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ABSTRACT

The structural evolution of a liquid GaIn eutectic alloy under high temperature and high pressure is investigated by combining in situ X-ray
diffraction (XRD) and ab initio molecular dynamics simulations. Both experimental and theoretical results confirm that no pressure-
induced sudden structural changes are detected in the liquid state along different isotherms below 700 K. The XRD patterns indicate that
the liquids at 400 and 673 K both crystallize into a tetragonal crystalline phase under high pressure, whose structure is locally face centered
cubic (fcc)-like. The theoretical simulations successfully describe the atomic-scale structural evolution from disordered liquid to ordered
solid phases during the isothermal compression at different temperatures, revealing a strong competition between the body-centered cubic
(bcc)-like and fcc-like local atomic packings at the early stage of nucleation. The liquid can directly solidify into the bcc-like atomic packing
at temperatures above 650 K, whereas this bcc-like structure becomes transient and metastable below 600 K and finally transforms into a
stable fcc-like atomic packing with increasing pressure. Furthermore, a high-pressure and high-temperature “phase diagram” of the GaIn
eutectic alloy is roughly constructed, providing new insight into atomic-scale disorder-to-order transition of the liquid GaIn eutectic alloy in
extreme conditions.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5098036

I. INTRODUCTION

Phase transitions in metallic liquids, including crystallization,
vitrification, and liquid-to-liquid transition, have attracted consid-
erable attention due to their key roles in industrial manufacturing
and fundamental science.1–8 Particularly, the crystallization process
is crucial in controlling as-solidified microstructures of products.
Although the observation of crystallization in metallic liquids at
the atomic scale is still challenging, developments in experimental
characterizations and theoretical simulations have greatly improved
the understanding of crystallization processes of metallic liquids.7–13

Due to nontoxicity, superior electrical conductivity, low viscosity,
and perfect deformability, eutectic GaIn and GaIn-based alloys have
gained increasing popularity in flexible and stretchable electronics
applications.14–16 Here, we select a binary Ga85.8In14.2 eutectic alloy

(at. %) as a model system to investigate the microstructure evolution
in a broad range of temperatures and pressures due to its low melting
point (∼15 °C). Our previous studies17 revealed that an unusual
temperature-induced liquid-to-liquid crossover appears at 400–550 K
at ambient pressure in the GaIn eutectic alloy. When pressure was
applied to the liquid sample at room temperature, no abnormal
structural change was detected prior to solidification. The liquid can
directly solidify into a monoclinic phase at about 3.4 GPa and
further increasing the pressure resulted in the polymorphic transition
from monoclinic to triclinic structures at 10.3 GPa.18 Hence, some
questions emerge: Is there a pressure-induced abnormal behavior
in the high-temperature liquid state? How does the liquid structure
change in high-pressure and high-temperature conditions? Is there
any difference in pressure-induced solidification processes for the
low- and high-temperature liquids? To answer these questions,
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we performed in situ X-ray diffraction (XRD) experiments for the
liquid GaIn eutectic alloy under high pressure (P) and temperature
(T) up to 32.6 GPa and 673 K using resistance-heated diamond
anvil cells (DACs) together with series of ab initio molecular
dynamics (AIMD) calculations at pressures up to about 80 GPa
and temperatures up to 700 K. The structural evolution in liquid
states and the subsequent solidification process are studied under
various pressure and temperature conditions.

