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The structure of liquid gallium has been studied along the melting curve from 0.64 to 5.6 GPa by the energy
dispersive x-ray diffraction technique, followed by modeling of the experimental data by the reverse Monte
Carlo (RMC) method. The RMC models were constrained by the experimentally obtained equation of states
of liquid Ga and in good accordance with experimental data. Analysis of the structure factor S(Q) and the
radial distribution function g(r) shows that the anisotropic local structure of liquid Ga deviates from that of a
simple hard-sphere-like liquid metal structure. Whereas the third and fourth coordination shell positions and
position of the first maximum of S(Q) demonstrate pressure dependencies close to a uniform compression scaled
by the (V/V0)1/3 volume relation, the positions of the first (especially) and second coordination spheres have
more flat pressure dependencies. At the same time, the first and second coordination numbers increase: The
first coordination number starts from 10 to 10.5 and increases by ∼5% in the studied pressure interval. This
indicates that liquid gallium contraction is nonuniform, and the local structure changes with increasing pressure.
Analysis of the radial distribution function g(r) by a distorted-crystalline model shows that at lower pressures
liquid consists of two species similar to the solid Ga I and Ga II structures. The fraction of the Ga I-like part is
about 0.2 ± 0.05 at 0.64 GPa, and it gradually decreases under pressure to zero at approximately 7.5 ± 0.5 GPa.
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I. INTRODUCTION

The study of the structure of gallium under extreme
conditions is of fundamental interest. Due to the coaction
of metallic and covalent characters of bonding,1–4 gallium is
known as a highly polymorphic metal,5 exhibiting uncommon
physical properties.6 The stable Ga I phase is a unique example
of a quasimolecular metal. At the same time, the high-pressure
solid phases Ga II and Ga III have ordinary metallic properties.
Solid gallium melts at moderate conditions, it has a low melting
temperature (303 K) at ambient pressure, and a negative slope
of its melting line (about −23 K/GPa). Liquid gallium has a
structure, volume, and compressibility that are more similar
to those of high-pressure phases, and is considered to be a
liquid with metallic properties.7–9 At ambient pressure the
gallium melt can be easily supercooled, and the liquid-liquid
transition has been reported as a possible phenomena in
this state.10,11 There have been a number of experimental
and theoretical studies of liquid Ga. Experimentally, liquid
gallium has been studied by a variety of techniques, such as
neutron diffraction,12–15 x-ray diffraction,13,16–21 extended x-
ray absorption fine structure (EXAFS) spectroscopy,7,22,23 and
inelastic x-ray scattering.24,25 Most experimental studies were
focused on ambient conditions, and accurate high-pressure
experimental data is still of interest.

Gallium melt has a complex structure—the first peak of
the structure factor S(Q) has a pronounced shoulder on the
high-Q side that is affected by p-T conditions.12,17 Early
studies based on pseudopotential-derived interatomic forces
and an optimized random-phase approximation26,27 show that
the complex structure of liquid Ga (as well as Si and Ge)
is determined by two different distance scales: the effective
hard-sphere diameter expressing the geometrical requirements
of sphere packing and the Friedel wavelength of the oscillatory

part of the potentials, characterizing the electronic effects in
the metallic bonding. A classical molecular dynamics (MD)
study using a first-principles interatomic pair potential has
associated anomalous features of the Ga structure factor with
the occurrence of particular clusters (units with local order).28

Namely, the most prevalent local-ordering units consist of
four or five atoms, and also large clusters, corresponding
to the icosahedra may be formed. A subsequent similar MD
simulation29 comprising x-ray inelastic scattering experimen-
tal data30–33 has suggested a consistent picture. The simulation
indicated that Friedel oscillations produce a modulation on the
local structure of particles, which causes some stable medium-
range order related to the structures beyond the first shell of the
radial distribution function. According to that study, complex
anomalous structures (more than 20 atoms) are involved.29

