EXAFS signals from a liquid are
in general strongly damped, owing to the in-
herent disorder of the atomic arrangement
and thermal agitation.'” However, the
EXAFS signal is unusually large where the
photoelectron is backscattered by the
covalently bonded neighboring atoms. In addi-
tion, EXAFS does not address the low momen-
tum range compared to the X-ray or neutron
diffraction method. However, EXAFS can
give useful information on the neighboring
configuration around a particular atom as
long as the atoms are covalently bonded.
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Therefore it is expected that intramolecular
correlations can be selectively extracted by
EXAFS measurements in liquid Se-halogen
systems. To determine the spatial correlation
beyond the near-neighbor distance, neutron
diffraction methods are more useful than
EXAFS.

In the present paper we study the intra- and
intermolecular correlations in liquid Se-
halogen systems by means of EXAFS and
neutron diffraction  experiments; these
methods are complementary in the sense de-
scribed above.

§2. Experimental

2.1 Sample preparation

Liquid selenium-chlorine mixtures (I-Sej—x
Cl,) were prepared by mixing the appropriate
masses of granular Se (99.999%) and liquid
SeCl (99%) for the concentration range
0<x<0.5, and by mixing granular Se and
SeCl, powder (99.5%) for 0.5<x<0.8. The
mixtures were sealed in evacuated glass tubes
and heated at about 150°C for 1 day. Since
Se;-,Cl; mixtures are easily dissociated into
SeCl, and Cl, gases in the presence of
moisture, we handled them under dry argon at-
mosphere.

Liquid SesBros was made from granular Se
and SeBr, powder (99.5%) in a way similar to
the Se;—,Cl, mixtures. We handled the SeBr,
sample in He gas which had been dehydrated
by passing it through a liquid nitrogen trap,
because SeBr, is much more sensitive to
moisture. Liquid Se,-,I, mixtures were made
from granular Se and I flake (99.8%). The er-
rors in concentration in each case were smaller
than 1%.

2.2 EXAFS measurements

Fused quartz was chosen as a sample cell
material. (Figure 1 shows this cell.) Two
quartz tubes with inner diameters of 4 mm
were prepared with closed ends for the X-ray
window. These ends were polished to a
thickness of about 300 um in order to improve
the efficiency of X-ray transmission. The two
tubes were then inserted into an outer tube
and welded to it at the ends. The thickness of
the sample region was estimated from the
thickness of the graphite spacer; this was
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Fig. 1. The quartz cell used for EXAFS measure-
ments on liquid samples.

placed between the two inner tubes before
welding and was burned out afterwards.

The sample was sealed in the reservoir of the
cell under vacuum and flowed into the test
region upon heating. An X-ray photograph
confirmed that the test region was completely
filled with the liquid sample.

Measurements were taken both in the liquid
state and also in the supercooled state, as
denoted by the «crosses on the phase
diagrams®!? in Fig. 2. The freezing point was
determined by monitoring the density change
from the X-ray absorption measurement. The
stability of the temperature during a run was
better than +0.5°C.

The EXAFS experiments around the Se K-
edge for I-Se,-,Cl, and I-Se, —, I, mixtures were
carried out using the spectrometer installed at
the BL-10B station of the Photon Factory in
the National Laboratory for High Energy
Physics (KEK).'® With a silicon (311) channel
cut monochromator, an energy resolution of
1.1eV at 9keV was achieved with a typical
photon flux of 10° photons/sec, when the
storage ring was operated at 2.5 GeV and 300
mA. The intensity of the incident beam, I,
and that of the transmitted beam, I, were
measured using two ionization chambers filled
with 85% nitrogen-15% argon mixture for [,
and with pure argon for I. The surveying
energy region for the X-ray absorption spectra
was from 12.4keV to 13.8 keV. In a typical
run it took 20 minutes to survey the energy
region around Se K-edge.
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Fig. 2. The temperatures and concentrations at which
EXAFS measurements were carried out are denoted
by crosses on the phase diagrams of Se-Cl system?
(a) and Se-I system'” (b).

