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Determination of indium melting curve at high pressure by picosecond acoustics
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Sorbonne Université, Muséum National d’Histoire Naturelle, UMR CNRS 7590,

Institut de Minéralogie, de Physique des Matériaux et de Cosmochimie, IMPMC, 75005 Paris, France

Picosecond acoustics combined with 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 BT,0 and its first
pressure derivative B′

T . 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.

Keywords: Picosecond Acoustics, Equation of State, Phase Diagram, High Pressure, Melting Curve, Sound
velocity, Indium

I. INTRODUCTION

Determination of the thermoelastic properties of liq-
uids at extreme conditions of pressure and temperature
is fundamental for understanding the properties of con-
densed 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 determination of phase
diagrams, including melting curves, equations of state
or sound velocities measurements in the liquid phase, in
addition with other thermodynamic properties determi-
nation 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 meth-
ods were based on visual observations [9, 10], existence
of a temperature plateau [11], or on changes in electri-
cal resistivity [12]. More recent in situ diagnostics in-
clude the appearance of diffuse signal in X-ray diffrac-
tion [13, 14], characteristic changes in the X-ray ab-
sorption spectroscopy [15] and detection by Synchrotron
Mossbauer Spectroscopy experiments [16].
During the last decades, picosecond acoustics (PA)

combined with diamond anvil cell (DAC) has been in-
creasingly used to measure the thermoelastic properties
of liquids and solids as well as their phase diagram.
Nowadays, the combination of these two techniques ap-
pears 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 pres-
sure conditions [18–20]. So far, PA has been successfully
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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 capa-
bilities of PA, liquid indium can be considered a very
interesting case study. First of all, its properties are very
well known at ambient pressure [27, 28], making In a
standard calibration substance [29, 30]. In particular,
its melting temperature is a secondary reference point
of the international temperature scale (ITS) [31]. Sec-
ondly, due to its low melting temperature, its ductility
and low chemical reactivity [32], In can be routinely han-
dled in the laboratory. Thirdly, although there are many
papers on the measurements of sound velocities in liq-
uid 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, Tl) and has attracted interest
over time [37–41]. At ambient conditions, indium crystal-
lizes in a tetragonal distortion of the compact 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 distor-
tion of the FCT structure with respect to FCC. Above
50 GPa a solid-solid transition occurs and the In struc-
ture changes from FCT to a face-centered orthorombic
(FCO) arrangement, stable up to ≈150 GPa [41]. The In
phase diagram was also explored by ab initio electronic
structure calculations at T=0 K [42], and at high temper-
atures by XRD (T>500 K) [43], but no other transitions
were reported in the solid phase up to 247 GPa [41]. From
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all the above, we can conclude that In is particularly sta-
ble 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 mea-
sured by several authors with different techniques shows
significant discrepancies above 4 GPa [45]. The knowl-
edge of the melting curve is actually crucial as it is used as
a calibration curve at high p and high T (see for example
reference [36]). This calls for a new set of experimental
data obtained using a state of the art technique, with
a 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 dif-

ferent and changes in sound velocities are a very sensitive
probe to detect a solid-liquid phase transition [18, 46, 47]
or subtle transformations in the liquid phase [19, 20].
Furthermore, accurate velocity measurements allow to
derive useful thermodynamical 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 PA technique combined with an externally
heated diamond anvil cell (hDAC).

II. EXPERIMENTAL METHODS AND SET-UP

A. Picosecond acoustics set-up

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

In our set-up, the infrared beam from a mode-locked
Ti:sapphire laser (λ = 800 nm, pulse width 100 fs, repe-
tition rate ≈80 MHz i.e. 12.548(4) ns) is divided into a
pump and a probe beam (see Fig. 1).
The pump beam passes through an acousto-optic mod-

ulator (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 In-
struments). Then the pump beam is focused onto one of
the surfaces of the sample (beam waist ≈ 1.5 µm), and,
for metallic samples as the case of present interest, di-
rectly absorbed. The so-generated thermal 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

variation either in the intensity or in the phase of the re-
flectivity signal. The intensity variation ρ = Re (∆R/R)
is related to the photoeleastic properties of the sample.
Unfortunately, the photoelastic variation induced in in-
dium is very small and a reflectivity measurement set-up
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FIG. 1. (Top) Schematic view of the set-up. PBS: polarizing
beamsplitter, λ/2: half-wave plate, λ/4: quarter-wave plate,
PD: amplified photodetector, A.O.M. stands for acousto-optic
modulator, and ref. mirror for reference mirror as a part of
a Michelson interferometer. Blue ellipses represents optical
objectives.
(Bottom) Interferometric signal as a function of delay time
obtained in liquid In at high pressure and temperature with
collinear pump and probe beams. Numbers identify consec-
utive echoes corresponding to the nth wave arriving at the
sample surface on the probe side. (Inset) Magnification of
the third echo.

is not efficient enough in this case. An interferometric
system should be used instead.