A recent first-principles MD calculation34 investigating the
effect of high pressure on the liquid Ga structure has also
supported the earlier explanation27 that the high-Q shoulder is
caused by Friedel oscillations. The different explanation of the
complex structure of liquid gallium employs partial-covalency
effects. A first-principles MD study of the joint structural and
electronic properties of liquid gallium at 1000 K revealed
the formation of short-lived Ga2 dimers, involving 5%–10%
of all Ga atoms.1 The high-Q shoulder was attributed to
these covalency remnants, with a predicted decrease of the
S(Q) shoulder under high-T and high-p conditions. Later the
orbital-free first-principles simulations35 supported the earlier
proposal1 that the shoulder was related to Ga2 pairs. However,
Gonzáles et al.35 also showed that the concentration of pairs
was larger at higher temperatures and argued the interpretation
of pairs as molecular units that have survived melting.

Previous experimental studies under pressure have revealed
another interesting feature of liquid gallium—the nonuniform
compression. The decrease of the first nearest atomic distance
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is smaller than is expected for a uniform compression model,
therefore, changes in coordination play an important role.7,20,36

A systematic study of the effect of pressure on the outlying
coordination spheres is needed. We were motivated by the lack
of detailed high-pressure experimental data that may clarify
the local structural changes and contraction behavior of liquid
gallium under pressure near the melting line.

Here we present an energy dispersive x-ray diffraction
(EDXD) study of liquid gallium in a pressure and temperature
range up to 5.6 GPa at 300–393 K, combined with reverse
Monte Carlo (RMC) modeling. In comparison with previous
EDXD studies,7,17,20,21 this study provides more reliable S(Q)
in a larger Q-space interval in the specified p-T range,
resulting in a more accurate determination of the pair distribu-
tion functions. This detailed study of the radial distribution
function, especially beyond the first shell, is essential for
a better understanding of the structural changes of liquid
gallium. Furthermore, our experimental data improves the
reliability of RMC models of the gallium melt. Other advances
of this work over previous RMC studies of gallium15,21 are the
wider p-T range and reliable density constraints, based on the
recent measurements of Gromnitskaya et al.8 and Lyapin et al.9

II. METHODS

In situ energy dispersive x-ray diffraction experiments
(40–140 keV range) were carried out using a single-stage
cubic-type multianvil press installed on a BL14B1 beamline
at the SPring-8 synchrotron radiation facility.37 A solid Ga
sample of 99.99% purity was inserted into a pyrolytic boron
nitride container inside a graphite tube heater. The assembly
was placed into a pressure-transmitting medium made of a
boron and epoxy resin mixture. Pressure was generated by the
SMAP 180 (SPring-8 multi-anvil press, 180 ton) press machine
using anvils with a 6 × 6 mm2 square flat. The pressure was
determined by NaCl markers38 placed under the sample con-
tainer. Heating was produced by passing the alternating current
through a graphite heater, and the temperature was measured
directly by a chromel-alumel thermocouple. The estimated ab-
solute errors were within ∼0.2 GPa and ∼3 K for experiments
at 300 K and ∼10 K for experiments at higher temperatures.

Diffraction patterns were collected with a solid-state de-
tector at several diffraction angles in the range 4◦–21◦ (with
2◦–3◦ steps) for up to 4000 s at the highest angle. The structure
factor S(Q) was determined using the previously developed
method.39,40 In order to reduce the effect of potential errors
in S(Q), such as termination error and errors in normalization
and scattering factors, we have used the procedure described
by Kaplow et al.41 The radial distribution function g(r) was
obtained by a Fourier transformation of S(Q) with a modified
Welch window function.42

The density approximation for liquid is based on previous
ultrasonic measurements of the bulk modulus of gallium.8,9 To
calculate the equation of state for liquid gallium we have used
the following values of the isothermal bulk modulus and its
pressure derivative near room temperature, B0 = 50 ± 3 GPa
and B ′

