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Chapter 1

The phase diagram of iron

The main part of my PhD Thesis concerns the use of a time-resolved method
to measure the melting of iron by the means of X-ray diffraction in Diamond
Anwil Cells. This chapter is devoted to the description of the scientific mo-
tivations that have led to the choice of this PhD project. In the first section,
a brief introduction on the iron chemical and physical properties is given. A
description of the state of the art, together with the related issues concerning
the various parts of the phase diagram of iron are presented in the second
section of this chapter.

1.1 Introduction

Iron (Fe, Z=26) is one of the most common elements on the Earth and
because of its abundance and peculiarities, for several years it has been
inseparably linked to the development of the human society. There are four
isotopes of iron ranging from **Fe, 56Fe, >"Fe and ®®Fe. Among all, *Fe
is the most abundant isotope with an abundance of 91.754% on Earth and
it is known as the most stable nucleus. Fe belongs to the metals of the
first transition series and it can form a wide range of compounds mainly
in the +2 and 43 oxidation states. Iron is a ferromagnetic material at
ambient conditions. Fe electronic configuration is 1522s522p®3s23p53d%4s2.
Because of its reaction with water and oxygen, metal Fe can’t be found in
the Earth’s crust but it can be obtained by the smelting process of different
ore of which the principal one is the hematite. Once extracted, pure iron is
a soft metal (softer than aluminium), with a silver white or grayish color.
Some of its most important properties are ductility, malleability and high
thermal conductivity. Malleability lets iron be beaten into sheets, without
cleavage and ductility makes it possible for thin wires to be drawn from
it. Thanks to its peculiarities and abundance on our planet, the interest in
iron’s properties and phase diagram covers different fields, in particular in
geophysics, metallurgy and material science.

)



6 CHAPTER 1. THE PHASE DIAGRAM OF IRON

1.2 Geophysical interest

The advent of seismology during the XXth century allowed, for the first time
in history, to probe the Earth’s interior. In fact, the seismological observato-
ries spread out all over the globe, allow to measure the travel time of the P-
and S-wave and, therefore, their velocities. The P waves are compressional
waves (the matter is compressed along the direction of propagation of the
wave). The S waves, are shear waves (the matter oscillate perpendicularly
to the direction of propagation of the wave). Global seismological models
based on travel-time-distance curves for seismic waves and on periods of free
oscillations have been developed.

Among all, the Preliminary Reference Earth Model (PREM) [1], set up in
1981 is one of the most widely used global seismological model. According
to this model (Fig.1.1), the Earth is divided into radially symmetrical shells
separated by seismological discontinuities, of which the principal are situ-
ated at depths of 400, 670, 2890 and 5150 km, corresponding to the seismic
boundaries between upper mantle and transition zone, transition zone and
lower mantle, mantle and core, liquid outer and solid inner core respectively.

The core (inner and outer) is considered to be mainly composed by Fe on the
basis of the following evidences (e.g. [3, 4, 5]). First, the meteorites falling
on Earth, which keep a record of the building blocks of the early solar sys-
tem, are mainly composed by iron [6, 7]. Second, the internal geomagnetic
field of the Earth must be produced by a dynamo mechanism, which is only
possible in a liquid metallic region inside the Earth (e.g. [8, 9]). Third, the
seismologically observed density and sound velocities of the core are close
to those of iron measured at the appropriate pressures and temperatures
[10, 11, 12, 13].

Nevertheless, it is estimated that an outer core of pure iron would have a
density about 10% higher than the density deduced from seismological ob-
servations [10]. This deficit can be explained if iron is alloyed with some
proportion of lighter elements [6]. Which are those light elements is still an
object of debate but by analogy with meteorites it is reasonable to consider
S, Si, O, C, K and H probable alloying elements (see [14, 3] for reviews).
The solid inner core forms from the solidification of the liquid outer core.
This crystallization process releases a latent heat and a gravitational energy.
This heat contributes to the convection movement in the liquid outer core
and can explain the phenomenon of self-sustained geodynamo generating
the Earth’s magnetic field [8]. The knowledge of the temperature-depth
profile (geotherm) inside the Earth can help to study these and other kin-
dred phenomena such the cooling rate and the heat flux to the mantle Earth
[15]. Geotherms are usually anchored in the depths of seismic discontinu-
ities identified with phase transitions whose P,T boundaries are experimen-
tally known or extrapolated [6]. The geotherm can then be deduced from
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Figure 1.1: Bottom: Preliminary Reference Earth Model (PREM) [2] pro-
files within the Earth’s interior: velocities vs and v, the density p and the
pressure P. The four seismological discontinuities (dashed lines) separate
the Earth in different shells. Top: Corresponding compositional model of
the Earth as a function of depth. The pressures at the interfaces between
each couple of shells are also indicated.

consideration on the heat transport mechanisms (convective or conductive
according to the specific phase [6]) and compositional model of the various
shells of the Earth [6].

