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Density fluctuations at the continuous liquid-liquid phase transition in chalcogen systems
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We have carried out density and small-angle x-ray scattering measurements on a typical liquid chalcogen
(Te, Se) system to investigate its continuous liquid-liquid phase transition. With increasing temperature, the
zero-wave-number structure factor S(0) shows a maximum in the middle of the transition region where
the density exhibits negative thermal expansion. This is direct evidence of density fluctuations induced
by the liquid-liquid phase transition. When the sample is pressurized to 100 MPa, the density and S(0) curves shift
to the lower temperature side, which is consistent with the shift of the structural transition. We discuss the similarity
between liquid Te and liquid water from the viewpoint of fluctuations induced by the liquid-liquid transition.
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I. INTRODUCTION

Liquid Te is known to exhibit some anomalous thermo-
dynamics: The density is maximum!'? slightly above the
melting temperature (450 °C), a negative slope of the melting
curve appears at high pressures,’ the heat capacity* shows
rapid increase in the supercooled region, and ultrasonic sound
velocity>® increases with increasing temperature up to around
800 °C. To understand the origin of these thermodynamic
anomalies, it is instructive to know the thermodynamics of
Te-based binary liquid mixtures. In Se-Te mixtures, with
increasing Se concentration, the temperature dependence of
the density is gradually shifted to higher temperatures, which
indicates that liquid Se-Te mixtures can be regarded as a
prototype of supercooled liquid Te. Above 30%-Se concen-
tration, it exhibits not only a maximum but also a minimum
at lower temperatures'’ (see also Fig. 3). In this binary liquid
system, structures were investigated by neutron® and x-ray’
diffraction measurements: They are twofold coordinated at
low temperatures and/or high Se concentrations and threefold
coordinated at high temperatures and/or low Se concentrations,
and thus the apparent minimum and maximum densities are
a consequence of a switch from the low-density to high-
density state. This continuous phase transition accompanies
a change in electric conductivity from semiconducting, which
is typical for liquid Se, to a poor metallic, which is similar
to liquid Te, state.'® On the other hand, the ultrasonic
sound velocity exhibits a minimum in the middle of this
phase transition,®!! which reveals that this phenomenon is
closely related to the phase transition. These features of the
liquid Se-Te system are summarized in the phase diagram
in Fig. 1. The origin of the thermodynamic anomalies
of liquid Te and liquid Se-Te mixtures was discussed in
the 1980s by Tsuchiya and Seymour in the framework of
a two-fluid model (the inhomogeneous structure model'?).
In their scenario, large density inhomogeneity (density
fluctuations'!) should exist in the middle of the transition
region, which is the origin of the thermodynamic anomaly.
The scenario is probable; however, there has been a critical
problem in that no one has succeeded in the direct mea-
surement of large density fluctuations or discrete two-fluid
structures.
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II. EXPERIMENTAL METHODS

To observe the density fluctuations accompanying the
continuous /-/ phase transition of the Se-Te system, we have
carried out density and small-angle x-ray scattering (SAXS)
measurements on three samples (pure Te, Sesp-Tesp, and
Sezo-Tesg) at beamline BL04B2 of SPring-8 in Japan. The
high-temperature (up to 1000 °C) and high-pressure (up to
100 MPa) states of the samples were achieved using tungsten
heaters and by He gas compression, respectively. Samples
with thicknesses of about 300-600 um were placed in a
polycrystalline sapphire cell, which was installed in a high-
pressure vessel equipped with single-crystal diamond windows
to allow the propagation of both incident and scattered x rays.
Further details of the sample environments are given in Ref. 13.
The intensities of the incident and transmitted x rays were
monitored by ionization chambers and the scattered x rays
were detected and accumulated for 20 min by an imaging plate
(IP) of size 300 x 300 mm? located at a distance of 2.96 m
from the sample position. The energy of the incident x rays was
38 keV for our preliminary measurement of liquid Seso-Tesp*
and 62 keV for the present measurements of the three samples.
The intensity of the x rays detected by the IP includes the
intensity of x rays scattered from the sample, sapphire cell,
and He gas, the fluorescence of Te, and the intensity of x rays
multiply scattered from the sample and He gas. We estimated
these values, from which we deduced the intensity of x rays
scattered from the sample. The intensity was normalized by
the scattering intensity of He gas as a reference, and we thus
obtained the absolute value of the structure factor S(Q) of
each sample. Details of the data treatment will be described
elsewhere.

