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Liquid gallium in confined droplets under high-temperature and high-pressure conditions
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Phase transitions and the local structure of micrometric droplets of liquid gallium under pressure were
studied by combining extended x-ray absorption fine structure, single-energy x-ray absorption detection
(SEXAD), and energy-scanning x-ray diffractigeSXD). Measurements were performed in a range of pres-
sures and temperatures of 0—6.7 GPa and 298-440 K, respectively. The samples for the high-pressure mea-
surements were obtained by using an emulsion of gallium into epoxy resin, a procedure previously developed
by the authors. The distribution of droplets was fully characterized by scanning electron microscopy. We found
that the liquid can be kept in a metastable state well beyond the liquid-solid coexistenc¢é.8r@Pa at
300 K). Considering both the ESXD patterns and the SEXAD scans, we infer that the quantity of crystallized
gallium droplets increases as a function of pressure, while no sign of crystallization is observed up to 2.7 GPa.
The structural and crystallization properties of Ga emulsions, including the determination of the short-range
radial distribution function, were measured by XAS in an extended range of pressures and temperatures,
putting to a test the possible existence of different Ga-liquid polymorphs.
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[. INTRODUCTION nations for the occurrence of liquid-liquid phase transitions

Gallium is a low-melting-point metlT,,=302.9 K with are often based on Fhe a;sumptiqn of a complex poténtial. '
an ice-typephase diagram that displays an extended po|y_'l'h|s occurrence raises interest in elements such as Sn, Bi,
morphism with several phase transitions and metastabl®@ and Sb, which are characterized by the coexistence of
modiﬁcations as a function Of pressure and temperature. TH@etal“C and covalent Characters, CaUSIng a distortion in the
density of the liquid phase at ambient pressure exceeds Hgcal structure. _ _ .
about 3% that of the stable crystalline phase. This metal in The aim of this paper is to investigate the local structure
the liquid state can be also subject to a deep undercoolin@f gallium in its stable and metastable liquid phase as a func-
Pioneering studies on the undercooling properties of liquidion of pressure, using advanced technigtiesith a suffi-
metals were performed by Turnbull and coworkefsshow- cient_ sgnsitivity to sm_all struc_tural mo.dificafcions. Samplgs
ing that the solidification temperatures could be depressed ionsisting of a dispersion of micrometric gallium droplets in
isolated droplets up to 0.13-0.33 times the absolute meltingn inert rigid matrix have been shown to exhibit undercool-
temperature. For Ga droplets, in particular, deep undercoolnd capabilities:****In this paper we present measurements
ing limits up to AT/T,,=0.325(Ref. 4 were obtained, and ©f emulsions of micrometric droplets of I|qU|d_ gall_lum under
evidence for deep undercoolingT/T,,~0.5 was found by Pressure, combining extended x-ray absorption fine structure
using inelastic neutron-diffraction measureméntShese (EXAFS),  single-energy ~ x-ray absorption detection
findings are in agreement with the results of the molecular(SEXAD), and energy-scanning x-ray diffractideSXD).
dynamics simulatiofi.More recently, extended x-ray absorp- These advanced techniques are in fact expected to shed light
tion fine StructurdEXAFS) and EDXD measurements con- ©n pOSSible structural modifications induced in ||qU|d galllum
firmed this scenari®;the maximum undercooling observed by the application of an external pressure.
for a confined Ga fluid was about 150 K, while the melting
point was depressed down to 245 K. Il. EXPERIMENTAL DETAILS

An additional interest in this system stems from the pos-
sible existence of liquid-liquid phase transitions in the high- Ga K-edge x-ray absorption spectroscopyAS) mea-
pressure, undercooled liquid domain. The theoretical explasurements and ESXD patterns were collected at the European
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Synchrotron Radiation FacilitfESRF on the bending-
magnet beam line BM29 Accurate EXAFS experiments
were performed using a high-stability fixed-exit double-
crystal S{311) monochromator, achieving an excellent reso-
lution better thanAE/E=5X 10" with 0.25-mm primary
vertical slits at 23.5 m from the source at the &aedge.
ESXD patterns, as a function of pressure, were recorded witt
a transmission geometry setup consisting of a multichanne
collimator® of seven detector§CdzZnTe placed at fixed
angles 2.