The geotherm in the core, can be calculated assuming an adiabatic distribu-
tion of the temperature due to the convective motion in the liquid core [6]
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and using the Inner Core Boundary (ICB) as anchoring point [16]. The ICB
is by definition the interface between the liquid and the solid core. Since
the pressure of the ICB is accurately known (330 GPa), and since the main
constituent of the core is Fe, a first approximation of the temperature of
the ICB can be found by measuring the melting temperature of Fe at 330
GPa. Thus, the determination of the melting point of iron at ICB condition,
provides important constraint on the geotherm in the core. In addition, the
phase diagram of solid iron at very high pressures (330 GPa- 364 GPa) can
shed light on the crystalline structure and physical properties of the inner
core, including the so far unexplained elastic anisotropy of this region [17].
Therefore, a complete and rigorous characterization of the iron’s phase dia-
gram up to very high pressure and temperature poses important benchmarks
on our knowledge on the characteristics of the interior of the Earth.

1.3 State of the art

In the last sixty years, many attempts have been made to find the phase
diagram of iron up to the core conditions (P= 135-364 GPa, T= 4000-7000
K). However, consensus in the obtained results is limited to a narrow low
P-T range (P< 20 GPa, T'< 2400 K).

The moderate P-T phase diagram of Fe is reviewed in Swartzendruber [18]
and it is reported in Fig. 1.2. At room temperature and atmospheric pres-
sure, pure iron is stable in the body centered cubic - bee - (a) phase. This
phase is ferromagnetic, below the Curie temperature (1043 K) [19] before
the transition to the paramagnetic face centered cubic - fcc - () phase. At
higher temperature (1667 K) and ambient pressure, Fe transforms into a
second bcc phase (J) before melting. The a, v and ¢ phases are believed to
be stabilized by magnetism [20, 21]. Under the application of an external
pressure at ambient 7| iron undergoes a transition at 13 GPa from the bcc
a-phase to the hexagonal close packed - hep - e-phase structure [22] with the
loss of its ferromagnetic long range order [23]. At P= 10.5 GPa and T'= 753
K there is the a-v-¢ triple point. In the pure hcp e-phase, superconductivity
appears close to the transition between 15 and 30 GPa, below 2 K [24, 25].

Considering the phase diagram of iron at higher pressure and tempera-
ture, the so far obtained results show several discordant elements and still
unsolved issues. In the following the various parts of the Fe phase diagram
will be analyzed and the various studies performed so far will be discussed.
Starting with the melting line of Fe, neither dynamics [26, 27, 13] and static
[28, 29, 30, 31], nor thermodynamic modeling [32, 33, 34, 35] have resulted
in a consensus on the ICB melting temperature, in part because these ap-
proaches suffer from intrinsic uncertainties.

Concerning static experiments in diamond anvil cell, the obtained results
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Figure 1.2: Low pressure - low temperature phase diagram of iron. The four
solid-phases of Fe are plotted together with its liquid phase. The figure as
been taken from [18] and the temperature are reported in Celsius

strongly depend on the adopted melting criterium, uncertainties in the py-
rometric measurements and the possible temperature-induced chemical reac-
tions. In 1993 Boehler [28] reported a melting temperature of 3800 K at P=
200 GPa (5200 K at ICB) by texturing observation of melting in laser-heated
diamond anvil cells. His data results lower than the ones obtained by a pre-
vious study [30] (4800 K at 136 GPa) based on the same melting criterium
and on textural consideration on the recovered sample. Errors in pyrometry
measurement due to temperature gradients in the laser-heated sample have
been proposed as a possible cause of this discrepancy [36, 37, 28, 38|.
In 2004, a study based on the observation of a diffuse X-ray diffraction
signal from liquid as melting criterium [29] and performed up to 58 GPa,
yielded intermediate melting temperatures. Other studies based on the same
method [31, 39], observed the presence of solid iron above the melting curve
of Ref.[28].
Dynamic measurements have long been considered the most promising way
to determine the ICB temperature because of the possibility to reach pres-
sure of the same order of the ICB during the experiments, yet the tempera-
ture determination and the possibility of super heating in shock compression
[40] are major uncertainties. In 1986 Brown and McQueen [13] showed a
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melting temperatures of 5500 K at P= 243 GPa. During the experiment the
shock temperature were calculated using a thermodynamic modeling. Using
a similar technique, Nguyen and Holmes [27], reported a melting tempera-
ture of 5100 K at P= 225 GPa, approximately on the same melting curve as
Brown and McQueen. Another shock wave study which directly measured
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Figure 1.3: Melting curves obtained with static (blue symbols) [41, 31, 29,
28, 30|, dynamic (red symbols) [13, 26, 27] high pressure technique and
predicted with ab initio approaches (green symbols) [42, 32, 35, 34, 33].

the temperature by optical pyrometry [26], indicated melting temperatures
(6350 K at 235 GPa and 6720 K at 300 GPa) higher than the previously
reported in the other dynamic measurements [13, 27].

