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Abstract
X-ray structural studies on several elemental liquids under high pressure are
reviewed. Combination of synchrotron radiation sources and large-volume
presses enables us to carry out in situ structural measurements on liquids at
high pressures up to several gigapascals. The measurements have revealed
that compressions of liquid alkali metals are almost uniform, whereas those
of liquids that have covalent components in bonding are mostly anisotropic.
For covalent liquids, the volume dependence of the nearest-neighbour distance
deviates from (V/V0)

1/3 behaviour (V being the molar volume and V0 being
the molar volume at zero pressure) and changes in coordination play important
roles. In some elements, different types of volume dependence of the nearest-
neighbour distances are observed in different pressure ranges. This behaviour
suggests that the liquid phase can be divided into regions. Although most of the
observed structural changes are continuous, a discovery of an abrupt structural
change in liquid phosphorus, which is completed over a pressure range of less
than 0.05 GPa around 1 GPa and 1050 ◦C, supports the existence of a first-order
liquid–liquid phase transition.

1. Introduction

Recently, there has been increasing interest in the high-pressure behaviour of liquids [1].
To understand the background, we briefly review previous studies on liquids at atmospheric
pressure and solids under high pressure.

Structural studies on liquids at atmospheric pressure revealed a wide variety of short-range
orders in the liquid state [2]. It was established that the structures of the elements in the liquid
state follow characteristic trends [3] reminiscent of the trends among the crystal structures
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of the elements [4, 5]. While the liquid structure of many metallic elements is described by
a simple hard-sphere-like structure with coordination number of 9–11, that of some metallic
elements shows deviations from the simple structure. Elements that have covalent bonds and
open-packed crystalline structures, such as three-dimensional network (group IV elements),
layer (group V elements) and chain (group VI elements) structures, melt into liquids that are
characterized by low coordination numbers. For example, coordination numbers are six for Si
and Ge, three for As, six for Sb and two for Se and Te in the liquid state. Covalent characters in
the bonding remain in the liquid state for those elements. In fact, these liquids are poor metals
or semiconductors. Moreover, molecular solids usually melt into molecular liquids. Structural
changes in the liquid state near atmospheric pressure have been explored mainly by temperature
dependence and by concentration dependence in alloys. Many interesting observations, such
as polymerization of sulfur [6], nonmetal (semiconductor)–metal transition in expanded Hg,
Se and liquid Se–Te alloys [7, 8] and semiconducting behaviour of several alloys [9], attracted
wide attention.

On the other hand, high-pressure studies on crystalline solids reveal a wide variety
of structural responses to increasing pressure. The compression mechanism depends on
anisotropy in bonding. Many metallic elements have a dense-packed structure so that they
are usually uniformly compressed. Compression of an isotropic three-dimensional network
structure such as the diamond structure is also uniform. However low-dimensional structures,
such as layer, chain and molecular structures, show highly anisotropic behaviour. While inter-
layer (chain, molecular) distance strongly decreases with increasing pressure, the length of
strong bonds within the layer (chain, molecule) is almost constant [10–12]. Pressure mainly
reduces the length of weak bonds and hence reduces structural anisotropy.

Further increase of pressure often induces a structural phase transition [13]. In general,
elements that have open-packed crystalline structure transform toward dense-packed structure
through successive pressure-induced phase transitions: coordination number, CN, increases
at the transitions. For example, Si transforms from diamond structure (CN = 4) to the β-tin
structure (CN ∼ 6), orthorhombic phase (CN ∼ 6), simple hexagonal structure (CN = 8),
orthorhombic phase (CN = 10, 11), hexagonal close-packed structure (CN = 12) and face-
centred cubic structure (CN = 12) [14]. The electronic structure also changes under pressure
and a non-metal to metal transition usually takes place. Not only covalent solids, but also
some metallic elements, exhibit pressure-induced structural transitions. In exceptional cases,
a decrease of the coordination number is observed in a high-pressure phase [13].

The similarity in the short-range order between the liquid and solid states, together with
the rich structural changes in the solid state under pressure, promise a wide variety of structural
changes in the liquid state under high pressure. The question is how the structural changes in
the liquid state occur. It is natural to think that the structural response to the increasing pressure
in the liquid state also depends on anisotropy in bonding. It is also expected that liquids with
open-packed local structures evolve into dense-packed local structures under high pressure.
But the structural changes in the liquid state have different characteristics. In the liquid state,
rapid motions of atoms and the lack of long-range order allow a broad distribution of the local
atomic arrangements. The broad distribution is supposed to smooth the structural change that
corresponds to the pressure-induced phase transition in the solid state: a local structure similar
to low-pressure structure and that similar to high-pressure structure are probably mixed in the
liquid state. The smoothness, however, does not mean that the structural change in the liquid
is completely monotonic. There may be pressure regions where the changes in structure and
electronic properties rapidly occur.