The full width at half maximum(FWHM) of the Bragg
peaks corresponds taAd/ 6 in the 10° range. The improve-
ment of the powder statistic was achieved by performing a
sample oscillation of total amplitudew=4° around the axis,
orthogonal to the scattering plane. i

The XAS spectra covered the 0—5.8 GPa pressure rang:
and the 298-410 K temperature range. TWB Paris-
Edinburgh pres$ was used as a pressure device, while tem- ) o o
perature was monitored by a thermocouple placed into the I_:IG. 1. SEM image in inverted luminosity of the s_urface of the
gasket with an estimated uncertainty of 5 K. gal_hum emulsion(sampleB). _The black spots are galllum_droplets

The ESXD data were also used to obtairsitu pressure while the gray background is the epoxy resin. The horizontal bar
measurements monitoring changes in dHattice spacing of corresponds to & m length.

a pressure markéLiF). The pressure was estimated using ayith jnitial weight dilutions of Ga:Epoxy:Hardener:
Vinet equation of statéE0S),"" LiF=1:10:10:1 and GaEpoxy: Hardener: [F=1:10:10:6,
= -2(1 — - _ respectively.

P =3B (1 —xexiln(l =x)] + aoBo(T~Te). (1) The characterization of samplB was carried out by
with a typical 0.1 GPa error bar coming from the uncertaintystudying the droplet-size distribution using scanning electron
of the position of the Bragg peaks. In E@), x=(V/Vo)'®,  microscopy. A graphite layer was deposited on the sample in
By is the equilibrium volumeV, isothermal, bulk modulus order to obtain a conductive surface. In Fig. 1 we report a
[Bo=(-VdP/dV)] and =(3/2)(dB,y/ 9P-1). The knowledge typical scanning-electron-microscog$EM) image in the
of zero-pressure propertiégg, By and the thermal expansion inverted luminosity of & gallium emulsion. The gray back-
coefficient oy, at the reference temperatufg (room tem-  ground is the epoxy resin, while the black spots are gallium
peraturg, is required. The values oBy=66.51 GPa and droplets, and they were identified by fluorescence mi-
1n=6.45 used in our calculation have been derived from ulcroanalysis.

e e

trasonic measurement$:?2 Statistical analyses of the droplet-size distribution were
carried out on a set of 38 pictures for a total of 597 droplets.
lll. SAMPLE PREPARATION AND CHARACTERIZATION In Fig. 2 we report the histogram of the experimental

droplet-diameter distributiod of sampleB and also the dis-

The sample emulsions were prepared by mixingtribution of the logarithm of diametex. It is clear from the
small quantities (~4% in wt) of high-purity gallium figure that our statistical analysis confirms previous
(99.999%, Sigma-Aldrich with the pressure marker
(LiIF) and epoxy resin above a temperature of 315 K.
Gallium droplets were gradually broken into smaller droplets
by the pressure of glass tools on a flat glass surface. The
mixing procedure was stopped when the emulsion appeare!
macroscopically homogeneous and the hardener componer 4 5
was finally added to the mixture. We prepared severals
samples by using different kinds of epoxy resin. A good ~ 1.0
sample in order to prepare the final shape for the 7-mm gas
ket was obtained with 2ton epoxy resibevcorn. This ep- 0.5
oxy resin has a working time of 30 min and it completely |
solidifies 8 h after mixing it with the hardener. The limiting 90—~ o o5
temperature, above which the compouresint+hardener &(um)
decomposes is 350 K at ambient pressure, and it increases
up to 463 K and 3.2 GPa. At higher pressures, the diffraction FIG. 2. Left panel: histogram of the gallium-droplet diameser
data have been collected up to a limiting temperatureletermined from SEM image analysis af(é) probability density.
of about 400 K, and no sign of decomposition or contamina-Right panel: histogram of the logarithmof droplet diameters. The
tion of Ga has been observed. Two different samplegrobability densityf(\) as a function ofA is a Gaussian of the
were prepared with this epoxy resin, samflland sample, parameters. and o? estimated from the statistical analysis.
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result$:1213 obtained for gallium emulsions. These works

show that a log-normal model can reproduce the actual-size 500
distribution in these emulsions. Moreover, the typical droplet
size of our sample is well below Am, as it was found in
such works. Consequently, we expect our sample to have
similar undercooling properties as those shown in Ref. 7
(i.e., undercooling down to 150 K and melting depressed
down to 254 K. This means that at room temperature and
ambient pressure our sample should be in the liquid phase  300¢
The comparison of the XAS spectrum of liquid gallium at ~ L A
304 K and the ambient pressure in Ref. 7 and that of sample~
B confirmed that our emulsion at room-temperature and® 500 |— ¢ gxars+EsxD