Finally, the tremendous advances in computational capacity have enabled
quantum mechanics calculations of the melting behavior, but each method
has underlying approximations or assumptions. For instance, melting tem-
peratures from 6370 [34] to 7050 K [32] have been obtained with the same
melting criterion - the coexistence of a liquid and solid phase in a molecu-
lar dynamics run - but a different description of interatomic forces within
density functional theory. Going beyond density functional theory (DFT)
with a quantum Monte Carlo simulation, melting was obtained at 6900 K
[35] at 330 GPa. These calculations are consistent with the shock wave data
[26, 13]. Laio et al. [42] combining first principle and classical molecular dy-
namics simulations, reported a melting curve that is consistent with static
DAC data [28]. A summary of all the studies performed on the melting
curve of iron is reported in Fig.1.3.
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Another controversy concerns the high pressure - high temperature solid
phase of iron. Available experimental data [43, 36, 28, 44, 45, 46] indicate
that the v-e-melt triple point would be between 2500 - 3250 K and 50 - 94
GPa. In 1986 Brown and McQueen [13] investigating the phase diagram of
Fe between 77 GPa and 400 GPa by the means of shock wave experiment,
found two discontinuities in the sound velocities at 200 GPa and 243 GPa,
interpreted respectively as the transition between the e-Fe and v-Fe and the
onset of melting. This would give a v-e-melt triple point at least 100 GPa
higher than the ones found in the other studies. Boehler [36] tried to ex-
plain the shock wave observations by the presence of another solid phase of
Fe, whose structure remains unknown. As a consequence, the discontinu-
ity observed at 200 GPa by Brown and McQueen [13] would correspond to
a solid-solid phase transition from the e-Fe to this new high-pressure solid
phase.

Over the years, several structures were proposed for the fifth solid-phase
of iron. In particular, a bee (o) structure was suggested as the high-
temperature high-pressure (above 200 GPa and 4000 K) phase [47] presents
in the inner core of the Earth.

Since then, several theoretical studies have investigated the stability of the
bee phase against the hep phase. In particular, simulation made by molecu-
lar dynamics (MD) methods predict the bee structure to be the most stable
for iron at ICB using either a Morse type potential [48] or an embedded
atoms models [49]. Instead, different DFT simulations based on a full po-
tential linear muffin-tin orbital method [50] or in a General Gradient Ap-
proximation (GGA) [51, 52], predict the hcp phase to be the most stable
structure of iron at the ICB conditions.

In a recent shock wave study [27], only one discontinuity was observed in
the sound velocities. This discontinuity observed at 225 GPa was associated
to a solid-liquid phase transition, therefore no e-o phase transition was ob-
served.

Discordant results are also obtained in recent static in situ X-ray diffraction
measurement. In 2007 Dubrovinsky et al. [53] observed an high-pressure
bee phase in the FeggNig1 composition above P= 225 GPa and T= 3400
K. In 2010, instead, Tateno et al. [39] did not observe any solid-solid phase
transition in pure iron in the pressure region between 120 and 370 GPa (see
Fig.1.4).

Another ”low pressure” phase has been proposed for iron: the [-phase.
This phase would appear above 40 GPa and between 1500-3000 K [54, 28],
its possible structure was a double-hcp (also called €’) [55, 56] or an or-
thorhombic structure [57]. However, the presence of these two new phases
of iron have been discarded by the results obtained by recent static studies
[27, 31, 46, 58, 39].

In Fig. 1.4 a summary of the predicted and well known phases of iron is
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reported together with the recent data of [31, 46, 58, 39].
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Figure 1.4: High pressure phase diagram of iron. The melting curve pro-
posed by Alfe [33] and Boehler [28] are presented as possible "high” and
”low” melting curves. The symbols indicate the P-T conditions at which
e-Fe or v-Fe have been characterized by X-ray diffraction in diamond anvil
cell [39, 58, 31, 46]. The dashed region indicates the unexplored P-T" domain
in which the o/ phase has been predicted [47].

To sum up, the € and the o’ phases are both possible candidates for being
the crystallographic structure of iron at the ICB conditions of the Earth.
However, due to the technical issue linked to the extreme conditions to be
reached (200-400 GPa and 4000 - 7000 K), further static investigation on
the P-T domain proposed for the o/ phase haven’t been performed yet.

1.4 Conclusions

The knowledge of the phase diagram and melting curve of iron up to the ICB
conditions are of fundamental importance in geophysics and planetary sci-
ence. Nevertheless, even though this problem has been studied for decades
through different experimental and theoretical approaches, a consensus on
the obtained results is lacking. In particular, concerning the melting curve of
Fe, a certain agreement have been observed between the results obtained by
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dynamic experiment and ab initio calculation, while some results obtained
by static measurement in diamond anvil cell give lower melting tempera-
tures. A discrepancy in the melting temperature obtained by dynamic and
static measurement was also observed in the melting curve of other metals
[59, 60, 61], therefore it should be linked to a technical or a physical issue
concerning the experiment performed in diamond anvil cell.