One of the first notions on the structural change that corresponds to the pressure-
induced phase transition appeared in the 1960s in connection with high-pressure melting-curve
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maxima. Although the melting temperatures of most elements increase monotonically with
increasing pressure, the melting temperatures of some elements such as Cs, Bi and Te have
a maximum. In the region where the melting curve has a negative slope, the molar volume
of the liquid is less than that of the solid. Hence the occurrence of the maximum indicates
an anomalous decrease in volume in the liquid state. It was noticed that in all known cases
where maxima are present, the crystalline solid also exhibits a solid–solid phase transition
at some higher pressure accompanied by a large volume change. A two-species model was
proposed to explain their existence [15]. In the model, the liquid was assumed to consist of
two species with a transition to the denser species taking place continuously with increasing
pressure. Around the melting-curve maximum, relatively rapid change of concentration of two
species was predicted. However structural studies on liquids at high pressures of the gigapascal
region were very limited mainly due to experimental difficulty [16]. In order to observe the
structural changes directly, Tsuji et al [7, 17, 18] developed an x-ray diffraction method using
a large-volume press and a synchrotron radiation source in the middle of the 1980s. Since then
we have continued systematic study on elemental liquids such as that which will be reviewed
here. So far we have been concerned with sp-bonded elements. We studied elements that may
have a melting curve maximum such as Cs, Rb, Se, Te and P. Elements that have a negative
melting curve slope such as Ga, Si, Ge and Bi were also studied. We have extended the study
to I (iodine), which exhibits metallization and molecular dissociation in the solid state under
high pressure. Besides these elements, light alkali metals, Na and K, were studied as typical
simple metals.

More examples of sharp changes are reported by Brazhkin et al [19–25]. In the late
1980s, they started a systematic study on elemental liquids under high pressure by an electrical
conductivity measurement and a thermobaric analysis, which detects a jump of sample
volume [19]. They reported sharp changes of the electrical conductivity and volume changes in
the liquid state at a boundary in the pressure–temperature phase diagram for several elements
such as Sn [20], Sb [21], Bi [22], S [23], Se [24], Te [25] and I [26]. The term ‘sharp’ in
their studies means that the transitions take place in pressure–temperature intervals that are
rather narrow in comparison to the average values: �T ∼ 50 K at temperatures of about
1000 K, �P ∼ 0.5 GPa at pressures of several GPa. We tried to detect structural changes
accompanying the reported changes.

Although no thermodynamic principles are violated by a first-order liquid–liquid transition
in a single-component system, it is an extremely rare phenomenon. Thus one of the challenging
problems is to give experimental evidence of such a transition [27–29]. In fact, some evidence
for existence of first-order transitions in disordered materials has been found recently. Mishima
et al [30] discovered a first-order transition between low- and high-density ices. A possibility of
a first-order liquid–liquid transition was then proposed for super-cooled water [31]. Recently,
we have found an abrupt structural change in liquid phosphorus [32]. Experimental results
support the view that it is a first-order liquid–liquid transition between two thermodynamically
stable phases.

This paper is organized as follows. In section 2, experimental methods developed for the
structural studies on liquids under high pressure are briefly explained. In section 3, three topics
are presented. Firstly, examples of structural changes are presented by showing similarity
between a high-pressure structure of a light element and a normal-pressure structure of a
heavy element in the same group of the periodic table. Secondly, variety of structural changes
in several elemental liquids is illustrated through pressure dependence of the nearest-neighbour
distance. Thirdly, study on the liquid–liquid transition in phosphorus is reviewed. In section 4,
concluding remarks are given.
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2. Experimental details

To generate high-pressure and high-temperature conditions, large-volume presses (LVPs) are
usually used. The highest pressure depends on the size of the anvils. For a cubic-type multi-
anvil apparatus, high pressures up to about 2, 5, 9 and 12 GPa can be generated with tungsten
carbide anvils with flat squares of 10 × 10, 6 × 6, 4 × 4 and 3 × 3 mm2, respectively. For
pressure-transmitting material, a mixture of boron and epoxy resin is usually used. The sample
size depends on the anvil size and it varies in diameter from 1 to 3 mm. The samples are put in
a sample capsule made of boron nitride or NaCl. High temperatures up to about 1200 ◦C are
easily reached with a graphite internal heater. Temperature is monitored by a thermocouple.
Sometimes it is estimated by electric power to the heater. NaCl is usually used for an internal
pressure marker. The pressure range is to extend to above 20 GPa when a double-stage type
press is used. Recently Funamori and Tsuji have carried out experiments on liquid Te up
to 22 GPa [33] and liquid Si up to 23 GPa [34]. Another type of LVP, the so-called Paris–
Edinburgh press, that is equipped with toroid-type anvils, is also used for high-pressure x-ray
diffraction [35].

In diffraction experiments using an LVP, materials that surround the sample also scatter
x-rays and produce strong background x-rays. Because the x-ray diffraction pattern of a
liquid sample is weak and broad, the background easily overshadows it. The use of strong,
high-energy and low-divergencex-rays from synchrotron radiation sources greatly reduces this
difficulty. It allows us to use a thick sample and a sharp slit system to eliminate the background.
Energy dispersive x-ray (EDX) diffraction is widely used with cubic-type multi-anvil presses
because one of the x-ray sources, a bending magnet, produces white (polychromatic) x-rays
and because the diffraction pattern can be taken at a fixed angle. The observed coherent x-ray
intensity at 2θ , I (E, 2θ), may be expressed as

I (E, 2θ) = A(2θ)I0(E) f 2(Q)S(Q)Idet (E)� exp(−µiρi ti)

Q = 4π sin θ/λ = 4π sin θ × 10−7 × eE/hc = 4π E sin θ/12.398

where E is the energy of the x-ray in keV, Q is the wavenumber in Å−1 and A(2θ) is a constant
that depends on ring current, data acquisition time and sample volume. I0(E) is the energy
distribution of the incident x-ray, f (Q) is the atomic form factor, S(Q) is the structure factor,
Idet (E) is the energy dependence of the sensitivity of the detector, µi , ρi and ti are respectively
the x-ray mass absorption coefficient, density and thickness of material i in the x-ray path,
λ is the x-ray wavelength, e is the elemental electric charge, h is the Planck constant and
c is the speed of light. To obtain S(Q), precise determinations of these terms are needed.
However, it is difficult to determine the energy dependence of each term from first principles.
For example, ρi and ti change under compression. To solve this problem, Tsuji et al [18]
proposed an empirical method to estimate the total correction term. In this analysis, I (E, θ)

measured at several 2θ angles, typically about 10 angles from 3◦ to 20◦, are used. They
introduced an energy-dependent function C(E) and assumed that I (E, θ) is expressed as

I (E, 2θ) = A(2θ) f 2(Q)S(Q)C(E).

