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We have carried out neutron scattering experiments for liquid Te50Se50 at 700K (semiconducting
regime), 900K (transition regime) and 1100K (metallic regime). The quasielastic scattering peak is
comparatively narrow at the peak positions of SðQÞ. A remarkable increase in the peak width is observed
near the first minimum of SðQÞ, when the semiconductor-to-metal transition occurs. Since the first peak
of SðQÞ in this system proves to mainly reflect the inter-chain correlation and the second peak to the intra-
chain correlation, the observed broadening may suggest frequent bond-switching between the chains in
the metallic regime.
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1. Introduction

In the solid state, both selenium and tellurium are
semiconductors composed of helical chains in which each
atom is bonded to two adjacent atoms by covalent bonds. In
the liquid state, however, they exhibit very different
properties from each other. Liquid Te (l-Te) exhibits
metallic properties in contrast to liquid Se (l-Se) in which
the helical chain structure is more or less preserved. In 1995,
it was revealed that l-Te has a twofold coordinated structure
with two kinds of covalent bonds: one is normal covalent
bond and the other is elongated owing to strong inter-chain
coupling.1,2)

It is well known that Te and Se form liquid mixtures in the
whole concentration range. In the liquid Te–Se mixtures, a
semiconductor-to-metal (S–M) transition is induced by
raising temperature and the transition temperature increases
with the Se-concentration, as shown in Fig. 1.3–5) The S–M
transition is accompanied by a structural change from a Se-
like loosely packed structure to a Te-like densely packed
structure. In the S–M transition region, various thermo-
dynamic anomalies such as sound velocity6–8) and specific
heat9–11) were observed.

On the contrary, very little has been studied on their
dynamic aspects. Although neutron scattering experiments
for l-Te1) and liquid Te70Se30

12) have been done to
investigate the dynamic properties influenced by the S–M
transition, the former, which is metallic above the melting
point, could be changed to a semiconductor in a strongly
supercooled state, and the latter has the S–M transition range
near the melting point, as shown in Fig. 1, and hence the
measurements were done in comparatively narrow tempera-
ture range. Furthermore, both of them were measured in a
very limited range of the momentum Q space, and
conclusive results have not been obtained yet. In the present
study, we have carried out neutron scattering experiments
for liquid Te50Se50, in which one can clearly distinguish
between the semiconducting regime and the metallic regime

by temperature. In addition, anomalous sound attenuation is
recently found in the S–M transition range,13) which implies
that a slow-dynamics with a nanosecond time scale may
occur due to the S–M transition.

From the viewpoint of experimental technique, Te–Se
mixtures are very favorable for neutron scattering due to its
high coherent scattering cross-section compared with the
incoherent one. The coherent scattering provides not only
the self part but also the distinct part of the scattering law,
from which information on the cooperative motion can be
extracted.

In this paper, we restrict ourselves to study the
quasielastic part of the dynamic structure factor SðQ;EÞ
and investigate how the dynamic properties are influenced
by the S–M transition in and around picosecond time scale.
The purpose of this paper is to publish new experimental
results and to establish a simple microscopic scenario to
understand the results.
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Fig. 1. Phase diagram of Te–Se system. The solid line is the liquidus
curve, and the hatching indicates the semiconductor-to-metal transition

region. The temperatures and the concentration at which neutron

scattering experiments were carried out are denoted by open circles.*Corresponding author.
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2. Experimental

Neutron scattering experiments were performed on the
MARI spectrometer in the ISIS facility of the Rutherford
Appleton Laboratory, UK. MARI is a chopper spectrometer
which covers a wide range of energy-momentum E–Q space.
The incident energy was set to 40 meV in order to cover a
reasonable kinematical range at low wave vectors without
degrading substantially the resolution in energy transfers.
The achieved energy resolution was about 0.7 meV,
estimated from the vanadium-standard-sample run as the
half-width at half maximum (HWHM) of the elastic peak.
Te50Se50 was sealed in a fused quartz L-shaped tube, and its
main part has dimensions of 10 mm and 10.6 mm in the inner
and outer diameters, respectively, as shown in Fig. 2. The
geometry of the niobium heating element is horizontal and
cylindrical. The fused quartz tube was placed perpendicu-
larly to the incident beam. The measurements were carried
out at 700 K (semiconducting regime), 900 K (transition
regime) and 1100 K (metallic regime). Scattering from an
empty fused quartz cell and the background including
niobium heater were also measured at 900 K.

