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Determination of indium melting curve at high pressure by picosecond acoustics
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Picosecond acoustics combined with a diamond anvil cell is used to study liquid indium and to determine with
high accuracy both the sound velocity and the melting curve over an extended pressure and temperature range.
The sound velocities, determined by phonon surface imaging, complement previous inelastic x-ray scattering
determinations and are in good agreement with estimations according to a thermodynamic model. Based on
exact thermodynamic relations, the equation of state of the liquid phase is obtained using the isothermal bulk
modulus By and its first pressure derivative Bj.. These quantities are derived from the precise experimental
determination of the variation of the sound velocity as a function of pressure. Melting is determined via the
detection of abrupt changes in the elastic properties between solid and liquid phases and through the monitoring
of the solid-liquid coexistence. The melting curve constrained up to 6 GPa and 673 K is shown to be well
described by the Simon-Glatzel equation in the full (p, T') range explored.
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I. INTRODUCTION

Determination of the thermoelastic properties of liquids at
extreme conditions of pressure and temperature is fundamen-
tal for understanding the properties of condensed matter (e.g.,
[1,2]), with direct implications in geophysics and planetary
sciences (e.g., [3-6]). Even though it is an experimentally
challenging task, many previous studies dealt with the de-
termination of phase diagrams, including melting curves,
equations of state, or sound velocity measurements in the
liquid phase, in addition to the determination of other ther-
modynamic properties such as bulk modulus or thermal
expansion. In particular, many techniques were developed to
measure the melting curves (see [7,8] for a review). Early
methods were based on visual observations [9,10], the exis-
tence of a temperature plateau [11], or changes in electrical
resistivity [12]. More recent in situ diagnostics include the
appearance of diffuse signal in x-ray diffraction [13,14], char-
acteristic changes in the x-ray absorption spectroscopy [15],
and detection by synchrotron Mossbauer spectroscopy exper-
iments [16].

During the last decades, picosecond acoustics (PA) com-
bined with a diamond anvil cell (DAC) has been increasingly
used to measure the thermoelastic properties of liquids and
solids as well as their phase diagram. Nowadays, the com-
bination of these two techniques appears to be a powerful
and versatile laboratory tool [17] used to accurately measure
both the melting curve and the sound velocities under high
temperature and pressure conditions [18-20]. So far, PA has
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been successfully applied to study various solids (e.g., ice
[21,22], Ar [23], H [24]) and liquids (e.g., Hg [25,26], Ga
[18], Rb [20], Cs [19]).

To further explore the detection and metrology capabilities
of PA, liquid indium can be considered a very interesting case
study. First of all, its properties are very well known at am-
bient pressure [27,28], making indium a standard calibration
substance [29,30]. In particular, its melting temperature is
a secondary reference point of the international temperature
scale (ITS) [31]. Second, due to its low melting tempera-
ture, ductility, and low chemical reactivity [32], indium can
be routinely handled in the laboratory. Third, although there
are many papers on the measurements of sound velocities
in liquid indium at high temperatures and ambient pressure
(see for example the review of Blairs [33]), experimental
data at gigapascal pressures are very scarce. To the best of
our knowledge, the sound velocities at high pressure were
measured only by Coppens et al. [34] up to around 0.01 GPa,
and by Alatas et al. [35] and Komabayashi et al. [36] up to
6.7 GPa. Finally, the phase diagram of solid indium appears
to be unusual compared to other III-A group elements (Al,
Ga, TI) and has attracted interest over time [37-41]. At am-
bient conditions, indium crystallizes in a tetragonal distortion
of the face-centered cubic (FCC) system. This face-centered
tetragonal structure (FCT) is stable at ambient temperature up
to 50 GPa [41]. The c/a ratio is observed to reach a maximum
value around 20 GPa [37,41], which is related to an increased
distortion of the FCT structure with respect to FCC. Above
50 GPa a solid-solid transition occurs and the indium structure
changes from FCT to a face-centered orthorhombic (FCO)
arrangement, stable up to ~150 GPa [41]. The indium phase
diagram was also explored by ab initio electronic structure
calculations at 7 =0 K [42], and at high temperatures by
XRD (T > 500 K) [43], but no other transitions were reported
in the solid phase up to 247 GPa [41]. From all the above, we
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can conclude that indium is particularly stable at high pressure
and temperature compared to other metallic elements [44].