By means of a beam splitter, the probe beam is di-
vided in two. One part is focused on the sample with
the use of an objective mounted on a XY piezoelectric
stage (P-517.2CL from Physik Instrumente) exploited to
scan the sample surface over a 100×100 µm2 area and
collect surface phonon imaging data [52]. The remaining
part of the probe beam is reflected on a reference mir-
ror mounted on a piezoactuator with a feedback loop to
stabilize the Michelson interferometer [53, 54]. The two
beams reflected by the sample and the reference mirror
are then mixed to obtain interferences before being col-
lected by two amplified photodetectors. The voltage dif-
ference VA − VB between the two photodetectors (PDA
and PDB in Fig. 1) is proportional to the phase change
of the relative reflectivity variation φ = Im (∆R/R). The
obtained signal shown in Fig. 1 (bottom) is thus affected
by both the sample surface displacement and its refrac-
tive index variations through photoelastic effect [51].
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B. Metrology : determination of pressure and

temperature

Measurements are performed in a restively-heated di-
amond anvil cell, equipped with a pair of diamonds with
culets of 600 µm 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
µm and thickness of tens of microns is needed. Heating
is achieved by an external resistive heater ring, 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
diamonds.
The indium sample (127 µm thick foil from Sigma-

Aldrich Chemie GmbH, purity 99.99% metal basis) is
loaded at ambient conditions in a hole drilled in the rhe-
nium gasket with a diameter of 340 µm and a thickness
around 50 µm (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.
Sm-doped strontium tetraborate (SrB4O7:Sm

2+) opti-
cal sensor is used as in situ pressure gauge [55], as the
shift of the 7D0 −

5 F0 fluorescence line depends on the
applied pressure but is almost independent of tempera-
ture. In addition, a ruby sphere (3000 ppm Cr-doped
corundum: Al2O3:Cr

3+) [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
λ = 488 nm.
The combined use of the two in-situ sensors allows not

only to probe pressure, but as well to perform an inde-
pendent check of the T-values measured by the thermo-
couple. In practice, being almost insensitive to T , the
shift in the signal of the Sm-doped strontium tetrabo-
rate directly provides the pressure. The temperature can
then be determined by the ruby calibrant by imposing
in the signal analysis the pressure determined from the
Sm-doped strontium tetraborate (see [58], section I).

As shown in Fig. 2, there is an excellent agreement
between the temperature provided by the thermocou-
ple glued to the diamond and the temperature estimated
from the in-situ sensors according the two models. Un-
fortunately 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 tem-
peratures, this has been used for all the p − T measure-
ments.
The uncertainty on temperature measurements from

the thermocouple is evaluated to be ±2K and on pres-
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FIG. 2. Temperature estimated from the in-situ optical sen-
sors Tcalib (see text and [58], section I) as a function of the
temperature value Tth 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 mod-
els, Datchi [55] (red empty circles) and McCumber [59] (blue
crosses). The equality relation is indicated by the dashed line.

sure measurements determined from 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 imag-
ing and their evolution as a function of the delay time
(i.e. producing a “movie”) [18]. In liquid state, as in
any elastically isotropic medium, phonon imaging pat-
terns are circles, growing as a function of time, due to
the arrivals of the spherical wavefronts generated by the
focused pump beam at the opposite side of the sample
(see the set-up at 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(t) is obtained by the following set
of equations [18]

z(t) = v (t+mTlaser − τ) ,

e0 = v(t0 +mTlaser − τ),

R(t) =
√

(z − e0) ((2 C(z)− z) + e0)

(1)

where C(z) = z
[

1 +
(

zR
z

)2
]

, v is the compressional

sound velocity, Tlaser = 12.548(4) ns is the period be-
tween two subsequent pump laser shots, m is an integer



4

0 10 20 30 40 50 60 70
-0.5

0.0

0.5

1.0

0 5 10 15 20 25 30 35
0

10

20

30

40

50

60

70

R
 (
µ
m

)

Delay time (ns)

b)

∆
R

/R
 (
a
rb

. 
u
n
it
s
)

R (µm)

t=11.9606 ns

a)

c)

0 20 40 60 80 100
0

20

40

60

80

100
y
 (
µ
m

)

x (µm)

FIG. 3. a) Phonon imaging pattern of the acoustic wavefront
at the liquid-diamond interface in liquid indium at 3 GPa and
682 K with collinear pump and probe at circular pattern cen-
ter for 11.9606 ns a pump-probe delay. b) Integrated profile.
c) Integrated profiles stacked versus time. For clarity, the fi-
nal image between 0 and Tlaser 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(t) curves are linked to the volume waves propagating in-
side 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(t), and the calculation with
the obtained results is shown as the blue dotted line. The red
and green dotted lines are calculations corresponding to mul-
tiple reflections in the sample (n = 2 and n = 3 respectively)
and demonstrate the quality of the fit procedure.

which accounts of the number of shots between genera-
tion and detection, τ = 0.329 ns is the pump-probe coin-
cidence time that depends on the optical path difference
between probe and pump beams, e0 is the sample thick-
ness, t0 is the emergence time of the wave, and zR is the
acoustic Rayleigh length. A typical value of zR is 15 µm
but it depends on the quality of the pump beam focusing
on the sample surface. In the case where the thickness of
the sample e0 is larger than zR, Eq. 1 greatly simplifies
as [26]

R(t) = v
√

z(t)2 − e20. (2)

Parameters to be determined by the fitting process are
then v, t0 and zR. These are fixed or left free, depending
on the features of each movie. The evolution of the ra-
dius of the second (n=2) and third (n=3) waves are not
fitted, but calculated replacing e0 by (2n− 1) e0. With
this method, the thickness e0 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], section II.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 literature and are re-
viewed by Blairs [33] (compiling refs. [34, 61–66] and
Fig.S3 in [58]).
On the contrary, sound velocity measurements as a

function of pressure are scarce. Coppens [34] performed
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 ω(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 scat-
tered, 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 EOS [36].

