RESEARCH ARTICLE

W) Check for updates

=] =
| O
o 0|

physica

www.pss-rapid.com

Local Structure of Gags.glnq4., Eutectic Alloy and Its

Pressure-Temperature Melting Line

Yimin Mijiti,
Tetsuo Irifune, Jian Zhong Jiang, and Andrea Di Cicco*

The structure of the Gagsgln,,, eutectic liquid alloy is investigated both under
ambient conditions and at high pressure/high temperature using X-ray
absorption spectroscopy (XAS) and X-ray diffraction (XRD) techniques. The local
structure of the liquid alloy at ambient conditions is analyzed using double-edge
refinements of the XAS data. Solid-liquid phase transitions under high-pressure
and high-temperature conditions are monitored by combined XAS and XRD
measurements along several quasi-isobaric heating runs, allowing to draw a
melting line up to 10 GPa. The established melting line is found to be slightly
below the one of pure gallium (Ga) and to follow its trend as expected from the
eutectic nature of the compound. A series of Ga K-edge X-ray absorption fine
structure (XAFS) spectra measured at different pressures indicates the absence of
large structural modifications at local Ga sites in the liquid within the investigated
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1. Introduction

Gallium (Ga) and several of its alloys are
liquid metals at or near room temperature.
The eutectic Ga-In alloy of composition
Gagsglny,, has a melting point
T ~15°C at ambient pressure.) With
their special electrical, thermal, mechani-
cal, fluidic, and surface properties, eutectic
Ga-In alloys receive significant attention
for their potential for various advanced
applications.”! For example, being liquid
with metallic conductivity and low viscos-
ity, Ga—In alloys can be useful for stretch-
able or shape reconfigurable electronics.”!

pressure and temperature range.
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Liquid Ga-In alloys with many metals

adhere to most surfaces to form ohmic con-

tacts. When exposed to air, Galn forms a

thin “skin” composite of gallium oxide,

improving its mechanical stability.”! Unlike mercury (Hg) that
is widely used as a liquid metal at ambient conditions, Ga-In
alloys have low-level toxicity and reduce the safety concerns in
the laboratory environments or in applications spaces. As a result,
there are increasing number of studies on Ga-In systems that
investigate their possible applications for techniques including
functional electronics, flexible devices, 3D printing, transform-
able liquid metal nanomedicine, and self-healing circuits.**>*
Apart from the research in the direction of applied sciences,
the Ga-In alloy also received attention in recent years as an inter-
esting system for studying the structure of metallic melts under
extreme conditions, thanks to its easily accessible liquid phase in
a wide pressure range. Understanding the phase behavior of
metallic liquids including crystallization, vitrification, and
liquid-liquid transitions has important implications in funda-
mental and applied science.*** In particular, occurrence of
polyamorphism (liquid-liquid or amorphous—amorphous phase
transitions) in metallic liquids and glasses is an intriguing
phenomenon with limited but growing number of experimental
evidences in recent years.'*'”) The nature of such transitions in
liquids is still a matter of debate and needs further clarifications.
Experimental studies on polyamorphism are often conducted
on low-melting-point metals such as Ga, Bi, Rb, Cs, and Sn due
to their easily accessible liquid phases at high pressure and their
peculiar short-range liquid structures.'**>#2% The Gags 3Iny,,
(Galn) eutectic alloy (T, = 288.3K) has been recently investi-
gated in this context.*'"** Recent X-ray diffraction (XRD) experi-
ments and theoretical simulations conducted by some of us on
Galn have shown liquid-to-crystal transition and further
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crystalline polymorphism under pressure, as well as indications
of liquid polyamorphism under increasing temperature.*'~**
Even though a tentative phase diagram has been presented,’!
the melting curve of the alloy is not yet well established with only
two experimental data points up to 10 GPa. Moreover, the local
structural parameters of these promising materials have not been
reported in detail even for ambient conditions.