Regarding the liquid phase, although the melting point is
well known at ambient pressure, the melting curve measured
by several authors with different techniques shows significant
discrepancies above 4 GPa [45]. The knowledge of the melt-
ing curve is actually crucial as it is used as a calibration curve
at high p and high T (see, for example, Ref. [36]). This calls
for a new set of experimental data obtained using a state of
the art technique, with particular attention dedicated to both
the detection criteria of the solid-liquid transition, and the
accurate pressure and temperature metrology.

Sound velocities in solids and liquids are markedly differ-
ent and changes in sound velocities are a very sensitive probe
to detect a solid-liquid phase transition [18,46,47] or sub-
tle transformations in the liquid phase [19,20]. Furthermore,
accurate velocity measurements allow us to derive useful ther-
modynamical quantities and to obtain the equation of state of
the liquid [48,49]. We have thus reexamined the properties of
liquid indium in the temperature range 420—-680 K and from
ambient pressure to 6 GPa by the PA technique combined with
an externally heated diamond anvil cell (hDAC).

II. EXPERIMENTAL METHODS AND SETUP

A. Picosecond acoustics setup

Picosecond acoustics is a time-resolved, pump-probe, op-
tical technique that generates and detects propagating strain
waves in solids or liquids [50,51].

In our setup, the infrared beam from a mode-locked
Ti:sapphire laser [A = 960 nm, pulse width 100 fs, repetition
rate ~80 MHz, i.e., Tj;ser = 12.548(4) ns] is divided into a
pump and a probe beam (see Fig. 1).

The pump beam passes through an acousto-optic modula-
tor (AOM), which modulates the intensity of the pump beam
around 1 MHz, to improve the signal-to-noise ratio through
lock-in detection (HF2LI from Zurich Instruments). Then the
pump beam is focused onto one of the surfaces of the sample
(beam waist ~1.5 um), and, for metallic samples as the case
of present interest, directly absorbed. The so-generated ther-
mal stress relaxes and an acoustic wave propagates into the
sample.

The probe beam is delayed with respect to the pump by a
mechanical delay line (optical length 4 m, maximum delay
time 13.33 ns) and focused on the opposite surface of the
sample to detect its reflectivity changes due to the arrival of
the acoustic wave.

These changes in reflectivity can be detected on the varia-
tion either in the intensity or in the phase of the reflectivity
signal. The intensity variation p = Re(AR/R) is related to
the photoelastic properties of the sample. Unfortunately, the
photoelastic variation induced in indium is very small and a
reflectivity measurement setup is not efficient enough in this
case. An interferometric system should be used instead.

By means of a beam splitter, the probe beam is divided in
two. One part is focused on the sample with the use of an
objective mounted on an XY piezoelectric stage (P-517.2CL
from Physik Instrumente) exploited to scan the sample
surface over a 100 x 100 um? area and collect surface phonon
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FIG. 1. Top: Schematic view of the setup. PBS: Polarizing beam
splitter, A/2: Half-wave plate, A/4: Quarter-wave plate, PD: Am-
plified photodetector, “A.0.M.” stands for acousto-optic modulator,
and “ref. mirror” for reference mirror as a part of a Michelson
interferometer. Blue ellipses represent optical objectives. Bottom:
Interferometric signal as a function of delay time obtained in liquid
indium at high pressure and temperature with collinear pump and
probe beams. Numbers identify consecutive echoes corresponding to
the nth wave arriving at the sample surface on the probe side. Inset:
Magnification of the third echo.

imaging data [52]. The remaining part of the probe beam is
reflected on a reference mirror mounted on a piezoactuator
with a feedback loop to stabilize the Michelson interferome-
ter [53,54]. The two beams reflected by the sample and the
reference mirror are then mixed to obtain interferences before
being collected by two amplified photodetectors. The voltage
difference V4 — Vj between the two photodetectors (PDA and
PDB in Fig. 1) is proportional to the phase change of the
relative reflectivity variation ¢ = Im(AR/R). The obtained
signal shown in Fig. 1 (bottom) is thus affected by both the
sample surface displacement and its refractive index varia-
tions through the photoelastic effect [51].