® ESXD

400

ambient-pressure conditions consists of liquid-gallium drop- [ X Melting point
lets. | SEXAD
The log-normal function distribution is defined as 400 —
1 (In 5—?)2] [T L
fO=———7sexp-———— |- 2 -
O Samod)? p{ 27 @ :
300¢
The probability densityf(\) as a function oh reported in [ o
Fig. 2 is given by a Gaussian of parametarand o2 esti- 0 —

mated from the statistical analysis. This curve is in good
agreement with the distribution of the logarithm of the diam-

eters. . . FIG. 3. Ga phase diagram and experimental points analyzed.

The emulsionsA and B were used to prepare suitable ypper panel: ESXD measurements on sampleLower panel:
samples for XAS and ESXD measurements under highexaFs and ESXD measurements on sarmilén this experiment
pressure conditions. the ESXD patterns were collected in a short-energy range only for

The final emulsion shape was designed to fit the typicapressure calibration. The vertical bars correspond to the temperature
sample assembly of the “Paris-Edinburgh” large-volumerange investigated during the SEXAD. We also report the melting
press. In particular the emulsion was poured using a spatulgoints estimated from th&-scan analysis. The dotted line in the
and a needle into a 2-mm graphite, hollow cylinder in alower panel corresponds to the region below which the compound
7-mm boron-epoxy gaskét. resin+hardener was not found to decompose.

IV. EXPERIMENTS structed by Bosid* The high-pressure part of the phase dia-
gram (up to 15 GPa at room temperaturgas analyzed by

Two separate experiments were performed using th&chulte and Holzapféf More recently, the extension of Ga
samples described in Sec. . Extended x-ray absorption finghase diagram up to 498 K and 29.8 GPa was carried out by
structure(EXAFS), single-energy x-ray absorption detection using EDXD and EXAFS dispersive techniqéésThe
(SEXAD), and energy-scanning x-ray diffractioESXD)  dashed oblique lines in the figure indicate the uncertainty in
patterns were collected in a 0—6.7-GPa pressure range angre liquid-G4lIl ) phase transition.
298-410-K temperature range. Sampleesulted with a Ga
K-edge absorption discontinuity of about 1.6 and was better
suited to collect ESXD patterns at room temperature as a
function of pressure. Samp with an absorption disconti- The ESXD patterns collected on sampldat room tem-
nuity at the GaK edge of about 0.7, suitable to obtain low- peratur¢ up to 6.7 GPa are shown in Fig. 4. The [1E1)
noise, experimental XAS spectra, was instead used to collegind BN(100) Bragg peaks of the sample environment are
EXAFS and SEXAD measurements. In this sample ESXDyisible in the figure. The appearance of new Bragg peaks,
patterns were collected in a short-energy range only for presclearly observed above 4.2 GPa, is interpreted as clear evi-
sure calibration. dence for the process of Ga crystallization. In fact, these

In Fig. 3 we illustrate the ensemble of measurementgeaks do not correspond to any interplanar distance of the
taken on the two samples relative to the Ga phase diagragample component®8N, LiF). Instead, these Bragg reflec-
determined by previous works. The black liné® the tions are compatible with th€101) and (002 interplanar
0-7.5 GPa pressure range up to 42Bdérrespond to the distances of the GHI) crystalline phase. A tiny feature that
differential thermal analysi§DTA) measurements carried can be associated with the @&) (101 reflection is ob-
out by Jayaramaat al.in 196323 They show the liquid-solid ~ served also at 2.9 GRaee Fig. 4 Unfortunately, some data
I-aGa,|-Gall) andl-Ga(lll) coexistence lines and the solid- are missing at lower pressures, preventing a clear assignment
solid aGa-Gdll), Gall)-G&lll ) phase transitions. The light of the onset of the crystallization. However, the @R
lines in the 0—3.5-GPa pressure range and 233—-333-K tent013) peak, as detected on a different channel, is not ob-
perature range correspond to the phase diagram recoserved at 2.3 GPa, as shown in the inset of Fig. 4, and this