0 = 1, where the correction of the volume related to the
change of temperature along the melting curve was negligible.9

This approximation is in good agreement with the existing,
much earlier data for compressibility of gallium at low

FIG. 1. The density approximation for liquid gallium under
pressure compared with previous results. The data from the ultrasonic
measurements at 285 K (black circles) show the melting of solid
Ga I at 1 GPa under compression. The inset shows the selected
experimental points on a phase diagram.

pressures.43 The values of the isothermal bulk modulus
and its pressure derivative determined from the polynomial
approximation given by Köster et al. are B0 ∼ 45.3 GPa and
B ′

0 ∼ 1.43 A recent paper25 on an inelastic x-ray scattering
study of liquid gallium gives estimates of density values close
to our calculations: 6.33 and 6.73 g/cm3 at 0.8 GPa, 295 K,
and at 6.1 GPa, 393 K, respectively. The comparison between
the different data is presented in Fig. 1. Another high-pressure
approximation is based on density variation; this yields the best
fit of the experimental S(Q) data in RMC simulations.21 The
weak point of such an approach is that RMC modeling lacks
constraints, since this method typically has more variables than
observables. Therefore, without the appropriate use of explicit
constraints, the reliability of the final configuration becomes
fairly low. As a result, such an approach overestimates the
density values under pressure, corresponding to an unlikely
low bulk modulus [B0 = 12.1(6) GPa and B ′

0 = 4].21

The reverse Monte Carlo technique was applied to the
experimental S(Q) data. All the models consist of 10 000 Ga
atoms in cubic boxes with periodic boundary conditions.
First, a random initial configuration with a density constraint
is modified to satisfy the condition that no two atomic
centers are within 2.2 Å of each other (cutoff distance
constraint). The result is a starting configuration represented
by the maximally disordered system that satisfies the explicit
constraints. Experimental S(Q) data have been modeled then
using RMC++ software.44 The resulting atomic configurations
represent the possible models of the studied structure.

III. RESULTS AND DISCUSSION

A solid gallium sample melts easily under loading.45,46 A
number of in situ x-ray diffraction measurements have been
performed during isothermal compression of liquid gallium
at room temperature, before the sample solidified. Several
measurements have been made under pressure above the
melting line, after heating the sample at constant load. The
melting is judged from the significant increase of the halo
pattern in the absence of crystalline diffraction peaks.

Figure 2(a) shows the structure factor S(Q) obtained for
liquid gallium at selected p-T conditions. The structure factor
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FIG. 2. (Color online) (a) Structure factors S(Q) and (b) radial
distribution functions g(r) of liquid gallium from experiments (thick
red lines) and from RMC models (thin black lines) at selected p-T
conditions.

at the lower energy region cannot be obtained using the present
technique due to background scattering and absorption in
a large-volume press. The shape of the measured structure
factor at the lowest pressure is in agreement with previous data
obtained by the neutron and x-ray diffraction experiments at
ambient conditions.12,13 The quality of the RMC fit to the
experimental S(Q) data is also presented in Fig. 2. Good
agreement between the experimental S(Q) and the model
supports our estimates of the density of liquid gallium under
pressure. The radial distribution functions derived from the
RMC models are also very close to the experimental ones
[Fig. 2(b)]. However, the calculated g(r) has a small spike
just after the cutoff distance (2.2 Å). It was also observed
in the previous RMC analysis of neutron diffraction data on
the gallium melt at normal pressure.15 Similar to previous
authors, we have found that suppressing this spike induced a
configuration change with a negligible effect on the statistical
analysis.