B. Metrology: Determination of pressure and temperature

Measurements are performed in a restively heated diamond
anvil cell, equipped with a pair of diamonds with culets of
600 um and a pre-indented rhenium gasket. The large culets
are chosen to facilitate surface phonon imaging as a sample
with a diameter larger than 100 um and a thickness of tens of
microns is needed. Heating is achieved by an external resistive
heater, whose power is controlled by the target temperature
measured by a K-type thermocouple located between the DAC
and the resistive heater, and tuned by a PID controller. A
second thermocouple is glued in contact with one of the di-
amonds.
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FIG. 2. Temperature estimated from the in situ optical sensors
Teanib (see text and [58], Sec. 1) as a function of the temperature value
Tin provided by the thermocouple glued to one of the diamonds of the
DAC. The analysis of the ruby fluorescence line shift is performed
according to two models, Datchi er al. [55] (red empty circles)
and McCumber et al. [59] (blue crosses). The equality relation is
indicated by the dashed line.

The indium sample (127 um thick foil from Sigma-
Aldrich Chemie GmbH, purity 99.99% metal basis) is loaded
at ambient conditions in a hole drilled in the rhenium gasket
with a diameter of 340 um and a thickness around 50 um (a
scheme of the sample chamber can be visualized in Fig. 1).
The indium sample entirely fills the hole and plays both the
role of metallic transducer and pressure-transmitting medium
when in the liquid state. Even when solid, being a soft metal,
it does not sustain strong uniaxial stress and this deviatoric
stress vanishes each time the sample melts.

A Sm-doped strontium tetraborate (SrB,O7:Sm?*) optical
sensor is used as an in situ pressure gauge [55], as the shift of
the "Dy-> ;) fluorescence line depends on the applied pressure
but is almost independent of temperature. In addition, a ruby
sphere (3000 ppm Cr-doped corundum: Al,03:Cr*") [56] is
placed inside the sample chamber and, in this case, the shift
of the luminescence signal is sensitive to both p and T [57].

The fluorescence signal of the two calibrants is excited by a
CW sapphire laser from Coherent, Inc., operating at A = 488
nm.

The combined use of the two in situ sensors allows us not
only to probe pressure, but as well to perform an indepen-
dent check of the T values measured by the thermocouple. In
practice, being almost insensitive to 7', the shift in the signal
of the Sm-doped strontium tetraborate directly provides the
pressure. The temperature can then be determined by the ruby
calibrant by imposing in the signal analysis the pressure de-
termined from the Sm-doped strontium tetraborate (see [58],
Sec. I).

As shown in Fig. 2, there is an excellent agreement be-
tween the temperature provided by the thermocouple glued
to the diamond and the temperature estimated from the in
situ sensors according the two models. Unfortunately the
ruby sphere disappeared inside the liquid before performing

measurements at the highest isotherm (680 K). However,
since the value of temperature given by the thermocouple was
proven reliable for all other temperatures, this has been used
for all the p-T measurements.

The uncertainty on temperature measurements from the
thermocouple is evaluated to be 2 K and on pressure
measurements determined from the Sm-doped strontium
tetraborate calibrant to be 0.1-0.2 GPa.

III. EXPERIMENTAL RESULTS

A. Sound velocity measurements

Sound velocity measurements are performed through the
analysis of the patterns detected by surface imaging and their
evolution as a function of the delay time (i.e., producing a
“movie”) [18]. In the liquid state, as in any elastically isotropic
medium, phonon imaging patterns are circles, growing as a
function of time, due to the arrivals of the spherical wave
fronts generated by the focused pump beam at the opposite
side of the sample (see the setup in Fig. 1).