In order to extract the EXAFS oscillation
x(k) as a function of photoelectron wave
number k, the background absorption was
subtracted from the observed absorption,
In (Io/I), using the Victreen fit in the pre-edge
region. The absorption of an isolated atom uof
was estimated using the cubic spline tech-
nique.'” The subtracted spectrum was then
normalized by uet to obtain y (k).

2.3 Pulsed neutron scattering measurements

Pulsed neutron scattering measurements for
1-Se0_5C10_5, I-Seo'sBro,s and 1—830451045 wWere
carried out using the HIT spectrometer®® in-

(Vol. 60,

stalled at the pulsed neutron source of KEK.
HIT is a high intensity total scattering spec-
trometer specially designed to measure the
structure factor S(Q) over a wide range of
momentum transfer. About ten hours were re-
quired to obtain the time-of-flight spectrum
with 2048 channels for one sample, and more
than ten thousand neutrons were accumulated
per channel. The liquid sample was held in a
cylindrical cell made of Ti-Zr null alloy; this
cell had an 8.0 mm inner diameter, an 8.6 mm
outer diameter, and was about 8 cm high. The
measurements were carried out at room tem-
perature for 1-Seo sCly s and 1-Seg s Bros, and at
75°C for l-Seo_5 IO.S-

In order to extract S(Q) from the measured
neutron intensity, 7(Q), the following for-
mula*"*? was used to correct for absorption
and multiple scattering effects:

1 {I(Q) Ac,sc
47[D<b2> As,sc As,scAc,c

. Iy (Q)
"DyovAyv(1+4y)

Here 1.(Q) and I(Q) are the measured
neutron intensities for the empty Ti-Zr cell
and a vanadium rod standard sample, respec-
tively. 4m {b%) is the coherent scattering cross
section of the sample and oy is the incoherent
scattering cross section of vanadium. A, g is
the absorption factor for neutrons which are
scattered by « and transmitted by B. The
subscripts ¢, sc, and V denote the cell, the sam-
ple plus cell, and the vanadium rod, respec-
tively. These factors were calculated by the
method proposed by Paalman and Pings.?
Multiple scattering terms A for the sample
plus cell and Ay for the vanadium rod were ob-
tained from the work by Blech and Aver-
bach.?® D is the total number of atoms in the
sample located in the neutron flux and Dy the
number of vanadium atoms in the flux. S, is
the isotropic incoherent scattering term for the
sample. A more detailed description of the
data processing has been given elsewhere.™

S(Q)= IC(Q)}

—A4— S 1)

* K. Maruyama: Thesis (Kyoto University, Kyoto,

1991).
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Fig. 3. The EXAFS oscillation, x(k), near Se K-edge
for 1-Se at 250°C (a), 1-Sey,Cl,, at 220°C (b), I-
SeyCly, at 180°C (c), 1-Sey,Cly; at 130°C (d), I-
Sey6Cly 4 at 50°C (e), 1-Se, sCly 5 at room temperature
(f), 1-Sey 4Cly s at 110°C (g) and 1-Se, 13Cly 4, at 180°C
(h) as a function of photoelectron wave number k.
The electron backward scattering amplitudes® from
Se and Cl atoms are shown by the broken lines in (a)
and (h), respectively.

§3. Results and Discussion

3.1 EXAFS of liquid Se;-.Cl,

Figure 3 shows Se K-edge EXAFS oscilla-
tion, x(k), along the liquidus curve for 1-Se (a),
l-Seo_9C10,] (b), I-Seo gClo_z (C), l-Seo 7C10_3 (d), I-
Seo 6Clo,4 (e), l-Seo,5Clo_5 (f), l-Seo,4Clo,6 (g) and
1-Seo.33Clo 7 (h) as a function of photoelectron
wave number k. The amplitude of y (k) for
1-Se exhibits a maximum around 7 A~! and
varies in a way similar to the backward scatter-
ing amplitude* from a Se atom; this is
denoted by the broken line in Fig. 3(a). As the
Cl concentration increases the maximum near
7 A™' becomes less pronounced and the
amplitude of x(k) in low k region becomes
larger. For 1-Seg33Cly6; the amplitude of y (k)
decreases monotonically with increasing k.
This k-dependence coincides with the
backward scattering amplitude®” from a Cl
atom, as denoted by the broken line in Fig.
3(h).