In this assumption C(E) is independent of 2θ . Since S(Q) values for different 2θ should be
the same, C(E) can be constructed by a iterative procedure minimizing the difference between
the S(Q) values calculated at several 2θ values. Later, Funakoshi [36] developed a computer
program for the construction of C(E) using a Monte Carlo method. The program is used
to analyse the data of liquid P. Experimental data shown here were measured using cubic-
type multi-anvil presses, MAX90 at the BL14 beamline at the Photon Factory, MAX80 at the
ARNE5 beamline at the Tristan accumulation ring and SMAP180 at the BL14B1 beamline at
SPring-8.
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The angle-dispersive x-ray (ADX) diffraction method has an advantage in reliable
diffraction data because fewer corrections are needed to obtain S(Q). With a single-collimator
system and a bending magnet source, however, the method is not practical because very long
data acquisition time is needed. Development of a multi-channel collimator system [37]
together with a use of strong x-ray beam from insertion devices in third-generation synchrotron
radiation sources greatly shortens the data acquisition time.

XAFS (x-ray absorption fine structure) is a complementary method for study on local
structure. Since information from high-pressure x-ray diffraction experiments is limited as
compared with normal-pressure experiments, additional information is desirable. The XAFS
is very sensitive to the local atomic arrangement. In addition, it has chemical selectivity. By
combining LVP and synchrotron radiation, we have successfully measured x-ray absorption
spectra of liquid Se up to 8 GPa [38].

Density is one of the most important parameters to discuss structural change. However
there has been no efficient method for its measurement under high pressure and temperature.
A problem in the x-ray absorption method lies in the uncertainty of sample thickness under
high pressure. To solve the problem, we put a sapphire ball in the sample capsule as a calibrant
of the sample thickness and measured x-ray absorption as a function of sample position [39].
Alternatively, we use a sapphire ring as a sample container [40]. For a cylindrical sample in
the ring, the absorption by the sample along an axis, x , perpendicular to the cylindrical axis is
expressed by the following formula:

I/I0 = C
∫

beam
exp(−µρl(x)) dx, l(x) = (r2 − (x − x0)

2)1/2,

where C is a constant, µ, the mass absorption coefficient of the sample, ρ, the density of the
sample, l(x), the length of the path in the sample, r , the diameter of the sample, and x0, the
centre of the sample. The integration was done over the beam size. From a curve fit of the
absorption profile, the density can be obtained. Using intense, high-energy and low-divergence
x-rays from synchrotron radiation sources, we can measure the absorption profile as a function
of sample position precisely, even though the sample is as small as 0.5 mm in diameter [40].

3. Results and discussion

3.1. Structural similarity in the same group

From x-ray diffraction experiments on elemental liquids under high pressure, we obtained
data that indicate the close relationship between the solid and liquid structures under high
pressure. Tsuji et al have measured x-ray diffraction of liquid Se and found that the structure
factor, S(Q), for liquid Se at 8.4 GPa was very similar to that for liquid Te, at atmospheric
pressure [7, 17]. This resemblance between the high-pressure structure of the light element (Se)
and the normal-pressure structure of the heavy element (Te) in the same group is interesting
because a similar relation has already been recognized in the crystalline state. Se and Te,
group VI elements, have the same crystalline structure, that consists of chain molecules. The
structural anisotropy, a ratio of the length of the weak inter-chain bond over that of the strong
intra-chain bond, is larger in Se. Pressure reduces the structural anisotropy in crystalline Se
and changes the structure toward a Te-like structure. The similarity in S(Q) indicates that
pressure also changes the structure of liquid Se to a liquid-Te-like structure.

Since then, more examples have been found. Figure 1 shows the structure factor, S(Q),
for another group VI element, S, at 7.6 GPa and 750 ◦C [41] together with that for Se at
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Figure 1. Structure factors, S(Q), for liquid S at 7.6 GPa and that of liquid Se at atmospheric
pressure [1] as functions of Q multiplied by the nearest-neighbour distance, r1, of each liquid.

atmospheric pressure reported by Waseda [2]. To compensate for the effect of different atomic
sizes of the two elements, the structure factors are plotted as a function of Qr1, where r1 is
the first-nearest-neighbour distance, that is evaluated from the position of the first peak in the
pair correlation function g(r). A close resemblance between the two curves indicates that the
local structure of liquid S at high pressure is close to that of liquid Se at atmospheric pressure.
Liquid Se consists of long chain molecules. While liquid S just above the melting point at
atmospheric pressure is a molecular liquid that consists of S8 ring molecules, it undergoes a
so-called ‘λ-transition’ upon heating and the main constituents are long chains above
159 ◦C [6]. Closer packing of chain molecules by compression of liquid S makes the two
structures alike. A polymerization was also reported in the crystalline state under pressure [42]:
S transforms from a crystal composed of S8 molecules to a crystal with chain molecules under
high pressure, although the structure of the high-pressure phase is not exactly the same as that
of Se.

