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Phase Transitions in Confined Gallium Droplets
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Phase transitions in submicrometric Ga droplets confined in epoxy resin are studied by comb
energy-dispersive x-ray diffraction (EDXRD), x-ray absorption fine structure, and single-energy x
absorption. The restricted fluid is undercooled down to 150 K while the melting point is depre
down to 254 K. Melting and freezing are sharp processes occurring with temperature broad
of 1 and 10 K, respectively. EDXRD patterns are consistent with that ofb-Ga, while the stable
phase at ambient conditionsa-Ga is not found to exist. Appearance ofg-Ga andd-Ga solid phases
and relevance of present results to recent studies of Ga confined in porous glass are disc
[S0031-9007(98)07341-4]
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The peculiar properties of matter in confined geom
tries were investigated by means of experiments and c
culations for a long time. In the last two decades, larg
efforts were devoted to the study of substances confin
in various matrices with pore size in the 2–20 nm rang
(see, for example, [1–3] and references therein). Sign
cant variations of specific physical properties with respe
to bulk systems were found to be determined both by t
restricted geometry and by the characteristics of the
teraction with the porous matrix. In particular, sever
investigations were concentrated on the influence of
stricted geometries on phase transformations in differe
cryogenic fluids [1–3] and low melting point metals [4,5]
Solidification and melting temperatures were found to b
depressed with respect to bulk values.

Emulsions of submicrometric gallium droplets buried i
solidified epoxy resin, used in recent x-ray absorption fi
structure (XAFS) studies [6–8], provide a nice example
a restricted liquid system. Droplets are confined in unco
nected regions of approximate spherical shape with siz
in the 100–1000 nm range, and therefore interface int
action and finite-size effects can be neglected due to
relatively large dimensions of the confined particles. Th
undercooling capabilities of micrometric metal droplet
with typical undercooling temperaturesDT2 in the range
0.13–0.33 times the absolute melting temperatureTm, are
well known [9]. In particular, large undercooling rate
DT2yTm , 0.325 [10] are easily obtained for Ga droplets
and evidence for exceptional undercoolingDT2yTm , 0.5
was also reported [11]. In our previous XAFS experime
we observed extremely large undercooling effects in co
fined Ga droplets [7], but due to the insufficient energ
resolution and to the intrinsic short-range nature of th
technique we were not able to detect any phase transiti

In this Letter, I report the results of an accurate inves
gation about phase transitions in confined submicromet
Ga droplets by combining energy-dispersive x-ray diffra
tion (EDXRD), high resolution XAFS, and single-energ
x-ray absorption [12] as a function of temperature. Th
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present study is aimed to shed light on the peculiar free
ing and melting properties of gallium under restricted g
ometry [5–8] using such unconventional techniques.

Gallium droplets were emulsified into epoxy resin a
about 320 K. The solidified emulsion was shaped in t
form of slabs of appropriate thickness for x-ray absorptio
and diffraction measurements (see Refs. [6,7]). Char
terization of samples was performed by using optical a
scanning electron (SEM) microscopes. Distribution
droplet size for the present sample (hereafter referred to
sampleF) was found to follow quite closely a log-norma
model [7] with mean value of̄l , 20.95 and variance
s

2
l , 0.27 for the logarithml ; ln d of the diameters

d (measured inmm) of the droplets. Present statistic
was carried out by using 1296 particles detected by SE
imaging. EDXRD patterns as a function of temperatu
were recorded at beam line DW11A (Laboratoire po
l’Utilisation du Rayonnement Electromagnetique, Orsa
using the white synchrotron radiation beam emitted b
the DCI wiggler. Accurate XAFS experiments were pe
formed at the European Synchrotron Radiation Facili
(ESRF) on the bending magnet beam line BM29 using
high-stability fixed-exit double-crystal Si(311) monochro
mator achieving a resolution of about 0.5 eV FWHM a
the GaK-edge with a 0.3 mm vertical slit. Temperatur
was ramped continuously using a closed-cycle He cryos
with typical rates of20.05 and10.1 Kys for cooling and
warming scans, respectively.

In Fig. 1 the EDXRD normalized patterns for sampl
F are reported as a function of temperature (downstrok
The weak background due to the epoxy was measu
separately and subtracted from the energy patterns. Br
peaks start to appear below 150 K, as verified by a ser
of EDXRD scans. Above this temperature, Ga drople
can remain in the liquid state on the typical time scales
the experiment (tenths of minutes at least).

In Fig. 2, upper panel, four EDXRD patterns at 80, 20
250, and 260 K recorded during a single upstroke of
thermal cycle are shown. The Bragg peaks are found
© 1998 The American Physical Society
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FIG. 1. EDXRD normalized patterns for the emulsion o
Ga droplets (sampleF) recorded for decreasing temperature
Integration times were about 1800 s for the 295, 200, 80, a
34 K patterns and about 300 s for the others. Intense Bra
peaks at low temperatures are reduced by a factor of 3 in
inset.

disappear invariably atTm ­ 255 6 5 K, well below the
melting temperature of Ga at ambient conditions (Tm ­
302.9 K). The calculated EDXRD spectra for the stabl
a [13] and metastableb [14] phases in normal conditions
are shown in Fig. 2, lower panel. Calculations we
carried out taking into account the energy dependence
the atomic scattering factor and a realistic energy patte
of the source and absorbance from the sample.