Figure 4 shows the radial distribution func-
tion |F(r)l around Se atom for 1-Se (a), I-
Seo‘sCIO_z (b), l-Seo‘6C10,4 (C), l-seo,s(:lo_s (d) and
1-Seg.33Clo.67 (€). The | F(r)| were obtained by a
Fourier transform of x (k):*

1 (Hma
F(F)ZES/CM w(k)ky (k) e**rdk. (2)
We used a Hanning window for w(k) to
reduce the spurious peaks caused by a finite in-
tegral region. Typical values of Kmin and Kmax
were taken to be 3.0 A™! and 16 A™', respec-
tively.

For 1-Se a peak exists around 2.0 A, corre-
sponding to the covalent bond length of Se-
Se. With increasing Cl concentration the peak
position shifts toward smaller r. In the concen-
tration range above x=0.5, a shoulder is ob-
served on the large r side; this may result from
an interference effect between the EXAFS
signals from neighboring Se and Cl atoms.

It is reasonable to assume that the Se chain
is shortened by the addition of ClI, as is known
from the viscosity measurements. In order to
obtain the atomic arrangements of Se and Cl
around a central Se atom, we carried out a
curve fitting analysis. First, we calculated the
back Fourier transform, ¥ (k), of F(r) around
the first peak. Then we fitted k3% (k) by means
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of the least square method with the following
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k32(k)=S {NSeBSe(kSe)kz eXp (_zaéekée)

+NciBa (k) k* exp (—20 & k8)

where

kse= Vk2—0.2625 A Eqs,

and

ka= vVk*—0.26254 Eyc..

The weighing factor k* was introduced to com-

(a)x=0

[F(r)] (A.U)

(d)x=0.5

1 s, b -

(e) x=0.67

r (A)

Fig. 4. The radial distribution function |F(r)l
around a Se atom, obtained by Fourier transform of
k times y(k), for 1-Se (a), 1-Se;3Cly, (b), 1-Sey6Cly 4
(c), 1-Sey sCly 5 (d) and 1-Sey 33Cly 47 ().

(Vol. 60,

EXAFS formula based on a single scattering
approximation:*
sin (2kSe Fse ™ Pse (kSE))
2
rSe
sin (2kc| rcr—¢>c1(kc1))}

2
ral

3)

pensate for reduction of the 7 (k) amplitude in
the high k& region. The first and second terms
of eq. (3) represent the Se-Se and Se-Cl cor-
relations, respectively. The subscript, Se or
Cl, specifies the neighboring atom. B,(k) is the
backward scattering amplitude from i-atom
and ¢;(k) is the phase shift experienced by the
photoelectron which is emitted from the cen-
tral Se atom and scattered by neighboring i-
atom. Numerical values of B;(k) and ¢,(k) are
adopted from the supplement table calculated
by McKale et al.?” S is a scaling factor which
includes the decaying effects of the photoelec-
tron wave due to the finite mean free path. In
the present analysis S was fixed to be 0.65 so as
to give Ns.=2 for 1-Se. N, represents the coor-
dination number of i-atoms which are situated
at an average distance of r; with the mean
square displacement of gf. AEy; represents a
small correction to the energy of absorption
edge. The values of A4 Ey; ranged from 4 to 7
eV. The values resulting from this fitting pro-
cedure are listed in Table I.