II. EXPERIMENTAL AND THEORETICAL METHODS

A. In situ high-pressure and high-temperature (high P–T)
X-ray diffraction

Isothermal high-pressure XRD experiments at 400 K and 673 K
were performed using internal resistance-heated diamond anvil cells
(DACs) equipped with a 300 μm diameter culet. A 120 μm hole was
drilled as a sample chamber in a Re gasket. The liquid GaIn eutectic
alloy prepared with high purity Ga (99.99%) and In (99.99%) was
injected into the sample chamber without a pressure transmitting
medium. A small piece of ruby or tungsten was embedded in the
sample at 400 K and 673 K, respectively, to determine the pressure
inside the DAC by the standard ruby fluorescence and the P–V
equation of state of tungsten (W).19 To our knowledge, there is no
W–Ga phase diagram published until now. At very high temperature
(673 K) and pressure (7.7 GPa), a metastable intermetallic phase
W2Ga5 (Mn2Hg5 structure) and a solid solution of Ga in W (bcc)
have been prepared by Popova and Fomicheva.20 Here, no detectable
diffraction peaks except pure W was observed; thus, we assumed
that no reaction occurs between Ga and W during our experiments.
Prior to the experiment, the sample chamber was evacuated down

to about 10−4 mbar. The sample was then heated to the desired
temperatures and held for 15 min to ensure temperature stability.
The sample temperature was determined from a thermocouple
placed directly on one of the anvils very closely to the sample
chamber. During experiments, the temperature almost remained
stable within the experimental uncertainty of 0.2 K. The high P–T
XRD patterns were measured at beamline P02.2 of PETRA-III. The
monochromatic incident beam with an X-ray wavelength of 0.2902
Å was focused down to approximately 3 × 8 μm2. The diffraction
data were collected by a Perkin Elmer XRD1621 detector with the
exposure time set to 120 s at 400 K and 60 s at 673 K, respectively.
The pressure uncertainties estimated before and after collection of
each diffraction pattern were found to be less than 0.35 GPa. The
background was recorded using the empty chamber in the same
setup at 400 K and 673 K, respectively. The CeO2 standard was
used to calibrate the sample-to-detector distance and the geometri-
cal parameters of the detector. The obtained two-dimensional (2D)
images were integrated using the FIT2D software,21 and the result-
ing one-dimensional (1D) files in liquid regions were further con-
verted into structure factors S(q) using PDFGETX2.22 Crystalline
structures were indexed using the program TREOR.23

B. Molecular dynamics simulations

The AIMD simulations of the Ga86In14 alloy based on the
density functional theory (DFT) were accomplished by the Vienna
ab initio simulation package (VASP).24 The projector augmented
waves (PAWs) method and the generalized gradient approxima-
tions (GGAs) of Perdew and Wang (PW91) were utilized to
describe the electronic exchange and correlation potential.25,26 A
canonical NVT (constant number, volume and temperature)

FIG. 1. (a) In situ X-ray diffraction
patterns of the Ga85.8In14.2 eutectic
alloy during compression at 400 K and
673 K. (b) Integrated diffraction profiles
(black lines) from the Ga85.8In14.2 alloy
at 400 K, 23.6 GPa and 673 K, 32.6
GPa as well as the Fullprof refinement
fits (red crosses). The (hkl) indices are
indicated on the diffraction patterns.
Below the profiles are the differences
(blue lines) between the experimental
and calculated data.
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ensemble was adopted, and the Nosé–Hoover thermostat27 was
used to control the temperature. Newton’s equation of motion was
simulated via the velocity Verlet algorithm with a typical time step
of 3 fs. Only the Γ point was used to sample the Brillouin zone.
The cubic box with periodic boundary conditions, containing
250 atoms (215 Ga and 35 In), was first thermally equilibrated at
1500 K for more than 18 ps (6000 steps) to remove the memory
effect and then quenched stepwise to the desired temperatures with
a cooling rate of 3.33 × 1013 K/s. At each temperature, the system
was equilibrated by adjusting the size of the simulation box to keep
the internal pressure close to zero and relaxed for more than 36 ps.
More details about the simulation procedure can be found in our
previous work.17 At the studied temperatures 350, 400, 500, 600,
650, 673, and 700 K, the isothermal compression was applied by
reducing stepwise the volume of the supercell with an increment of
∼1.3 GPa. The calculated pressure fluctuation is about 0.5 GPa.
Under each pressure, the system was equilibrated for more than
36 ps and the last 12 ps were collected for statistical analyses.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the selected XRD patterns recorded during
compression up to 23.6 GPa at 400 K and 32.6 GPa at 673 K.
The liquid GaIn alloy crystallizes at about 6.0 GPa at 400 K and
20.4 GPa at 673 K, respectively. Above the crystallization pressures,
the low-pressure crystalline phases at 400 K and 673 K both remain
stable up to the maximum pressures achieved here. The diffraction
intensities during isothermal compression are variable, especially at
400 K, perhaps attributed to the random rotation of few crystals
formed during compression. Even though it is impossible to deter-
mine the exact sites of Ga and In atoms in the lattice, Fullprof-type
refinements still give some useful information about the crystalline
structure, e.g., lattice parameter, volume of unit cell, and atomic
arrangement form. Figure 1(b) shows the results of Fullprof-type
refinements for the phases at 23.6 GPa/400 K and 32.6 GPa/673 K.
The two XRD patterns fit well with a slightly distorted I-centered
tetragonal structure, which can also be expressed as a weighted
average of the bct-Ga III28 and the bct-In29 structures. The devia-
tion from the ideal tetragonal structure might be caused by several
factors, e.g., the inclusion and ordering of In atoms, defects like
stacking faults, or just the limited number of crystallites leading to
skew integration peaks. The detailed lattice parameters and volume
of unit cell at different pressures can be found in the supplementary
material. The lattice parameters (a or b, c) or cell volumes at 400 K
and 673 K vary smoothly with increasing pressure as shown in
Fig. S1 in the supplementary material, again confirming the
absence of polymorphism of the formed crystalline phase over the
studied pressure ranges.