Due to the extreme conditions to be reached, several parameters (wrong ex-
perimental setup, chemical reactions, pressure and temperature gradients,
erroneous melting criteria...) can influence the measure and the interpreta-
tion of the obtained data. An improvement of the techniques associated to
the static experiment at extreme conditions of pressures and temperatures
is then mandatory.

The main part of my work was performed using the fast X-ray diffraction
(XRD) [60, 61] technique in laser-heated diamond anvil cells. This tech-
nique, based on the (ad hoc) experimental setup developed on the beamline
ID27 [62] of the European Synchrotron Radiation Facility (ESRF), has al-
ready led to a resolution of the controversy on the melting curve of tantalum
[61].

During my work, big efforts have been devoted to the preparation of good
quality samples (chapter 4). In particular, we have worked out new methods
to contain the samples in the insulating pressure transmitting medium. The
obtained loading permit to prevent chemical reactions, heat the sample up
even at very high pressure (up to 206 GPa) maximizing the probability to
observe the apparition of the characteristic X-ray diffracted signal from a
liquid (i.e. a diffuse ring).

The fast X-ray diffraction allows to follow the chemical, structural and tex-
tural evolution of the sample during a heating ramp. The obtained results
can then be compared to the measured temperatures to check the coherence
of the obtained results. In chapter 2 and chapter 3, an overview of the issues
generally encountered in a laser-heated experiment in diamond anvil cell are
reported together with the solutions and techniques adopted in this work.
The second part of my work concerns the study of the phase diagram of iron
in a laser-heated diamond anvil cell by X-ray Absorption Fine Structure
(XAFS) spectroscopy. The interest in this kind of study, lies in the short
range order sensitivity of XAFS which makes it particularly suited to detect
local order in crystalline, amorphous and liquids materials with the same
precision.

Furthermore, XAFS is an element selective technique and, the shape of a
XAFS spectrum is characteristic of the particular phase, chemical bonds and
oxidation state of the probed sample. Small variation in the local structure,
corresponds to intense variation in the shape of a XAFS spectrum.

In addition, the use of XAFS with an energy dispersive setup [63] permits to
perform fast experiment with a millisecond temporal resolution [64]. Thus,
the combinination of XAFS and fast XRD analysis looks very promising for
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a complete characterization of the solid and liquid part of the phase dia-
gram of iron. In Chapter 5, the obtained preliminary results are discussed
together with the experimental setup adopted.



Chapter 2

High Pressure - High
Temperature experimental
methods

This chapter surveys the apparatus and methods for high-pressure and high
temperature studies used in this work. In the first part, the principle of the
diamond anvil cell is described. The second part is focused on the X-ray
technique used to probe the sample.

T e—

Figure 2.1: Picture of the main component of a DAC.
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2.1 Static high pressure device: the Diamond Anvil
Cell (DAC)

During this project, all the high pressure experiment have been performed
in a static way by the means of the Diamond Anvil Cells (DAC). The DAC
was invented in 1959 in the USA [65, 66] and it is currently the device that
allows to generate the highest static pressure reachable.

In Fig.2.2, the principle of a DAC is illustrated. The center of the cell is
composed by two gem-quality single crystal diamonds.

SAMPLE

__—PRESSURE
GAUGE

TRANSHETTING
METALLIC G MEDIUM

GASKET—W\\

EXPERIMENTAL
CHAMBER

DIAMOND
ANVILS

Figure 2.2: Principle of the diamond anvil cell.

The heads of the diamonds are cut to create flat faces. The diamonds are
mounted so that a sample can be squeezed between the anvil’s faces. The
smaller the area A of the anvil faces, the higher the pressure P reached by
the sample in the DAC for an equivalent value of applied force F' (P~F/A).
One of the diamond anvils is usually mounted on the end of a sliding piston,
while the other is stationary (cylinder). In the DAC used for this project,
four dowels guide the piston so that the anvil faces meet very precisely.
The piston is pushed by a mechanical device such as a screw or a small
hydraulic ram, thus driving the two anvils together. A rocker or a tilting
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plate directly under the diamond anvils allows to orientate the two diamonds
to be adjusted so that the faces are concentric and parallels.

The concept of Diamond Anvil Cell over the years have been applied in
various ways so that every team has is own concept of cell. We have worked
with membrane Diamond Anvil Cells.

- capillary

cover

membrane

piston

——dowels

diamond

cylinder

Figure 2.3: Schematic representation of the components of a membrane
diamond anvil cell [67]. The membrane is filled with helium through a
capillary and transmits the force to the piston.