Figures 5(a) and 5(b) show the average coor-
dination numbers of Se, Ns. and Cl, N¢,

Table I. The coordination numbers of Se, Ns,, and
Cl, Ng, around the central Se atom, the bond lengths
of Se-Se, rs., and Se-Cl, rg, and their root-mean-
square displacements, gs. and o, for 1-Se,_,Cl, ob-
tained by fitting x (k).

Se-Se bond Se-Cl bond

X Nse Ise(A) 0s.(A) Na ra(A) oa(A)
0.0 2.0 233 0.072 0.0 — —

0.1 2.0 234 0.072 0.0 — —

0.2 2.3 233 0.075 0.1 2.23  0.028
0.3 1.8 2.32  0.076 0.4 2.19 0.037
0.4 1.5 230 0.076 0.6 2.18 0.027
0.5 1.0 2.25 0.066 0.8 2.17 0.040
0.6 0.6 2.25 0.054 1.5 2,17 0.043
0.67 0.4 226 0.057 1.7 2.17 0.046
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Cl (b) around a central Se atom, derived from j}(k),
for 1-Se, -, Cl,, plotted as a function of x. The dashed
lines are the calculated curves from egs. (4) and (5).
The numbers above the figure represent the mean
chain lengths n.

around a central Se atom for 1-Se,;-,Cl,, as
derived from fitting ¥ (k) with eq. (3). The tem-
perature variation of the coordination number
is very small in the measured range. The value
of Ns. decreases with increasing Cl concentra-
tion x, being about 1 at x=0.5 and nearly 0 at
x=0.67. On the other hand, N¢ increases
from 0 to 2 as x increases to 0.67.

Figure 6 shows schematically how the Se
chain structure is modified by the addition of
Cl. Since the electronegativity of Cl is much
larger than that of Se, the electrons are ex-
pected to be transferred from Se to Cl when
the Se chains are terminated by Cl. Here we
assume that every halogen (X) atom acts as
a chain terminator to form the molecules
X-(-Se-),-X, where n=2/x—2. Then Ns. and
Nx are given by

2n—2 2—3x

Nse: = ) (4)
n 1—x

and

ing that 1-Se;-.Cl, is composed of the

molecules CI-(-Se-),-Cl, as assumed.
Figures 7(a) and 7(b) show the bond length

of Se-Se, rs., and Se-Cl, rq, obtained from
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Fig. 7. The Se-Se (a) and Se-Cl (b) bond lengths, ob-
tained from }(k), plotted as a function of x for I-
Se,_,Cl,. The solid lines are guides for the eye. The
numbers above the figure represent the mean chain
lengths n.
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The solid line is a guide for the eye. The numbers
above the figure represent the mean chain lengths n.

the fitting for 1-Se;—,Cl, as a function of x.
The Se-Se bond length is nearly equal to that
of pure 1-Se at low x and begins to decrease
near x=0.2, where n is estimated to be 8. A
sharp drop is seen when x approaches to 0.5,
where most molecules are expected to have a
structural formula Cl-Se-Se-Cl. For x=0.5,
the Se-Se bond length is independent of x.
The charge transfer from Se to Cl leaves a hole
in the lonepair orbital of Se and an additional
7-bond tends to be formed between Se atoms.
This may result in the contraction of the Se-Se
bond. A rapid contraction of the Se-Cl bond
is also observed when x increases to 0.5. The
Se-Cl bond length above x=0.5 is comparable
to the sum of covalent radii of Se and CI.

The CI impurity is considered to act as a
charged additive. However, the experimental
evidence that Se-Cl bonds contract with
decreasing n may suggest that the bonding
nature between Se and CI changes from ionic
to covalent. As shown in Fig. 8, gs. decreases
rapidly near x=0.5, which implies that fluctua-
tions in the bond length are small for the sim-
ple molecules.

