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Abstract
We have developed a special technique and succeeded to carry out small-angle x-ray scattering
measurements for some liquid metal systems. The purpose is to investigate effects of
transitions such as liquid–liquid (LLT), liquid–gas (LGT) and metal–nonmetal (MNMT)
transitions on mesoscopic density fluctuations in liquids. In liquid Te systems (Se–Te and
Ge–Te mixtures), which show continuous LLT accompanying MNMT, parameters of density
fluctuations show maxima almost in the middle of the transition, both in strength and spatial
size. This work (and Kajihara et al 2012 Phys. Rev. B86 214202) was the first direct
observation that density fluctuations exhibit maximum corresponding to LLT. However in this
study, we could not clearly separate the effects of LLT and MNMT on the observed density
fluctuations. Thus, we also investigated fluid Hg under high pressure and high temperature
conditions, which shows MNMT near a critical point of LGT, to investigate how MNMT
affects them. We observed distinct density fluctuations; a strength and a correlation length of
them show maxima at around a critical isochore of LGT, and the former is basically consistent
with a phase diagram (compressibility) of LGT; they do not show any peaks at MNMT region.
Precise analysis revealed that MNMT only affects a shift of another parameter, a short-range
correlation length. These results in fluid Hg indicate that the density fluctuations are mainly
derived from a critical phenomena of LGT and MNMT does not play any critical role on them.
We believe that the latter conclusion also holds true for liquid Te systems; MNMT plays no
important role on the density fluctuations in liquid Te systems and LLT is the main origin of
them.

Keywords: density fluctuations, small-angle x-ray scattering, liquid-liquid transition, liquid
metal

(Some figures may appear in colour only in the online journal)

1. Introduction

To study density fluctuations in liquids, a small-angle x-ray
scattering (SAXS) is a conventional and powerful tool. When

4 Author to whom any correspondence should be addressed.

it is applied to liquid metals, however, there is a critical
problem. X-ray absorption coefficients of liquid metals are
very high and thus both a strong (high-energy and high flux)
x-ray source and a very thin sample are needed. Especially
for supercritical fluids above a critical point of liquid–gas
transition (LGT), which is a typical target of the study of
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density fluctuations, high pressure and high temperature con-
ditions are needed. Tamura and Inui have developed special
techniques for x-ray measurements of high temperature and
high pressure liquids using a synchrotron radiation to over-
come this problem [1, 2]; they used resistive heaters [tung-
sten (W) or molybdenum (Mo) wires] and special sample
cells made of sapphire (for Se and Hg) or single crystalline
Mo (which was developed later by Matsuda [3]) (for alkali
metals) to achieve high temperature state up to 1650 ◦C and
He gas compression to high pressure state up to 200 MPa;
they utilized SPring-8, a third-generation synchrotron radi-
ation facility in Japan as a x-ray source; early days, they
used Be windows in order to seal pressure and to transmit
x-ray beams but later they updated them to diamond ones,
which have much lower x-ray scattering intensity and thus
enables them to obtain much better (lower signal to noise
ratio) SAXS data. By using these techniques, their group suc-
ceeded to measure density fluctuations of many supercritical
fluid metals: Hg [4] (critical point of LGT [5] is located at
1478 ◦C and 167.3 MPa), amalgams (Hg with small impurity
of Bi [6] or Au), Se [7] (1615 ◦C and 38.5 MPa) and alkali
metals [8, 9] (Rb (1744 ◦C and 12.45 MPa) and Cs (1651 ◦C
and 9.25 MPa)).

In addition to LGT, it is very interesting to study density
fluctuations corresponding to LLT. Liquid Te has been known
to show some electric and thermodynamic anomalies and is
proposed to have a continuous LLT. The possibility of LLT
in liquid Te is first proposed [10] from electric anomalies.
Solid Te is a typical semiconductor but an electric resistiv-
ity of liquid Te just above the melting point is poor metal-
lic (� 1 × 10−5 Ωm) [11]. The temperature coefficient of the
resistivity of liquid Te is negative [12, 13], which is opposite
to that of normal metal. These anomalies were qualitatively
explained by a two state model [10]; the resistivity consists
of a semiconducting part and a metallic one and the frac-
tion of metallic part increases with increasing temperature,
which means that there is a continuous transition from semi-
conducting phase to metallic one. And later, the existence of
LLT is discussed also from its thermodynamic anomalies [14];
the temperature dependence of density shows both maximum
[15] and minimum [16] at just above the melting temperature
(Tm = 450 ◦C) and in a deep supercooled region (at around
290 ◦C), respectively. The temperature dependence of sound
velocity shows minimum at around 360 ◦C, which is almost in
the middle of the above mentioned two temperatures where
density shows anomalies, and exhibits anomalous increase
up to 800 ◦C [17]. At 360 ◦C, temperature dependence
of specific heat capacity also shows maximum [18]. Pres-
sure variation of melting curve shows maximum at around
1 GPa, which is also a supporting information to exist an
LLT in liquid Te [19]. These features are much clearer in
its mixtures. With adding Se, density [20] and velocity [21]
curves shift to higher temperature, and all the three anoma-
lies (density maximum, density minimum and velocity min-
imum) appear in the real liquid region (between the melt-
ing and the boiling temperatures) from about 30%–50% Se
in mole fraction. Structural studies by x-ray or neutron and
simulations told that these density anomalies are the result

of continuous structural transition between 2-fold and 3-
fold coordinated structures [22–24]. This continuous LLT
also accompanies MNMT (or metal-semiconductor transition)
[19, 25]. On the way of this LLT, corresponding density fluc-
tuations should exist; Tsuchiya et al actually estimated the
quantity of the density inhomogeneity from an anomalous tem-
perature dependence of density and ultrasonic sound velocity
in liquid Se–Te mixtures [26]. But a direct evidence of the
density inhomogeneity has not been obtained for a long time
until our recent SAXS measurement for liquid Se–Te mix-
tures [27]. Similar anomalies in density, ultrasonic and spe-
cific heat capacity were also observed in liquid Ge–Te mix-
tures [28] and therefore similar density fluctuations can be
expected. On the other hand, a phase diagram of Ge–Te mix-
ture has a eutectic point at 15% mole fraction of Ge and 375
◦C (see also figure 6. Se–Te mixture is complete solid solu-
tion binary alloy). It is proposed that an eutectic point in a
liquid binary alloy corresponds to something singular point
in composition fluctuations [29, 30], which has never been
directly verified by experiments. Also from this point of view,
it is interesting to observe density fluctuations in liquid Ge–Te
mixtures.