Since this eutectic liquid exhibits relative random and non-
uniform atomic packing above and below the temperature range
400–550 K,17 it is necessary to investigate the pressure-induced
structural evolution prior to crystallization and whether the liquid-to-
liquid crossover occurs in extreme conditions. Figures 2(a) and 2(b)
show the full set of structure factors S(q) of the eutectic liquid at
400 K and 673 K prior to crystallization, respectively. As the pressure
increases, the first peak shifts to higher q value, corresponding to the
pressure-induced densification. The inverse of the first sharp

FIG. 2. Experimental S(q) prior to crystallization at various pressures at (a) 400 K
and (b) 673 K, and (c) the corresponding inverse FSDP position with pressure.
The cyan triangles and the red circles are the data at 400 K and 673 K, and
the data of 300 K (violet squares) from Ref. 18 are plotted for comparison. The
dotted lines are the corresponding linear fits. Inset of (c) shows the deconvolu-
tion of the first peak in S(q) using two Gaussian profiles. The black solid line
represents the XRD diffraction data and red open circles for the total fitting
result. The blue, magenta, and cyan curves are the two Gaussian peaks and
baseline, respectively.
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diffraction peak (FSDP) position parameter dmax = 2π/q1 at 400 K
and 673 K together with that at 300 K18 is plotted in Fig. 2(c),
where q1 is the position of first sharp diffraction peak in S(q)
derived using two Gaussian functions as plotted in the inset of
Fig. 2(c). With increasing pressure, almost linear decreases of
dmax indicate that no sudden structural change exists in liquid
states prior to crystallization at three temperatures.

To obtain more information on the atomic-scale structural
evolution and the subsequent solidification process under high P–T

conditions, we carried out AIMD simulations for Ga86In14 alloys
at 350, 400, 500, 600, 650, 673, and 700 K. Figure 3 provides a
series of theoretical g(r) upon isothermal compression at six
different temperatures. Since the results at 650 K are nearly the
same with those at 673 K, we just show the detailed analysis of the
latter. In the initial liquid states, the shape of all g(r) curves looks
similar. With increasing pressure under different temperatures,
the peak heights increase, and several small peaks appear on g(r)
curves, indicating the transition from disordered liquid to ordered