III. RESULTS AND DISCUSSION

Figure 2 shows S(Q) for liquid Sesp-Teso at 400, 600, and
1000 °C at 100 MPa. In the higher-Q (>5 nm™!) region,
S(Q) changes only monotonically, but in the lower- Q region,
a distinct change occurs. At both 400 and 1000 °C, S(Q) in
the small-Q (<3 nm™') region has almost flat Q dependence,
but at 600 °C, S(Q) exhibits strong O dependence, which
means that at intermediate temperatures, density fluctuations
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FIG. 1. (Color online) Phase diagram of Se-Te system.

of the sample increase. To clarify the situation, we fitted S(Q)
in the small-Q region using the linear function'> S(Q) =
So — ay; Q, shown by the dashed lines in Fig. 2. Sy and a,
are parameters related to the intensity and size of density
fluctuations, respectively.

Figure 3 shows the temperature dependence of the den-
sity and SAXS parameters (Sp and a,) of liquid Sezo-Tesg
[(al)—(a3)], Sesp-Tesp [(b1)—(b3)], and pure Te [(c1)—(c3)]. In
liquid Sesp-Tesp, the temperature dependence of the density
at 6 MPa [closed circles in Fig. 3(bl)] shows a minimum
and maximum at approximately 550 and 800 °C, respectively,
which is reasonably consistent with the result at ambient
pressure’ indicated by the blue solid line. The SAXS parame-
ters [closed circles in Figs. 3(b2) and 3(b3)], on the other hand,
exhibit a broad maximum at about 650 °C, approximately
midway between the temperatures at which the density exhibits
a minimum and maximum. This result indicates that both the
intensity and the size of density fluctuations exhibit a maxi-
mum,; this is the first direct evidence of density fluctuations due
to a continuous /-/ transition. When the samples are pressurized
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FIG. 2. (Color online) S(Q) of liquid SesoTesy at 400, 600, and
1000 °C at 100 MPa. Dashed lines are fits using a linear function in
the small-Q (<3 nm™!) region.
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to 100 MPa, the density curve [open circles in Fig. 3(bl)]
shifts to the lower-temperature side, which is consistent with
the shift of the electrical conductivity'® and sound velocity
curves.!” The curves of the SAXS parameters [open circles
in Figs. 3(b2) and 3(b3)] also shift to the lower-temperature
side and exhibit a maximum at about 600 °C, which is also
in the region of the [-/ transition. The intensities of both
So and a,, however, decrease, which means that the density
fluctuations decrease in magnitude. In Seso-Tes, the curves of
the density and SAXS parameters [Figs. 3(al)-3(a3)] shift to
the higher-temperature side compared with those of Sesg-Tes.
These shifts are also consistent with that of the phase transition
at ambient pressure (Fig. 1). The above-mentioned shifts of
density and SAXS parameters with changes in pressure and
concentration verify that the present density fluctuations are
induced by the /-] transition. In pure Te [Fig. 3(c1)], the density
at 6 MPa almost coincides with that at ambient pressure. The
SAXS parameters [Figs. 3(c2) and 3(c3)] do not exhibit distinct
changes in the temperature range measured. We consider that
this is because the real transition region of Te is located in the
supercooled region (see Fig. 1) and that the density fluctuations
are too small to be detected owing to the limited experimental
accuracy of our setup.