Liquid Si has been known as an anomalous liquid [31].
Solid (crystal) Si is a typical semiconductor but liquid Si
shows metallic nature, which is similar to Te. It is believed
that a remnant of solid structure should exist in liquid state
and liquid Si has a inhomogeneous structure composed of a
covalent-bonded solid-like structure and a non-bonded liquid-
like one. Recent synchrotron based x-ray Compton scattering
measurements provided results supporting it and liquid Si is
proposed to be inhomogeneous in electronically [32, 33]. Thus
also in liquid Si, LLT is proposed to exist in a deep super-
cooled region (transition temperature ∼800 ◦C [34], which
is well below the melting temperature 1414 ◦C) and an ab
initio simulation proposed that LLT of liquid Si accompa-
nies MNMT [35]. It is also interesting to investigate whether
this inhomogeneous structure can be detected by SAXS
measurement.

What has been mentioned above are researches that have
been conducted mainly in a field of liquid metals to understand
the anomalous properties of liquid metals. On the other hand,
when limited to thermodynamics, it has long been widely
known that anomalies very similar to liquid Te are also found
in liquid water [36], which is not of course liquid metal. The
density shows maximum slightly above the melting tempera-
ture, the ultrasonic sound velocity anomalously increases with
increasing temperature up to 80 ◦C. Anomalous increase of
specific heat capacity is observed in a supercooled region
[37, 38]. The melting temperature of water as a function of
pressure has a negative slope, which is similar to that of Te
above 1 GPa [19]. Furthermore, the solution that has been pro-
posed to understand these anomalies of liquid water assumes
LLT in deep supercooled region with its own critical point
(liquid–liquid critical point (LLCP) hypothesis) [39, 40],
which is also similar to liquid Te. The similarity between
liquid Te and liquid water has come to be discussed by
other researchers [41–43]. For liquid Si, an attention has also
been paid to the similarity to liquid water which has a same
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tetrahedrally-bonded structure in the crystalline state, and dis-
cussions have been made to understand both liquids with same
LLCP hypothesis [34, 44]. The location of LLCP for liquid
Si is also estimated [45]. From these similarities among liq-
uid Te, Si and water, we believe that the anomalous properties
seen in liquid Te and liquid Si are not material-dependent phe-
nomena nor unique one to liquid metals, and are universal
one associated with LLT including liquid water [27, 46, 47].
In the long term, we aim for a unified understanding of LLT
and its effects on many properties of liquids. We believe that
an inhomogeneity or a fluctuation is an essential property in
LLT and thus we carried out SAXS measurements of some
liquid metals to investigate such fluctuations in density. In liq-
uid water, SAXS measurements have been carried out from
early days [48–51] and it was revealed that SAXS inten-
sity increases with decreasing temperature in the supercooled
region. It should be an onset of LLT, however, there have been
many arguments [52, 53] to interpret this experimental fact and
the discussion of LLT scenario for liquid water had not been
concluded (reviews: [54, 55]) for long time mainly because
no one could reach to the other side of LLT by experiments.
This problem was recently partially solved by SAXS measure-
ment with using a latest technique of x-ray free electron laser
[56], which enabled to obtain SAXS spectra within femtosec-
onds before the liquid water freezes. The experiment revealed
that an integrated SAXS intensity shows maximum at around
−44 ◦C, which should be a direct evidence of the existence
of LLT or Widom line. Now the LLT model of liquid water
becomes a hot topics again and a new type of discussion has
started (see [57]).

The LLTs in the above mentioned liquid metal sys-
tems accompany MNMT, and we think that it is impor-
tant to separate the effects of two transitions (structural and
metal–nonmetal/semiconductor) on density fluctuations in
order to construct a universal picture including liquid water.
For this purpose, it is interesting to investigate supercritical Hg,
which shows MNMT in the high temperature and high pressure
conditions near an LGT critical point (1478 ◦C and 168 MPa
[5]). By utilizing a supercritical state, a gradual expansion is
achieved and the fluid metal becomes a non-metallic fluid on
the way of this expansion. In fluid Hg, properties of electronic
state (electric conductivity and Knight shift etc) are mainly
dependent on density and MNMT is recognized to occur at
around a density of 9 g cm−3 [5], which is slightly above a criti-
cal density of 5.8 g cm−3. Inui et al already succeed to observe
the density fluctuations [4] in supercritical fluid Hg, but the
contributions from these LGT and MNMT were not well
separated.

To apply SAXS techniques to such transition states of
the liquid metals mentioned above, some improvements
should be needed. The accuracy of the data must be much
improved beyond Tamura and Inui’s measurements because
a strength of density fluctuations is expected to be much
smaller in LLT sample than in supercritical fluid near an LGT
critical point; the zero-wavenumber structure factor S(0),
which is a good parameter for the strength of density fluctu-
ations, of the latter often reaches to 101 or larger but that of the
former is less than 0.1. To explain more clearly, we indicate

Figure 1. Temperature dependence of S(0) of water at the pressures
indicated in the figure.

S(0) of liquid water estimated using thermodynamic quanti-
ties as an example. Water has an LGT critical point (374 ◦C
and 22 MPa) and large density fluctuations are expected near
the critical point. In figure 1, S(0) of liquid water calculated
by the following equation (ρN: number density, kB: Boltzmann
constant, βT: isothermal compressibility) is plotted.