V. ESXD RESULTS
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FIG. 4. ESXD patterns of Ga emulsigeampleA) collected at FIG. 5. Left panel: temperature scans of the absorption coeffi-

room temperature on channel 2 of the multichannel collimator ofcient at constant energ8EXAD) at various pressures. The melting
the ESXD setup. From the bottom to the top the patterns at 2.9 GP&mperatures are indicated as vertical dashed lines for each loop,
4.2 GPa, 5.2 GPa, 6 GPa, and 6.7 GPa are shown. The ESXD pathd they are in good agreement with published &&2°Right
terns are normalized to the intensity of the @RIO) peak. The trend ~ Panel: raw absorption spectra for sofids(E)] and liquid [e(E)]

of the G4lll) (013 peak, as detected on channel 5 for increasingPhase and difference spectrum. The maximum contrast-energy point
pressures, is shown in the inset. The dashed line is a linear approxf atE=10.3727, as indicated by the dashed line.

mation of the position of the peak at various pressures. The peak is . . .
clearly absent below 2.9 GPa. ter changes discontinuously when photoabsorbing atoms un-

dergo a phase transitidf By scanning the temperature at an
energy poin{SEXAD) of high contrast between two absorp-
can be understood in terms of the presence of a metastahiign spectra associated with different phases, it is possible to
liquid. We believe that the intensity of those peaks is notmonitor the structural changes occurring in condensed mat-
affected by preferred crystal orientation, both because crystaér. This technique has been previously applied to gallium
grains nucleate from isolated droplets and because measuigroplets confined in epoxy rediwith the result of observing
ments are performed while rotating the cell, as described iR |arge hysteresis loop with deep undercoolisaiidification
Sec. IV. As can be seen in Fig. 4, the intensity of the Gaiemperature of about 150)kand depressed melting tempera-
peaks increases as a function of pressure, showing thattgre T, .~ 254 K, about 50 K below the-Ga value at ambi-
larger number of droplets tends to nucleate, increasing thent conditions.
pressure. In Fig. 5 we present the absorption coefficient as a func-

The appearence of @H) in a region where G#l) is  tion of temperature at different pressures for sanfpleat
known to be the stable phase was previously observed ifonstant energyE=10.3727 keV. This energy gives the
other works by means of x-ray diffracti&hand absorptioff  maximum contrast between the solid and liquid phase, as
techniques. Previous works*?5.27 also established the shown in the inset of Fig. 5. Temperature SC48&XAD)
liquid-Ga(ll) phase transitiortat room temperatujeas oc-  were recorded at 2.7 GPa, 3.9 GPa, 4.9 GPa, and 5.8 GPa at
curring at about 1.9 GPa. In the present experiment, it ishe same fixed energy. In Fig. 5 the 5.8 GPa SEXAD pre-
inferred that, similarly to the undercooling experiments atsents an evident discontinuity associated with the solid-liquid
ambient pressure, these liquid Ga droplet ensembles can Bfase transition. The melting temperature is estimated to be
overpressurized above the known melting point in a metay, =438+5 K, while the solidification temperature i
stable liquid state. The intensity increase of théllbaBragg  =308+5 K. At this temperature the sample appears to be
peaks with increasing pressure fr-2.9 GPa indicates that solidified as also shown by the EXAFS-fitting results. The
crystallization involves only a fraction of droplets and that Shape of the hysteresis |00p at 5.8 GPa provides additional
this fraction increases with pressure. This is not surprisingvidence that only a single solid phase., G4lll)] is ob-
since each droplet is independent from the others, beingerved. No evidence for discontinuities associated with the
separated by the epoxy-resin matrix, and will nucleate indepossible Géll)-Gall) phase transition(reported in the
pendently. This means that some droplets can crystalliz&nown phase diagram, Fig) ®/as obtained from the experi-
while the others remain in the undercooled liquid state.  ment. This is in agreement with previous observations that
the liquid nucleates into GHI )?° and that transformation to
Gall) is obtained upon coolingf:3°

Recently, it has been emphasized that the shape of the The melting temperatures at 2.7 GPa, 3.9 GPa, and
x-ray absorption spectrum near the edge of an absorbing ced-9 GPa are estimated to {g,=326+5 K, T,,=365%5 K,

VI. TEMPERATURE SCANS RESULTS
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FIG. 6. Upper panels: XAS GK-edge spectra of sampkas a
function of pressure at room temperatye¢ ambient pressure, at
P=1.6, 1.9, 2.7 and 5.8 GReon the left, as a function of pressure FIG. 7. Experimentaky(k) XAS signals compared with the
and temperature, above the melting curve, on the right. Lower parbest-fit calculated spectra for liquid and saligbper signalGa. It is
els: difference signalA«(E) of XAS spectra recorded at different reported as a function of tHewave vector of the photoelectron.
pressures and temperatures.