Looking at the calculations, it is clear that the presen
of the a phase is ruled out by present x-ray diffractio
experiments, confirming previous XAFS data [6]. On th
other hand, the most important peaks observed in exp
mental data are in agreement with theb-Ga pattern. The
shift observed at lower temperatures is due to the short
ing of the average unit cell parameters. In particular, bo
the 34 K pattern in Fig. 1 and the 80 K pattern in Fig.
show all of the peaks of theb-Ga calculation in the whole
energy range. Weaker features around 19.5, 22, 22.5,
25.5 and 29 KeV are consistent with interplanar distanc
of the g-Ga andd-Ga metastable phases [15]. In Fig. 2
lower panel,g-Ga andd-Ga diffraction lines previously
observed in Ga dispersions are reported for comparis
along with their estimated intensity (see Ref. [16]) an
position [15]. No clear evidence for other previously ob
served metastable phases [16] is found in the present
periment. The small peaks assigned tog-Ga andd-Ga
are quite evident in the process of freezing (Fig. 1) b
are less pronounced at 34 K and disappear by heating
sample again in a range of temperature between 200
250 K (Fig. 2, upper panel).
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FIG. 2. Upper panel: EDXRD normalized patterns of samp
F at 80, 200, 250, and 260 K recorded increasing t
temperature. Lower panel: Calculated EDXRD spectra f
the stablea [13] and metastableb [14] phases (solid lines).
Position [15] and relative estimated intensity [16] ofg-Ga and
d-Ga Bragg peaks are also reported.

In Fig. 3, upper panels, the GaK-edge x-ray absorption
fine structuresasEd are shown for a thermal cycle o
sample F including a downstroke from 308 to 27 K
and a successive upstroke from 28 to 275 K. XAF
spectra appear to change smoothly revealing no dra
changes of the average local structure as a funct
of temperature, in agreement with previous results [
8]. However, present performances and stability of t
monochromatic beam allow one to study tiny variation
of the absorption spectra. In Fig. 3, lower panels, som
significative difference spectraDasEd ­ aT2 2 aT1 are
reported (T2 and T1 temperatures are indicated in th
figure). Looking at the difference spectra for decreasi
temperatures (left), a clear change in the absorption
obtained between 165 and 126 K, monitored by the de
minimum in thea152K-a126K difference spectrum at abou
10.379 KeV. This corresponds to the undercooled liqu
solid phase transition. Above this temperature, in t
liquid phase, there is an almost continuous variation
the fine structure associated with changes in the lo
ordering. The observed differences in the XAFS spec
of liquid and undercooled Ga show the large short-ran
sensitivity of the technique. Below 150 K differenc
spectra do not show significative variations, apart fro
modest edge shift and thermal vibration effects (lowe
spectrum in the lower-left panel of Fig. 3). In the lowe
right panel of Fig. 3 some interestingDa spectra obtained
increasing the temperature are shown. Modest change
a function of temperature are observed in the 100–240
2943
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FIG. 3. Upper panels: X-ray absorption coefficientasEd of
sampleF obtained decreasing (T ­ 308, 275, 245, 189, 152,
102, 53, and 27 K, left) and increasing (27, 54, 95, 145, 19
241, 275 K, right) the temperature. Lower panels: Differenc
signalsDasEd of XAFS spectra recorded along the downstrok
(left) and the upstroke (right) of a thermal cycle.

range (and below) as shown by the last three curves in
bottom part of the panel, which are associated with so
gallium. Thea242K-a191K spectrum, however, shows a
remarkable fine structure, which could be associated to
solid-solid phase transition. The large change observ
above 242 K is certainly associated with the solid-liqui
phase transition for Ga droplets.

A deep insight into those phase transitions can be o
tained by recording the absorption coefficient at consta
energy, specifically selected in order to evidence stru
tural changes [12]. In Fig. 4, upper panel, a temper
ture scan of the absorption coefficient at constant ener
E ­ 10.379 KeV of sampleF is reported. This energy
gives the maximum contrast between solid and liqu
phase XAFS as shown in Fig. 3, upper panel. A cle
hysteresis loop is evidenced during the thermal cycle (a
rows in Fig. 4). A first broad transition is evidenced be
low 200 K (l) along the downstroke, while a rather shar
freezing process (f) takes place around 150 K. The tem
perature scan is smooth and shows no hysteresis be
120 K down to about 30 K. Along the upstroke, a firs
smooth transition occurs at about 220 K (c). The second
sharp transition occurs at about 255 K and is associa
with melting (m) of confined solid Ga. The derivative
curves shown in Fig. 4, lower panel, allow us to ev
dence such transitions: solidificationf occurs at a mean
temperatureTf ­ 150 K with about 10 K FWHM, while
the melting temperature results to beTm ­ 254 K with a
width of about 1 K.
2944
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FIG. 4. Upper panel: Temperature scan of the absorptio
coefficient at constant energy showing a clear hysteresis loo
Melting and freezing are indicated by arrows labeled asm and
f, respectively. Lower panel: Derivative of the temperatur
scan shown in the upper panel.