It is known that for most simple, hard-sphere-like liquid
metals, the first peak of the structure factor is quite sym-
metrical; the ratios of the positions of the second peak to
the first peak of both S(Q) and g(r) have typical values
close to Q2/Q1 ≈ 1.86 and r2/r1 ≈ 1.91.26,47 However, for
liquid gallium the first peak of S(Q) has a well-pronounced
high-Q shoulder and an abnormally high value of the ratio
Q2/Q1 ≈ 1.94 at 0.64 GPa. Similar deviations from typical
values have been reported earlier, for example, for liquid Ga,
Si, Bi, and others.16,26,47 Such a high Q2/Q1 value manifests
some of the complexity of the liquid gallium structure. With
increasing pressure, the peak positions shift slightly to higher-
Q values. The height of the first peak increases, while the

FIG. 3. Pressure dependencies of ratios of the position of the
second peak to that of the first peak in the structure factor (circles)
and radial distribution function (our data: solid triangles; data from
Ref. 16: open triangles).

height of the shoulder slightly decreases under pressure. The
first peak in the experimental radial distribution function is also
rather asymmetric and has a small shoulder on the high-r side.
This shoulder remained for the whole range of experimental
p-T conditions. The values of both Q2/Q1 and r2/r1 ratios
(see Fig. 3) tend to decrease with increasing pressure and
temperature, suggesting a gradual change of gallium melt to
the hard-sphere-like structure. However, even at the highest
pressure, the ratios are still larger than those for simple liquids,
which implies the persistence of some local anisotropy. A
simple linear approximation gives the pressure ∼15 GPa where
the ratio values should become similar to those for simple
hard-sphere-like liquid metals.

The positions of the first four peaks in g(r) at the lowest
pressure are 2.788(3), 5.42(1), 8.13(2), and 10.52(3) Å. The
shift of the first peak position and the following minimum
in the radial distribution function of liquid gallium are found
to be smaller than 0.05 Å for compression from 0.64 up to
5.6 GPa. The height of the first peak depends slightly on p-T
conditions: It increases under pressure and decreases at higher
temperatures. A similar behavior of the first peak was also
reported in previous studies.7,20,21 More detailed experimental
data allow analyzing the positions accurately.

An interesting result has emerged from the study of the
effect of pressure on the first four coordination spheres.
Figure 4 represents the first four neighbor distances as
functions of density. The position ri of the ith peak in the
pair distribution function g(r) is normalized to that at ambient
conditions ri(0). It is well known that for uniformly com-
pressed liquid metals all ri/ri(0) ratios follow the (V/V0)1/3

relation [e.g., liquid alkali metals K and Na (Refs. 48 and 49)].
In the case of gallium these dependencies clearly indicate
completely different behavior. The decrease of the nearest
atomic distances r1 and r2 is considerably smaller than that
expected for the uniform compression model, whereas r3/r3(0)
and especially r4/r4(0) values are much closer to the (V/V0)1/3

relation (Fig. 4). The moderate decrease in r1/r1(0) and
r2/r2(0) values indicates that the densification of gallium
may be due to short-range order, namely, the increase in
the first and second coordination numbers (Ns). At the same
time, the farther coordination spheres (third and fourth) are
characterized by atomic density averaged over larger numbers
of atoms and by distances with a considerably lower effect of
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FIG. 4. (Color online) The comparison of density dependence of
the first four neighbor distances ri/ri(0) with the relation (V/V0)1/3.

structural correlations, therefore, they agree better with bulk
densification of gallium.

The first coordination number behavior under pressure is
presented in Fig. 5. Indeed, densification results mostly in
the increase of the first coordination number. The values
have been obtained from both experimental data and RMC
configurations. To calculate N from a radial distribution
function T (r) = 4πr2ρ0g(r), we have used two common
methods12,47 to define the area under the first peak (see the
inset to Fig. 5). The first approach considers the right- and
left-hand sides of the first peak to be symmetrical. Therefore,
the area is determined as the integral of T (r) from r0 to rmax

multiplied by 2. The calculated Nsym may be considered to be
the lower limit, since the first peak is not truly symmetrical.
Thus, another method to obtain the coordination number is to

FIG. 5. The first coordination number calculated by different
methods. Our data Nmin (solid triangles), NRMC (solid squares), Nsym