S(0) = ρNkBTβT (1)

In this calculation, IAPWS (The International Association for
the Properties of Water and Steam)-95 free energy formula
[36] was used for the pressure dependence of density. Near
the LGT critical point, an absolute value of S(0) goes over 101.
On the other hand, it is proposed that liquid water has an LLCP
[39, 40] in a deep supercooled region. In the low temperature
region (inset of figure 1), S(0) shows increase with decreasing
temperature, which is actually observed by the SAXS experi-
ments [48–51]. It should be an onset of the LLT critical fluc-
tuations. The discussion on a relation between the existence of
LLCP and density fluctuations is not concluded [52–55], but
an important fact here is that an absolute value of S(0) for LLT
is extremely small compared with that for LGT. This point has
not been well considered in the discussion of LLT phenom-
ena. Thus, it is very important to determine the absolute value
of structure factor by SAXS experiments to discuss density
fluctuations in LLT samples in detail.

For these purposes, we have improved the technique devel-
oped by Tamura and Inui [1], mainly a method of analysis:
we treat the data very carefully and clarify some sources of
the observed scattering intensity. Stability of a sample and a
condition of incident beam are also improved. Although there
still some technical problems, we can reveal tiny changes of
SAXS intensities in some liquid metals, which has not been
clarified before. After brief explanation about the experimen-
tal procedure in the next section, we present results of liquid
Te systems including liquid Se–Te and Ge–Te mixtures, liq-
uid Si and supercritical fluid Hg. Then we mention concluding
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Figure 2. Schematic illustration of an ambient-pressure vessel and a
liquid sample cell.

remarks. Details of the improvements in the experiments and
data analysis are shown in the appendix.

2. Experiment

Liquid metal sample with a thickness of from about 200 to 600
μm, which were heated by Mo or W heaters, were installed in a
poly- or single-crystalline sapphire cell. We used two types of
vessels depending on the experimental conditions: one was a
high pressure vessel with cylindrical-shaped single-crystalline
diamond windows to allow a propagation of both incident and
scattered x-rays, which has been used by Tamura and Inui
[1, 2]; the other was an ambient pressure vessel with single-
crystalline Si windows, which was newly developed. The out-
line of the latter vessel is illustrated in figure 2. The sample
cell surrounded by the heat insulating ceramics (not shown in
the figure) was held in the vessel. We used He gas as a pressure
medium for these two vessels. SAXS measurements were per-
formed using synchrotron radiation on a beamline BL04B2 at
SPring-8, Japan. Schematic illustration of the beamline is pre-
sented in figure 3. The energy of the incident x-rays was set
to 38 or 62 keV, by using Si (1 1 1) or Si (2 2 0) reflection
as a monochrometer respectively. A small amount (5%–10%)
of mixing of a higher harmonic x-ray, 114 or 124 keV for
Si (1 1 1) or Si (2 2 0) respectively, was inevitable in this
beamline because a single monochrometer without a mirror
to eliminate high energy harmonics was used. Intensities of a
incident and a transmitted x-rays were monitored by ionization
chambers (IC) and the scattered x-rays were detected and accu-
mulated for 20 min by imaging plate (IP, RIGAKU R-AXIS
IV++) of size 300 × 300 mm2 (3000 × 3000 pixel) located
at a distance of 2.98 m from the sample position.

The IP was irradiated by x-rays scattered (directly) from a
sample, a sapphire cell, and He gas, a fluorescence x-ray of
sample element, and x-rays multiply scattered from a sample
and He gas. We estimated these values and deduced a signal
intensity from the sample. The intensity was normalized by a
scattering intensity of He gas in the vessel without sample cell
as a reference, and we thus obtained the absolute value of struc-
ture factor S(Q) of the sample. Details of the data treatment is
described in an appendix.

Figure 3. Schematic illustration of the SAXS experiment setup at
beamline BL04B2, SPring-8.

3. Results and discussions

In this section, at first, we will show the results of liquid Te sys-
tems, which is a representative system of exhibiting LLT. The
purpose to study this system is to obtain direct experimental
evidence of density fluctuations induced by LLT. Results of
Se–Te mixtures, Ge–Te mixtures and pure Te will be shown
in separate subsections. Before going to other systems, we
will shortly comment on density fluctuations of eutectic binary
alloys because some discussion have been made on fluctua-
tions of the system and Ge–Te mixture is also eutectic binary
alloy. After that, we will show results of liquid Si, which is also
expected to exhibit LLT. In the last subsection, we will indicate
results of supercritical fluid Hg, which exhibits MNMT near its
LGT critical point. The purpose is whether we can separate an
effect of MNMT on the density fluctuations accompanying a
critical phenomena of LGT.

3.1. Liquid Te systems

In liquid Te, LLT is supposed to exist at around 360 ◦C, which
is 90 ◦C below a melting temperature. This temperature could
be accessed with micro-samples in density measurement [16],
however, it was difficult to reach in SAXS experiment, because
it requires a large amount of sample and long measurement
time. Therefore, we started experiments for its mixtures. When
adding other elements (Se [20, 21, 25], Ge [28], etc), ther-
modynamic properties can be shifted to higher temperature
and we can access the transition region above a melting tem-
perature. We studied liquid Se–Te and Ge–Te mixtures not
only due to an interest for fundamental features of these mix-
tures but also because it will be a prototype for supercooled
liquid Te, water and Si, which cannot be accessed by nor-
mal experimental methods. We will show the results of these
two mixtures above a melting temperature in the succeeding
two subsubsections. Very recently, a new detector with much
faster scan speed (1 min per 1 spectra) was introduced to the
beamline. By using this detector, we carried out in-situ SAXS
measurement of liquid Te during cooling below the melting
temperature. We will shortly describe the preliminary results
in the last subsubsection.