Looking at the difference spectra for increasing pressure
and T,=394+5 K, respectively. The temperature scans a{left) at room temperature, a clear change in the absorption is
these pressures present quite a smaller discontinuity in conobtained between 5.8 GPa and 2.7 GPa, monitored by the
parison with that of 5.8 GPa. This is consistent with the oc-deep minimum aE=10.3767 keV, the G& edge, and the
currence of a partial-sample crystallization, and it is due tomaximum atE=10.3729 keV, the white line, defined as the
the melting of the minority fraction of the crystallized drop- maximum of x-ray absorption coefficient(E). The Aa(E)
lets. We estimated the atomic fraction of crystallized galliumcurve corresponds to the difference between a solid Ga XAS
before melting at 2.7 GPa, 3.9 GPa, and 4.9 GPa by compagpectrum and a spectrum related to a sample with a very low
ing the absorption discontinuity at these pressures with thgsercentage of solid galliurt®% in wt) as confirmed by pre-
at 5.8 GPa. We assumed that all of the Ga droplets wergious SEXAD analyses.
crystallized above 5.8 GPa, as also indicated by subsequent At lower pressures, thA«(E) curves show a change in
XAS data analysisee next sectign As a result, at 4.9 the local structure between 1.6 GPa and 0 GPa. As shown in
-GPa and 3.9-GPa SEXAD we determined the crystallingiigure, the shape of this difference curve is quite different
Ga-sample fraction to be about 12%, compared with thgrom that obtained between 5.8 GPa and 2.7 GPa, and it is
solid gallium present in the sample at 5.8 GPa and 308 Kalso different from a typicah«(E) curve obtained as a dif-
The temperature scan at 2.7 GPa instead indicated a partigdrence between the two liquid Ga XAS spedtight). If we
crystallization involving 9% on the Ga atoms. look at the difference curves in the liquid phase, we do not

observe significant variations apart from the difference curve
obtained between 1.6 GPa and 0 GPa. This(E) curve
VII. XAS DATA ANALYSIS AND RESULTS could be associated with a change in the local structure in the

A. K-edge shape analysis liquid-gallium droplets.

High-resolution and low-nois&-edge x-ray absorption
near edge-structure spectra were collected as a function of
pressure and temperature as reported in Figpper panels Structural variations in the local structure can be visual-
The left-hand-side panel of Fig. 6 shows the spectra recordeided by looking at the changes in the shape ofkjgk) XAS
at room temperature as a function of pressure. In the rightstructural signals. Experimental XA& (k) signals of liquid
hand-side panel the spectra refer to the liquid phase, near tiga as a function of pressure and temperature and solid Ga
melting transition, as a function of pressure. In both panelgupper signal are presented in Fig. 7. The dashed line at
we report the spectra of undercooled liquid Ga under ambik=4.9 A™* allows us to highlight the clear changes of the
ent conditions(300 K, 0 GP& The lower panels of Fig. 6 oscillation frequency related to modification of the first-
report the differencé a(E) between the spectra collected at neighbor distances. The sudden variation at 5.8 GPa between
subsequent pressures to highlight possible changes in the 1410 K and 305 K related to the liquid-solid phase transition
cal structure and/or density of unoccupied electronic statesis revealed both by the enhancement of the amplitude and the

B. EXAFS analysis
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increase of the frequency of the XAS spectra. The evident
increase of the oscillation amplitude in thkg(k) signal is
consistent with the enhancement of density after solidifica-
tion in Galll) (p;=6.095 g cM*< pg4)=6.570 g cni).