Figure 2 shows S(Qr1) for liquid P at 4.6 GPa and 1200 ◦C [43] together with that for
liquid As at 0.47 MPa and 825 ◦C reported by Bellissent et al [44]. The similarity between
the two curves indicates that the local structure of molten black P under pressure is similar to
that of liquid As at atmospheric pressure. This change again corresponds to the transition in
the crystalline state. The most stable form of P at atmospheric pressure, black P, transforms
to the arsenic (As) structure around 3 GPa near the melting temperature.

Similarities in S(Q) are also reported in group IV elements. It is known that crystalline
Si transforms from the diamond structure to the beta-Sn structure near 12 GPa. The structure
factors of liquid Si at 4 and 8 GPa are similar to that of liquid Ge at atmospheric pressure and
those at 14 and 23 GPa are similar to that of liquid Sn [34]. These similarities confirm that
there is some parallelism between the structural changes in the liquid state and those in the
solid state in group IV, V and VI elements.
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Figure 2. Structure factors, S(Q), for liquid P at 7.6 GPa and that of liquid As at atmospheric
pressure [43] as functions of Q multiplied by the nearest-neighbour distance, r1, of each liquid.

3.2. Pressure dependence of nearest-neighbour distance

The relations between liquid and solid structures presented in the previous section suggest that
each element shows distinct structural changes in the liquid state. To illustrate the point in
detail, we plot r1/r1(0), the position of the first peak in the pair distribution function g(r),
r1, normalized by that at atmospheric pressure, r1(0), as a function of (V/V0)

1/3 in figure 3
for alkali metals, in figure 4 for Ga, Si and Ge and in figure 5 for Bi, Se, Te and I. The pair
distribution functions were obtained from energy-dispersive x-ray diffraction measurements
carried out just above the melting temperature under high pressure. The position of the first
peak corresponds to the first-nearest-neighbour distance. Here V is the molar volume and V0

is the molar volume at atmospheric pressure. There are almost no data on the volume of the
liquids under high pressure and high temperature so that the volumes are estimated from those
of crystalline solids under high pressures and high temperatures, and the volume jump at the
melting. The volume jump is estimated as follows. From the Clausius–Clapeyron equation,
the slope of the melting curve is proportional to the volume jump on melting and it is inversely
proportional to the change of the entropy on melting. Hence the volume jump can be roughly
estimated from the reported value at atmospheric pressure and the melting curve, assuming
that the entropy change does not undergo a large change with pressure.

Alkali elements have only one s electron as a valence electron and they are regarded as
‘simple’ metals. The structure of liquid alkali metals at atmospheric pressure is well described
by a simple hard-sphere-like model [2]. High-pressure x-ray diffraction measurements on
liquid alkali metals were carried out up to 5.1 GPa for Na, 6.1 GPa for Rb and 4.3 GPa for Cs.
Figure 1 shows r1/r1(0) for alkali metals, Na [45], K [45–47], Rb [45, 46, 48] and Cs [49]. If
the liquid is compressed uniformly, r1/r1(0) follows a relation of r1/r1(0) = (V/V0)

1/3. The
relation is indicated by a solid line in figure 3. The experimental data agree with the relation:
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Figure 4. Volume dependence of nearest-neighbour distance, r1, for liquid Ga, Si and Ge.

liquid alkali metals are almost uniformly compressed. The coordination number is already high
at atmospheric pressure, so that a drastic change in the local structure is not realized under high
pressure. Closer analysis of r1, coordination numbers and the position of the first peak in S(Q),
however, showed that there are slight deviations from the uniform-compression model in Rb
and Cs at (V/V0)

1/3 < 0.85. The most notable deviation is observed in the position of the first
peak in S(Q), Q1: it becomes lower than that expected from the uniform-compression model.
The deviation may suggest a structural change to a denser structure because it implies longer
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atomic distances and hence larger coordination number. This deviation may be obscured in g(r)

by experimental errors. The deviations are considered to be due to an s–d electronic transition
in Rb and Cs. The s–d transition is believed to play an important role in a unique pressure-
induced phase transition sequence of heavy alkali metals [13, 50]. At atmospheric pressure, Rb
and Cs have body-centred cubic structure. They transform to face-centred structure and then
transform to complex structures. A first-principles molecular-dynamics simulation study on
liquid Rb under high pressure confirms the change to denser structure [51]. However another
theoretical study on liquid Rb under pressure showed no deviation in the pressure dependence
of structure factor up to 6.1 GPa, the highest pressure in our experiments [52].

Elements that have p electrons as valence electrons tend to form covalent bonds. Therefore
they usually have open-packed structures in the solid state. Figure 4 shows the volume
dependence of the first peak position in g(r), r1, for liquid Ga [53, 54], Si [34] and Ge [55].
The g(r) values were obtained by energy-dispersive x-ray diffraction measurements up to
6.1 GPa for Ga, 23 GPa for Si and 25 GPa for Ge. The solid line indicates the relation
r1/r1(0) = (V/V0)

1/3. The volume dependence clearly shows deviations from the relation:
these liquids are not uniformly compressed. Ga is a group III element and it has one p electron.
It has distorted hexagonal close-packed structure in the crystalline state at atmospheric pressure.
The structure of liquid Ga is not simple: the structure factor has a distinct shoulder on the large-
Q side of the first peak. The existence of the shoulder indicates that the structure of the liquid
is not fully described by a simple hard-sphere-like model. The deviation from the simple
hard-sphere-like model is ascribed to an oscillatory part of the inter-atomic potential [3] or
partial-covalency effects [2]. The nearest atomic distance for Ga in the liquid state continuously
decreases with volume contraction but the decrease is smaller than that expected from the
uniform-compression model. The compression of Ga is accompanied by a continuous increase
of coordination number [53]. The local structure evolves toward a less anisotropic one under
pressure.