3.1.1. Liquid Se–Te mixtures. We have already reported the
results of Se–Te mixtures in the previous paper [27]. The
SAXS parameters (see equation (2)) change in conjunction
with LLT, and S(0) and the slope of S(Q) as a function of tem-
perature show peaks in the middle of the transition. When the
sample is pressurized up to 100 MPa, the curves of density
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Figure 4. S(Q) of liquid Se50Te50 at 450 (black line), 540 (red), 640
(blue) and 740 ◦C (green) by the present XD measurement. S(Q) of
XD at 460 ◦C by Hoyer is also plotted by pink crosses. Inset is an
enlargement of a small Q region. Dashed lines are fitting results with
linear function in a small Q region below 4 nm−1.

and SAXS parameters shift to lower temperature. We con-
cluded that we have succeeded in detecting density fluctuations
derived from a continuous LLT. But in the previous measure-
ment, we did not investigate whether the results were affected
by the experimental conditions that the incident x-ray was
not monochromatic but consisted of a basic (62 keV) and a
small amount (5%–10%) of higher-harmonic (124 keV) com-
ponents. Thus, it is better to check that this small amount of
the higher-harmonic component does not give a critical effect
to the conclusion. For this purpose, we carried out a x-ray
diffraction (XD) measurement of liquid Se50Te50 at the same
beamline (BL04B2 at SPring-8) by using a standard angle dis-
persive mode [58]. We used an SSD detector and a channel
analyzer unit, which enabled us to extract the scattered x-ray
with just only basic energy component (62 keV). In figure 4,
we show structure factors of liquid Se50Te50 obtained by this
XD measurement. Temperatures conditions of the sample are
indicated in the figure. We can see three peaks at around 20, 34
and 54 nm−1 (hereafter we call these peaks a first, a second and
a third peak, respectively). The present result at 450 ◦C, which
is indicated by black line in the figure, is mostly consistent
with a reported one at 460 ◦C by Hoyer [22], which is plotted
by pink crosses. Positions of the peaks are almost consistent
with each other. The intensities of the first and the second
peaks in the present result, however, are slightly smaller than
those by Hoyer. When the temperature is raised from 460 ◦C to
740 ◦C, the first peak position shifts to higher Q and the inten-
sity increases slightly; the second peak position hardly changes
but the intensity largely decreases; the third peak position
shifts to lower Q and the intensity decreases slightly. These
changes are almost consistent with a temperature variation of
S(Q) estimated from an inelastic neutron scattering experiment
by Chiba [59]. As shown in the inset of figure 4, S(Q) in a
small Q region below 4 nm−1 is almost flat at 450 ◦C as indi-
cated by a black line. When the temperature is raised up to
640 ◦C, which is indicated by a blue line, S(Q) at a small angle

Figure 5. SAXS parameters (a) S0 and (b) an of liquid Se50Te50.
Red circles are estimated from a x-ray diffraction measurement with
using SSD detector and black circles are from SAXS measurement
with imaging plate.

gradually increases. But when the temperature is further raised
to 740 ◦C, it decreases as indicated by a red line. To clarify the
temperature variation of these SAXS results, we fit S(Q) below
4 nm−1 by a linear function as,

S(Q) = S0(1 − anQ). (2)

S0 is a structure factor in the zero wavenumber limit and an is a
slope of S(Q) normalized by S0, which is related with a spatial
size of density fluctuations. We plot these SAXS parameters
in figure 5 by red open circles. Both of S0 and an show max-
ima at 640 ◦C, which is almost in the middle of LLT region.
Thus we can confirm that the main conclusion of the previ-
ous paper [27]: the strength and the spatial size of density
fluctuations of liquid Se50Te50 as a function of temperature
show maximum in conjunction with LLT. However, a quantity
of S0 is well smaller than that by the previous measurement,
which is indicated by black circles in the same figure. We are
not sure the origin of this discrepancy at the present stage. It
is useful to compare S0 parameter with S(0) calculated by a
compressibility using (1), but it is difficult because there is no
reliable data on a pressure dependence of density for this mix-
ture and strictly speaking, (1) is not correct for mixtures. The
discrepancy may come from a difficulty to determine the abso-
lute value of S(Q) in such a small Q region by a standard XD
experiment or may due to an incompleteness of the present
SAXS measurement system by IP. We will continue further
investigation in the future.

3.1.2. Liquid Ge–Te mixtures. Next, we report results of liq-
uid Ge–Te mixtures. In figure 6, we show a phase diagram of
Ge–Te system in a low x (mole fraction of Ge). In this system,
there is a eutectic point at around x = 0.15 and T = 375 ◦C. In
pure Te, a density shows maximum and minimum just above
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Figure 6. Phase diagram of Ge–Te system in a small x region.
There is a eutectic point at around x = 0.15 and T = 375 ◦C. The
loci of density minimum/maximum and sound velocity minimum
[28] are shown by blue lines and red one, respectively.

the melting temperature and in a deep supercooled region [16]
respectively, and a sound velocity shows minimum [21] in
a supercooled region. These loci are important signatures in
drawing a phase diagram of LLT: the loci of density maxi-
mum and minimum can be recognized as a high- and a low-
temperature ends of the transition respectively, because a neg-
ative thermal expansion, which is thermodynamically anoma-
lous, appears between them; the locus of velocity minimum
can be recognized as a center of the transition because it actu-
ally locates almost in the center of the above mentioned loci of
density anomalies. By adding Ge, the loci of density maximum
and velocity minimum shift to higher temperatures [28], as
plotted in figure 6. (We limit the discussion to Te-rich mixture
here, because the situation seems to become different when a
fraction of Ge increases over x � 0.4 [28].)