FIG. 3. A full set of theoretical g(r) of
the Ga86In14 alloy during stepwise
compression along (a) 350, (b) 400, (c)
500, (d) 600, (e) 673, and (f ) 700 K
isotherms. The patterns corresponding
to the onset crystallization pressures
at six isothermal temperatures are
labeled.
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solid. The higher the isothermal temperature, the higher the transi-
tion pressure, e.g., 7.0 GPa at 350 K, 7.9 GPa at 400 K, 19.5 GPa at
500 K, 31.3 GPa at 600 K, 44.8 GPa at 650 K, and 44.3 GPa at
700 K. Before and after the transition, the main peak of g(r) shifts
toward shorter r values upon compression due to the densification
under pressure. The first peak position of g(r) is usually used to
evaluate the average bond length between atoms. Figure 4 shows
the change in bond length, which varies almost the same with pres-
sure along different isotherms. Only one clear jump is detected at
each transition pressure where the bond length is significantly elon-
gated. Before and after the transition point, the bond length
decreases continuously with increasing pressure, suggesting that
neither pressure-induced sudden structural change in the liquid
nor order-to-order transition in the solid phase happens. In addi-
tion, by carefully inspecting g(r) profiles of the solid phase in
Fig. 3, it is interesting to find that the shapes of g(r) at the final
pressures under low isothermal temperatures (350, 400, 500, and
600 K) are different from those under high temperatures (673 and
700 K). In terms of the peak positions of g(r), the former patterns
display some characteristics of face centered cubic (fcc) or hcp
structures while the latter patterns are close to bcc symmetry,
implying that the pressure-induced solidification behaviors of the
liquid GaIn eutectic alloy are essentially different when held at low-
and high-temperature regions.

To further understand the pressure-induced solidification
behaviors at different isothermal temperatures, the coarse-grained
local bond-orientational order (BOO) methods30 were applied to
monitor the atomic ordering change, which provide an accurate
determination of the local atomic packing symmetry around each
individual atom, especially the order parameters Q6 combined with
W4 and W6 have been used extensively to distinguish between
liquid, bcc-, fcc-, and hcp-like atomic packings in the liquid-
to-solid phase transition.9,12,30–34 The detailed introduction of the

BOO parameters is given in the supplementary material. It should
be stressed that the coarse-grained BOO parameters used here are
based on the local atomic packing structures, i.e., the local symme-
try does not mean that the sample must have this symmetry on the
long-range scale. Therefore, in the following discussion of BOO
analyses, we use the terms atomic packing, local order, or local
symmetry to denote the atomic ordering process during the
liquid-to-solid transition.

Figure 5 shows the probability distribution of Q6 and its evolu-
tion upon compression at six different temperatures. It is clearly
observed that the liquid and solid states are well separated when
the threshold of Q6 is set as 0.25. The onset solidification pressure
at each temperature determined from Q6 well agrees with that from
g(r) data in Figs. 3 and 4. Prior to solidification, the Q6 distribution
is symmetric and all the values are almost less than 0.25. When the
liquid starts to solidify, the number of atoms with higher Q6 values
increases quickly and the principal peak of the Q6 curve shifts to
higher Q6 region upon compression, indicating that highly ordered
structures are formed. Below 600 K as shown in Figs. 5(a)–5(d), the
Q6 distribution of solidification phases covers a wide region from
0.25 to 0.6 with the principal peak at about 0.5–0.6. However, the
Q6 above 673 K, as plotted in Figs. 5(e) and 5(f ), lies in smaller Q6

values ranging from 0.3 to 0.5 with a symmetrical distribution at
around 0.43, again conforming a temperature dependent liquid-to-
solid transition as evidenced from g(r) curves in Fig. 3.