Although Si and Ge, group IV elements, are typical semiconductors in the crystalline state
with the diamond structure formed by sp3 hybridized orbital, they are metallic in the liquid
state. The coordination number increases from four to six upon melting. Since the coordination
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number is much lower than that of simple metallic liquids, it is supposed that covalent
components in bonding still exist in the liquid state. The volume dependence of r1 for liquid
Si is complicated [33]: it decreases initially almost obeying the relation r1/r1(0) = (V/V0)

1/3

and then increases suddenly between 8 and 14 GPa. After that r1 decreases again. The sudden
increase of r1 is accompanied by a change in the shapes of S(Q) and a significant increase
of the coordination number. This behaviour suggests a structural transformation to a denser
structure between 8 and 14 GPa: there are two regions in the liquid state. The almost uniform
compression in each region is attributable to three-dimensional-network character in liquid
Si. Liquid Ge also shows complicated behaviour. The nearest neighbour distance is almost
constant up to V/V0 = 0.94 and then decreases almost uniformly.

Group V, VI and VII elements tend to form low-dimensional structures such as layers,
chains and molecules. The structures can be understood as a Peierls distortion of a sixfold
coordinated structure. The coordination numbers follow the 8 − N rule (N is the number of s
and p valence electrons) and formation of strong bonds between atoms distorts the prototype
simple cubic structure. Figure 5 shows the volume dependence of r1 for Bi [56], Se [57], Te [33]
and I [58]. Energy-dispersive x-ray diffraction measurements were carried out up to 4.7 GPa
for Bi, 4.9 GPa for Se, 22 GPa for Te and 10.6 GPa for I. The solid line indicates the relation
r1/r1(0) = (V/V0)

1/3. There are marked deviations from the uniform-compression model.
Bi, a group V element, has layer structure in the crystalline state. The structural anisotropy
is rather small: each atom has three intra-layer nearest atoms at 3.072 Å and three inter-layer
second-nearest atoms at 3.529 Å. The liquid structure deviates from the simple hard-sphere-
like structure, though the atoms are no longer threefold coordinated. The nearest-neighbour
distance is almost constant under pressure. The compression of Bi is due to an increase of
coordination number [56].

Group VI elements tend to form twofold covalent bonds. Crystalline Se and Te are
composed of infinite chain molecules. The nearest-neighbour distance for liquid Se is almost
constant up to (V/V0)

1/3 = 0.92 and then increases in spite of compression. That for liquid Te
initially increases and then decreases. These anomalous increases of nearest neighbour distance
are attributed to a modification of the covalent bonds. In liquid Se, the chain molecules are
largely preserved and liquid Se is a typical liquid semiconductor. The initial compression is
due to reduction of inter-chain distance and the covalent bond length is unchanged. When the
chains are packed more closely, overlap of the non-bonding orbital and anti-bonding orbital
interfere with intra-chain covalent bonds and weakening and/or breaking take place. During
this process, the nearest-neighbour distance elongates. The modification of the covalent bonds
is also confirmed by high-pressure EXAFS studies [38]. The EXAFS oscillation originates
from the fact that the nearest-neighbour correlation in the liquid state is almost the same as
that in the solid state at low pressure but it significantly decreases in the metallic region. This
structural change is accompanied by a change of electronic structure: the observed change
of the bond length by x-ray diffraction coincides with the reported semiconductor-to-metal
transition, which has a liquid–liquid–solid triple point at P = 3.6 ± 0.5 GPa and T = 627 ◦C.
Furthermore, this metallization is supported by the similarity between S(Q) of liquid Se under
high pressure and that of liquid Te at atmospheric pressure because liquid Te is already metallic
at atmospheric pressure. A semiconductor-to-metal transition also occurs by an increase of Te
concentration in liquid Se–Te alloys at atmospheric pressure [7]. The pressure and the chemical
substitution have similar effects on structure and electronic properties of liquid Se [59]. A
volume jump is reported at the semiconductor-to-metal transition in liquid Se [24]. This
change is probably an equivalent of an anomalous concentration dependence and temperature
dependence of density in Se–Te alloys. Direct measurements on the density of liquid Se under
high pressure are currently under way.
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Liquid Te is supposed to consist of entangled short chains. The initial increase of atomic
distance in liquid Te indicates that the weakening of the twofold covalent bonds proceeds
with increasing pressure. The nearest-neighbour distance of liquid Te starts to decrease below
(V/V0) = 0.92. The maximum of r1 is observed at 6 GPa. Around the pressure, at 5 GPa,
a sharp change of electrical conductivity was reported [25]. In our previous x-ray diffraction
and density measurements, some anomalies were suggested in this region [39, 60]. However,
the existence of a sharp structural change is still controversial because observed anomalies are
comparable to the experimental errors. The change of the volume dependence of r1 suggests
a different mechanism of compression above 6 GPa. The decrease of r1 is smaller than that
expected from the uniform-compression model. A mild structural change with an increase
of the coordination number progresses in this pressure range. The structure of liquid Te at
22 GPa, the highest pressure in the study, approaches a simple metallic liquid, although there
is a deviation in the structure factor.