The present solidification temperature corresponds
extreme undercooling ratesDT2yTm , 0.5 with respect
to the a-Ga melting temperature andDT2yTm , 0.4
with respect to the actualTm of sampleF. The same
undercooling temperature is observed also on different G
emulsions in epoxy resin and appears to be a characteri
limiting temperature for undercooling of confined Ga
droplets. This result is in nice agreement with th
metastability limit TL ­ 150 6 1 K in liquid gallium,
which defines the minimum crystallization temperatur
[11]. This limit was determined by inelastic neutron
diffraction measurements [11] on Ga droplets prepare
using the Turnbull’s emulsion technique [9,10]. Recen
molecular dynamics simulations of rapidly quenched G
essentially confirmed this result [17].

Melting of sampleF is shifted about 50 K with respect
to the normala-Ga melting point at ambient pressure
As a matter of fact, confined Ga droplets crystalliz
according to different phases which are metastable
ambient conditions. The main reason is that Ga is a
ice-type element for which the density of the stablea-Ga
solid phase near melting (5.904 gycm3) is much lower
than that of the liquid phase (,6.095 gycm3 near the
melting point). On the contrary, estimated densities ne
melting of the metastable phasesb-Ga (,6.23 gycm3),
d-Ga (,6.22 gycm3), and g-Ga (,6.20 gycm3) are
larger and compatible with available room for isolate
droplets in the liquid phase. Therefore, geometric
confinement prevents solidification in the stable pha
at ambient conditions and favors extreme undercoolin
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The melting point of confined Ga dropletsTm , 254 K is
in qualitative agreement with that ofb-Ga at atmospheric
pressureTm ­ 256.8 K. On the other hand, it is in excel-
lent agreement with that ofd-Ga (Tm ­ 253.7 K [14]).
However, the sharpness of the XAFS change associa
with melting (see Fig. 4) and the peculiar EDXRD patter
(Fig. 2) better supports a solid-liquid transition from
single phase, which is likely to beb-Ga.

Interpretation of the other features observed in th
single-energy x-ray temperature scan shown in Fig. 4
less obvious. The first smooth feature at about 200 K (a
row l in Fig. 4) upon lowering the temperature can be du
either to a change in the structural or electronic properti
of the undercooled liquid or to crystal nucleation occu
ring in a minority of Ga droplets. This last assignmen
is not supported by EDXRD scans (Fig. 1) although tin
Bragg peaks could be hidden in the liquid backgroun
The more fascinating interpretation of a liquid-liquid tran
sition [18,19] involving tiny changes of either the averag
structure or the electron density of states requires furth
investigations. The second smooth feature (arrowc in
Fig. 4) observed at about 220 K could be assigned to
solid-solid phase transition. This transition could be a
sociated with a transformation fromg or d phases to the
b phase. This interpretation is supported by the lack
Bragg peaks typical of those phases (see Fig. 2) abo
T , 200 K. Moreover, the relatively low melting points
of g-Ga andd-Ga,Tm ­ 237.5 K andTm ­ 253.7 K, re-
spectively, are consistent with a tendency to reach mo
stable phases around these temperatures.

Comparison of present results with previous exper
ments on confined Ga in porous glass [5] is also qui
interesting. Gallium was found to be superconducting b
low about 7 K, which is compatible with the presence o
b-Ga andg-Ga in such a confined system [15]. The
anomalies in the conductivity and specific heat at abo
220 and 250 K measured on warming [5] are likely t
have the same origin of those observed using x-ray a
sorption and diffraction in the present work.

Present results show that Ga droplets confined in epo
resin experience sharp phase transitions both during co
ing and warming processes. The undercooled liquid-so
transition is located at 150 K while melting takes place
about 254 K. Direct evidence for those transitions is o
tained by using EDXRD, XAFS, and single-energy x-ra
absorption temperature scans which gave consistent a
unambiguous results. Differences between bulk Ga a
this restricted system appear to be largely controlled
geometrical confinement. In fact, the density of the stab
a-Ga solid phase is lower than that of liquid Ga and free
ing is observed to occur in denser solid phases, metasta
ted
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in normal conditions. The sample preparation techniqu
can be easily extended to other low-melting metals
substances. Experimental techniques are found to
particularly sensitive for discovering and studying phas
transitions and can be used on a variety of solid and liqu
systems. Further experimental investigations on restrict
fluids using these methods are stimulated by this work.
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