(solid circles) is compared with previous results from Ref. 12 as open
diamonds, Ref. 17 as open triangles, Ref. 16 as open circles, Ref. 23
as open stars, and Ref. 34 as open reverse triangles.

calculate the area of the first peak by integrating T (r) in from
the left-hand edge r0 to the first minimum rmin on the right-hand
side. The edge r0 can easily be defined. However, even after
reducing ripples in the radial distribution function, the rmin

value is not rigid and can fluctuate due to the contribution of
different errors. The final integral value of T (r) is sensitive to
such fluctuations, therefore, considering minor changes in the
first peak position, the value of rmin is averaged for all curves
at different p-T points. The Nmin value calculated in this way
is considered to be the upper limit of the number of atoms. In
a similar way, the average NRMC value is obtained from RMC
configurations. The number of neighbors within predefined
distances (r0 = 2.35 Å and rmin = 3.55 Å) can be calculated
directly in the atomic configuration. The contribution of the
spike before the first peak in calculated g(r) (see Fig. 2) is
small (<1%), but nevertheless has been avoided.

It is known that the coordination number value for most
of liquid metals that have a normal close-packed structure
is about 11–12. For example, the coordination number for
liquid Al is 11.5 (compared with 12 for crystal phase).47

Metals with a relatively open packed structure usually have
lower coordination. The coordination number for the unique
solid Ga I phase is 7, and for the liquid phase it is about
10 (Fig. 5). The calculated N values and their increase under
pressure correlate well with previous results of experimental
and theoretical work. It should be noted that the absolute
values of N strongly depend on the definition used12 (see
the typical range in Fig. 5). However, Nmin values should
be closer to real N, as the asymmetry of the coordination
shell has to be considered. Furthermore, taking into account
the high quality of the experimental data and the consistent
RMC modeling (with reasonable density constraints), the
most reliable values for the first N should be close to 10–10.5
at the lowest pressure and 10.5–11 at the highest pressure in
our experiments. A gradual increase of the N is also associated
with a decrease in the anomaly of the liquid gallium structure.
Additional evidence for this conclusion can be provided by
the comparison of Nsym and Nmin values. Their difference
corresponds directly to the degree of distortion of the atomic
arrangement relative to a simple hard-sphere-like structure.
For example, for noble-gas liquids Nsym ∼ 8–9 and Nmin ∼
10–11;50 for liquid Cu, Nsym = 10.3 and Nmin = 11.3.47 In the
case of gallium, the relative difference of the Nsym and Nmin

values is bigger and tends to decrease at higher pressures due
to a slightly larger increase of the Nsym.

The behavior of the averaged NRMC dependence is con-
sistent with that directly derived from the radial distribution
function. Figure 6(a) represents the distribution of coordi-
nation numbers of the atoms in RMC configurations within
2.35–3.55 Å. It can be noted that while the nearest-neighbor
distance does not change much with densification, the number
of atoms with larger N grows, increasing the mean NRMC value
from 10.4 at the lowest pressure to 11.1 at the highest. The
width of the distribution remains the same, and gallium atoms
in RMC configurations have from seven to 14 neighbors.

The partial radial distribution functions Gi(r), i =
1, . . . ,12 at the lowest and highest pressures are shown in
Fig. 6(b). The definition of Gi(r) denotes the probability of
finding the ith neighbor of a random atom at a distance r .51

The variation of Gi(r) with densification can be analyzed.
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FIG. 6. (Color online) Structural details of RMC models at
selected experimental p-T points: (a) N distributions for neighbors
within 2.35–3.55 Å from the lowest (0.64 GPa at 300 K, black
squares) to the highest (5.6 GPa at 393 K, bright red diamonds);
(b) partial radial distribution functions Gi(r), where i is the index of
the neighbor at 0.64 GPa at 300 K and 5.6 GPa at 393 K (shifted
along the y axis for clarity).