The halogens are all diatomic molecules. Both crystalline and liquid phases of iodine
are composed of I2 molecules. No evidence for dissociation of molecules was observed in
the diffraction study up to 10.6 GPa: the diatomic molecular structure is preserved at this
pressure [58]. As shown in figure 5, r1, which corresponds to the intra-molecular bond length,
continuously increases in spite of compression. This result is consistent with a previous
EXAFS study [61]. On the other hand, the inter-molecular distance, which is determined by
the position of the second peak in g(r), decreases with increasing pressure [58]. Therefore the
elongation of covalent bonds is attributed to an interference of the inter-molecular interaction
strengthened by the decrease of inter-molecular distance. The elongation of the covalent bonds
is much larger than that of crystalline I2 at the same pressure. The larger elongation may be due
to frequent close approaches of molecules, which are induced by rapid motions of molecules
and lack of long-range order in the liquid state. Around 4 GPa, two boundaries for a sharp
increase of electrical conductivity in the liquid I were reported [26]. No evidence for molecular
dissociation indicates that metallization occurs in the molecular phase as in the case of the solid
state. In the solid state, a molecular phase transforms to a high-pressure phase in which the
intra-molecular atomic distance and the inter-molecular atomic distance become the same: a
molecular dissociation occurs at the transition at 21 GPa. On the other hand, metallization
takes place around 15 GPa, in the molecular phase. It is induced by an overlap of valence and
conduction bands. The lower transition pressure in the liquid state is consistent with the rapid
increase of intra-molecular bond length.

The difference in volume dependence of the first-nearest-neighbour distance for these
elements clearly demonstrates that the compression mechanism depends on anisotropy in
bonding even in the liquid state. Uniform compression is observed in simple metallic
liquids (alkali metals). Almost uniform compression is observed in liquid Si, which has
three-dimensional-network character. Various degrees of deviation of r1 from the uniform-
compression model are observed in not-simple liquid metals. Compression of the low-
dimensional structures is mainly due to closer packing of the structural units. The closer
packing sometimes induces elongation of covalent bonds (Se, Te, I). The modification of
covalent bonds is related to metallization. This behaviour can be understood in the same
framework that describes structural trends of the elements [2–5, 62, 63]. Hafner et al showed
that the trends arise from a characteristic variation of the real-space inter-atomic potential.
The complex structures of the light polyvalent liquid metals arise from the interplay of two
characteristic distances: the effective diameter of the hard repulsive core and the Friedel
wavelength of the oscillatory part of the potentials. The volume dependence of the two
distances is different so that the repulsive core moves over the attractive wiggle under pressure
and the change of the potential stabilizes a more close-packed structure. An alternative view
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was presented by Gaspard et al [62, 63]. They show that the structures of covalent elements
can be explained by a Peierls instability. A moment calculation shows periodicity is not a
necessary condition for getting the Peierls distortion so that the model can be applied to not
only crystal structures but also amorphous and liquid structures. At small volumes, the core
repulsion prevents the system from being distorted. Therefore a more close-packed structure
is stabilized under high pressure.

The different volume dependence of nearest-neighbour distances in the different pressure
range observed in liquid Si, Se and Te suggests that the liquid phase can be divided into
various regions. However, diffraction studies on the elements presented in this section provide
no direct evidence for a first-order liquid–liquid transition. The only exception is the abrupt
structural change in liquid phosphorus, which will be reviewed in the next section.

3.3. Liquid–liquid transition in phosphorus

Phosphorus is a group V element. It has many allotropes in the solid state at atmospheric
pressure and room temperature [4, 64]. White P is a molecular solid that consists of P4

tetrahedral molecules. Red P is usually amorphous. It has a three-dimensional-network
structure. Black P, the most stable structure, has a puckered layer structure. In spite of the
wide variety of structure, the P atom is invariably threefold coordinated. White phosphorus
melts at 44 ◦C and P4 molecules are preserved in molten white P. Further heating transforms
molten white P to red P around 200–400 ◦C. Black P and red P melt around 600 ◦C. Our x-ray
diffraction study on molten black phosphorus under high pressure revealed liquid P has two
distinct structures, which are supposed to be a molecular liquid and a polymeric liquid [32].
Figure 6 shows S(Q) of liquid P together with that of red P at various pressures [43]. Because
the melting temperature of black phosphorus is close to that of NaCl at low pressures, the
pressures below 2 GPa were determined by a diffraction line of boron nitride in the sample
assembly using an equation of state (EOS) reported by Zhao et al [65]. The pressures calculated
by using another EOS of boron nitride reported by Le Godec et al [66] are indicated in
parentheses. Pressures above 2 GPa were determined by a NaCl pressure marker. The error in
the pressure determination is about ±0.3 GPa. The error in the temperature is about ±50 ◦C.
It was large because a thermocouple broke under high temperature and the temperature was
then estimated by the heater power. Below 1 GPa, S(Q) of liquid phosphorus has a sharp first
peak around 1.36 Å−1. Above 1 GPa, the sharp first peak almost disappears and a new peak
appears around 2.4 Å−1. This large and sharp change of S(Q) in the liquid state indicates that
there are two distinct liquid forms. Here we call them the low-pressure liquid and the high-
pressure liquid. The S(Q) of the high-pressure form is similar to that of red P, the disordered
(amorphous) solid form of P, though the first sharp diffraction peak is very small and the peaks
are broadened in the liquid state. As mentioned in section 3.1, the S(Q) at 4.6 GPa is very
close to that of liquid As near atmospheric pressure. These similarities suggest that the high-
pressure liquid is a polymeric liquid similar to that of liquid As. On the other hand, the S(Q)

of the low-pressure form resembles that of molten white P [67]. The S(Q) of molten liquid
P and low-pressure liquid are characterized by a strong first peak, fine structures between 2
and 4 Å−1 and relatively simple oscillation in the high-Q region. It is highly likely that the
low-pressure liquid is the molecular liquid comprised of P4 molecules. A reverse Monte Carlo
analysis agrees with this assignment [68].