0 1 2 3 4 5
2200

2300

2400

2500

2600

2700

2800
From EoS

 450 K
 535 K
 680 K

v 
(m

/s
)

P (GPa)

450.1
492.8
504.6
519.5
553.1
574.0
593.0
613.8
673.3
683.1

T(K)

450 500 550 600
2200

2300

2400
 Blairs (2007)
 From EoS

 

 

T (K)

Tm

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 [36] calculated along three
reference isotherms. (Inset) Sound velocity as a function of
temperature at ambient pressure, measured by the phonon
imaging method (average thickness e0 = 68.3(12) µm, with
imposed parameter zR = 16.2(4) µm) above melting temper-
ature (TM ). The data are compared with the average linear
relation of Blairs [33] (blue dotted line) and its dispersion
(grey area, see Fig.S3 in [58]), and with the sound velocity
calculated from the thermal EOS.

The sound velocity is linked to the adiabatic bulk mod-
ulus BS and the density ρ via the relation

v =
√

BS/ρ, (3)

then our measurements can be compared with val-
ues derived using the Komabayashi density-pressure-
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temperature relation [36] which requires only 6 thermoe-
lastic parameters to calculate sound velocity: the den-
sity at ambient pressure ρ0, the isothermal bulk modu-
lus BT,0, the pressure derivative of the isothermal bulk
modulus B′

T,0 = (∂BT /∂p)p=0, the thermal expansion

α0, the Anderson-Grüneisen parameter δT [68] and the
Grüneisen parameter γG.
The density ρ is obtained from the isothermal Vinet

equation of state (EOS) [69]

p = 3BT,0

(

1− x

x2

)

eη(1−x) with η =
3

2
(B′

T,0 − 1) (4)

where x = (ρ/ρ0)
−1/3

.
The thermal expansion α is calculated at any p and T

using the Anderson-Grüneisen parameter δT

α = α0x
3δT (5)

leading to the thermal EOS ρ(p, T )

ρ = ρ0e
−α(T−TM ) (6)

from which the bulk modulus is derived as

BT = ρ

(

∂p

∂ρ

)

T

(7)

and finally the adiabatic bulk modulus is obtained as

BS = BT (1 + αγGT ) . (8)

Despite its simplicity, this model based on simpler as-
sumptions 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 [46]
: ρ0 = 7031.11 kg/m3, BT,0 = 32.8 GPa, B′

T,0 = 5.5,

α0 = 12 10−5 K−1, δT = 5.5, and γG = 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 ve-
locity at high pressure.
Previous authors provided a data review and an accu-

rate evaluation of thermodynamic quantities at ambient
pressure: v(T ) [33], ρ(T ) [27] and Cp(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 determi-
nation of (dv/dP )T,p=0 = 121(6) m.s−1.GPa−1, consid-
ered independent of the temperature, offer the opportu-
nity to accurately calculate BT,0(T ) and B

′

T,0(T ) and to
revise the equation of state up to ≈ 10 GPa. All the
thermodynamic equations used are detailed in [58], sec-
tion II.C. The calculated data are shown in Table I and
are in very good agreement with Kamioka [46], with the
notable exception for α0 and BT which must be be re-
vised by approximately -10% and +4% respectively ([58],
Fig.S4).
Finally the equation of state of liquid In 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 [36].
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FIG. 5. Equation of state in liquid In calculated from
the Vinet EOS and thermodynamic parameters given in ta-
ble I (solid lines) compared to the EOS of Komabayashi
(dashed lines). The experimental data are from Shen [73]
and Takubo [74].

B. Determination of the melting curve

In this work, the melting of In 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, direct consequence of the changes in the sample
thickness and mainly in the sound velocity upon transi-
tion [18], (see Fig. 6). The melting line was crossed along
isotherms for increasing and decreasing pressures. This
method is very accurate since the sound velocity is very
sensitive to modifications in long-range order and conse-
quently in the thermodynamic properties of the material.
Noteworthy, the liquid-solid transition is always accom-
panied by a ”plateau” in the curve of the sample pressure
p as a function of membrane pressure pm likely conse-
quence of the volume variation at the transition ([58],
Fig.S5).

The second method is the tracking of pressure and tem-
perature for which liquid and solid phases coexist in equi-
librium, and follow this along the melting line [75, 76].
Here, we remember that according to the Gibbs phase
rule, for a single component system, T and p are not in-
dependent when two phases are in coexistence, as along
the melting line (only one degree of freedom). The exper-
imental 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 due to partial
solidification. Further volume reduction in both coexist-
ing solid and liquid is expected due to the temperature
decrease. These aspects favor the decrease in p concomi-
tant to the imposed decrease in T along the melting line.
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TABLE I. Thermodynamic data of liquid In calculated from reference data v(T ), ρ(T ), Cp(T ), and the value of (dv/dp)T,p=0

determined in this work.

T v ρ Cp α0 BT dBT /dT B
′

T δT γG
K m/s kg/m3 J/kg.K 10−5K−1 GPa MPa/K - - -
T 0

M 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
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FIG. 6. Transition between liquid and solid indium (grey
region) as recorded by the large and sharp variation of the
arrival time of the first acoustic echo at T=510 K. The tran-
sition pressure, measured both for increasing p (top panel)
and decreasing p (bottom panel), is in this case 1.70(5) GPa.