In this work, we first studied the local structure of the liquid
alloy using double-edge refinements of X-ray absorption spec-
troscopy (XAS) data measured at the Ga and In K-edges. We have
also carried out systematic measurements at various pressures
up to 10 GPa using a combination of two complementary tech-
niques: energy-dispersive XAS and XRD. Both XAS and XRD
experiments are able to identify the occurrence of solid-liquid
phase transitions, providing also important information on the
local atomic structure. The main purpose of this work is to char-
acterize the liquid local structure and establish a reliable melting
curve of this Galn alloy in this pressure range for which signs of
an anomalous behavior of the liquid are expected.

2. XAFS Analysis at Ambient Conditions

XAFS data for the as-prepared alloys were analyzed using
GNXAS?*?7] data analysis method, based on multiple-scattering
simulations and an advanced structural refinement using nonlin-
ear fitting of the raw absorption data. Ga and In K-edge XAFS
analysis of the elemental Ga and In liquids was presented in pre-
vious publications (seel®®=*! respectively), where relevant details
can be found. For the Galn eutectic alloy, the multiple-edge
XAFS refinement capabilities of GNXAS,?”*% allowed a
simultaneous fitting of the Ga and In K-edge data.

As shown in Figure 1 and 2, the near-edge parts of the Ga
K-edge XAS and extended x-ray absorption fine structure
(EXAFS) oscillations from Galn liquid and pure Ga are quite
similar, whereas the In K-edge XAS and EXAFS signals of eutec-
tic Galn show some distinct differences with the corresponding
spectra of the elemental liquid In. These differences are due to
the presence of Ga atoms (the majority species for this
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Figure 2. Best-fit XAFS refinement of the Galn eutectic liquid alloy. Left
panel: Ga K-edge XAFS experimental data (blue curve), compared with
the calculated signals (green curves) accounting for Ga-Ga and Ga-In
distance distributions (individual signals are shown in the upper part).
Right-hand panel: In K-edge XAFS experimental data (blue curve),
compared with the calculated signals (green curves) accounting for
In-Ga and In-In distance distributions (individual signals are shown in
the upper part).

composition) in the neighborhood of In in the alloy. XAFS anal-
ysis was conducted accounting for the Ga—Ga, Ga-In, and In-In
distance distributions, modeled as asymmetric I"-like peaks as
expected for a liquid system (see other studies??”% and refs.
therein). In this case, each distribution function depends on four
structural parameters, related to the coordination number N,
average bond distance R, variance o2, and a dimensionless
skewness parameter f of each first-neighbor peak (Ga-Ga and
In-Ga/Ga-In and In-In). Coordination numbers of the
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Figure 1. a) Ga and b) In K-edge XANES data of Galn eutectic liquid alloy are compared with the reference spectra of liquid Ga (T = 310K) and liquid

In (T = 493K).
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individual distributions were constrained to the known stoichi-
ometry (x ~ 0.86) so that Ng,g, = Ninga = N X x and Ng,, =
Nigm = N X (1 — x), where N was varied in the range known for
liquid Ga (8-10). Distance, variance, and skewness of the Ga-In
and In-Ga distance distributions were obviously constrained to
be the same. Therefore, a total number of ten structural param-
eters (three sets of R, 62, and f values and the total coordination
number N) was used in the double-edge refinement process.

The results are shown in Figure 2, clearly showing that simple
first-neighbor distribution modeling nicely reproduces the mea-
sured XAFS experimental data. The Ga K-edge and In K-edge
XAFS spectra are dominated by the Ga-Ga and In-Ga signals,
respectively, as expected due to the larger abundance of Ga atoms
(x =~ 0.86). The best-fit structural parameters were also found to
be very reasonable, in line with previous results obtained in pure
Ga and In.”#7%33 The total coordination number was N= 8.0
(5); the average distances Rg,c, = 2.84 (1) A, Rgam = 3.12 (2)
A, and Ry, = 3.27 (5) A; the distance variances o2, = 0.032A2,
6% = 0.043A%, and o7, = 0.060A% (typical uncertainties on
0% were 10%), whereas skewness was found to be  ~ 0.8 for the
three distributions (typical 20% uncertainty).