The raw scattering data are shown for the scattering
angles of 48� and 76� as a function of energy in Figs. 3(a)
and 3(b), respectively. A sharp elastic peak due to (a) the
fused quartz cell or to (b) the background including niobium
heater is seen and a broad quasielastic peak is observed only
for the sample. Note that Fig. 3 shows the raw scattering
data not at constant Q but at constant scattering angles. In
addition, they are not corrected for any effects such as
resolution function and a detailed balance factor. These
effects may result in apparent asymmetry of the quasielastic
peak. The following formula were used to deduce the
corrected scattering intensity from the sample, Is, from
observed scattering intensity Iobs for each counter:15)

IsðEÞ ¼
1

As
sþc

�
½IobssþcðEÞ � Iobsb ðEÞ�

�
Ac
sþc

Ac
c

½Iobsc ðEÞ � Iobsb ðEÞ�
�
; ð2:1Þ

where Iobsi is the observed scattering intensity from the
material i. The subscripts s, c and b denote the sample, the
fused quartz cell and the background including niobium
heater, respectively. Aj

i is the correction of the effect that the
neutron scattered by the material j is absorbed by the
material i, and was calculated by the method proposed by
Paalman and Pings.16) In this correction we took the
difference between absorption of the filled and empty
containers into account.

The contributions of both quartz cell and niobium heater
have no fundamental influence on the scattering of the liquid
sample because the shape of the broad quasielastic peak is
significantly different from the sharp elastic peaks of both
quartz cell and niobium heater, as shown in Fig. 3. Since no
sharp elastic peak is expected to be observed in the liquid
sample, we have checked the validity of eq. (2:1). The
contributions of both the cell and the heater could be
properly subtracted except for 11 detecting angles out of 143
angles.

3. Results

Figure 4 shows a three-dimensional representation of the
experimental dynamic structure factor SðQ;EÞ of Te50Se50 at
700 K. A qualitative view of the variation with temperature
can be seen from contour plots of the SðQ;EÞ shown in
Fig. 5. The blank areas in these figures correspond to the
lack of data at several scattering angles, where the detectors
are absent or do not work properly. It can be seen from
Fig. 5 that the width of the quasielastic peak increases with
both the momentum transfer Q and the temperature. Since
SðQ;EÞ is required to satisfy the relation
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Fig. 2. High temperature apparatus for MARI spectrometer.
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Fig. 3. Observed scattering intensity Ið2�;EÞ from liquid Te50Se50
encapsulated in a fused quartz cell, from empty cell and from background

including niobium heater at the detecting angles of (a) 48� and (b) 76�.
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SðQÞ ¼
Z 1

�1
SðQ;EÞdE; ð3:1Þ

we calculated the integrated intensity of SðQ;EÞ over the

energy transfer from �35meV to 35meV for each detector,
as shown in Fig. 6. In the present experiments, we could
measure SðQ;EÞ in a wide range of the E-Q space, covering
the first peak (i.e. 2 �A�1), second peak (i.e. 3.5 �A�1) and the
third peak (i.e. 5.4 �A�1) of SðQÞ. The agreement with
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Fig. 4. Three-dimensional representation of the experimental dynamic

structure factor of Te50Se50 at 700K.

Fig. 5. Contour plots of SðQ;EÞ for l-Te50Se50 at (a) 700K, (b) 900K and (c) 1100K. The intensity is given in arbitrary units.
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Fig. 6. Integrated intensity of SðQ;EÞ for l-Te50Se50 at 700K, 900K and

1100K over E-range as a function of momentum transfer Q at E ¼ 0.
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previously observed SðQÞ of similar composition and
temperature17–20) was good, especially in the point that the
relative intensity of the first peak increases with the
temperature, comparing with the intensity of the second
peak. In this paper, we concentrate on the momentum
transfer region from 0.5 �A�1 to 6.5 �A�1 in which the data
was shown to be quite reliable, as shown in Fig. 6. Analysis
of SðQ;EÞ was carried out by a curve fitting procedure at
Q ¼ constant with a Lorentzian function convoluted with a
typical energy resolution function. The half-width at half-
maximum, HWHM, of the quasielastic scattering peaks
exhibit ‘‘de Gennes narrowing’’ at the peak positions of SðQÞ
as shown in Fig. 7. The examples for the calculated curves
are shown in Fig. 8 by solid lines.