However, due to the non transparency of the sample, the
visual observation of the solid-fluid equilibrium is impos-
sible. The full transition of the sample into the solid
is thus checked by three ways ([58], Fig.S7). Firstly, the
pressure stops to decrease although the temperature con-
tinues to decrease. Secondly, the transition from liquid to
solid is observed by phonon imaging of the surface, with
the apparition of non circular patterns due to the elastic
anisotropy of solid indium. Thirdly, a large shift of the
delay time of the echo peak is observed at the transition
(similarly to what shown in Fig. 6 as travel time mod-
ification 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 are presented in Fig. 7. The melting line is fitted
by the widely used Simon-Glatzel equation [77]

TM (p) = Tref

[

p− pref
a

+ 1

]1/c

, (9)

where pref = 0 GPa, Tref = T 0
M= 429.74850(34) K are

the well known values used as secondary point of the
international temperature scale (ITS) [30, 31] and the
two adjustable parameters a and c have been found to
be a = 4.61(11) GPa and c = 1.792(34).
In order to check the consistency of our data, we can

compare the slopes of the meting line at ambient pressure
κ 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

κ =

(

dTM

dp

)

p=0

=
T 0
M

ac
= 52.0(16) K/GPa. (10)

This value is higher than the values given by Jayara-
man 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

κref =
T 0
M (Vm,liq − Vm,sol)

∆Hm,M
. (11)

where Vm are molar volumes in liquid and solid, and
∆Hm,M is the molar enthalpy of fusion (or melting).
The quantities entering this relation measured at TM

and ambient pressure are carefully reviewed ([58], sec-
tion III.B).Here we emphasize that the largest source of
uncertainty in κref comes from the value of ∆Vm, which
is crucial to evaluate the consistency of the data [80]. Re-
sulting κref = 53.1(48) K/GPa is in agreement with κ
determined from the Simon-Glatzel relation.
To summarize, our determination of κ is in agreement

with previous published values and gives further confi-
dence in the reliability of our temperature measurements.
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FIG. 7. Indium melting line measured by picosecond acous-
tics. 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 moni-
toring 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]).

IV. DISCUSSION

The melting curve obtained in the present study and
extrapolated up to 12 GPa, pressure up to which no
anomaly is expected in the liquid, is compared to lit-
erature 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 employed 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 cri-
terion. Concerning metrology, the pressure scale used
in their work relies on a calibration curve relating load-
ing 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 µm away from the center. Therefore temperature
gradients could explain an underestimated temperature,
to a larger extent to what claimed by the authors (less
than 25 K[45]). In further support of these remarks, the
slope at ambient pressure of melting curve determined
by Errandonea is κ = 45.2 K/GPa, is much lower than
the expected reference value κref = 53.1(48) K/GPa and
lower than our determination (κ = 52.0(16) K/GPa).
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FIG. 8. The melting curve obtained in this work by pi-
cosecond acoustics (red line) and extrapolated above 6 GPa
(red dotted line) is compared with the literature data: Dud-
ley (1960) [32], Dudley corrected in this work, McDaniel
(1962) [81], Jayaraman et al. (1963) [79] and their correc-
tion of the Dudley data, Millet (1968) [82] (data points are
taken from Cannon (1974) [83]), Richter (1980) [78], Höhne
(1996) [84], Shen (2002) [85] (red filled squares: solid, red
empty squares: liquid), and Errandonea (2010) [45]. The in-
set shows the low pressure region.

Recently, Ma et al. [87] propose an agreement with
the measurements of Errandonea. However this model
is based on two experimental (p,T ) data of the melt-
ing curve, which were directly taken from the measure-
ments 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. Specifically, the Ba I-II transi-
tion pressure was assumed according to Bridgman [88],
with pBa I−II = 77.4 katm = 7.843 GPa, while the re-
vised value pBa I−II = 5.50(5) GPa at 295.15 K was es-
tablished in the subsequent work of Haygarth et al. [89].
In addition, Decker made a careful review (see Table 7 in
the Ref. [90] and related discussion) including the data of
Haygarth and some other studies resulting in pBa I−II =
5.53(12) GPa at 298.15 K. Based on this revised value,
the calibration curve of Dudley can be corrected ([58],
section III.C). The melting curve of Dudley before and
after the correction is shown in Fig. 8. The so-corrected
melting curve is in agreement with our data.

Richter [78] performed measurements in piston-
cylinder up to 3.5 GPa and determined the melting
curve by the differential thermal analysis (DTA) tech-
nique, carefully corrected for asymmetrical friction, and
by the volumetric technique. The results obtained by
the two techniques are consistent and yield to a melt-
ing curve modelled according to a least-square fit as
TM = 156.0 + 52.6p − 2.25p2 where p is in GPa, and
TM is in Celsius. Our data at low pressure are in excel-
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lent agreement with these measurements, as well as with
results of McDaniel et al. [81], and Höhne et al. [84].

Our data are extrapolated at pressures above 6 GPa
according to the Eq. 9. This extrapolation is in agree-
ment 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 mea-
surements highlighted by Cannon [83].

V. CONCLUSION

In this work the phase diagram and the thermoelas-
tic properties of liquid indium have been accurately in-
vestigated over an extended pressure and temperature
range by picosecond acoustics measurements in combi-
nation with resistively-heated diamond anvil cells. Par-
ticular care was devoted to the associated metrology. In-
dium was observed to be a very stable metallic compound
at high pressure and high temperature, 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 implemented to
simultaneous high pressure and high temperature condi-
tions, according to well established thermodynamic for-
mulations built on precise sound velocity measurements
performed along selected isotherms. A p-ρ-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 measurements 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. Results obtained by the two methods are consis-

tent, and the measurements are in good agreement with
the thermoelastic references values of indium at ambient
pressure.
Thanks to the careful metrology of pressure and tem-

perature, our data offer an accurate determination of the
melting curve, and the TM (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 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 temperature range using more
performing resistive-heating systems rather than the sim-
ple 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]). More-
over, temperatures higher than 1000 K can be achieved
by laser heating.
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Fuertes, R. Lacomba-Perales, V. Fages, A. Chevy,
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I. METROLOGY: DETERMINATION OF PRESSURE AND TEMPERATURE

In this work, pressure and temperature are accurately determined in-situ. Pressure is measured by analysis of the
luminescence signal of the Sm-doped strontium tetraborate calibrant (noted SmSTB thereafter), while temperature
is obtained by analysis of Cr-doped corundum (ruby) calibrant, both loaded inside the sample chamber of a diamond
anvil cell (actually embedded in the liquid sample). An independent determination of the temperature is provided by
a thermocouple glued on the side of one of the two diamonds in the DAC. The accuracy of the temperature reading
of the thermocouple is confirmed by the temperature obtained in-situ.