3.2 EXAFS of liquid Se;-, I,

Figure 9 shows Se K-edge EXAFS oscilla-
tions, x(k), along the liquidus curve for I-
Seo 75 10,25 (a), I-Seo_510.5 (b) and 1-860,210 8 (C) as a
function of photoelectron wave number k.
For 1-Se;—,I,, amplitude of yx(k) in low k
region becomes larger when the I concentra-
tion increases. The backward scattering
amplitude® from I atom is shown in Fig. 9(c)
by the broken line. It is observed that the max-

L N

2 6 10 14 18
WAVE NUMBER (&A1)

Fig. 9. The EXAFS oscillations, x(k), near Se K-edge
for 1-Segy 151y 55 at 150°C (a), 1-Seq 514 5 at 60°C (b) and
1-Seq 5155 at 95°C (c) as a function of photoelectron
wave number k. The electron backward scattering
amplitudes®” from I atoms is shown by the broken
line in (c).

imum in the amplitude of x(k) at around
k=17 A~ ! still exists for x=0.8, suggesting that
the Se-Se bond persists at high I concentra-
tions in the Se-I system.

Figure 10 shows the radial distribution func-
tion |F(r)! around Se atom for 1-Seg 7515 25 (2),
1-SepsIps (b) and 1-Sep,los (¢); this was ob-
tained by a Fourier transform of & times y (k).
The peak position shifts slightly towards
larger r and the peak becomes broader with in-
creasing I concentration.

The x (k) spectra for 1-Se;-,I, were fitted
with the same method as for 1-Se,-,Cl, to get
the structural parameters. Table II shows the
resulting values. Figures 11(a) and 11(b)
display the coordination numbers of Se, MNs,
and I, Ny, around a central Se atom for I-Se;—,
I, as a function of x. With increasing x, Ns.
decreases and MV increases. The dashed line in
Fig. 11 represents the concentration variation
of Ns. and Nx described by eqs. (4) and (5).
The N; curve deviates downwards from what it
would be if all I atoms were chain terminators,
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Fig. 10. The radial distribution function |F(r)l
around a central Se atom, obtained from Fourier
transform of k times yx(k), for 1-Seys5lyas (a),
1-Sey 51y s (b) and 1-Sey 51y 5 (€).

Table II. The coordination numbers of Se, Ng,, and I,
N,, around the central Se atom, the bond lengths of
Se-Se, rg, and Se-1, r;, and their root-mean-square
displacements, g, and a;, for 1-Se,_,I, obtained by
fitting x (k).

Se-Se bond Se-I bond
x Nse re(A) os.(A) N n(A) oA
0.1 2.0 2.34 0.072 0.0 — —
0.25 1.7 2.34 0.063 0.2 2.55 0.048
0.5 1.5 2.33 0.058 0.4 2.56 0.053
0.8 1.1 231 0.036 0.5 2.56 0.028

and the Ns. does not tend to zero even for high
x. Therefore I atoms are not always incor-
porated into the chain molecules, in contrast
to Cl atoms. The excess I atoms may form I,
molecules. Figures 12(a) and 12(b) show the
Se-Se and Se-I bond length for 1-Se,; .1 as a
function of x. The Se-Se bond length becomes
slightly shorter with increasing x and Se-I

egs. (4) and (5).

23671
r (a) Se-Se b
2.34F o .
- ! \%! _
< 2.32f \4’\ 1
T N
T L
5]
Z 230 bttt
w E
- L (b) Se-1 E
[a)
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2.54+ .
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Fig. 12. The Se-Se (a) and Se-I (b) bond lengths for 1-
Se,_,1,, derived from j(k), plotted as a function of
x. The solid lines are guides for the eye.

bond changes little. This suggests that the
charge transfer between Se and I atoms is
small. The strength of the I-Se bond is nearly
equal to that of the I-I bond; hence they may
be interchangeable as shown in Fig. 13.
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Fig. 13. Illustration of an expected structure of a lig-
uid Se-I mixture. The open and closed circles repre-
sent Se and I atoms, respectively.
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Fig. 14. The structure factor S(Q) deduced from the
pulsed neutron scattering measurement for 1-Sey sCl, 5
(a), 1-Sey sBry s (b) and 1-Sej 515 (c). The solid lines
are the Fourier transforms of total pair distribution
function g (r) in the r range above 2.0 A.