We have carried out (simultaneous) density and SAXS mea-
surements for x = 0.15 and x = 0.30 samples by using an
ambient pressure vessel. Figure 7 shows a temperature vari-
ation of S(Q) of liquid Ge15Te85 mixture in a cooling pro-
cess. At the highest temperature (900 ◦C), an absolute value
of S(Q) is relatively high but a slope in a small Q region
(<3.5 nm−1) is moderate. When decreasing the temperature
down to 500 ◦C, the absolute value of S(Q) decreases on
the whole Q but the shape is basically not changed. Further
decreasing the temperature to 420 ◦C, however, the shape is
changed especially at Q < 4nm−1. The slope becomes rela-
tively steeper and the S(Q → 0) value becomes larger. When
the temperature is further decreased down to 320 ◦C, which is
a supercooled state (Tm = 375 ◦C), the slope becomes moder-
ate again. Below this temperature, the sample was frozen to a
solid. This temperature variation of S(Q) clearly proves that a
strength of density fluctuations becomes maximum at around
420 ◦C according to a continuous LLT. To clarify the temper-
ature change of density fluctuations, we fitted S(Q) in a small
Q region below 3.5 nm−1 by an equation (2). Figure 8 shows
temperature dependences of (a) density, (b) S0 and (c) an for
(1) Ge15Te85 and (2) Ge30Te70. In the measurements, at first we

Figure 7. S(Q) of liquid Ge15Te85 at an ambient pressure.
Temperatures are 900 (black), 500 (red), 420 (blue) and 320 (green)
◦C. Dashed lines are fits by an equation (2) in a small Q region
below 3.5 nm−1.

melted and entered the sample into a thin space of sapphire cell
at slightly above a melting temperature (400 ◦C for Ge15Te85

and 650 ◦C for Ge30Te70). After that, we increase the tempera-
ture up to 900 ◦C and decrease it, finally down below 350 ◦C to
solidify the sample. The reproducibility of the parameters are
satisfactory well for both of a heating-up and a cooling-down
process. In Ge15Te85, the density indicates positive slope (neg-
ative expansion) as a function of temperature from 350 ◦C to
500 ◦C, where the sample shows continuous phase transition
between a low- and a high- density phases. At higher temper-
atures above 600 ◦C, S0 shows slight increase, which should
be a tail of critical density fluctuations of LGT. On the other
hand, almost in the middle of the above mentioned two tem-
peratures (420 ◦C), SAXS parameters (S0 an an) show maxima,
which clearly indicates that there are density fluctuations due
to LLT. The sample solidifies at about 300 ◦C, which is well
below the melting temperature, and the density jumps to a
higher value (5.40–6.05 g cm−3). SAXS parameters also jump
to higher values, which indicates that the sample changes to a
poly-crystalline state or glass, not to a crystal with large grain
sizes.

In Ge30Te70, there is a solid-liquid coexisting two phase
region between 375 and 560 ◦C in a phase diagram (see
figure 6). In figure 8, the density (2a) shows normal negative
slope and S0 (2b) show moderate positive slope in an one-
phase liquid region above 530 ◦C (slightly supercooled) as a
function of temperature. Below 530 ◦C, the sample stays in
the solid–liquid two-phase state. In figure 9, we show SAXS
images of Ge30Te70.

In the measurements of Ge–Te mixtures, the normal pres-
sure vessel equipped with rectangular windows was used. This
means that we can see a rectangular bright area in all the
images in figure 9(a) At 560 ◦C, the image shows halo pat-
terns, which is typical for liquid. When decreasing tempera-
ture to 520 ◦C, spotty patterns appears, which indicates that
there is a small, but macroscopic, crystalline piece in the sam-
ple and the sample becomes solid–liquid two-phase state. At
520 ◦C, the density also shows small jump, which should be
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Figure 8. (a) Density and SAXS parameters ((b) S0 and (c) an) for liquid (1) Ge15Te85 and (2) Ge30Te70. Right (increase temperature) and
left (decrease) headed triangles indicate the direction of temperature change of the measurement. Green solid lines are reference value at
ambient pressure [28].

Figure 9. SAXS spectra of Ge30Te70 at (a) 560, (b) 520, (c) 450 and (d) 320 ◦C. A scattering intensity from the sample is limited in a square
region due to a slit window of the vessel.

smooth and we do not have a reasonable explanation. Fur-
ther decrease the temperature in this two-phase region, these
spotty patterns grow at (c) 450 ◦C, which means that a size
of the macroscopic crystalline piece grows. In this tempera-
ture, not only the spotty patters but also spiky ones appear
in the center of the image, which we remove in S(Q) anal-
ysis. The SAXS parameters in figures 8(2b) and (2c) show
much increase with decreasing temperature, which indicates
that density fluctuations in the coexisting liquid phase becomes
distinct. In the two-phase region, the coexisting liquid phase
basically changes the state along a melting line such as indi-
cated by a green dashed line in figure 6. Hence, it is reasonable
that this coexisting liquid phase shows density fluctuations
below about 500 ◦C. Finally at 320 ◦C (figure 9(d)), the sample
becomes frozen to a poly-crystalline solid and it appears a ring
pattern of Bragg diffraction.

3.1.3. Liquid Te. In the above two subsubsections, we
described SAXS results of Se–Te and Ge–Te mixtures. From
these results, it is almost certain that pure liquid Te also
has density fluctuations associated with LLT. Results of

inelastic x-ray scattering experiment of liquid Te also sug-
gest to exist a structural inhomogeneity [46, 60] in the sam-
ple. However, in fact, we could not detect any significant
changes in the previous SAXS measurement of pure liquid
Te [27]. We concluded that density fluctuations in pure Te
were smaller than our experimental accuracy because we just
measured above the melting temperature and did not reach
to the real transition region located in its deep supercooled
region. To solve this problem, we recently carried out SAXS
measurement of pure liquid Te again by using a new detector
(PerkinElmer, XRD1621AN3); it enabled us to obtain SAXS
spectra with enough accuracy in about 1 min, which is greatly
improved compared that with imaging plate which needs about
20 min to take one spectra. When the measurement time
becomes so short, it becomes possible to perform an in situ
measurement during cooling below the melting temperature.
By using this detector, we actually succeeded to obtain SAXS
spectra down to a low temperature of 150 ◦C below the melting
temperature. The obtained SAXS intensity showed maximum
at around 350 ◦C which is almost in the middle of the LLT
region in liquid Te. We will report this result in near future.
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Figure 10. S(Q) of liquid Si. Temperatures are indicated in the
figure.