Figure 7 shows the radial distribution function (RDF) of red P and molten black P at
various pressures and temperatures [43]. The first peak corresponds to covalent bonds. The
most notable difference between the low- and high-pressure liquids is the disappearance of the
second peak of the RDF in the low-pressure liquid. The feature of the RDF for the low-pressure
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Figure 6. Structure factors, S(Q), for red amorphous P and liquid P at various pressures and
temperatures.

liquid supports a picture in which it is comprised of P4 molecules, without strong bonds
between them. In the high-pressure liquid, a distinct second peak appears between 3 and
4 Å. The appearance is consistent with a high-pressure liquid with a network structure, where
the central and the second-nearest-neighbour atoms are connected by two covalent bonds
to the first-nearest-neighbour atom. The position of the second peak coincides with the
second-nearest-neighbour distance in black P. The second-nearest-neighbour distance within
an extended layer structure in black P is 3.31 Å. A part of the second peak may be attributed
to non-bonding atoms as in the case of the crystalline layer structures: the shortest inter-layer
distance in black P is 3.59 Å. The second peak of the high-pressure liquid is broader than that
of red P. It becomes broad with increasing pressure and the first and the second peaks gradually
overlap each other. The maximum of the first peak shifts to larger r values from 2.29 Å at
1.01 GPa to 2.36 Å at 4.6 GPa. These values are larger than the covalent bond length in black
P, which appear at 2.22 and 2.24 Å at atmospheric pressure. They are also larger than the
positions of the maximum of the first peak for red P, 2.25 Å at 0 GPa and 2.22 Å at 3 GPa.
The longer nearest-neighbour distance and the broadening of the second peak suggest that the
network structure of the high-pressure liquid is not as rigid as its solid forms.

The low- and high-pressure liquids are obtained by melting black phosphorus below
and above 1 GPa, respectively. In addition, the high-pressure liquid is obtained from the
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Figure 7. Radial distribution functions, RDF, for red amorphous P and liquid P at various pressures
and temperatures.

low-pressure liquid, and vice versa, by a change in pressure [32]. The transformation is
reversible and occurs within a pressure range <0.1 GPa and after a time interval of a few
minutes. During the transformation, the observed x-ray diffraction patterns were reproduced
by a weighted average of those of low- and high-pressure liquid: the two liquids coexist
during the transformation. There is no intermediate state detectable by the x-ray diffraction
measurements. This fact supports the view that the transformation is a first-order liquid–liquid
transition.

If the transformation is first order, densities of low-and high-pressure liquids are different.
A large difference is expected because the densities of white P, red P and black P at atmospheric
pressure and room temperature are very different: they are 1.82, 2.2–2.34 and 2.69 g cm−3,
respectively. In addition, the reported density of liquid P is 1.69 g cm−3 at 100 ◦C and
0.96 g cm−3 at 680 ◦C [64]. According to the Clausius–Clapeyron relation, the density change
upon melting is proportional to the slope of the melting curve. Therefore, we measured the
melting temperature of black P as a function of pressure by the in situ x-ray diffraction method
to confirm the density change [69]. We used the EOS formulated by Zhao et al in previous
reports [32, 43, 69]. After the publication of these, we noticed that there are large discrepancies
among the reported EOSs for boron nitride. There are at least three determinations of the EOS
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Figure 8. Pressure–temperature phase diagram of black P. Closed diamonds (�), open circles (◦)
and open squares (�) indicate points where crystalline black P, the low-pressure liquid and the
high-pressure liquid were observed, respectively.

by high-pressure, high-temperature x-ray diffraction methods [65, 66, 70]. Although the three
groups used a similar experimental technique, the results were very different. The calculated
pressures differ by more than 40%. The EOS by Zhao et al usually gives the lowest pressure.
In a few experimental runs, we used both NaCl and boron nitride pressure markers in the same
assembly. A relatively good agreement was found between the pressures determined by the
NaCl marker and those determined by the boron nitride marker using the EOS by Le Godec
et al in the low-temperature region below the melting temperature. Therefore we adopt the
EOS by Le Godec et al here. The error in the absolute value of pressure is about ±0.2 GPa. The
temperatures were monitored by a thermocouple. The error in temperature is about ±20 ◦C.
Figure 8 shows the results. It is found that the melting temperature increases rapidly with
increasing pressure up to 1.0 GPa. In this region black P melts into the low-pressure liquid.
Above this pressure, the melting temperature increases slightly. In this region, black P melts
into the high-pressure liquid. The discontinuous change of the slope of the melting curve at the
transition pressure between low- and high-pressure liquid indicates that the two liquids have
different densities. The almost flat melting curve below the high-pressure liquid implies that
the density change upon melting is small: the density of the high-pressure liquid is almost the
same as that of black phosphorus.