W6 is useful to distinguish bcc-like atomic packing (W6 > 0)
from close-packed orders (hcp- or fcc-like atomic packings, W6 < 0),
while W4 is a good bond order parameter to differentiate fcc-like
(W4 < 0) and hcp-like (W4 > 0) atomic packings. The nucleation of
solid-like regions is initiated by high bond-orientational ordering in
the liquid state31–33,35 and can be characterized by such local order
parameters. Therefore, we present W6 value for each atom and its
evolution with pressure before and after solidification in Fig. 6.
In liquid states, the atoms with relatively high bond order Q6 (≥0.2)
are picked out (red balls). Once the liquid starts to solidify, only the
solid-like atoms (Q6≥ 0.25) are plotted (blue balls). The majority of
atoms with high Q6 have bcc-like (W6 > 0) local order in the liquid,
which may act as the precursor of nucleation. As expected, with
increasing applied pressure, the nucleation starts and proceeds into
a bcc-like atomic packing throughout the solidification process at
673 and 700 K, as shown in Figs. 6(e) and 6(f), respectively.
However, in Figs. 6(a)–6(d), the atomic ordering transition becomes
relatively complex below 600 K. Combined with order parameters
W4, as shown in Fig. 7, it is found that the initially formed bcc-like
local order quickly converts into the fcc-like (W6 < 0 and W4 < 0)
dominated atomic packing on increasing pressure. Although the
appreciable bcc-like and fcc-like local structures coexist at the early
stage of nucleation at 500 K, the fcc-like local order quickly domi-
nates the system upon compression, implying that there exists a
strong competition between fcc-like and bcc-like local orders during
the liquid-to-solid transition.

To visualize the initial ordering process in the liquids, we
present the spatial distribution of solid atoms (Q6≥ 0.25) under
some representative pressures at six isothermal temperatures in
Fig. 8, which clearly reveals the development of two different
packing modes at the initial stage of solidification. The data at
300 K taken from our previous work18 are also appended for

FIG. 4. Pressure-induced change of the first peak positions r1 of the total g(r)
at 350, 400, 500, 600, 673, and 700 K. Open and solid symbols represent liquid
and solid states, respectively. The vertical dashed-dotted lines show the onset
crystallization pressures upon isothermal compression at six temperatures.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 126, 015902 (2019); doi: 10.1063/1.5098036 126, 015902-5

Published under license by AIP Publishing.

https://doi.org/10.1063/1.5098036#suppl
https://aip.scitation.org/journal/jap


comparison. It is clear that nucleation always begins with the for-
mation of bcc-like local order at all temperatures. Further increase
in pressure causes the bcc-like local order to quickly convert to
the fcc-like local order and eventually develop into the fcc-like
dominated atomic packing below 600 K while the bcc-like atomic
packing remains predominant throughout the solidification
process at high temperatures above 673 K. This pressure-induced
disorder-to-order transition seems in accordance with the predi-
cation of Alexander–McTague theory,36 i.e., the bcc-like nuclei
should always be favored in all simple fluids.

To further validate whether the “bcc-like” atomic packing at
low temperatures is in thermodynamic equilibrium or just transient

intermediate, we also performed isothermal annealing at the onset
crystallization pressure (7.7 GPa) at 400 K. As shown in Fig. S2 in
the supplementary material, time-dependent energy, averaged Q6

over all atoms, and three selected g(r) at 30, 150, and 300 ps are
plotted. It is found that during the relaxation of about 300 ps, the
energy of the system does not change much, but the averaged Q6

increases slightly after about 250 ps. In addition, at 300 ps, a small
peak located at about 4 Å emerges and the second and third peaks
start to split in g(r) that are the features of fcc-like atomic packing,
indicating that the bcc-like atomic packing is inclined to transform
into the fcc-like atomic packing during annealing. More pro-
nounced observations are displayed in 3D simulation snapshots

FIG. 5. Pressure-dependent probability
distribution of bond-orientational order
parameter Q6 at (a) 350, (b) 400, (c)
500, (d) 600, (e) 673, and (f ) 700 K.
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[Fig. S2(d) in the supplementary material], in which the fcc-like
atomic packing becomes dominated at 300 ps, implying that the
initially formed bcc-like atomic packing is metastable and interme-
diate and tends to transform into fcc-like atomic packing upon pro-
longed annealing.