3.2. Comments on liquid eutectic binary alloy

It is proposed that an eutectic point in liquid binary alloy cor-
responds to a something singular point in composition fluc-
tuations [29, 30]. This scenario is, however, not true at least
for Ge–Te binary alloy. As shown in section 3.1.2, distinct
changes were observed in the parameters of density fluctua-
tions for the eutectic composition (Ge15Te85) but the strength
and the spatial size of density fluctuations show maxima at 420
◦C, which is well above the eutectic temperature (375 ◦C); we
concluded that the density fluctuations in Ge15Te85 arise from
LLT in liquid Te not from the singularity of eutectic point of
Ge15Te85. We also carried out SAXS measurements for liq-
uid Pb–Sn alloy system which also has a eutectic point at
74% mole fraction of Sn and 183 ◦C and reported tentative
results [61]. The temperature change of density fluctuations we
observed for the eutectic composition sample was very small,
which did not show a divergence at the eutectic point. The tem-
perature dependences of density fluctuations are rather evident
for non-eutectic composition samples. We now continue fur-
ther investigation for Pb–Sn system to prove that the eutectic
point is not a singular point.

3.3. Liquid Si

To detect density fluctuations derived from LLT, we have car-
ried out a SAXS measurement of liquid Si. In this measure-
ment, an energy of incident x-ray was 38 keV. Figure 10 shows
a temperature variation of S(Q) of liquid Si. In conclusion, we
could not detect any effective temperature change of the spec-
tra. We believe that there is density inhomogeneity or LLT in
liquid Si, but density fluctuations are so tiny as not to detect
them in the present experimental accuracy and in the present
temperature region far above LLT.

3.4. Supercritical fluid Hg

In supercritical fluid Hg, the location of MNMT (density is
about 9 g cm−3) is well different from that of LGT (critical

Figure 11. State points of the SAXS measurements for fluid Hg.
Black and red symbols are the results by incident x-ray energy of 62
keV and blue ones are by that of 38 keV. CP denotes LGT critical
point. Bold- and thin-dashed-lines indicate a coexistence curve and
a critical isochore (5.8 g cm−3), respectively. Blue and green lines
are isochores of 9 and 4 g cm−3.

density is 5.8 g cm−3) and thus, it is supposed to be possi-
ble, in principle, to separate effects of these two transitions
on density fluctuations. This fact is different from supercriti-
cal fluid alkali metals, which was revealed by the experiment
[5], and fluid hydrogen by simulation [62], whose locations
of MNMT are almost coincide with those of LGT. Inui et al
already succeeded to detect density fluctuations of supercriti-
cal fluid Hg [4], but contributions from these MNMT and LGT
were not well separated. After that, the experimental tech-
niques have been much improved, and thus we have carried
out SAXS measurements of supercritical fluid Hg again by
using a x-ray with energies of 62 keV and 38 keV as inci-
dent beams (only 38 keV in the previous experiment [4]).
Figure 11 indicates the pressure and temperature conditions of
the measurements in a phase diagram of fluid Hg. Isochores
of density 9 and 4 g cm−3 where electric conductivities σ
are 2 × 102 and 1 × 10−3S, respectively, are plotted by a blue
and a green lines in the figure. State points of the measure-
ments cover from a full-metallic (σ > 2 × 102) state to a full-
nonmetallic (σ < 1 × 10−3) one. The measurements are car-
ried out with increasing temperature at almost constant pres-
sures above a critical pressure with an incident x-ray energy
of 62 keV (indicated by black and red symbols in the figure)
and 38 keV (blue symbols). Figure 12 shows the representa-
tive results of S(Q) at pressure about 185 MPa and tempera-
tures indicated in the figure. At 1000 ◦C, S(Q) is almost flat
and shows smaller value. With increasing temperature, S(Q)
in a small Q region grows and a slope of the curve becomes
steeper due to critical density fluctuations of LGT. Beyond
1515 ◦C, where the density is critical (5.8 g cm−3), the inten-
sity and the slope of S(Q) becomes decreasing. We fit S(Q)
by an Ornstein–Zernike function, S(Q) = S0/(1 + ξ2Q2). To
clarify the temperature dependence of the sample state, we
plotted all these parameters in figure 13. The estimated (a) den-
sities (symbols) are consistent with those calculated according
to a literature (solid lines) [5]. The estimated (b) S0 values
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Figure 12. S(Q) of fluid Hg at pressure 185 MPa and temperatures
indicated in the figure.

show peaks at around a isochore line of critical density,
which indicate the observed density fluctuations are derived
from LGT. In the present accuracy, we cannot comment on
a small discrepancy between a critical isochore line and a
ridge line (maximum line of fluctuations), which has been
discussed for supercritical liquid water [63] and supercrit-
ical fluid hydrogen [62]. The quantities of experimentally
estimated S0 are basically consistent with those calculated
by an equation (1) using parameters in a literature [5], but
the formers are slightly smaller than the latter in a high-
S0 region. We know that there is a slight temperature gra-
dient in our sample cell, which may suppress the critical
fluctuations. Or a small amount of a high-energy x-ray in
the incident beam may affect this discrepancy. An Orn-
stein–Zernike correlation length ξ indicated in figure 13(c)
shows similar temperature dependence as S0. The interesting
parameter is a short-range correlation length (figure 13(d)),
which is defined by R = ξ/

√
S0 [64]. This parameter abol-

ishes a diverging nature of ξ due to critical density fluctuations
and can extract a higher order information concerning about
a correlation beyond a local structure. In a low temperature
region below 1475 ◦C, where the sample is full-metallic state,
R is nearly constant 0.75. Above this temperature, R gradu-
ally decrease and finally seems to converge to a constant value
0.3 in a high temperature region, where the sample becomes
full-nonmetallic state. In the previous study [4], the accuracy
of the data was not good in the low temperature region (where
there exist small density fluctuations) and the discussion was
not clear. The present study give a clear result that MNMT
induces a shift of R from a higher value which correspond to
fluid metal, to a lower one to nonmetallic fluid. It does not show
a peak at MNMT.