Densification under compression does not change much the
height and width of the corresponding peaks, and slightly
affects the displacement of peak positions (less than 2.5%
in the experimental pressure range). Analysis of the Gi(r)
distributions can shed some light on the question of the
presence of Ga2 dimers in liquid gallium. The presence of
dimers should result in a well-defined separation of the first
sharp peak from the G1(r) distribution due to a typical covalent
bonding distance of 2.25–2.5 Å.1 With increasing pressure and
temperature, the number of dimers should decrease. According
to our study, at lowest pressures there is no such splitting of
the G1(r) distribution. As was pointed out before, the small
peak at 2.3 Å is caused by RMC modeling and most likely
cannot be associated with Ga2 dimers. It appears just after the
cutoff distance used for modeling, and in the case of RMC
modeling without the cutoff distance, its position shifts to
smaller distances. Another possible argument is that this peak
does not decrease at higher pressures, as a dimer-caused peak
should. Thus, there is no clear evidence of the presence of
Ga2 dimers in the RMC configurations obtained from our
experimental data, and most probably a number of dimers
in the models is very small.

In Fig. 7 we demonstrate the triplet correlations, i.e.,
the angle distribution between three atoms in a configu-
ration within a cutoff distance of 3.55 Å. The gallium
bond angle distribution function featuring two peaks is
similar to that for simple elemental liquids. At the lowest

FIG. 7. The triplet correlation function for liquid gallium calcu-
lated from the RMC models at selected p-T conditions, compared
with data from Refs. 15 and 35.

pressure, the two maxima are close to icosahedral angles:
the broader one at ∼arccos(−0.35) ≈ 111◦ and the narrow
one at ∼arccos(0.55) ≈ 57◦. The formation of icosahedralike
clusters (consisting of small clusters) has been found in MD
models of gallium at 473 K.28 However, the icosahedral
coordination number is 12, and as one can see from Fig. 6, this
number of neighbors is not exceptionally preferable for RMC
models. Thus here we should stress that we are dealing with an
average bond orientational order within the first coordination
shell only, and this should not be interpreted as the existence of
well-defined icosahedralike clusters in liquid gallium. Rather
we can consider these data comparatively: Compression results
in a slight shift of the narrow peak to ∼55◦. In the case of
simple liquids, triplet correlations usually have a main peak at
54.5◦–49.5◦,52 so this trend is also consistent with the idea of
changing the liquid gallium structure to be closer to a simple
liquidlike structure.

Another interesting point is the dependence of the first
peak position Q1 of S(Q) versus density or atomic volume
[va = M/(NAρ), where NA is Avogadro’s number and M is
the atomic weight]. Note that, as va decreases under pressure
from 18.76 to 17.08 Å3 (by ∼9%), Q1 increases from 2.53 to
2.62 (by ∼3.5%). Plotting Q1 vs va on a logarithmic scale
revealed a scaling relationship, as shown in Fig. 8. From
a fundamental point of view, such a dependence is used to
discuss structural changes under pressure. From a practical
point of view it is essential for experiments with a limited
measurable Q range (e.g., in diamond anvil cells). In the case
of simple elastic compression the change in Q1 is related

FIG. 8. Power-law scaling of the first peak Q1 vs atomic volume
va . Both Q1 and va are on a logarithmic scale. The straight dashed
lines are given as guides to the eye.
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to the decrease in the volume, (V/V0)1/3 = d/d0 ∼ Q10/Q1,
where d ∼ 2π/Q1 and the subscript 0 refers to values at
ambient pressure. For example, for metallic glasses usually
such uniform compression is assumed, Q1 ∼ v

−1/3
a corre-

sponding to a dense random packed structure.53,54 However,
another power-law scaling was recently reported for several
different metallic glasses at ambient pressure. The proposed
scheme of self-similar packing of atomic clusters yields the
relation Q1v