3.3 Structure factor of I-SeosCly s, I-SeosBrys
and l-Seo.5Ig_5

Figure 14 shows the total structure factor

S(Q) obtained by neutron scattering measure-

g(r)=1+

3
87Z Nody

SQ {S(Q)-1}
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Fig. 15. The total pair correlation function g(r),

derived by Fourier transform of S(Q), for 1-Sey sClg s
(a), 1-Sey sBry 5 (b) and 1-Sej 515 (c).

ments for 1-SeysCly s at room temperature (a),
1-SeosBrgs at room temperature (b) and
1-Segs1o.s at 75°C (¢). The dots represent the ex-
perimental data and the solid lines the back
Fourier transform of the total pair correlation
function g(r).

For 1-SeosClos, the first peak appears at
around 2.0 A~!. The second peak, at about
3.5 A7, is higher than the first, and the third
peak has a shoulder on the high Q side. Oscilla-
tions in S(Q) are seen clearly even in the high
Q region near 15 A~!. For 1-SeosBros and I-
Seo.slo.s, S(Q) is similar to that of 1-Seg s Clo s ex-
cept that the shoulder on the third peak is blur-
red.

Figure 15 shows g(r) of 1-SeysClos (a), I-
Seo.sBros (b) and 1-Seg 515 (¢) derived from eq.
(6):

sin (Qr) R
—Q—r—47tQ w(Q)do, (6)

where n, denotes the number density of atoms and w(Q) is the Hanning window function. A
sharp and distinct first peak is seen around r=2.2 A for 1-Se, sCly 5. This peak may correspond to
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the Se-Se and Se-Cl bonds within the Cl-Se-Se-Cl molecule. The second peak of g(r) has a
rather asymmetric shape, with a tail extending on the large r side. The g(r) curve is severely
damped at distances longer than 7 A; this feature is consistent with the EXAFS result that no
long chain molecule exists.

The shape of g(r) for 1-Seq sBry s is nearly the same as for 1-SeosCly s, although the first peak
shifts to larger r and its width is narrower. For 1-Seg s1ys, g () has a shoulder on the high-r side of
the first peak.

From the EXAFS results it was found that 1-Se;sCly s is composed mainly of Cl-Se-Se-Cl
molecules. As a first step, we deduced the intramolecular structure factor F(Q) from the ob-
served S(Q) in high Q range, where the intermolecular structure factor is expected to be reduced
substantially. The S(Q) data were analyzed in the Q range from 10 to 19 A~! by using the follow-

ing equation:

Fi(Q)=1+ .
1(Q) b§e+bél{ % T ORew:

3 sin (QRsese) ( Q’c éeSe) 2 sin (QRcicr) ( Q’c 2cncn)
exp | — > + exp| ———

Cl

QR 2

sin (ORse
b b [__(Q_“M exp (_

ORscci 2

where bs. and bc are the coherent scattering
length of the Se and CI nuclei, respectively.
R,s is an atomic distance between « and f
atoms and g, is its root-mean-square displace-
ment. The subscripts SeSe and CICI indicate
the intramolecular Se-Se and CI-Cl atom
pairs. SeClI(1) indicates the directly bonded
Se-Cl pair and SeCl(2) is the second neighbor-
ing Se-Cl pair.