Finally, we comment on a mechanism of MNMT in
fluid metals. In fluid Hg, a band-overlap model (so-called
Bloch–Wilson model) was proposed to explain the continu-
ous MNMT (see details in the review papers: section 2.3 in [5]
and section 3.3 in [1]). But early results obtained by this sim-
ple picture led us to a deep forest; it could not explain all the

Figure 13. Temperature dependences of (a) density, (b) S0, (c) ξ and
(d) short correlation length R of fluid Hg. Black, red and blue
symbols correspond to those in figure 11. Black, blue and red lines
are calculated values according to a literature [5].

properties relating with MNMT in fluid Hg such as a location
(density) of MNMT, Knight-shift value, optical and electrical
conductivity gaps and optical absorption. We suspect that there
may be a critical flaw to apply the band model, which has
been successful with crystalline materials, into fluids or liq-
uids; basically it does not take into account a heterogeneity in
a sample. The present SAXS results for fluid Hg clearly proves
that at MNMT region, there exists distinct heterogeneity in
density, that also naturally means heterogeneity in metallic
nature. We believe that this heterogeneity is essential to discuss
MNMT in liquid systems because the existence is also directly
proved by the experiment in liquid chalcogenides (present
results) and fluid alkali metals [8] at MNMT region. We expect
other type of study which enables to consider this hetero-
geneity; advanced version of percolation model [65] or much
larger size version of ab initio simulation ([66, 67]), which
enable to consider mesoscopic heterogeneity, may be the
candidates.

4. Concluding remarks

We have improved SAXS techniques succeeding to those
installed by Tamura and Inui, applied it for some liquid
metals to investigate a relation between density fluctuations
and transitions such as LLT, LGT and MNMT. In liquid
Se–Te and Ge–Te mixtures, which show continuous LLT
accompanying MNMT, a strength and a spatial size of den-
sity fluctuations changed in conjunction with LLT and their
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temperature dependences showed peaks in the middle of the
transition. It is first direct evidences of density fluctuations
associated with LLT. In liquid Si, we could not detect any
changes corresponding to LLT in the present experimental
accuracy. We concluded that it is because the real transi-
tion in this system locates in a deep supercooled region and
the effect of it is very small at around the melting temper-
ature. In supercritical fluid Hg, which shows MNMT near
a critical point of LGT, distinct density fluctuations were
observed and a strength and an Ornstein–Zernike correlation
length show peaks at around a critical isochore of LGT. The
strength of density fluctuations was basically explained by an
isothermal compressibility calculated from a phase diagram
of fluid Hg, which means that the density fluctuations are
mainly due to critical density fluctuations of LGT. MNMT
near LGT in fluid Hg just affects on an another parameter
of density fluctuations; it gives a shift of a short-range cor-
relation length R. From these results, we concluded that in
liquid or fluid metals, MNMT has a negligible effect and
LLT and LGT play leading roles on density fluctuations; in
this sense, metallic and non-metallic liquids cannot be distin-
guished with respect to LLT. This conclusion is very important
to discuss the similarity between the thermodynamic anoma-
lies of liquid Te and those of liquid water and to construct
the unifying framework of LLT phenomena [42, 46, 47] in the
future.
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Appendix A. Details of data treatment

In this section, we show the details of data treatment how
to analyze structure factor S(Q) of liquid samples from the
observed SAXS spectra. Figure A1 shows representative IP
images of SAXS experiments for (a) an empty cell at 6 MPa
(compressed He gas) and room temperature and (b) liquid Te
at 6 MPa and 500 ◦C by using a high-pressure vessel and an
incident x-ray of 62 keV in energy. In figure A1(a), almost
flat scattering intensity (see also figure A2) is observed except
a diffraction ring near a center position. This diffraction
pattern comes from kapton film used for a vacuum path. In
figure A1(b), a bright pattern which comes from a liquid
sample is limited in an off-centered circle area because an
aperture of a scattering window of a high-pressure vessel
is small (effective radius of 4 mm). The shaded area in the
left-bottom direction from the center is due to a thin (thick-
ness of 2 mm) Al plate just behind a vacuum path, which
we used to estimate a fluorescence intensity from the sam-
ple. We analyzed the data separately by inside/outside

and with/without Al plate regions as indicated in
figure A1(c). Figure A2 indicate the corresponding
SAXS profile (momentum-transfer dependence of
the observed intensity) of (a) an empty cell and (b)
liquid Te. In these figures, profiles I(i)

smpl (i = 1, 2, 3)
correspond to regions (1), (2) and (3). In an empty cell
(figure 15(a)), the peaks of I(1)

cell at 1.8, 3.6 and 7.2 nm−1

indicate diffraction patterns from the kapton sheet of the
vacuum path; 3.6 and 7.2 nm−1 correspond to an incident
x-ray of 62 keV and 1.8 nm−1 correspond to a higher har-
monic x-ray of 124 keV. We estimated a ratio of the higher
harmonic x-ray is about 7% (x124keV = 0.07) in the total x-ray
intensity from the area of these two peaks at 1.8 and 3.6
nm−1. A spiky peak at 9 nm−1 is a diffraction peak from a
poly-crystalline sapphire cell. The profile I(2)

cell (with Al plate)
is slightly lower than I(1)

cell (without Al plate), which is well
explained by a transmission of Al plate for an incident x-ray
(TAl(Ein = 62 keV) = 0.9). But in liquid Te (figure A2(b)),
I(2)
smpl is much lower than I(1)

smpl × 0.9. We conclude that the
observed intensity includes fluorescence x-rays from Te
because the energy of incident x-ray is not so high from K-
edge of Te (31 keV). We estimated the fluorescence intensity of
sample Yfl as,