0.433±0.007
a = 9.3 ± 0.2.55 Similarly, a previous

high-pressure study of the silica glass showed that the shift
of the first diffraction peak with pressure is inconsistent with
the simple elastic compression of SiO2 glass due to structural
changes in the medium-range order described by the first
diffraction peak in S(Q).56

For liquid gallium under compression, our experimental
data give the relation Q1v

0.334±0.01
a = 6.74 ± 0.3. The prox-

imity of the power value obtained to the typical value of
1/3 correlates with our conclusion made earlier, that the
bulk densification of gallium agrees better with the averaged
compaction of the further coordination spheres that have
a larger contribution to the first peak Q1 in the structure
factor. In this sense, a sensible result is obtained for the
equation involving the second peak position, Q2v

0.242±0.02
a =

9.97 ± 0.64. As it was stated earlier, the value of the Q2/Q1

ratio for gallium is higher than for simple liquids, and tends
to decrease. This results in a considerable deviation of the
power value from 1/3 and a large constant on the right-hand
side.

Finally, in order to examine local structural changes in
liquid gallium, we have compared the contraction behavior
of liquid gallium and several crystalline phases. We used a
distorted-crystalline model to simulate g(r) for liquid from
crystalline data by giving a Gaussian-type distribution for the
interatomic distances.57 One should note that this method does
not provide a universal way to represent exactly the liquid
structure. However, it allows to conveniently describe the
features and trends in the local structural changes. We started
by examining the similarity of the liquid gallium structure
to the solid gallium structures, as well as to the typical fcc
and bcc structures. At ambient conditions, the Ga I phase
has a base-centered orthorhombic structure, formed by eight
gallium atoms.58 In high-pressure phases, Ga II has a complex
104-atom C-face-centered orthorhombic structure5 that can be
represented as a distorted body-centered structure, while Ga
III has a more simple, body-centered tetragonal structure,45

stable up to 120 GPa, where it transforms to a Ga IV phase
with a fcc structure.59 Experimentally determined g(r) for
liquid gallium has been compared with simulated crystal
structures of the same number density. The lattice parameters
for each simulated structure were estimated from the number
density of gallium melt at every p-T experimental point.
We used previously reported structural parameters for these
estimates.5,45,58

The simulated g(r) for high-pressure phases, especially Ga
II, shares the general features of the experimental g(r) for
liquid gallium closer than does g(r) for Ga I (Fig. 9). The
g(r) simulated for other crystal structures such as bcc, fcc, or
hcp could not accurately reproduce the experimental g(r). It is
interesting to compare the ratios of the positions of the second
and first peaks of the simulated g(r) for solid Ga I, Ga II, Ga

FIG. 9. (Color online) Comparison of g(r) measured for the
gallium melt (thick gray lines) at 0.64 GPa at 300 K and at 4.2 GPa
at 340 K, with those simulated for several solid structures with the
same number density.

III, bcc, and fcc structures: 1.59, 1.91, 1.74, 1.82, and 1.75
correspondingly. The ratios for Ga II and bcc are most similar
to those of the simple hard-sphere-like liquid metals. Even
for Ga II there is still some discrepancy observed between
the experimental and simulated g(r), most notably around
the second peak and the preceding minimum. Therefore, we
can assume that the liquid structure cannot be described by
one local structure and may consist of a mixture of two local
structures, similar to those observed in crystalline phases.

In order to verify this idea, the total simulated gcalc(r)
for liquid gallium was expressed by a simple linear com-
bination of gn(r) for the two components: gcalc(r) = (1 −
x)g1(r) + xg2(r). The fitting of the observed g(r) with the
gcalc(r) has been made by varying the contribution of the
second component x, while fixing the other parameters.
The gradual decrease in the short-range order with the
increase of the interatomic distance was simulated by the
increasing dispersion of the Gaussian σi = (ri/r1)σ1,57

where σ1 = 0.2. Several combinations of crystalline structures
have been tested. To compare them, the goodness-of-fit pa-

rameter R =
√

1
N

∑N−1
i=0 [gexpt(ri) − gcalc(ri)]2 has been used.