2.1.1 Membrane Diamond Anvil Cell

In this kind of cell, the force is transmitted to the piston through a pressure
exerted by a gas (Fig. 2.3). The idea of transmitting the force by hydraulic
way was first suggested by Besson and Pinceauzr [68] starting from a piston-
cylinder system subsequently replaced by a sealed and deformable membrane
filled with He [67].

The use of a membrane DAC presents various advantages:

-The applied force is proportional to the pressure in the mem-
brane and a plot of the pressure measured in the cell vs the pres-
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v
=

a)

-

Figure 2.4: Scheme of two membrane DACs equipped with a standard anvil’s
support (a) and an Almax — Boehler design [69] (b).

sure in the membrane, allows to verify that the cell is working
correctly.

-The pressure rise (drop) can be easily tuned by increase (de-
crease) the pressure of the membrane.

-There is the possibility of remotely control the pressure by the
means of an automatic pressure driver. In this way, experiments
that require the placement of the cell in poorly accessible lo-
cations (e.g. experiment in an experimental hutch of a Syn-
chrotron) can be easily performed.

Depending on the experimental geometry required by the particular experi-
ment, different anvils and corresponding supports’s designs can be mounted
in a membrane DAC. In particular, the Almaz-Boehler (AB) [69] design have
been used in experiments requiring a wider angular aperture and a thinner
thickness of the diamond (Fig. 2.4). Let’s focus now on the elements that
play the principal roles in experiment performed in a DAC, namely: the
diamonds, the gasket and the pressure transmitting media.

Diamonds

Diamonds are suitable anvils due to their hardness and transparency to elec-
tromagnetic radiation, which make the DAC well adapted for spectroscopic
studies - such as Raman, infrared spectroscopy, X-ray absorption - and X-ray
diffraction (XRD). The diamond anvils are cut from natural, gem-quality
stones to have 16 faces. Great care must be taken in centering and aligning
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the two anvils to avoid premature failure of the diamonds at high pressure.
The adjustment procedure is made under a microscope: the concentricity is
achieved moving the support of the piston diamond slightly to superimpose
the two polygons corresponding to the face of the anvils; the parallelism
is checked by observing the interference fringes that appear when the two
anvils are not parallel.
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Figure 2.5: a) X-ray transmission profile of a beveled diamond (8°) with a
central flat of 10 um and a culet of 300 pum. The image has been taken from
Ref. [70] and shows the cupping phenomenon the diamond undergoes with
the increasing pressure. The different curves, numbered from 1 to 5, repre-
sent the diamond’s profile from ambient to 300 GPa pressure. b) Schematic
representation of a diamond with flat tip. ¢) Schematic representation of a
diamond with beveled tip.

The probe radiation passes through a conical hole drilled in the backing
plate. Despite the relatively high transparency of diamonds to light and
X-rays, the usual thickness of a pair of 1/4 - 1/3 carat anvil, may create a
significant impediment to the radiation transmission. In the case of X-rays,
a b mm diamond thickness of a pair of 0.3 carat anvils will essentially block
the transmission of photons for E < 10 KeV (see [71]).
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Figure 2.6: Plot of the pressure measured in the cell as a function of the
pressure in the membrane. For membrane pressure below the value used to
indent the gasket (Pj,q), the pressure in the cell increases very slowly. Just
above the indentation pressure, the slope of the plotted graph undergoes a
sharp rise. When the deformation of the diamond start to occur, the slope of
the curve becomes smoother up to a saturation point after which the failure
of the diamond occurs.

During the pressure increase, the diamond undergoes a very strong elastic
deformation (cupping) near the sample region (Fig. 2.5). Due to this defor-
mation, the force transmitted to the sample through the diamond is atten-
uated. This phenomenon is well illustrated in Fig. 2.6 where the measured
pressure in the cell is plotted as a function of the corresponding pressure
in the membrane. When the deformation of the diamond occurs, the slope
of the represented curve becomes smoother up to a saturation point after
which the diamond breaks. For this reason, beveled anvils (Fig. 2.5) [72]
(bevel angle of 8 °) have been used in this project to reach pressure higher
than ~ 80 GPa. In fact, due to their particular shape, the beveled diamonds
present a longer deformation path with respect to the diamonds of the same
culet’s size but with a classical shape. A higher pressure domain can thus
be reached with this kind of anvils.