An integrated profile is obtained from each image and then
all the profiles are stacked as a function of time to produce
a figure showing growing circles as a function of time (see
Fig. 3). The theoretical expression of the radius as a function
of time R(¢) is obtained by the following set of equations [18]:

Z(t) = U([ + mTBaser — t)»
eo = v(to + mTjyser — 7), (1)
R(t) = y/(z = e)([2C ) — 2] + €},

where C(z) = z[1 —i—(zf)z], v is the compressional sound

velocity, Tiaser = 12.548(4) ns is the period between two sub-
sequent pump laser shots, m is an integer which accounts for
the number of shots between generation and detection, T =
0.329 ns is the pump-probe coincidence time that depends on
the optical path difference between probe and pump beams,
eo is the sample thickness, 7y is the emergence time of the
wave, and z is the acoustic Rayleigh length. A typical value
of zz is 15 um but it depends on the quality of the pump
beam focusing on the sample surface. In the case where the
thickness of the sample e is larger than zz, Eq. (1) greatly

simplifies as [26]
R(1) = vy/z(1)* — €. )

Parameters to be determined by the fitting process are then
v, 1y, and zg. These are fixed or left free, depending on the fea-
tures of each movie. The evolution of the radius of the second
(n = 2) and third (n = 3) waves is not fitted, but calculated
replacing ey by (2n — 1)eq. With this method, the thickness e
and the sound velocity v are independently determined. The
sound velocity data here obtained as a function of p and T
are shown in Fig. 4 ([58], Sec. IT A). Uncertainty on sound
velocity is evaluated to be around 25 m/s.

Sound velocity data at ambient pressure as a function of
temperature are numerous in the literature and are reviewed by
Blairs [33] (compiling Refs. [34,61-66] and Fig. S3 in [58]).

On the contrary, sound velocity measurements as a func-
tion of pressure are scarce. Coppens et al. [34] performed
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FIG. 3. (a) Phonon imaging pattern of the acoustic wave front
at the liquid-diamond interface in liquid indium at 3 GPa and
682 K with collinear pump and probe at circular pattern center for
11.9606 ns pump-probe delay. (b) Integrated profile. (c) Integrated
profiles stacked versus time. For clarity, the final image between O
and Tj,s; is duplicated 3 times. The colored ripples and the lines show
the radius of the circles detected at the sample surface versus time.
The nonlinear R(z) curves are linked to the volume waves propa-
gating inside the sample and appearing at the surface, whereas the
linear R(t) curves are due to the pure surface waves (possibly surface
skimming bulk waves propagating in the diamond at the interface
diamond-sample [60]). Only the first nonlinear curve is fitted by the
function R(¢), and the calculation with the obtained results is shown
as the blue dotted line. The red and green dotted lines are calculations
corresponding to multiple reflections in the sample (n = 2 and n = 3,
respectively) and demonstrate the quality of the fit procedure.

pioneering measurements but only up to 1500 psi, i.e., around
0.01 GPa. More recently, Alatas et al. [35] and Komabayashi
et al. [36] measured the sound velocities by inelastic x-ray
scattering through the fit of the phonon dispersion curve w(Q)
[67]. Alatas et al. [35] measured sound velocity for only 3
data points up to 4.0 GPa and 633 K. Komabayashi et al. [36]
extended the p-T range up to 923 K and 6.7 GPa. These data
are however scattered, with large error bars, and for clarity
are not shown in Fig. 4 where our data set is compared to the
velocities obtained from the equation of state (EOS) [36].