A previous study based on x-ray diffraction measurements on the melting curve of
black phosphorus showed the existence of a melting curve maximum. However the curve
was determined by a few experimental points in the previous study so that the result is not
precise [71]. Another study showed a gradual increase of melting temperature up to 1.7 GPa.
In this study, the pressure was not measured by an in situ method: we suppose that there were
large errors in the pressure determination [72]. There is a possibility that we underestimate
the pressure due to the errors in the EOS of boron nitride. It was shown that the EOS of boron
nitride was very sensitive to the defects in boron nitride [66]. Further refinement of the pressure
determination from the comparison between the NaCl and boron nitride pressure markers is
currently under way. Results will be reported elsewhere.
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For the low-pressure liquid, a model liquid of uncorrelated P4 molecules roughly
reproduces S(Q) [43]. The fine structure between 2 and 4 Å−1 arises from correlation between
the molecules. It is pronounced in molten white P, whereas it is small in the low-pressure liquid.
Correlations between molecules are small presumably due to rapid molecular motions at high
temperature. The model calculation gives densities of 1.5 g cm−3 at 0.77 GPa and 1.6 g cm−3

at 0.96 GPa. The estimation of error in this analysis is difficult and it may be more than 10%.
Even so, it is certain that the density of the low-pressure liquid is much lower than that of the
high-pressure liquid, which has density similar to that of black phosphorus. This is further
evidence for the first-order transition. Analysis of direct measurements of the densities of
low- and high-pressure liquids by the x-ray absorption method is currently under way and the
results will be reported elsewhere.

First-principles MD simulations realized the structural transition of liquid phosphorus.
Before our high-pressure studies, Hohl and Jones [73] reported the first simulation study
of the polymerization transition of liquid phosphorus. They observed a polymerization of
P4 molecules by heating the molecular liquid in a constant-volume simulation cell. After our
report [32], the pressure-induced transition was realized in the molecular dynamics simulations.
Morishita [74] used the constant-pressure method. The molecular phase was produced in
the simulation box and the polymerization was observed by a pressure change from 0.7 to
2.5 GPa. The same transition is also realized by heating. Senda et al [75] used a constant-
volume method and obtained both the molecular liquid phase and the polymeric liquid phase at
different densities. The P4 molecules were stable at the low density of 1.7 g cm−3 while they
polymerized at the high density of 2.8 g cm−3. The simulation results reproduced the S(Q) of
low- and high-pressure liquid obtained in our experiment. In their simulations, the P–P bonds
are sometimes broken and rearranged to form bonds with the other P ions in the polymeric
liquid, whereas the P4 molecules never broke in the molecular liquid. Senda et al [75] reported
that the transition is accompanied by a nonmetal–metal transition. This is consistent with
a report of metallization of liquid P under high pressure [19]. Morishita [76] studied the
structure of the polymeric liquid at higher pressures by molecular dynamics simulations. A
gradual transition from a threefold coordinated structure to a sixfold coordinated structure was
reported. The transformation is interpreted by a suppression of the Peierls distortion. It is
consistent with our results of gradual structural changes in the high-pressure liquid.

The experimental evidence and the results of MD simulations support a view that it is a
first-order liquid–liquid transition. In spite of the progress, it is still unclear why phosphorus
exhibits such drastic structural change. One of the key points is the stability of the molecular
phase over the polymeric phase. It is very unusual that a crystal with a network structure melts
into a molecular liquid. It is supposed that the rigid network structure composed of three-
or fourfold coordinated atoms may be unfavourable in the liquid state due to its low entropy.
Sufficiently high temperature and/or high pressure may be necessary to realize the high mobility
of atoms in the three- or fourfold coordinated structures. Another point is the immiscibility
of low- and high-pressure liquids. A chain reaction model was proposed to understand the
polymerization transition of liquid P [73]. As the temperature and density are increased, P4

molecules undergo more collisions with other tetrahedra. Above a threshold thermal energy,
locally stable defects with fourfold coordination link the P4 molecules. The resulting objects
decay by breaking a single bond in the tetrahedra to form ‘roof’ structures. This is accompanied
by the increase in the number of twofold coordinated atoms. The twofold-coordinated atom has
a dangling bond so that it is very reactive: the increased number of twofold coordinated atoms
means that reactions between P4 units are more probable. When the twofold defect attacks an
intact P4 molecule and forms a bond, a new twofold defect is created in the attached P4 unit. In
other words, the defect moves to the end of the aggregate. It then attacks another P4 unit. By



X-ray structural studies on elemental liquids under high pressures 6101

this defect-mediated chain reaction, the transformation spreads through the sample [73]. Hohl
and Jones also proposed that this reaction can be initiated not only by those atoms that have
twofold coordination but also by their neighbouring atoms, and the species attacked include all
twofold and threefold coordinated atoms. The result is a wide spectrum of branched growing
species [73]. The high reactivity of the aggregates, i.e. polymeric liquid, may destabilize a
microscopic mixture of the molecular and polymeric liquids. Once it is formed, it dissociates
other P4 molecules and incorporates with them very quickly. Then the large difference in
density between the two phases may suppress the reverse process. This may be a reason why
we do not see any intermediate state by the x-ray diffraction method.

4. Concluding remarks

Systematic studies of the structure of elemental liquids under high pressure reveal that there is
some parallelism between the structural evolution in the solid and liquid states. The structural
response to increasing pressure depends on the local anisotropy in bonding even in the liquid
state. The trends can be understood within the same framework that describes the crystal
and liquid structures of the elements. The structural changes in the liquid state are usually
continuous but they are not completely monotonic. The sharp structural change in liquid P is
very special. Experimental evidence and results of simulations support a view that it is a first-
order liquid–liquid transition. In spite of some progress, it is still unclear why liquid P exhibits
such a transition. Because the transition is accessible by several experimental techniques, we
hope that further studies will answer the questions. Finally, we point out that high-pressure
and high-temperature studies have recently been extended to a liquid transition metal [77],
liquid alloys [78–80] and oxide glasses [81]. The progress in high-pressure studies helps
our understanding of the structure and properties of disordered materials. It may give other
examples of the sharp structural transition in the disordered state.
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