The EXAFS data analysis has been carried out using the
GNXAS packagel®? The fitting was performed directly on
the absorption data without any noise filtering or preliminary
background subtraction. The data analysis of solid Ga, at
5.8 GPa and 305 K, was performed using the local structure
of Gall) (eight first-neighbor atoms at2.78 A and four at
about 3.33 A and Galll) (four first-neighbor atoms around
2.81 A and eight around 2.98)/btained by Bosig*

The results of the fitting procedure do not allow us to
unambiguously identify the local structure of solid Ga in 3y
those pressure and temperature conditions. The experimental T ‘ r 35
signal is compatible with both Gkl ) and Gall) structures.

In Fig. 7 the best-fit calculated XAS signals are compared
with the experimental data for the liquid and solid phases. F|G. 8. (Color online Radial distribution functiorp(r) for solid
The good agreement between the theoretical and experimegallium and for liquid gallium as a function of temperature and
tal signals is evident from the figure. pressure. The RDF reconstructed by the nedfrand x-ray diffrac-

As regards the XAS data analysis of liquid gallium, thetion data(mode)3* are also reported for comparison. The arrow
most important contribution to the XAS structural signal is shows thep(r) trend for increasing pressure and temperature.
associated with the first-neighbor pe&kA convenient

method to analyze the XAS spectra consists of the decompmperature. The position of the maximum of RDF is gradu-
position of theg(r) obtained by diffraction experiments or g1y shifted toward shorter distances from 2.77(& room
computer simulations into a short-range peak and a longemperature and ambient pres9uie 2.69 A (at 400 K and
range taif?® The g(r) long-range asymptotic behavior is re- 5.8 GPa. The p(r) peak intensity, with the increase of pres-

T=400 K P=5.9 GPa
T=380 K P=4.9 GPa
T=353 K P=3.9 GPa
T=341 K P=R.7 GPa

solid

20 —

T=318 K P=1.9 GPa
RT P=1.6 GPa
RT P=0 GPa d.line

o ref. [33] (model)
N\ * ref. [35]

tained, while the short-range part has to be refined. sure and temperature, decreases from 165(ét 318 K and
In particular, the data analysis of the XAS spectra of lig-1.9 GPa to 15.6 A1 (at 400 K and 5.8 GPa
uid gallium has been analyzed, consideringgt® obtained The changes in the distance and height of the first peak

by x-ray diffraction[g(r) model.3* The radial distribution correspond to the frequency and amplitude variations in the
functionp(r) [RDF, p(r) =4mr?pg(r)] has been reconstructed original XAS signals(Fig. 7). In the case of solid gallium
for liquid gallium starting from the structural parameters de-p(r), the first-neighbor peak is dramatically shifted to longer
termined by the XAS data analysis. Previous x-ray diffrac-distances and its intensity increases, as confirmed by the
tion measurement3on liquid gallium showed that the posi- XAS signal reported in Fig. 7.
tion of the maximum of the radial distribution functiqufr) The XAS data analysis of measurements related to the
slightly decreases upon increasing pressure. Very rec&ntly,sample in the condition opartial crystallization (at room
the reconstruction ofi(r) starting from the XAS data analy- temperature and 2.7 GPa, at 330 K and 3.9 GPa, and at
sis on liquid gallium confirmed this result. It was also ob- 340 K and 5.8 GPa, see also Fig.lf&as been carried out by
served that the height of the first-neighbor peak in liquidintroducing in the fitting procedure for liquid gallium also a
gallium slightly increased with pressuréat T=298 K, solid component, firstly of the GH) structure and then of
378 K, and 498 K. By increasing the temperature, at con- Galll) solid phase. We have considered only the first and the
stant pressure, the maximum of tg&) function moved to- third shells of the G@l) structure(eight first-neighbor atoms
ward shorter distances, while the height of the first-neighboat 2.78 A and eight at 4.07 )Abecause the contribution to
peak dramatically decreased. This strong dependence dhe total signal of the second shélur first-neighbor atoms
temperature was also previously observed by neutronis less important. For the @#) component we introduced
diffraction measurement at ambient pressiire. the first and the second shelfour first-neighbor atoms