The agreement between the -calculated
F1(Q) and observed S(Q) curve was excellent
in the Q range 7< Q<20 A™!, which is much
wider than the fitting range. This confirms the
existence of Cl-Se-Se-Cl molecule in 1-
Seo.sClys. The same analysis was carried out for
1-SeosBros and 1-Segslps. In Table III, the
atomic distances and their root-mean-square
displacements, the bond angle formed be-
tween the Se-Se and the Se-halogen (X)) pairs,
and the dihedral angle are listed for I1-
Seo,5C1()_5, l-Seo,5Bro,5 and 1-830_510,5. The Se-Se
and Se-X bond length in 1-SeysClys and 1-
Seo.sIos obtained from neutron scattering are
in fairly good agreement with the EXAFS
results. However, the shoulder on the first
peak of g(r) for 1-Seps1o.s could not be repro-
duced by the above analysis.

As an alternative, the first peak of g(r) was
fitted on the assumption that the liquid is com-
posed by I-(-Se-),-I and I, molecules. The
results indicated that the shoulder of the first
peak could be assigned to the I-I bond length

on'éeCl(l)> +Sin (ORscci) exp ( _M> } } , Q)

QR SeCl(2) 2

of 2.7 A in the I, molecule, and that n was
about 3.

Next, we considered the intermolecular cor-
relation of Cl-Se-Se-Cl molecules in liquid
state. Recently Misawa,?*?® extending an idea
by Egelstaff et al.,”® has proposed a new
realistic method for deducing orientational
correlation from the measured total structure
factor. In this method S(Q) is written as:

S(Q)=58.(Q)+45(Q), ®)

Table III. The atomic distances and their root-mean-
square displacements, the bond angle formed be-
tween the Se-Se and the Se-halogen (X) bonds, and
the dihedral angle for the X-Se-Se-X molecule
(X=Cl, Br and I), obtained by fitting S(Q) in the Q
region from 10 to 19 A™'.

Atomic distances/root-mean-square displacement

Sample Se-Se Se-X(1) Se-X(2) X-X
1-Sey sCly 5 232A  2.19A 352A 437A
+0.06 +0.08 +0.14 +0.20
1-Se s Brg s 2.28 2.38 3.66 4.57
+0.07 +0.09 +0.14 +0.18
1-SepsIp s 2.34 2.52 3.75 4.77
+0.08 +0.19 +0.16 +0.19
Sample Bond angle Dihedral angle
1-Sey sCly s 102° 85°
1-Sey s Bro 5 104 83
1-Seg 51y s 101 89
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where S,(Q) is the structure factor of the lig- ing from preferred orientation. Using the in-
uid consisting of completely uncorrelated tramolecular structure factor Fi(Q), S.(Q) is
molecules and 4S(Q) is a correlation term aris-  given by:**

S:(@)=Fi(Q)+F.(Q) {Sns(Q)— 1} exp (—4;,Q/2). &)

Here F,(Q) is known as the intermolecular form factor, which was first derived by Zachariasen®”
and is expressed in this case as

F.(Q)=

sin (Qrse) +b sin (Qrg)}z. (10)

2
bs.
bée"‘bé{ * Orse “ Ora

In eq. (10), s and r¢ denote distances of Se and Cl atoms from the center of Se-Se bond. The
value of rs. and rq are determined from the molecular structure listed in Table III. The structure
factor of the center of Se-Se bond, Sis(Q), is assumed to be given by the Percus-Yevick hard-
sphere model, having an effective diameter s.3" A, is the damping factor introduced to minimize
the oscillation in the high Q region caused by the hard sphere potential.

We assumed further that the Se-Se bond in a molecule is parallel to that in neighboring
molecules, as seen in crystalline phase,'? in order to reduce the number of the fitting parameters.
Thus the orientational correlation is given by the spherical coordinates (R., 6, ¢) of the center of
Se-Se bond in the second molecule relative to the center of first molecule, and the molecular rota-
tion @ around the Se-Se bond of the second molecule. (See Fig. 16). The correlation term 4 S(Q)
is given by:

_ sin (QR.,)) _a,zj 0?
45(@)=n. {2bSe+2ba§bb OR, p( 2 )
sin (QR,) AR2Q?
—F(Q)——— OR. D<—T)} (11)

where R, is the distance between two atoms in ¢ and @. g, is the root-mean-square displace-
different molecules and is a function of R, §,  ment of R;,, and for simplicity is assumed to