Summarizing the theoretical and experimental results, we con-
struct a high P–T “phase diagram” of the GaIn eutectic alloy in
Fig. 9, which provides a clear physical picture of liquid-to-solid
transition at the atomic scale. Note that we put the term “phase
diagram” in quotation marks, since we assume that the phases
obtained here depend on 250 atoms system used for our AIMD
simulations, regardless of the effect of small size and rapid pressure
changes in simulations. Theoretical bcc- and fcc-like atomic

packings are based on local order analyses. The narrow orange area
enclosed by dashed lines in Fig. 9 denotes the early stage of nucle-
ation below 650 K in which the bcc-like local order is initially
formed, but it is in the nonequilibrium state and could be con-
verted to the stable fcc-like atomic packing by long time annealing.
Above 650 K, the liquids form bcc-like atomic packing directly. The
XRD patterns show that the liquid crystallizes into the tetragonal
structures at 400 K and 673 K, which can also be regarded as a
slightly distorted fcc structure with local fcc-like atomic packing,
consistent with the calculated low-temperature solidification struc-
tures here, but experimentally difficult to detect the transient inter-
mediate of bcc-like atomic packing. Also, we cannot claim that the
theoretically predicted high-temperature phase with bcc-like atomic

FIG. 6. The probability distribution of
bond-orientational order parameter W6

of individual element as a function of
pressure together with the average
value separately for Ga and In atoms
before and after the nucleation process
at (a) 350, (b) 400, (c) 500, (d) 600,
(e) 673, and (f ) 700 K. The red balls
represent the atoms with high Q6

(≥0.2) in liquid states before nucle-
ation. Blue balls are crystal-like atoms
with Q6≥ 0.25. The blue and red open
circles are average W6 values over all
Ga and In atoms, respectively.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 126, 015902 (2019); doi: 10.1063/1.5098036 126, 015902-7

Published under license by AIP Publishing.

https://doi.org/10.1063/1.5098036#suppl
https://aip.scitation.org/journal/jap


FIG. 7. The probability distribution of
bond-orientational order parameter W4

during compression after crystallization
at (a) 350, (b) 400, (c) 500, and (d)
600 K.

FIG. 8. Simulation snapshots of atomic
configurations during the nucleation
process at selected pressures along
different isotherms. The atoms are
identified according to the bond-
orientational order parameters. Only
crystal-like atoms with Q6 larger than
0.25 are shown. Red balls are bcc-like
atoms, blue balls are fcc-like atoms,
and larger size for In and smaller size
for Ga atoms.
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packing could be found in experiments upon high pressure. More
studies are still needed to validate this interesting issue.

In addition, we further investigate temperature dependence of
polymorph selection at fixed pressures by cooling from high-
temperature melts at 673 K to 400 K and 500 K, respectively.
Figure 10 shows the evolution of pair correlation functions with time
at 400 K and 500 K obtained by directly cooling from 17.9 GPa and
29.3 GPa at 673 K, respectively, as well as those taken by isothermal
compression of 17.6 GPa at 400 K, and 28.7 GPa at 500 K. The insets
show the temporal evolution of total potential energy and the devel-
opment of local atomic packing ordering (Q6≥ 0.25) with time after
cooling. It is clear that two stages can be differentiated based on the
potential energy of systems, i.e., the liquid state with higher energy
and solid regions with lower energy. In order to clearly illustrate the
time dependence of the atomic ordering, we selected three represen-
tative times (20, 100, and 300 ps) labeled as A, B, and C, respectively,
to represent how atomic packing changes before, during, and after
the nucleation process upon isothermal annealing. It is observed that
after cooling to 400 and 500 K, the high-temperature liquid structure
still remained after 20 ps of isothermal annealing at 500 K, as shown
in g(r) and atomic configuration denoted by A in Fig. 10. With
increasing annealing time to about 100 ps, the bcc-like local order is
detected as marked by B. Over time, the bcc-like atomic packing
gradually converts into the fcc-like form, which becomes dominant
eventually after 300 ps in calculations as labeled by C. Ultimately,
similar local structures are also obtained from the isothermal com-
pression at 400 K and 500 K under approximate pressure conditions,
validating the phase diagram in Fig. 9.