4. Discussion

When the atoms have a long-range diffusive motion,
which have a perfectly incoherent cross-section, HWHM of
SðQ;EÞ is related to the diffusion constant D as
HWHM ¼ DQ2, which is so-called a DQ2 law. In practice,
however, each atom diffuses under the restriction of two
covalent bonds. If the atoms move preserving the chain
structure of the molecule, HWHM is expected to be much

smaller than the DQ2 law. Furthermore, because of the high
coherent scattering cross-section of the Te–Se sample,
HWHM contains information on the cooperative motion.
At first we start from the simple DQ2 law to understand the
complex motion of the chain molecules.

Using Vineyard’s approximation, the van Hove time
correlation function Gðr; tÞ is given by

Gðr; tÞ 
 Gsðr; tÞ þ �

Z
gðr0ÞGsðr� r0; tÞdr0 ð4:1Þ

where Gsðr; tÞ is the self-part of Gðr; tÞ.21) This implies that
FðQ;tÞ
FðQ;0Þ 
 FsðQ; tÞ ¼ expð�DQ2tÞ in the hydrodynamic re-
gime, where FsðQ; tÞ is the self-part of the intermediate
scattering function FðQ; tÞ. In Fig. 9, HWHM/Q2 of the
quasielastic peaks for l-Te50Se50 at 700K (semiconducting
regime), 900K (transition regime) and 1100K (metallic
regime) are calculated to extract cooperative motion for this
coherent sample. The dips in the HWHM of the quasielastic
peaks near the first, second and third peaks of SðQÞ, i.e., near
2 �A�1, 3.5 �A�1 and 5.4 �A�1, are partly caused by the de
Gennes narrowing effect. A remarkable increase in the peak
width is observed near the first minimum of SðQÞ (i.e.
2.5 �A�1), when the S–M transition occurs, as shown in
Fig. 9. This increase is very interesting because the HWHM
is expected to narrow depending on the factor SðQÞ at a
constant temperature, as shown by de Gennes,14) and at the
same time the oscillation of SðQÞ around 1 for this system is
reduced by the temperature increase, as shown in Fig. 6 and
earlier works.17,20) That is, Fig. 9 shows that the oscillation
of HWHM becomes prominent near Q � 2:5 �A�1 in the
metallic regime in spite of the reduction of the oscillation of
SðQÞ � 1 in the regime. The origin of this unusual increase
will hereinafter be discussed.

In the Te–Se system, the density fluctuations increase in
the S–M transition region,22) and it is also suggested that the
concentration fluctuations may be induced in the transition
region.23) Since both of such thermodynamic fluctuations
should appear in the low-Q range with relatively long
relaxation time, the observed increase of HWHM near
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Fig. 7. Half-width at half-maximum of the quasielastic peaks as a
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Fig. 8. Fits of the Lorentzian function convoluted with a typical energy
resolution function to the SðQ;EÞ for Te50Se50 at 700K.
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Fig. 9. HWHM/Q2 of the quasielastic peaks for l-Te50Se50 at 700K
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2.5 �A�1 is not directly related to them.
The first peak of SðQÞ in this system proves to be mostly

related to the inter-chain correlation and the second peak to
the intra-chain correlation.1) In the metallic regime, it is
expected that the distinction between the inter- and intra-
chain becomes less clear because of the thermal agitation.
Consequently, the observed broadening may suggest fre-
quent bond-switching between the chains in the metallic
regime.

HWHM at the first minimum of SðQÞ in the metallic
regime, about 4meV as shown in Fig. 7, corresponds to the
relaxation time of 0.16 ps. Hoshino and Shimojo carried out
a MD simulation for l-Se at metallic regime (1770K) and
showed the time evolution of the local chain structure in sub-
picosecond time scale.24) They also showed that bond
breaking and rearrangement of Se chains take place almost
always with the interaction between Se chains. Although our
sample and conditions like the temperatures are different
from theirs, the possibility of frequent bond-switching
between the chains in the metallic regime is consistent with
their MD result. As a result, it is probable that the bond
breaking and rearrangement of chains play an important role
in the metallic region also in liquid Te–Se mixtures.

5. Summary

Neutron scattering measurements were carried out for
liquid Te50Se50 at 700K (semiconducting regime), 900K
(transition regime) and 1100K (metallic regime). The width
of the quasielastic peak exhibits ‘‘narrowing’’ at the peak
positions of SðQÞ. A remarkable increase in the peak width is
observed near the first minimum of SðQÞ (i.e. 2.5 �A�1), when
the S–M transition occurs. The observed broadening may
suggest frequent bond-switching between the chains in the
metallic regime because the first peak of SðQÞ in this system
proves to mainly reflect the inter-chain correlation and the
second peak to the intra-chain correlation.
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