These results are consistent with the local structure of a
random liquid alloy, without formation of fragments or nuclei
with different compositions (In rich or Ga rich).

3. High-Pressure Experiments: Results and
Discussion

XRD is one of the most widely used techniques for the measur-
ing the solid-liquid boundaries under extreme conditions. The
onset of melting in the XRD data is often associated with the
disappearance of sharp diffraction peaks of the solid or with
appearance of diffusive scattering signals from the liquid. In con-
trast, XAS is also very sensitive to subtle changes in the structure
and can be efficiently used for detection of phase transitions. A
specific technique (single-energy X-ray absorption detection) has
been proposed and widely used at energy-scanning beam-
lines!****! to monitor temperature-induced phase transitions at
a given pressure from changes of the absorption at fixed energy.
This technique was also applied to high-pressure energy-disper-
sive XAS data (see also ref. [30]) and in recent years has been also
proposed as an efficient and convenient alternative technique for
detecting the melting of metals under high pressure and high
temperature (see refs. [18-20,36]). Changes of specific edge fea-
tures or damping of the oscillations upon heating have been also
used for monitoring melting in several elemental transition met-
als including Fe, Ni, and Co and their alloys.w’“] In addition,
sensitivity to the valence states and element selectivity of the tech-
nique have been found to be very useful for detecting chemical
reactions that may occur in experiments involving the molten
samples under extreme pressure and temperature.*!
Combined XAS and XRD data were collected in this study at
different temperatures along compression and quasi-isobaric
heating runs, as shown in Figure 3. Each Ga K-edge XAS spectra
(labeled by Latin letters from a to w) in (A), (B), (C), and (D) one
by one corresponds to the XRD data in (E), (F), (G), and (H),
respectively. Pressure and temperature values of each data point
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were indicated, together with the experimental paths (shown
with arrows) on the T versus P phase diagram shown in
Figure 4. As shown in Figure 3A, line shape of the main absorp-
tion peak (=10 370 eV) and higher-energy oscillations of the ini-
tial XAS data (labeled by a) are similar to the Ga K-edge XAS
spectrum of the elemental liquid Ga at near-ambient conditions
(see Figure 1). As mentioned in the previous section, this is not
surprising, as the local structure of Ga sites in the Galn eutectic
alloy resembles the one of elemental liquid Ga and is not altered
at this initial pressure. Because of the liquid character, XRD data
(line a and b) at the initial pressures have no sharp diffraction
peaks, except those associated with the nano-polycrystalline dia-
mond (NPD) anvils and Re gasket, as shown in Figure 3E.

The sample was compressed initially without heating until
observing the crystallization through the appearance of a sharp
diffraction peak at about 3.5 GPa. This new peak that appeared at
g ~ 2.35A7" can be indexed to the (101) planes of the known C-
centered monoclinic structure of Galn.*" Other relatively weak
diffraction peaks were not observed because of the limited angu-
lar range in the used experimental geometry!*? and also due to
the low statistics in the number and orientation of the crystalline
grains (e.g., compared with the fine powder samples). Noticeably,
oscillatory features after the white line peak of the XAS spectra in
Figure 3A (spectra: c) become more evident upon crystallization,
being compatible with the increased structural order.