IV. CONCLUSIONS

In summary, we investigate the structural evolution in the
liquid GaIn eutectic alloy and subsequent liquid-to-solid transition
under high P–T conditions using X-ray diffraction combined with

FIG. 9. “Phase diagram” derived qualitatively from AIMD simulation (open
circles) and X-ray diffraction measurements (solid circles and star) in the GaIn
eutectic alloy. The solid lines are guides to the eye. The narrow orange region
enclosed by black dashed lines below 650 K denotes that in this region, the
nonequilibrium bcc-like local order is initially formed and tends to convert into
the stable fcc-like atomic packing during long time annealing. The blue dashed-
dotted line, magenta short-dotted line, and dark yellow dotted line represent iso-
thermal compression data collected over a range of pressure at 300, 400, and
673 K, respectively, in experiments. Note that the theoretical bcc- and fcc-like
atomic packings are based on local order analyses.

FIG. 10. The theoretical g(r) and its evolution with time (blue, cyan, and pink
lines) at (a) 400 and (b) 500 K obtained by directly cooling from high-
temperature melts at 673 K at 17.9 GPa (black line) and 29.3 GPa (black line),
respectively. The red lines are derived from isothermal compression at (a) 400 K
and 17.6 GPa and (b) 500 K and 28.7 GPa. The insets in the upper right corner
of (a) and (b) show the temporal evolution of total potential energy isothermally
annealed at 400 K and 500 K after cooling from 673 K, respectively. Three repre-
sentative annealing times (20, 100, and 300 ps) are selected, labeled as A, B,
and C, respectively, representing the changes in atomic packing before, during,
and after the nucleation process. Their corresponding pressure values are 17.6
GPa (A), 17.4 GPa (B), and 17.4 GPa (C) at 400 K in (a) and 29.0 GPa (A),
28.8 GPa (B), and 28.8 GPa (C) at 500 K in (b). The 3D snapshots of atomic
configurations at three times as well as those from isothermal compression at
400 K/17.6 GPa and 500 K/28.7 GPa are also given. Note that only crystal-like
atoms are shown, in which red balls are bcc-like atoms and blue balls are
fcc-like atoms.
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ab initio molecular dynamics simulations. As a result, no sudden
structural changes are detected in the liquid states during isother-
mal compressions but only pressure-induced disorder-to-order
transition during solidification. The experimental results reveal that
the liquids at 400 and 673 K are both solidified into tetragonal crys-
talline phases with fcc-type local atomic packings. The theoretical
simulations successfully describe the disorder (liquid)-to-order
(solid) transition at the atomic scale and reveal different
liquid-to-solid transition behaviors at high and low temperatures.
Above 650 K, the bcc-like atomic packing is always predominant
during solidification and stays stable over the pressure range
investigated. However, below 650 K, a number of intermediate
metastable bcc-like atomic packings are initially formed at the
early stage of nucleation but quickly convert into the fcc-like
atomic packing with increasing applied pressure, whose structure
is locally similar to the solidification phases in experiments. Based
on the experimental and theoretical results, a high-temperature
and high-pressure “phase diagram” of the GaIn eutectic alloy is
established, which could give a clear picture for solidification
behavior at the atomic scale and also open up the possibilities for
controlling the solidification structures by tuning the external
conditions.

SUPPLEMENTARY MATERIAL

See the supplementary material for the detailed lattice parame-
ters and volume of unit cell at different pressures taken from
Fullprof-type refinements of the GaIn eutectic alloy in experiments
as well as the explicit introduction of BOO parameters and isother-
mal annealing data under 7.7 GPa at 400 K in simulations.
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