Yfl =

(
I(1)
smpl −

I(2)
smpl

TAl(Ein)

)
TAl(Ein)

TAl(Ein) − TAl(Efl)
(A.1)

where TAl(Efl) is the transmission of an Al plate at the fluo-
rescence energy (Efl = 27 keV for Kα fluorescence of Te). In
the measurement of fluid Hg, this value is almost zero because
K-edge of Hg (83 keV) is well higher than the energy of inci-
dent x-ray, which is consistent that the origin of the value is
fluorescence x-rays from Te.

Figure A3(a) shows the background subtraction (with con-
sidering the transmission of the sample Tsmpl) spectra of liq-
uid Te corresponding to figure A1. The intensity outside the
aperture of the scattering window should be zero because a
scattering from sample is limited inside the window, but it is
not actually. Figure A3(b) shows the corresponding profile of
region (3) (outside window without an Al plate). Background
(emptycell and He gas) subtracted profile (red line) indicates
finite value, and almost Q-independent profile. A conceivable
origin of the profile is the x-ray intensity multiply scattered by
He gas after scattered by a liquid sample. We fit this profile by
a linear function and decided this multiply scattered intensity
as Ymulti = (I(3)

smpl − I(3)
cellTsmpl).

Thus, we deduced the scattering intensity of the sample,
Yscat, as the following equation.

Yscat = I(1)
smpl − I(1)

cellTsmpl − Yfl − Ymulti. (A.2)

Note that we used three different values of Tsmpl; 0.315 for
the kapton diffraction peak at 3.6 and 7.2 nm−1 which is
the transmission of sample at 62 keV; 0.832 for the kap-
ton diffraction peak at 1.8 nm−1 which is that at 124 keV;
0.35 = 0.832 × x124keV + 0.315 × (1.00 − x124keV) for other
area. Deduced scattering intensity from the sample and other
estimated profiles are shown in figure A4. At 5 nm−1, a
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Figure A1. SAXS images of (a) a empty cell at 6 MPa and (b) liquid Te at 6 MPa and 500 ◦C. (c) indicates a schematic illustration of
analyzed regions.

Figure A2. SAXS profiles of (a) empty cell and (b) liquid Te corresponding to those in figure A1.

Figure A3. Background subtracted (a) image and (b) profile. The sample and background data correspond to those in figure A1.

real count scattered from the sample (Yscat) is only about
15 in the total measured count is about 110 (Ismpl). What
we have extracted by this procedure is thus the scattering
intensity from the sample with the x-ray composed of 93%
62 keV and 7% 124 keV.

To obtain the absolute value of scattering factor S(Q) from
this scattering intensity, we have to decide the normalizing
constant C.

Ysmpl(Q) ≈ CNTsmplTHeS(Q) (for small Q) (A.3)
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Figure A4. A scattering intensity from sample and other elements.

Figure A5. Pressure variation of scattering profile of He gas.

where N is number of the sample particles. We used com-
pressed He gas as a reference and determined C by the thermo-
dynamic equation of He gas, YHe(Q = 0) = CNHeSHe(Q = 0)
= CNHeρNkBTβHe

T . Figure A5 shows scattering intensities
of He gas at pressures in the figure which is deduced
by subtracting emptycell data at vacuum condition as YHe

= I(1)
cell(P) − I(1)

cell(P = 0) × THe. We fit YHe in the small Q-
region (Q < 5) nm−1 by a linear function and estimated
YHe(Q = 0) (figure A6). On the other hand, we calculate
SHe(Q) by a compressibility of He gas. shows pressure vari-
ations of (a) the transmission and (b) the density of He gas
at 25 ◦C decided by this experiment. Blue and red sym-
bols correspond to the data by incident x-ray energies 38
and 62 keV, respectively. The densities estimated by these
two incident energies well coincide with each other. We
assume a virial equation for the pressure [P (MPa)] depen-
dence of He density [ρHe (g cm−3)] and determined the virial
coefficients as,

Figure A6. Pressure dependences of (a) transmissions and (b)
densities of He gas. Blue and red symbols represent the data at
incident x-ray energy 38 and 62 keV, respectively. Solid lines are
calculated values by an equation (A.4).

Figure A7. Normalizing constant C estimated from a
compressibility of He gas.

P =
RT
M

(
a1ρHe + a2ρ

2
He

)
, a1 = 0.745371, a2 = 5.36043.

(A.4.)
where R = 8.3145 (J K−1 mol) and M = 4.0026 are gas con-
stant and atomic mass of He, respectively. Calculated values
of density and transmission of He gas with using this virial
equation were plotted in 19 by solid lines, which well repro-
duce the experimental values. Figure A7 indicates a normaliz-
ing constant C estimated by the above procedure. C is almost
independent on pressure and we adopted the averaged value
of 165 as a normalizing constant. Figure A8 shows the struc-
ture factors S(Q)s of liquid Te at temperatures 500, 700 and
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Figure A8. Temperature variation of S(Q) in liquid Te. Triangle
symbols at Q = 0 are S(0) values calculated from a compressibility
of liquid Te [68]. Dashed-lines are fitting results using of linear
function in a small Q region (Q < 4 nm−1).

900 ◦C by using this normalizing constant C. The absolute val-
ues of these S(Q)s are almost consistent with those calculated
from a compressibility [68] as S(0) = ρTe

N kBTβTe
T indicated by

triangles in the figure.
We concluded that we can determine the absolute value of

small-angle structure factor.
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