Table 2.1 reports a list of the diamond used, in particular the relationship
between the adopted culet size and the pressure achievable is shown.
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Gasket

To be encapsulated in the high pressure chamber of a DAC, the sample is
placed in a small hole drilled in a metallic gasket placed between the two
diamonds. The gasket consists of a metallic foil of typically 200 - 250 pm of
initial thickness. The capability of containing extremely high pressure orig-
inates from the anvil-gasket friction and the gasket small thickness [73]. To
increase the hardness of the metal, avoid large deformation and instability of
the hole, the foil is pre-indented to a thickness slightly greater than the final
thickness, which depends on the maximum pressure that is planned to be
applied. The sample is often embedded in a pressure transmitting medium

culet size | thickness d Porax
(jum) (um) | () | (GPa)
400 45 300 35
300 35 120 80
200x300 30 80 100
150% 300 23 70 120
100x 300 17 40 150
70x 300 14 30 200

Table 2.1: Values of the Re gasket parameters according to the culet size of
the adopted diamonds. ®: diameter of the laser-drilled hole; P,,..: max-
imum pressure reachable with the corresponding values for the gasket and
the diamonds.

which fills the pressure chamber of the DAC. The diameter of the gasket’s
hole depends on the chosen pressure medium. In case of a solid pressure
medium (e.g. NaCl, KCl, KBr), the ideal size is a little bit smaller than
half of the diamond culet size. In the case of a very compressible pressure
medium (e.g. He, Ne, No, Hs), the hole’s diameter should be 3/4 of the
total culet’s size because the size of the hole dramatically decreases with the
pressure rise.

During this work, we have used gasket made of rhenium (Re) with an initial
thickness of 250 um. Re has been chosen because is the least compressible
of all metals [74, 75, 76, 77] and as a high yield-strength material, it reaches
higher pressure in the sample chamber. Concerning the indentation proce-
dure, we have seen that for Re, a good thickness of the gasket is generally
obtained for each culet’s size of the diamonds by applying a pressure of 30
GPa (the corresponding values of thicknesses are reported in Table 2.1).

In this work, the gasket’s holes have been drilled by a pulsed (8 ns) Q-
switched doubled YAG laser (532 nm). A picture of the laser-drilling set-up
adopted by our laboratory is reported in Fig. 2.7 together with a working
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Figure 2.7: Picture (a) and working scheme (b) of the laser-drilling set-up
adopted in our laboratory.

scheme. In this set-up, a microscope objective focus the laser beam on the
gasket indentation. The pre-indented gasket is fixed to a high precision ro-
tating spindle equipped with a supporting plate. The gasket indentation is
first aligned on the spindle rotational axis by a manual xy stage attached
to the gasket supporting fixture. A fine alignment is thus obtained using xy
piezo actuators mounted on the axis of the spindle. The magnified image of
the gasket is visualized through a Navitar 6x. To optimize the ablation pro-
cess, the intensity and frequency of the laser are tuned to 19 A and 40 khz
respectively and the rotation speed is tuned to optimize the roughness qual-
ity of the drilled hole. Such laser-drilling set-up has allowed us to quickly
(2-3 min) obtain gasket holes ranging between 30 - 300 pm with a precision
of ~ 2 um. In Fig. 2.8 top and side view of a laser-drilled Re gasket images
taken with a Scanning Electron Microscope (SEM) are reported. The values
of the hole’s diameter adopted in this work are reported in Table 2.1.
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Figure 2.8: a) Top and b) side views of a laser-drilled hole (44.83 pm diam-
eter) of a Re gasket of 24.58 pm thickness. The two images have been taken
with a Scanning Electron Microscope (SEM).

Hydrostaticity and pressure transmitting media

Pressure transmitting media can be liquids (alcohol, alcohol mixture (Meth-
anol - Ethanol 4:1), silicone oil), soft solids (alkali halides), hard solids (MgO,
Al503, etc) and condensed gases (He, Ne, No, Ar, etc). The adopted trans-
mitting medium must not chemically react with the sample and must not
interfere with the measurement of the sample.

A fluid pressure transmitting medium supports no shear and transmits an
hydrostatic pressure to the sample. With the increasing pressure the trans-
mitting medium solidifies. Beyond this point, shear stresses appear and the
pressure across the experimental volume becomes inhomogeneous. The vari-
ation of stress conditions at different points in the sample depends on the
strength of the medium. The hydrostatic limits of several pressure trans-
mitting media were determined [78] by measuring the pressure homogeneity
with several ruby chips over the area of the gasket aperture.

Gases, are the best pressure media for room and low temperature experi-
ments. In particular He is considered to be the best pressure-transmitting
medium (a comparison between the standard deviations between the pres-
sure measured over the high pressure chamber of a DAC at 40 GPa is re-
ported in Tab. 2.2 for Ar, Ne and He). He is the element with the highest
freezing pressure (11.6 GPa at 300 K [68]) and even in its solid phase, it re-
leases stress through recrystallization [79]. In 2001 Takemura [80] reported
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Name | Freezing pressure | Standard deviation

(GPa) (GPa)
Ar 1.4 1.2
Ne 4.8 0.3
He 11.6 0.15

Table 2.2: Freezing pressure at 300 K and standard deviations of the pressure
measured in ref. [78] at 40 GPa for Ar, Ne and He.

that good hydrostatic conditions are maintained in solid helium to at least
50 GPa. While in 2007 Dewaele and Loubeyre [81] have shown that the
effect of non-hydrostatic stress in the high pressure chamber of a DAC filled
with He, is negligible for Ag, Mo and Cu up to 150 GPa.