The sound velocity is linked to the adiabatic bulk modulus
By and the density p via the relation

v =+/Bs/p; 3)

then our measurements can be compared with values derived
using the Komabayashi density-pressure-temperature relation
[36] which requires only 6 thermoelastic parameters to calcu-
late sound velocity: The density at ambient pressure pg, the
isothermal bulk modulus Br , the pressure derivative of the
isothermal bulk modulus B}, = (dBr/dp)y=0, the thermal
expansion ¢, the Anderson-Griineisen parameter 57 [68], and
the Griineisen parameter yg.
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FIG. 4. Sound velocity in liquid indium as a function of pressure
and temperature, measured by the phonon imaging method. The
data are compared with velocities derived from the thermal EOS of
Komabayashi et al. [36] calculated along three reference isotherms.
Inset: Sound velocity as a function of temperature at ambient pres-
sure, measured by the phonon imaging method [average thickness
eo = 68.3(12) um, with imposed parameter zzg = 16.2(4) um] above
melting temperature (7),). The data are compared with the average
linear relation of Blairs [33] (blue dotted line) and its dispersion (gray
area; see Fig. S3 in [58]), and with the sound velocity calculated from
the thermal EOS.

The density p is obtained from the isothermal Vinet
EOS [69],

L= X o 35
p=3Brp 2 e with n = E(BT’O —1), “4)

where x = (p/p)~'/3.
The thermal expansion « is calculated at any p and 7" using

the Anderson-Griineisen parameter 87,

a = oox™, )
leading to the thermal EOS p(p, T'),
p = poe @I =T, (6)
from which the bulk modulus is derived as
ad
Br = p(—”) , ™
/)7
and finally the adiabatic bulk modulus is obtained as
Bs = Br(1 +aysT). ®)

Despite its simplicity, this model based on simpler assump-
tions than other thermal EOS formalisms (see, for example,
Ref. [70]) well accounts for the thermodynamic quantities at
ambient pressure when using parameters given in Ref. [36]
from the seminal work of Kamioka ef al. [46]: po = 7031.11
kg/m?, Bro =32.8 GPa, B}, =55, ap =12 x 107> K,
dr =5.5,and yg = 2.5.

As shown in Fig. 4 this EOS, associated with previous
inelastic x-ray scattering data [35,36], provide a good test of
our experimental determination of the sound velocity at high
pressure.
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TABLE 1. Thermodynamic data of liquid indium calculated from reference data v(T'), p(T), C,(T), and the value of (dv/dp)r o

determined in this work.

T v 0 C, o Br dBr/dT

) (m/s) keg/m)  O/keK) (107K GPa (MPa/K) B; br Yo

T,S 2313.93 7022.00 258.0 10.85 34.02 —20.26 5.25 5.49 2.25
450 2307.90 7006.57 257.4 10.88 33.62 —20.01 5.25 5.47 2.25
500 2293.00 6968.47 256.0 10.93 32.63 —19.40 5.24 5.44 2.25
550 2278.10 6930.37 254.8 11.00 31.68 —18.81 5.23 5.40 2.24
600 2263.20 6892.27 253.8 11.06 30.75 —18.23 5.22 5.36 2.23
650 2248.30 6854.17 252.9 11.12 29.85 —17.66 5.21 5.32 2.22
700 2233.40 6816.07 252.2 11.18 28.98 —17.11 5.20 5.28 2.21
750 2218.50 6777.97 251.6 11.24 28.14 —16.58 5.19 5.24 2.20
800 2203.60 6739.87 251.2 11.31 27.33 —16.07 5.18 5.20 2.19
850 2188.70 6701.77 250.8 11.37 26.53 —15.59 5.16 5.17 2.17
900 2173.80 6663.67 250.4 11.44 25.77 —15.12 5.15 5.13 2.16
950 2158.90 6625.57 250.1 11.50 25.02 —14.68 5.14 5.10 2.14
1000 2144.00 6587.47 249.8 11.57 24.30 —14.26 5.13 5.07 2.13

Previous authors provided a data review and an accurate
evaluation of thermodynamic quantities at ambient pressure:
v(T) [33], p(T) [27], and C,(T') [71] (fitted by a third-order
polynomial in Ref. [49]).