After crystallization at 3.5 GPa, the diamond anvil cell (DAC)
was heated, maintaining a constant membrane pressure but
measuring the sample pressure before and after each XAS/
XRD data collection. Combined XAS and XRD data were mea-
sured at four different temperature points along this first heating
run up to 338 K, as shown in Figure 3A,E. As might be expected,
the new peak around =22.35A7! in the XRD data (Figure 3E),
which was associated above the crystalline Galn, became almost
undetectable upon heating at 328 K (P=4.35GPa, partial
melting) and disappeared completely at 338 K (P=4.68 GPa,
melting), indicating crystal-to-liquid phase transition.
Correspondingly, the XAS features that gained intensity upon
crystallization becomes less evident again at 328 and 338 K
(see spectra e and fin Figure 3A). Such spectral evolution is very
similar to the previously observed changes in the Ga K-edge XAS
data across the solid-liquid transitions in the confined Gallium
droplets,**! Thus, the damping of the XAFS oscillations upon
heating during this experiments can be regarded as an additional
evidence of melting, complementing the corresponding XRD
data (blue lines e and f in Figure 3E).

Following the experimental path, which is shown in Figure 4,
three other quasi-isobaric heating cycles were conducted starting
at 5.0, 7.4, and 9.5GPa. As shown in Figure 3B:D, 3F:H,
combined XRD and XAS data were collected at different
temperatures, along these quasi-isobaric heating runs until
reaching the liquid (or almost completely melted) phase. As it
was also observed in the previous standard XRD (isothermal)
experiment,®® intensity of the diffraction peak associated with
the sample varies along the heating runs. This can be possibly
attributed to the random rotation of few (compared with the fine
powder samples) crystals which are formed by compression/
cooling in these experiments. Looking at the disappearance of
the (101) peak in the XRD data and modifications in the XAS
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Figure 3. A—H) Combined XAS (A-D) and XRD (E-H) data at various thermodynamic conditions up to 9.5 GPa and 446 K. Data measured in the solid
phase are plotted with red lines, whereas the data measured in the liquid phases are plotted with blue lines. Each Ga K-edge XAS spectra (labeled by Latin
letters from a to w) in (A), (B), (C), and (D) one by one correspond to the XRD data in (E), (F), (G), and (H), respectively.

spectra (as discussed earlier), melting (or quasicomplete) transi-
tions were observed at three other temperatures: 358 K
(P=5.46 GPa), 418 K (P=8.2GPa), and 446K (P=9.5 GPa).
As soon as diffraction peaks were found to disappear in the
recorded 2D diffraction images, measurements were not carried
out at higher temperature in the liquid phase to be cautious for
possible chemical reactions between the molten sample and the
metallic gasket. A deeper analysis (after the integration of the 2D
images) reaveled a minor fraction of residual solid phase at some
pressure (represented by half-filled points in Figure 4) at which
the sample can be therefore considered almost completely
melted, with a residual crystalline phase.

As a result, six melting (or quasicomplete melting) data points
(represented by filled or half-filled points in Figure 4) can be
determined, allowing us to draw a tentative melting line of
the liquid alloy for the 3.0-10 GPa pressure range, as shown
in Figure 4. Melting points obtained in this work are slightly
below the known melting line of pure Ga, as expected from
the eutectic nature of the Galn alloy. The melting line has the
same trend with pressure as for elemental Ga.

Phys. Status Solidi RRL 2022, 16, 2100423 2100423 (4 of 6)

The near-edge region of the Ga K-edge XAS spectra, mea-
sured within the molten (or partially molten) phase (indicated
by blue stars in Figure 4), is shown in Figure 5. We can see that
the XAS spectra at all experimental conditions (slightly above
the melting line) are similar, suggesting similar structural
arrangements at the local Ga sites. This may imply the absence
of significant modifications in the liquid structure within the
investigated pressure and temperature ranges, although slight
structural changes cannot be excluded just from this qualitative
analysis. Similarity of the XAS spectra at the initial and final
data points shows that no chemical reactions or sample mod-
ifications occurred during the entire experiment. In contrast,
the nearly linear trend of the melting line also supports this con-
clusion, as formation of a sample other than GagsgIn,,, with
different chemical compositions or eutectic concentrations
may affect the melting temperatures. Further experiments
and data analysis allowing a complete quantitative and
double-edge refinement of the EXAFS data in the whole pres-
sure range is foreseen and will be the subject of a dedicated
forthcoming paper.
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Figure 4. Experimental conditions of the combined XAS and XRD data in
Figure 3 were mapped onto the T versus P phase diagram. The red dots (s)
represent the thermodynamic conditions in the solid phase, whereas the
blue dots (+) represent the data points in the liquid phase. The black curve
(—) is the melting line of elemental Ga,"? whereas the blue dashed line
(- - -) represents a linear fit of the melting line of the eutectic Galn estab-
lished in the present study. The data points represented by other colors
and shapes are from the isothermal XRD experiments of Q. See the study
by Yu et al,”® to compare different results. The experimental path is
indicated by black arrows (—).
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Figure 5. Ga K-edge XANES of Galn in the liquid phase at several Pand T
conditions slightly above the established melting line (labeled by blue
dots) in Figure 4.