A. SmSTB : a pressure sensor

The pressure determination via the shift of a luminescence signal is used since 1975 [36]. Syassen [43] made a
review for ruby and shown that the more accurate expression can be written as a function of ǫ = ∆λ/λ(p0, T0).
Accordingly, pressure can be derived from the 7D0 −

5 F0 luminescence line of SmSTB (samarium-doped strontium
tetraborate SrB4O7:Sm

2+) fitted to a single Voigt function. Following Datchi et al. [15, 16] the corresponding pressure
p is derived according the following analytical form

p = Aǫ (1 +Bǫ) (1 + Cǫ)
−1

= A1∆λ

(

1 +B1∆λ

1 + C1∆λ

)

(1)

with ∆λ = λ(p, T0)− λ(p0, T0) (2)

where λ(p, T0) is the actual luminescence peak position at pressure p and temperature T0 and λ(p0, T0) = 685.437 nm
is our reference value of the luminescence line measured at ambient conditions (p0 = 0 GPa, T0 = 296 K) [15].

The 3 parameters, A1 = 3.989(6) GPa/nm, B1 = 6.915(74) 10−3nm−1 and C1 = 16.6(10) 10−3nm−1, extracted
from Ref. [15] p. 454, have been determined using the ”DO2007 ruby scale” [18] (see Eq. (6) in Ref. [15]).
Using λ(p0, T0), if we compare the A, B et C coefficients of SmSTB ASm = A1λ(p0, T0) = 2734 GPa, BSm =

B1λ(p0, T0) = 4.74, CSm = C1λ(p0, T0) = 11.4 with those of ruby (see next section) Aruby = 1884 GPa, Bruby = 5.5
and Cruby = 0, we note that the pressure sensitivity of SmSTB is close to those of ruby. Moreover, the 7D0 −

5 F0

luminescence line is a singlet and should be less sensitive to pressure gradients and temperature than the 2E −
4 A2

R1 line used for ruby calibrant.
In fact, at ambient pressure, the shift of the luminescence line of the SmSTB is basically temperature independent.

To estimate the error due to neglecting the temperature, the Eq.(2) is modified as

∆λ(p, T ) = ∆λp0,T0
(p) + ∆λP0,T0

(T ) = λ(p, T0)− λ(p0, T0) + λ(p0, T )− λ(p0, T0). (3)

Following Datchi et al. [15] we assume a quadratic form for ∆λp0,T0
(T )

∆λp0,T0
(T ) = A2∆T +B2∆T 2 + C2∆T 3, with ∆T = (T − T0)× 10−3, (4)

where A2 = -87(12) 10−3 nm/K, B2 = 462(60) 10−3 nm/K2, C2 = -238(70) 10−3 nm/K3 have been determined(1) at
p = p0 and are supposed to be pressure independent.
In our temperature range the maximum pressure deviation is then around 0.05 GPa i.e. of the same order of

magnitude of the experimental uncertainty on our pressure measurement.
In practice, for our purposes, the effect of temperature variation on λ and hence on the estimation of pressure from

the above presented analysis of luminescence signal of the SmSTB calibrant can be considered negligible.

B. Combined use of ruby and SmSTB: a pressure and temperature sensor

The ruby calibrant, commonly used for pressure determination and in this paper, is a chromium-doped corundum
(α-Al2O3:Cr

3+) with 3000 ppm Cr concentration. The pressure effects of the chromium concentration can be found
in Ref [12], and a nice revue of ruby properties useful for high pressure community can be found in ref [43].

Differently from SmSTB, the lineshift of the 2E −
4 A2 ruby luminescence signal depends both on pressure and

temperature. Accordingly, from the combined use of the two calibrants we can get both pressure and temperature.

1 This coefficients are different than those written in Ref.[15] because of a typo.
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At first, pressure is determined using the SmSTB calibrant. The experimental lineshift of the ruby sensor is then
corrected for the pressure effects by shifting it according to the determined pressure value. Temperature is finally
obtained by analysis of the so-corrected lineshift.
The two lines R1 and R2 are fitted to Voigt profiles as a function of energy (cm−1), with a linear background.