Following the seminal work of Shaw and Caldwell [72],
these data, combined with the present accurate determination
of (dv/dP)r p—o = 121(6) m s~! GPa~!, considered indepen-
dently of the temperature, offer the opportunity to accurately
calculate Br,o(T') and B’ ,(T') and to revise the equation of
state up to ~10 GPa. All the thermodynamic equations used
are detailed in [58], Sec. II C. The calculated data are shown
in Table I and are in very good agreement with Kamioka et al.
[46], with the notable exception of & and By, which must be
revised by approximately —10% and +4%, respectively ([58],
Fig. S4).

Finally the equation of state of liquid indium is calculated
from the thermodynamic parameters given in Table I and the
isothermal Vinet EOS for each temperature. The results shown
in Fig. 5 are close to Komabayashi et al. [36].

B. Determination of the melting curve

In this work, the melting of indium was determined using
two different methods. The first method is the detection of
the isothermal solid-liquid phase transition through a large
difference in the delay time of the arrival of the first echo, a

direct consequence of the changes in the sample thickness and mg 7500
mainly in the sound velocity upon transition [18] (see Fig. 6). 2
The melting line was crossed along isotherms for increas- =

ing and decreasing pressures. This method is very accurate
since the sound velocity is very sensitive to modifications
in long-range order and consequently in the thermodynamic
properties of the material. Noteworthy, the liquid-solid tran-
sition is always accompanied by a “plateau” in the curve of
the sample pressure p as a function of membrane pressure p,,,
likely a consequence of the volume variation at the transition
([58], Fig. S5).

The second method is the tracking of pressure and temper-
ature for which liquid and solid phases coexist in equilibrium,
and follow this along the melting line [75,76]. Here, we

remember that according to the Gibbs phase rule, for a single
component system, 7 and p are not independent when two
phases are in coexistence, as along the melting line (only
one degree of freedom). The experimental protocol starts
with measurements in the liquid, and then the temperature is
continuously decreased (at a rate around 1 K/s). When the
melting temperature is reached, the pressure in the sample
chamber decreases due to volume reduction of the sample
caused by partial solidification. Further volume reduction
in both coexisting solid and liquid is expected due to the
temperature decrease. These aspects favor the decrease in p
concomitant to the imposed decrease in 7' along the melting
line. However, due to the nontransparency of the sample, the
visual observation of the solid-fluid equilibrium is impossible.
The full transition of the sample into the solid is thus checked
by three ways ([58], Fig. S7). First, the pressure stops to
decrease although the temperature continues to decrease. Sec-
ond, the transition from liquid to solid is observed by phonon

8500

. , . .
| Liquid In %}

8000

7000

This work  Komabayashi et a/

g Shen (710K) 500K  ----- 500 K

B Takubo (645K) ——700K - 700 K

A Takubo (720K) ——900K - 900 K

6500 L 1 . 1 . ] . 1 .
0 2 4 6 8 10

P (GPa)

FIG. 5. Equation of state in liquid indium calculated from the
Vinet EOS and thermodynamic parameters given in Table I (solid
lines) compared to the EOS of Komabayashi (dashed lines). The
experimental data are from Shen [73] and Takubo [74].
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FIG. 6. Transition between liquid and solid indium (gray region)
as recorded by the large and sharp variation of the arrival time of the
first acoustic echo at 7 = 510 K. The transition pressure, measured
both for increasing p (top panel) and decreasing p (bottom panel), is
in this case 1.70(5) GPa.

imaging of the surface, with the apparition of noncircular
patterns due to the elastic anisotropy of solid indium. Third,
a large shift of the delay time of the echo peak is observed
at the transition (similarly to what is shown in Fig. 6 as travel
time modification upon phase transition is quite higher than
the variations due only to the temperature or the pressure in
the liquid phase; see also Fig. S7 in [58]).

The compilation of the measurements done by the two
methods is presented in Fig. 7. The melting line is fitted by
the widely used Simon-Glatzel equation [77],

— Pre 1/e
Tu(p) = Tt == 4 1] ©)

where prr =0 GPa, Tier = TA2 = 429.74850(34) K are the
well-known values used as secondary point of the interna-
tional temperature scale (ITS) [30,31], and the two adjustable
parameters a and ¢ have been found to be a = 4.61(11) GPa
and ¢ = 1.792(34).