Selected results of simulations at different p-T conditions
are presented in Fig. 10. The g(r) simulated for a system of
two local structures, better than the single-structure models,
fits the g(r) for liquid gallium [Fig. 10(a)]. However, some,
albeit smaller, discrepancy just before the second peak is still
observed.

To formalize the selection of the appropriate compo-
nents and their ratios, we compared the R(x) parameter
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FIG. 10. (Color online) (a) Experimental and simulated g(r) for liquid Ga; (b) comparison of the goodness of fit parameter R for different
combinations of local structures used in simulations. Curves for low pressure (0.64 GPa, 300 K, open symbols) and high pressure (4.20 GPa,
340 K, solid symbols) are given. (c) Pressure-induced change of component fractions for the best fit combinations.

dependencies at different experimental conditions. At the
lowest pressure, the best fit was obtained by using the com-
bination of Ga I and Ga II local structures [Fig. 10(b)]. Other
combinations that have comparatively small values of the
minimal R parameter are also shown in the figure. Increasing
pressure affects the ratios: At 4.2 GPa the combination of Ga
I with a bcc structure becomes even less favorable, whereas
g(r) calculated for Ga II with a small amount of bcc structure
improves considerably. However, in this case the minimal R

parameter value is slightly larger than that for g(r) calculated
for Ga I with Ga II. Thus, the fractions of the Ga I-like and Ga
II-like local structures are given in Fig. 10(c). The behavior
of the fractions demonstrates that the local structure of liquid
gallium gradually changes to be more Ga II-like. This view is
consistent with the observed increase of the first coordination
number in liquid gallium, as each atom is surrounded by seven
others in Ga I and by ten others in Ga II structures.

If we assume that the change in the local structure of liquid
gallium is continuous, then the linear approximation gives
the pressure value of ∼7.5 GPa; beyond that the Ga I-like
structure contribution should vanish completely. Uncertainty
in the fraction value �x ≈ ±0.05 has been estimated from the
residuals of the fitting; for the highest pressure of 5.6 GPa it
makes the models Ga I with a Ga II structure and Ga II with a
bcc structure almost equal. Assuming that further compression
makes the structure of liquid gallium more as a simple liquid,
we suggest that the fraction of the bcc local structure will
increase, as g(r) simulated for the bcc-like local structure with
the distortion usually fits well the g(r) of simple liquids.57

Continuous structural changes in liquid Ga observed in the
present work do not contradict a possible more sharp liquid-
liquid transition in the deeply undercooled state.10,11

IV. CONCLUSIONS

In this work we have studied liquid gallium structure
changes under pressure, along the melting line up to 5.6 GPa
using the EDXD experimental technique and RMC modeling.
The RMC models accurately reproduce structure factors
measured at different p-T conditions, as an employment of
the experimental density constraints makes the structural RMC
analysis more reliable. The results of the study are summarized
as follows.

(i) An anisotropic contraction of the local structure occurs
continuously in liquid gallium, expressed as a moderate
decrease of the nearest coordination spheres. Study of a
high quality structural experimental data, together with con-
sistent RMC model, shows a moderate increase of the first
coordination number in comparison with the data obtained
previously and based on a rough approximation of density.
Our experimental data suggest a gradual change of gallium
melt to a simple hard-sphere-like liquid metal at ∼15 GPa.

(ii) The local structure of liquid gallium can be described
as similar to the mixture of two local structures, Ga I-like and
Ga II-like. The fraction of the low-pressure Ga I-like structure
decreases continuously under pressure, reaching zero at about
7.5 GPa.

(iii) Analysis of the RMC modeled atomic configurations
has not revealed the existence of Ga2 dimers. The analysis
supports the view that the liquid gallium structure approaches
a simple-liquid-like structure.
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