Next, we discuss the intensity of Sp. In a pure system,
the zero-wave-number structure factor S(0) is related to
the isothermal compressibility k7 as S(0) = pnkgTxr (pn:
number density, kg: Boltzmann constant, 7: temperature). In
Fig. 3(c2), the value of S(0) calculated from the pressure
variation of the density of liquid Te'® is indicated by a
pink dashed line, which almost coincides with the present
value obtained by SAXS measurements plotted as closed
circles. This finding verifies the validity of our estimation.
Another important finding is that the absolute value of Sy for
pure Te is about 0.05 at 500 °C and 6 MPa, which is small
compared with that for supercritical fluids (in the liquid-gas
transition), which is usually on the order of 10'.'° Thus, we
can conclude that the density fluctuations in the -/ transition
are not sufficiently large, even though they clearly exist, to
explain the large thermodynamic anomalies. We also comment
on the complexity of the mixture. In a mixture, the structure
factor is generally analyzed by considering three terms: the
correlation between the number densities, the correlation
between the concentrations of two atoms, and their cross
term.2’ However, in this two-element mixture, there are four
components: low-density and high-density species for both Se
and Te. Thus, such an analysis is not appropriate at the present
stage without modification.

Finally, we comment on the similarity between liquid Te
and liquid water. As is well known, liquid water shows many
thermodynamic anomalies:?! The density of liquid water is
maximum at 4 °C, the melting curve has a negative slope up to
about 200 MPa, the specific-heat capacity shows divergence
in the supercooled region, and ultrasonic sound velocity
increases with increasing temperature up to about 80 °C.?
And also, “fast sound” phenomena®*~2° are anomalous, which
is also recently confirmed for liquid Te*® and liquid Se-
Te mixtures.”’” All of these features are very similar to
liquid Te; thus we believe that the origin of the anomalies
is common between water and Te and parallel discussion
should be instructive to understand the mechanism. Among
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FIG. 3. (Color online) Deduced density [(al)—(c1)] and SAXS parameters ([(a2)—(c2)] Sp and [(a3)—(c3)] a,) of liquid Sesp-Teso, Sesp-Teso,
and pure Te. Closed and open circles denote values obtained at 6 and 100 MPa, respectively. Blue solid lines are densities at 0.1 MPa (Ref. 7).
The pink dashed line shows S(0) calculated from the pressure variation of the density (Ref. 18).

many scenarios for the water’s anomalies, the liquid-liquid
critical point hypothesis?®?° is the most promising one. In
water, however, it is very difficult to prove this scenario
experimentally because it is impossible to access the real
transition region located in the deep supercooled “no-man’s
land”’® As for the fluctuations, there have been some
reports>*>* of detecting the density fluctuations which should
be the onset of the liquid-liquid transition hidden in the deep
supercooled region, but there have been some criticisms of the
validity and interpretation of the reported results*>-*® mainly
because the data have been limited on the high-temperature
side of the transition; thus, the discussion has not yet been
resolved.

In liquid Te, this problem was overcome by utilizing the
Se-Te mixtures. Our experiments can hypothetically access
the supercooled liquid Te and reveal the behavior of density
fluctuations in the real transition region: The intensity of
density fluctuations shows a maximum at around the transition
temperature; with increasing pressure, the curves of density
itself and density fluctuations shift to the lower-temperature
side, which is consistent with the pressure variation of the
density curve of liquid water.’” With increasing pressure, the
intensity of density fluctuations decreases, which does not
contradict the pressure variation of the compressibility of
liquid water.®® The first two facts are also consistent with
the proposed phase diagram for the liquid-liquid transition;>’
however, the last one seems to contradict it because it tells
us that the fluctuations should increase in the high-pressure
region. We believe that this contradiction is a very important

point for understanding the liquid-liquid transition, which
differs from the liquid-gas transition.

IV. CONCLUDING REMARKS

In summary, we have carried out density and SAXS
measurements on three liquid samples of the Se-Te system. The
SAXS parameters exhibit a maximum at a temperature that is
approximately midway through the transition where negative
thermal expansion is observed. Their shifts with changes in
pressure or Se concentration are consistent with that of the
transition. With increasing pressure, the parameters do not
increase. In the construction of a universal concept for the
[-1 transition, these results are significant for the following
reasons: They provide clear evidence of density fluctuations
accompanying the continuous /-/ transition, and they reveal
density fluctuations not only on the high-temperature side of
the transition but also on the low-temperature side, which has
not been previously observed in experiments on the liquid
water system.
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