In summary, the structure of the Gagsglng,, eutectic liquid
alloy has been investigated under ambient and high-pressure
high-temperature conditions using XAS and XRD techniques.
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At first, the liquid structure at ambient conditions was studied
in detail using double-edge XAS refinements. However, the
structures of the eutectic liquid alloy under high-pressure and
high-temperature conditions were studied using combined
XAS and XRD measurements. Melting transitions were simulta-
neously monitored from both techniques along several quasi-
isobaric heating runs, allowing us to draw a melting line up
to 10 GPa. Features of the Ga K-edge XAS data indicate the
absence of significant structural modifications at the local Ga
sites in the liquid within the investigated pressure and tempera-
ture range.

4. Experimental Section

The liquid Gagsglny,, (Galn) eutectic alloy was prepared with
high-purity Ga (99.99%) and In (99.99%) and characterized using X-ray
techniques under ambient conditions. Ga and In K-edge XAS spectra at
ambient pressure and room temperature were measured at the energy-
scanning XAFS beamlinel®! of Elettra Synchrotron (Trieste, Italy) and at
the SAMBA beamline!*! of Soleil synchrotron (Saclay, France), respec-
tively. The sample for Ga K-edge measurements collected in the transmis-
sion mode was prepared using procedures successfully applied for
previous XAS experiments on pure liquid Ga and Hg,!**! as a fine emulsion
of metal liquid droplets in epoxy resin. The sample used for In K-edge
EXAFS measurements, collected in fluorescence mode, was instead a thin
Gags glnyy, liquid layer spread on a glass substrate. Combined XAS and
XRD data under high-pressure and high-temperature conditions were
collected at the ODE beamline of Synchrotron SOLEIL using the setup
described in detail in other studies.***®! The energy-dispersive photon
beam was focused at the sample region with an elliptically curved Si
(117) crystal. X-ray absorption at different energies was simultaneously
measured by a position-sensitive charge coupled device (CCD) detector.
The pixel-to-energy calibration of the Ga K-edge XAS data was conducted
using the K-edge XAS spectrum of a Ga,O; reference sample, previously
measured under ambient conditions in the energy scanning mode. Angle-
dispersive XRD data were recorded using a MAR345 area detector placed
on an off-axis position with respect to the beam and a quasimonochro-
matic beam (E &~ 10350eV) selected by a slit aperture (see the study
by Coppari et al. for more detail). For high-pressure XAS experiments,
an appropriate quantity of Galn liquid sample was loaded into a
120 pm hole of a preindented Re gasket without any pressure medium
but together with several tiny pieces of ruby and Sm?*:SrB4O; pressure
markers. The sample was then pressurized using a membrane diamond
anvil cell equipped with nano-polycrystalline diamond anvils!*”*® and
heated with an external resistive heater. Temperature was finely controlled
and stabilized using a proportional integral derivative (PID) temperature
control system and measured through the back side of the diamond anvil
using a type-K thermocouple, with a typical ~ 3 K accuracy. Pressure was
measured using the pressure-dependent fluorescence line shift of
Sm?2* :SrB,O,** and also checked by the ruby fluorescence line shift.?®>"!
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