Following Dorogokupets et al. [18] and revue in ref [43], pressure and wavelength λR1
are related, being:

p = A4ǫ (1 +B4ǫ) with ǫ =
λR1

(p, T0)− λR1
(p0, T0)

λR1
(p0, T0)

(5)

where A4 = 1884 GPa, B4 = 5.5 and λR1
(p0, T0) = 694.336 nm is our reference value at ambient condition. This

relation is generally used to derive pressure from ruby measurements. Here we use to re-scale lineshift for pressure
effects.
As discussed in the main text, we used two methods to analyse the temperature dependence of the lineshift ∆λR1

:

1. The first method is based on a phenomenological model [15] in which only the position of the maximum of the
luminescence signal is determined, after data smoothing. At low temperatures, the R1 and R2 lines are well
separated and the maximum is obvious equal to the position of the R1 line. However at high temperatures
the R1 and R2 lines get close and progressively merge. The temperature dependence of the ruby line is then
described assuming 3 distinct regions, “low”, “medium” and “high” temperatures, each one having a specific
expression relating temperature to lineshift. In the present case our data belong to the “high” temperature
region, where the dependence of the maximum position as a function of temperature is given by a polynomial
function (Eq.(2) in Ref. [15])

∆λR1
(T ) = A3∆T +B3∆T 2 + C3∆T 3, with ∆T = (T − T0)× 10−3 (6)

with T0 =296 K, A3 = 7.46(4) nm/K, B3 = -3.01(25) nm/K2 and C3 = 8.76(33) nm/K3.

2. The second method is based on the ruby properties as described by McCumber et al. [33] treated according to
the simplified approach proposed by Syassen [43].

Temperatures estimated according the two methods are within mutual uncertainties.
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Supplementary Figure S1. (left) SmSTB luminescence signal fitted to a single Voigt profile (red line). According to Eq. (1-2)
p=4.45 GPa. (right) Ruby luminescence signal fitted to two Voigt profiles (green lines), whose addition is shown as red line, and
analysed according to McCumber model [33] with pressure imposed from the SmSTB determination, yielding to Tcalib=612.5 K.
Both measurements are performed on calibrants embedded in liquid indium at high pressure and Tth=619.95 K as determinated
using a thermocouple glued on one of the diamonds of the high pressure cell.
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II. SOUND VELOCITY MEASUREMENTS

A. Sound velocity in liquid In determined by phonon imaging

0 1 2 3 4 5 6

450

500

550

600

650

700

 liquid
 solid
 melting line (this work)

 

T 
(K

)

P (GPa)

In

Supplementary Figure S2. p−T location of the sound velocity measurements determined by phonon imaging in the liquid state
(blue crosses) and in the solid state (red filled squares).
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TABLE I. Raw data collected by the phonon imaging method in liquid state, from fit of R(t) (depending on the run, some
values, written in bold, have been fixed). Pressure p is determined by the SmSTB optical sensor and temperature T by a
thermocouple glued in contact with one of the diamonds of the DAC ; m is an integer which accounts of the number of shots
between generation and detection, v is adiabatic sound velocity, t0 is the emergence time of the wave, e0 is the sample thickness,
and zR is the acoustic Rayleigh length. Note that serie 1 was performed with λ0 = 950 nm and serie 2 with λ0 = 800 nm.

serie run no p (GPa) T (K) m v (m/s) t0 (ns) e0 (µm) zR (µm)

1 1 0 296.05 solid

1 2 0 580.65 2 2270 5.760 69.3 16.2

1 3 0 535.65 2 2268 5.338 68.3 16.2

1 4 0 495.65 2 2267 4.983 67.4 16.2

1 5 0.13 452.45 2 2283 4.710 67.3 16.2

1 6 0.13 426.75 solid

2 1 0.36 450.15 1 2321 2.711 34.7 20.0
2 2 0.74 492.85 1 2376 2.643 35.4 16.4
2 3 0.74 492.85 1 2347 2.670 35.0 22.2
2 4 0.78 535.45 1 2356 2.747 35.4 21.0
2 5 0.85 577.35 1 2374 2.750 35.6 16.8
2 6 0.93 618.65 1 2356 2.815 35.5 19.0
2 7 1.37 619.15 1 2432 2.257 35.3 16.4
2 8 1.41 535.05 1 2453 2.050 35.1 21.9
2 9 1.45 535.55 1 2427 2.050 34.7 21.5
2 10 1.90 535.65 1 2524 1.580 34.9 17.2
2 11 2.14 577.85 1 2526 1.497 34.7 19.0
2 12 2.41 619.55 1 2555 1.376 34.8 15.0
2 13 3.21 619.25 1 2618 0.884 34.4 18.9
2 14 3.21 620.05 1 2641 0.836 34.6 18.0
2 15 3.24 578.15 solid

2 16 3.54 594.85 1 2685 0.500 34.3 16.9
2 17 4.40 619.95 1 2748 0.133 34.0 16.4
2 18 4.45 619.55 solid

2 19 3.63 620.05 1 2685 0.533 34.3 19.0
2 20 3.00 569.55 1 2643 0.609 34.0 16.0
2 21 2.29 535.45 solid

2 22 1.50 535.95 1 2472 1.513 34.0 18.7
2 23 1.45 578.25 1 2435 1.573 33.7 15.1
2 24 1.36 510.35 1 2433 1.523 33.5 17.9
2 25 1.25 510.15 1 2415 1.320 32.8 20.0
2 26 0.01 450.15 1 2271 2.511 33.5 19.0
2 27 4.61 682.75 0 2735 10.350 27.5 14.7
2 28 3.08 681.85 0 2541 10.562 26.1 15.0
2 29 1.63 680.65 0 2437 11.170 26.5 15.0
2 30 0.61 680.25 0 2328 11.737 26.6 14.1
2 31 4.20 680.75 0 2685 9.600 25.0 14.9
2 32 4.01 680.95 0 2651 9.720 25.0 14.9
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B. Sound velocity in liquid In - review as a function of T

500 600 700 800 900 1000 1100 1200 1300

2100

2150

2200

2250

2300

2350

2400

 

 
v 

(m
/s

)

T (K)