In order to check the consistency of our data, we can
compare the slopes of the melting line at ambient pressure «
obtained by the Simon-Glatzel relation [see Eq. (10)] and by
the Clausius-Clapeyron relation [see Eq. (11)].

From the Simon-Glatzel relation we obtain

dTy Ty
Kk=|—— = — =52.0(16) K/GPa. (10)
dp ) —g ac
This value is higher than the values given by Jayaraman et al.
(Table 3 in Ref. [79]) ranging from 43 to 50 K/GPa.
The Clausius-Clapeyron relation gives the slope of the
melting line at ambient pressure as

T}\?(Vm,liq - Vm,sol)

Kref = , 11
ref AI‘Im,M ( )

where V,, are molar volumes in liquid and solid, and AH,,
is the molar enthalpy of fusion (or melting). The quantities
entering this relation measured at 7y, and ambient pressure are
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FIG. 7. Indium melting line measured by picosecond acoustics.
As explained in the text, experimental (p, T') points are obtained in
two ways. Method 1: Large and sharp shift of the arrival time of
the first acoustic echo upon pressure increase (blue solid triangles)
and upon pressure decrease (blue empty triangles) along isothermal
paths; method 2: Through monitoring the liquid-solid equilibrium
(empty black squares). All the data are fitted by a Simon-Glatzel
equation [dash-dotted red line; see text and Eq. (9)]. In addition,
an extrapolation of the Clausius-Clapeyron relationship at ambient
pressure is shown [Eq. (11); green line], as well as the polynomial
function given by Richter extrapolated above 3.5 GPa (black dotted
line; see Table 1 in Ref. [78]).

carefully reviewed ([58], Sec. III B). Here we emphasize that
the largest source of uncertainty in «f comes from the value
of AV,,, which is crucial to evaluate the consistency of the data
[80]. The resulting «ef = 53.1(48) K/GPa is in agreement
with k determined from the Simon-Glatzel relation.

To summarize, our determination of « is in agreement with
previous published values and gives further confidence in the
reliability of our temperature measurements.

IV. DISCUSSION

The melting curve obtained in the present study and ex-
trapolated up to 12 GPa, a pressure up to which no anomaly
is expected in the liquid, is compared to the literature data in
Fig. 8.

The disagreement between our data and the melting curve
recently proposed by Errandonea [45] is evident for pressures
above 3 GPa. In this work a Bridgman-type cell was em-
ployed up to 12 GPa and melting was identified as a drop
in the resistance, measured with the 4-point technique, which
is a well-proven melting criterion. Concerning metrology,
the pressure scale used in their work relies on a calibration
curve relating loading pressure and sample pressure, which
is linear and well constrained by many reference points [86].
On the contrary, in the Bridgman pressure apparatus used,
the temperature was measured by a thermocouple located
500 um away from the center. Therefore temperature gradi-
ents could explain an underestimated temperature, to a larger
extent than what is claimed by the authors (less than 25 K
[45]). In further support of these remarks, the slope at ambient
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FIG. 8. The melting curve obtained in this work by picosecond
acoustics (red line) and extrapolated above 6 GPa (red dotted line)
is compared with the literature data: Dudley (1960) [32], Dudley
corrected in this work, McDaniel (1962) [81], Jayaraman er al.
(1963) [79] and their correction of the Dudley data, Millet (1968)
[82] (data points are taken from Cannon (1974) [83]), Richter (1980)
[78], Hohne (1996) [84], Shen (2002) [85] (red filled squares: Solid,
red empty squares: Liquid), and Errandonea (2010) [45]. The inset
shows the low-pressure region.

pressure of the melting curve determined by Errandonea is
k = 45.2 K/GPa, which is much lower than the expected
reference value k. = 53.1(48) K/GPa and lower than our
determination [k = 52.0(16) K/GPa].