In Fig. 8 we report the radial distribution functiqu(r) around 2.81 A and eight around 2.98.A
calculated by the XAS data results for liquid gallium as a  The intensity of theky(k) XAS signals related to the solid
function of pressure and temperature. The local, averageomponent was weighted by taking into account the fraction
structure of liquid gallium at room temperature and ambienof crystallized gallium estimated from the SEXAD analysis
pressurgdashed lingis compatible with that of liquid gal- reported above.
lium at ordinary pressure, measured by neuttamd x-ray* The XAS data analysis for Ga under these pressure and
diffraction. Looking at Fig. 8, it is evident that by increasing temperature conditions was carried out also without consid-
the pressure and temperature the height of the first-neighb@ring the solid component. Any difference in the residual
peak ofp(r) decreases, while the position of the maximum ofcurve obtained from the three modglisiuid, liquid+G&ll),
the function moves toward shorter distances, as shown by trend liquid+Galll )] has been shown by the fitting procedure.
arrow reported in the figure. This trend confirms the previousThe quantity of solid gallium is insufficient to obtain signifi-
studies showing th@(r) dependence on both pressure andcant fitting results of the solid component.
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k (A7Y) for a sufficient time to perform x-ray diffraction and spec-

4 6 8 10 4 6 8 10 troscopy measurements aimed at determining the nature of
IR T TAT T the structure and electronic properties of this metastable
state. This is similar to what previous experiments performed
at ambient pressure have shown, starting from the results of
Turnbull and Cech® and including the more recent studies
about the undercooling capabilities of samples consisting of
a dispersion of micrometric dropletd?1337put, in addition,
the present experiment encourages the full investigation of
the role of the pressure variable.

The ESXD patterns and the SEXAD analysis show that
ly @Il shell the quantity of crystalline Ga increases as a function of pres-
sure. A large fraction of the droplets of our emulsions are still
liquid at high pressure, in a region where Ga is known to be
crystalline. In particular, ESXD patterns collected at room
temperature as a function of pressure show the appearance of
detectable G@ll) Bragg peaks above 4.2 GPa, assessing the

k'/(z)ll peak

k'y(z)z I peak

ky®,1 shell

ky®g tail

k x(k) (A7)

:[0.038

Total

Total

Liquid Model Lig.+Sol. Model metastability of the liquid phase in the wide-pressure range.
ol b b b by e B 1 However, a very low quantity of crystalline Ga was observed
4 6 8 10 4 6 8 10 at 2.9 GPa. Traces of crystallization involving a limited por-

k (A7) tion of droplets were found at 2.7 GPa by SEXAD analysis,

) o @ ) ) ) while crystallization was clearly observed at 5.8 GPa. Slight
FIG. 9. Pair contribution&y(k)'“’ associated with the two first- differences in the crystallization properties probed by ESXD

neighbor shells, describing the figlr) peak and the long-range tail . :
(on the righy, pair contributionsky(k)® associated with the first ?nd SEXAD can be assigned to the thermodynamic paths of

. . . . the samples.
g(r) peak and the long-range tail and those associated with the flrst1 . C . . . i
and the third coordination shells of @. The totalky(k) signal The radial distribution functiom(r) of liquid Ga was re

calculated by the liquid and liquid+solid model is compared with COnstructed as a function of pressure and temperature above
the experimental spectrum of liquid gallium at room temperaturet® melting curve. The maximum of the firptr) peak is

and 2.7 GPa. It is evident that both models are compatible with thélightly shifted toward short distances and its height de-
experimental signal. creases with increasing temperature and pressure. The local,

average structure of liquid gallium at room temperature and
fa_lmbient pressure is compatible with that obtained at ordinary
pressure, measured by diffraction technigfes.

The subtle differences in the x-ray absorption spectra of
uid Ga, especially in theK-edge region, monitored by
A«(E) curves(see Fig. 6, may indicate that some transfor-
Mmations involving microscopic structure and/or electronic
states occur for this system in the 0—2-GPa region of the
phase diagram at room temperature. The exciting hypothesis
that this observation is related to a liquid-liquid phase tran-
Vill. CONCLUSIONS sition occurring in the undercooled liquid region, which at

In this work we studied phase transitions and local strucPresent should be regarded as a speculation, stimulates fur-
ture on fully characterized samples composed of micrometri¢her detailed investigations on this system.
droplets of liquid gallium under pressure, using advanced

In Fig. 9 we present the comparison between the theore
ical and experimentaty(k) signal at room temperature and
2.7 GPa. The theoretical signal has been calculated both lﬁ/
considering a part of the solid component of({Ba(on the q
left) and starting from a purely liquid modédn the righj. It
is evident that both models are compatible with the experi
mental signal.
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