 Kleppa (1950)
 Hill (1965)
 Gitis (1966)
 Coppens (1967)
 Turner (1972)
 Berthou (1972)

 Almond (1980)
 Bek (1981)
 Kamioka (1983)
 Pashuk (1983)
 Average - Blairs (2007)

liquid In

Supplementary Figure S3. Sound velocity in liquid In at ambient pressure and as a function of temperature, from melting
temperature up to 1300 K. The selected references are from the review paper of Blairs [9], as well as the average trend
described as v(T ) = 2442− 0.289T , where T is in K and v is in m/s. The grey area represents the dispersion of the literature
data (Kleppa [31], Hill [26, 27], Gitis [22], Coppens [14], Turner [44], Berthou [8], Almond [2], Bek [7], Kamioka [30] and
Pashuk [35]). Note: in the Table 24 of Blairs [9] the value “2448” (associated to Ref. [27] on first line) should be replaced by
“2441”.
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C. Thermodynamic relations used to deduce EOS for liquid In

The adiabatic bulk modulus BS is derived from BS = ρv2 and from Blairs [9] the adiabatic sound velocity in m/s
at ambient pressure is expressed versus temperature in K as

v(T ) = 2442− 0.298T. (7)

According to Assael [4] the density in kg/m3 obeys

ρ(T ) = 7349.468− 0.762T. (8)

From the classical relation between isothermal and adiabatic stiffness [34]

sTijkl = sSijkl + Tαijαkl/ρCp (9)

where Cp(T ) is the isobaric specific heat in J/mol/K, we obtain the expression between the isothermal and adiabatic
bulk modulus

BS

BT
= 1 +BS

Tα2

ρCp
= 1 +

Tα2v2

Cp
= γ = 1 + γGαT, (10)

where γ is the heat capacity ratio and γG = αv2/Cp the Grüneisen parameter.
Numerical values for BS are then extracted from the Cp(T ) publication of Chapman [11] and modelled as in Ref.[5]

in a polynomial form

Cp(T ) = 32.513− 1.033 10−2T + 9.8459 10−6T 2
− 33.463 10−10T 3, (11)

The thermal expansion

α(T ) = −
1

ρ

(

∂ρ

∂T

)

p

required in Eq. 10 and its first derivative, used for the following B′
T calculations, are obtained from Eq. 8

α(T ) =
0.762

7349.468− 0.762T
and

(

∂α

∂T

)

p

=

(

0.762

7349.468− 0.762T

)2

. (12)

To fully determine the EOS, the two derivatives of the bulk modulus versus pressure
(

∂BT

∂p

)

T

= 1 +
2BT

v

(

∂v

∂p

)

T

−
BT

γ

(

∂γ

∂p

)

T

, (13)

and temperature
(

∂BT

∂T

)

p

= −αBT +
2BT

v

(

∂v

∂T

)

p

−
BT

γ

(

∂γ

∂T

)

p

, (14)

are required and then the following set of equations is needed [41, 45]:
(

∂γ

∂p

)

T

= (γ − 1)

[

2

α

(

∂α

∂p

)

T

+
2

v

(

∂v

∂p

)

T

−
1

Cp

(

∂Cp

∂p

)

T

]

. (15)

(

∂γ

∂T

)

p

= (γ − 1)

[

1

T
+

2

v

(

∂v

∂p

)

T

+
2

α

(

∂α

∂T

)

p

−
1

Cp

(

∂Cp

∂T

)

p

]

, (16)

(

∂Cp

∂p

)

T

= −
T

ρ

[

(

∂α

∂T

)

p

+ α2

]

, (17)

(

∂α

∂p

)

T

=
1

B2
T

(

∂BT

∂T

)

p

, (18)

Finally the Anderson–Grüneisen parameter involved in the thermal expansion modeling is derived as

δT = −
1

αBT

(

∂BT

∂T

)

p

. (19)
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D. Comparison of the equations of state at ambient pressure
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Supplementary Figure S4. Comparison between the thermodynamic data obtained by the EOS of Komabayashi [32] (red lines),
the data from Assael [4], Blairs [9] and Kamioka [30] (blue dashed lines) and the data calculated from exact thermodynamical
relations (green lines, see part II C). ρ is the density, BT0 the isothermal bulk modulus, α the thermal expansion, v the adiabatic
sound velocity, B′

0 the pressure derivative of the isothermal bulk modulus and γG is the Grüneisen parameter.
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III. DETERMINATION OF THE MELTING CURVE

A. Additional figures
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Supplementary Figure S5. Example of the “plateau” observed in the pressure membrane of the DAC as a function of the
sample’s pressure observed at the solid-liquid phase transition. This “plateau” is always observed at the phase transition,
although with a variable extension.
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Supplementary Figure S6. Ensemble of the experimental runs performed to determine the melting curve in indium based on
the liquid-solid equilibrium, with a zoom (inset) in the p− T range where several data superimpose.
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Supplementary Figure S7. p− T data obtained in run 7 (upper right) compared to the melting curve determined by a Simon-
Glatzel (dashed black line). The transition from liquid to solid at 544.4 K and 2.43 GPa is associated with a shift of the echo
peak (upper left vs. T and bottom right vs. P). At the end of the run, the solid phase is confirmed by a non-circular pattern
observed at the surface for a delay time of 13.299 ns (colored picture at the bottom left, the color scale goes from low values
in blue to high values of the signal in red).

B. Slope of the melting curve from the Clausius-Clapeyron relation

This section presents the details of the calculation of κref , the slope of the melting curve at ambient pressure from
the Clausius-Clapeyron relation [37], where

κref =

(

dTM

dp

)

p=0

=
T 0
M (Vm,liq − Vm,sol)

∆Hm,M
. (20)

The terms appearing in this Equation are defined below.