During this project KCI has been used as pressure transmitting medium for
laser heating experiment, while He has been adopted for the experiment at
ambient temperature.

A particular gas-loading procedure has been developed in our laboratory
and will be presented in the next paragraph.

Gas loading

A gas loading system was developed by our lab at the CEA-DIF in col-
laboration with the company Sanchez Technologies (Viarmes, France) and
consists of a fully automated system whose principle of operation is illus-
trated in Fig. 2.9.

The DAC is placed in a sealed vessel that can contain a gas up to a maxi-
mum pressure of 1500 bar (circuit C;). The membrane of the DAC is then
connected to a different circuit (C3) of pressure. C; and Cy are connected.

1-The pressures in C; and Cy are increased with a controlled
speed by a piston compressor.

2-Once the loading pressure is reached (~1500 bar), the two
circuits are separated by closing a valve. A pressure difference
AP = Pgy — Py is then built. AP must be such as to ensure a
force on the piston to seal the pressure chamber of the DAC.

3-The two pressures of the membrane and of the housing chamber
are lowered maintaining a constant AP until Po1=0.

The pressure ramps are defined by the user. Once the gas loading procedure
is ended, the membrane circuit is isolated and the DAC is ready to be used
for the experiment.
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Figure 2.9: Schematic representation of the operation of the gas loading
system developed in our laboratory.

2.1.2 Laser Heated Diamond Anvil Cell (LH-DAC)

A sample in the high pressure chamber of a DAC can be heated up using
internal or external heating methods. Internal heating methods, involve the
resistive heating of the sample. This can be achieved either by passing an
electric current through a miniature heating assembly [82] or by directly
passing the current through the sample if it is conducting [36]. However,
the maximum temperature reported in such kind of device are of the order
of 3500 K [53] and the decrease of the gasket’s strength due to heating limits
the reachable pressure.

The highest P-T domain achievable in a DAC can be obtained by laser heat-
ing the sample i.e. by focusing an high-power laser onto the sample surface.
Temperature of the order of ~ 5700 K have been reported at ~ 360 GPa by
Tateno et al. [39]. In Fig 2.10 the P-T domains reachable by resistive and
laser heating are reported.

During a laser heating experiment in a DAC visual, spectroscopic and X-ray
diffraction measurement can be performed in situ. The principal require-
ments for a laser to perform a laser-heating experiment in a diamond anvil
cell are: focusing, high power, stability in power and beam position; suitable
wavelength for absorption and a wavelength outside the spectral range in
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Figure 2.10: P-T domain reachable with resistive and laser heated diamond
anvil cell [53, 39].

which the incandescent light from the sample is measured.

The extremely high thermal conductivity of diamond causes an important
heat loss if the laser heated sample is placed directly in contact with it. In
this case, it is impossible to heat the sample up. For this reason, the sam-
ple should be embedded in a medium with a low thermal conductivity that
doesn’t absorb the laser radiation but thermally insulate the sample from
the diamond. The adopted pressure medium should not react chemically
with the sample and can also be used to prevent chemical reactions between
the diamond and the sample.

However, even when an insulating medium is used, thermal gradients exist in
the sample. A 2D simulation done by Geballe et al. [83] of the temperature
distribution in a laser heated DAC is reported in Fig.2.11. In this simulation
a sample of 5 um of thickness is laser heated from both sides assuming the
sample absorption coefficient to be 10 ym~! and a thermal conductivity of
84 W/(m-K). The sample is thermally insulated by a material of 2.5 pym
thickness and thermal conductivity of 18 W/(m-K).

According to this simulation, in such an experiment the temperature de-
creases by 2000 K 5 ym away in radial direction from the laser hot spot.
Axially this temperature difference is of the order of 1500 K in 2.5 pm. In
general, radial thermal gradient can be minimized by using lasers with a
large FWHM. The thickness and thermal conductivities of the sample and
insulating material also influence the axial thermal gradients produced in the
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Figure 2.11: Distribution of temperature in a laser-heated diamond anvil
cell according to the simulation of Geballe et al. [83].

pressure chamber of a LH-DAC. We can make an estimation of the thermal
gradient for a typical sample loading adopted in this work. Using Ref. [83]
with an iron sample (conductivity ~ 30 W/(m-K) at 2500 K [84]) of ~ 4 ym
thickness, is insulated by two KCI layers (conductivity ~ 1.7 W/(m-K) at
2500 K [85]) of the same thickness, we estimate that there is a temperature
difference of ~ 200 K between the center and the surface of the sample.

2.2 X-ray techniques

X-rays are an important and widely used tool in the investigation of the
electronic and crystalline structure of materials.