~N

by .
0 2 4 6 8 10
Fig. 17. A comparison of the measured and

calculated pair correlation function, g(r), for I-
Sey sClg 5. The solid line shows the observed g (r) and

Fig. 16. Definition of parameters for the spherical dotted line the calculated one. The dot-dashed line
coordination (R, 6, ¢) relative to the center of Se-Se denotes the correlation between the orientationally
bond and the molecular rotation @. The most prob- correlated neighboring molecules, and the dot-dot-
able orientation of two Cl-Se-Se-Cl molecules is in- dashed line the intermolecular distribution without

dicated schematically. orientational correlation.



J. Phys. Soc. Jpn.
Downloaded from journals.jps.jp by University of Liverpool on 08/07/17

1991)

Correlations in Liquid Selenium-Halogen Systems

3043

Table IV. The intermolecular configuration parameters obtained by fitting the S(Q) for 1-Se;sClys and I-

Se, sBry s.
Sample R, 6 ) ® n, J. K Ay R, AR,
1-Sey sCly 5 4.2 A 35° 50° 53° 5.9 0.10 39A 0.03 A 49A 0.1 A
1-Sey sBrg 5 4.5 38 50 52 6.4 0.08 4.2 0.02 4.7 0.3

be proportional to the atomic spacing, i.e. g,
=0.R,,. The subtraction of the second term on
the right hand side of eq. (11) is needed to
replace the uncorrelated nearest neighboring
molecules by the correlated ones. R, is what
the distance between the centers of the two
molecules would be if they were in an uncor-
related orientation. #. is the number of cor-
related molecules.

The most probable orientation was deter-
mined by fitting of the observed S(Q) with
egs. (9) and (11). The fitting parameters were
ne, 0, ¢, ©, R, o, s, 4w, R, and AR,. Since
Cl-Se-Se-Cl is a chiral molecule, there are
two configurations of molecular pair. The
fitting was better for the antipodal configura-
tion. In Fig. 17 the calculated g(r) (dotted
line) is compared with the observed one (solid
line). The dot-dashed line denotes the correla-
tion between the orientationally correlated
neighboring molecules and the dot-dot-dashed
line indicates the intermolecular distribution
without orientational correlation. The dashed
line represents the intramolecular distribution.
The first peak of g(r) is composed fully of in-
tramolecular Se-Se and Se-Cl bonds, and the
asymmetric second peak near 3.6 A is mainly a
result of intermolecular Se-Cl correlations.
The probable orientational correlation be-
tween neighboring molecules is illustrated
schematically in Fig. 16.

The same analysis was carried out for I-
SeosBros, and the intermolecular structural
parameters are listed in Table IV for both I-
S€0_5Clo.5 and l-seo,sBro_s.

§4. Summary

We have studied the structure of liquid
selenium-halogen mixtures via EXAFS and
neutron scattering measurements. From the
EXAFS measurements, the concentration
variation of the coordination numbers of Se
and halogen atoms around the central Se atom

were determined. The results reveal that all Cl
atoms in 1-Se;-,ClI, act as chain terminators.
The rapid contraction of Se-Se and Se-Cl
bonds is observed when the CI concentration
approaches to 0.5, where most molecules have
a structural formula Cl-Se-Se-Cl. For 1-Se; -,
I, I atoms are not always incorporated in the
chain molecules and the excess I atoms form I,
molecules. This suggests that the charge
transfer between Se and I is small and that the
I-Se and I-I bonds are interchangeable.

Both the intra- and the intermolecular struc-
tures were obtained for 1-SeysClys and I-
SepsBros from neutron scattering measure-
ments. The first peak of g(r) is fully composed
of intramolecular Se-Se and Se-X bonds, and
the asymmetric second peak is mainly a result
of intermolecular Se-X correlations.
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