1. Physical and thermodynamical data

The melting temperature at ambient pressure is [1, 38]

T 0
M = 429.748500(341) K. (21)
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The molar mass of indium is M = 114.818 g/mol [13]. Measurement of Archer et al [3] are considered the most
accurate and are the most used value among the documented standards [1] for the the molar enthalpy of fusion (or
melting) ∆Hm,M . This value, with an uncertainty at 2σ, is ∆Hm,M = 28.6624(76) J/g i. e.

∆Hm = 3290.96(44) J/mol (22)

with an uncertainty this time at 1σ.

2. Liquid state

The density in liquid indium at ambient pressure as a function of temperature is carefully reviewed by Assael [4],
and it is described by the equation

ρliq(T ) = 7022− 0.762 (T − 429.748)

with an uncertainty of 0.5% at the 95% confidence level (2 σ) and T in K, ρ in kg/m3. With a 1 σ uncertaincy, we
get

ρliq(T
0
M ) = 7022(18) kg/m3

i.e. Vm,liq =
M

ρliq
= 16.35 10−6 m3/mol

and

δVm,liq = Vm,liq
δρliq
ρliq

= 40.88 10−9 m3/mol.

3. Solid state

To determine the density at T 0
M in the solid In at ambient pressure as a function of temperature, a linear fit

ρsol(T ) = aT + b is performed to the literature data obtained in the solid phase (see Fig. S8), yielding to b =
7308.9(39) kg/m3 and a = -0.69(4) kg/m3/C.

The density at T 0
M is then

ρsol(T
0
M ) = aT 0

M + b = 7201 kg/m3,

with the uncertainty

δρsol(T
0
M ) =

√

(T 0
Mδa)

2
+ (aδT 0

M )
2
+ δb2 = 7 kg/m3,

and finally

Vm,sol =
M

ρsol
= 15.94 10−6 m3/mol,

δVm,sol = Vm,sol
δρsol
ρsol

= 16.20 10−9 m3/mol.

4. Difference of the molar volumes

The difference of the molar volumes between the solid and the liquid at the melting temperature T 0
M is ∆Vm =

Vm,liq − Vm,sol with uncertainties estimated from error propagation δ∆Vm =
√

(δVm,liq)
2
+ (δVm,sol)

2
, so that

∆Vm = 406(36) 10−9 m3/mol.
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Supplementary Figure S8. Solid indium density at ambient pressure versus temperature. Data are from Roth [39], Gamerts-
felder [20], Hidnert & Blair [25] obtained from a 250-mm rod sample of cast In (black plus) and from a 200-mm rod (black
crosses), Williams [46], Schneider [40] and Iida [29]. The red dashed line is a instrumental weighted linear regression through
the experimental points. The density of the solid phase at room temperature (20 C or 293.15 K) is 7295(4) kg/m3.

5. The Clausius-Clapeyron relation at ambient pressure

Finally κref is obtained as

κref =
T 0
M∆Vm

∆Hm,M
= 53.1 K/GPa.

with a relative uncertainty δκref given by

δκref

κref
=

√

(

δT 0
M

T 0
M

)2

+

(

δ∆Hm,M

∆Hm,M

)2

+

(

δ∆Vm

∆Vm

)2

= 9.0%

The principal contribution to this uncertainty comes from the δ∆Vm/∆Vm term, which represents the small differ-
ence in density between solid and liquid phases at melting with respect to the uncertainty of the density measurements.
To conclude, the resulting value is

κref = 53.1(48) K/GPa.

The comparison of this result to the value provided by Höhne et al [28], κ = 50.7(30) K/GPa, shows a good
agreement within the mutual uncertainties. In addition, as a byproduct of this study, the density of solid In at
ambient temperature (298.15 K) is revised to

ρ(298.15 K) = 7292(4) kg/m3

.
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C. Correction of the melting curve from Dudley et al

The original calibration curve used by Dudley [19] is shown in Fig. S9 below. They used a pressure value of
24.8 katm for the solid-solid phase transition Bi I-II at ambient temperature, and 77.4 katm for Ba I-II, from the work
of Bridgman [10]. Their calibration curve is linear p(katm) = a p(psi), with a = 12.89(9) 10−3 psi/katm.
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Supplementary Figure S9. Original calibration curve used in the work of Dudley & Hall [19].

However, this calibration curve has to be corrected as the pressure value of the Ba I-II transition given by Bridgman
was discussed and revised in following studies. The seminal work of Haygarth et al [24] gives pBa I−II = 5.50(5) GPa
at 295.15 K. Decker made a careful review (see Table 7 in [17] and the associated discussion) including the data of
Haygarth and some other works, and he gives pBa I−II = 5.53(12) GPa at 298.15 K. Concerning the transition Bi
I-II, Getting [21] gives a reference value of pBi I−II = 2.520(5) GPa at 298.15 K.

The calibration curve between press load and sample pressure is in most cases nonlinear, as seen in Fig. 5 from
Ref [23], or in Fig. 4 from ref [42] and the curve depends on the tetrahedron size (see Fig. 8 in ref.[6]).
Based on these features, we propose the following ad hoc non linear functional form

p (GPa) = (1.4 + 0.053 p (katm))
(

1− e−p (katm)/10
)

, (23)

which is shown in Fig. S10.
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Supplementary Figure S10. Non-linear correction applied to the sample pressure of Dudley [19].
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