Recently, Ma et al. [87] proposed an agreement with the
measurements of Errandonea. However, this model is based
on two experimental (p, T) data of the melting curve, which
were directly taken from the measurements of Errandonea.
Such a low melting temperature is also supported by the
values of Dudley [32]. However, this work used an outdated
pressure scale, subsequently proven to be inaccurate. Specifi-
cally, the Ba I-II transition pressure was assumed according
to Bridgman [88], with pp,.i1 = 77.4 katm = 7.843 GPa,
while the revised value pg,1 = 5.50(5) GPa at 295.15 K
was established in the subsequent work of Haygarth et al
[89]. In addition, Decker made a careful review (see Table
7 in Ref. [90] and related discussion) including the data
of Haygarth and some other studies resulting in pp,rq =
5.53(12) GPa at 298.15 K. Based on this revised value, the
calibration curve of Dudley can be corrected ([58], Sec. III C).
The melting curve of Dudley before and after the correction
is shown in Fig. 8. The so-corrected melting curve is in agree-
ment with our data.

Richter [78] performed measurements in a piston cylinder
up to 3.5 GPa and determined the melting curve by the differ-
ential thermal analysis (DTA) technique, carefully corrected
for asymmetrical friction, and by the volumetric technique.
The results obtained by the two techniques are consistent and
yield a melting curve modeled according to a least-squares fit
as Ty = 156.0 + 52.6p — 2.25p?, where p is in GPa, and Ty,
is in degrees Celsius. Our data at low pressure are in excellent

agreement with these measurements, as well as with results of
McDaniel et al. [81] and Hohne et al. [84].

Our data are extrapolated at pressures above 6 GPa accord-
ing to Eq. (9). This extrapolation is in agreement with the
melting temperatures of Shen measured by x-ray diffraction
(XRD) [85], and in good agreement with Millet [82], despite
the uncertainties of these measurements highlighted by Can-
non [83].

V. CONCLUSION

In this work the phase diagram and the thermoelastic
properties of liquid indium have been accurately investigated
over an extended pressure and temperature range by picosec-
ond acoustics measurements in combination with resistively
heated diamond anvil cells. Particular care was devoted to
the associated metrology. Indium was observed to be a very
stable metallic compound at high pressure and high tempera-
ture, both in its solid and liquid phases. The thermodynamic
properties of the liquid phase, well documented at ambient
pressure as a function of temperature, have been here imple-
mented to simultaneous high-pressure and high-temperature
conditions, according to well-established thermodynamic for-
mulations built on precise sound velocity measurements
performed along selected isotherms. A p-p-T EOS for the
liquid has been also derived.

The liquid-solid transition was determined through a clear
and unambiguous criterium: The jump in time-of-flight mea-
surements that directly relates to the changes of thermoelastic
properties between the two phases. We have also constrained
the melting curve by monitoring the liquid-solid equilibrium
along several experimental runs. The results obtained by the
two methods are consistent, and the measurements are in good
agreement with the thermoelastic reference values of indium
at ambient pressure.

Thanks to the careful metrology of pressure and tempera-
ture, our data offer an accurate determination of the melting
curve, and the Ty, (p) line could be used as a calibration curve
for future investigations.

Besides the specific interest of the case of indium, our
study shows the reliability and versatility of the picosecond
acoustic technique and associated methods, opening to the
study of more complex or reactive liquid systems such as the
alkali metals, sulfur, or phosphorus. Furthermore, since sound
velocity is highly sensitive to the changes of the thermoelastic
parameters, a similar approach can be used to probe first-
order transitions other than melting, as well as more subtle
transitions related to progressive changes in structure. Finally,
studies can be extended over a larger pressure and temper-
ature range using more performing resistive-heating systems
rather than the simple external heater employed in this study.
Experiments exploiting local or internal heaters for example
can reach temperatures up to 1100-1300 K (e.g., [91,92]).
Moreover, temperatures higher than 1000 K can be achieved
by laser heating.
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