For in situ experiments at high pressure (and at high temperature), a very
intense and highly focused beam is crucial because of the very small sample
dimensions (a typical dimension of the sample adopted in this work for ex-
periment above 150 GPa is of the order of 3 um). Moreover, high-pressure
experiments require a high X-ray energy because of the limited X-ray aper-
ture of the DAC and the high absorbing pressure window (sample and dia-
monds).
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During this work the experiments have been performed at the beamlines
ID24 [64] and ID27 [86] of the European Synchrotron Radiation Facility
(ESRF) in Grenoble (France). These two beamlines have been designed for
in situ experiment at extreme conditions. In fact, the high photon fluxes
(~10' photons/s) from the insertion devices in the energy range between
5-30 KeV, are highly focalized to a very small size (2x3 pum? and 3x3 pm?
for ID27 and ID24 respectively) by the alignment of X-ray mirrors in the
Kirkpatrick-Baez geometry [87].

Two different X-ray technique have been adopted during this work: X-Ray
Diffraction (XRD) has been extensively used to investigate the phase tran-
sition of Fe in different P-T' domains and the Equation Of State (EOS) of
Re at room temperature, while X-Ray Absorption Fine Structure (XAFS)
spectroscopy has been used as a technique complementary to XRD in the
study of the phase diagram of iron.

2.2.1 X-ray diffraction in a DAC

XRD allows determining the structure, the symmetry and the crystallo-
graphic parameters of a crystalline phase. In what follows a brief review of
the well known principle is done.

X-rays are electromagnetic waves with a wavelength of the same order of
magnitude as the interatomic distances in condensed matter. As a conse-
quence, the interaction of X-ray with the electrons produces a diffraction
phenomenon. In addition, when X-rays interact with a crystalline sample,
interference phenomena can occur. The analysis of the resulting interference
pattern lead to a characterization of the microscopical structural properties
of the sample. In the framework of the far field approximation [88] the
scattered amplitude from a solid with a volume V is written as:

A= / dV pe(r) exp(2im(k — k') - r) (2.1)
v

In this expression p.(r) represents the local electron density; k and k' are
the wave numbers of the incoming and scattered radiation. In a crystal, the
atoms are arranged in a periodic way and a base can be defined in the forms
{a,b,c}, in the way that a translation vector (direct lattice) T=ua+vb+wc
(u,v,w integer) will leave unchanged the electronic density. This electronic
density can be expressed as:

pe(r) = p, pe? T (2.2)
h
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where h is defined as h=ha*+kb*+Iic* (h,k,| are integer) and {a*,b*,c*} is
the base of the reciprocal lattice defined as:

a*:%bxc
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where v is the volume of the parallelepiped formed by the vector a, b and
c; v=|a- (b x c¢)|. The vector h, is perpendicular to the planes (hkl) and
its modulus is given by |h|=1/dpx;, where dpy; is the distance between two
planes of the lattice.
Combining the two equations 2.1 and 2.2 to have a nonzero amplitude, we
can obtain in the hypothesis of elastic scattering (i.e. |k|=|k’|) the diffraction
condition:

2k - h = |h|? (2.3)

This is the vectorial expression of the Bragg’s law, that can be equivalently
expressed as:
thkl sinf = \ (2.4)

In Fig. 2.12 a representation of the diffraction of an X-ray from a family of
planes at a distance dpx; with each other is shown. The angle 6 is the half
of the so-called diffraction angle which represents the total deviation of the
X-ray beam due to the diffraction process. A is the wavelength of the X-ray
and k=1/\.

The Bragg’s law provides information on the inter-planar distances (dp;)
and the relative positions of the planes, these information permit to ex-
trapolate the structure of the primitive cell. However it doesn’t permit to
determine the position of the atoms in the cell. This information can be ex-
trapolated from the relative intensities of the peaks: for a Bragg’s reflection
in fact, the amplitude of a diffracted wave is given by the expression:

Fig = fati(h)e 20T (2.5)
7

Furi () = /V 4V pe(r)e27kT: (2.6)

The term fy;; is called atomic form factor. Considering I as the intensity
of the diffracted beam, we can simply demonstrate that I = |F|?> and con-
sidering that f,;; = Z for k = 0, the intensities of the diffracted beams will
scale with Z?2 (Z=atomic number). The term Fjy,; is called structure factor
and it contains information on the atomic positions inside the cell.

During this work the X-ray diffraction experiments have been performed in
angle dispersive mode. In this geometry, a monochromatic beam is diffracted
by the sample and the scattered signal is collected on image plates (CCD or
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Figure 2.12: Representation of Bragg’s reflection from a family of planes at
a distance djpi; from each other.

MAR345) (Fig. 2.13a). The collected signal is circularly integrated with the
Fit2D software [89]. The integration parameters (sample-detector distance,
beam center, etc..) are obtained from a LaBg reference sample. From the
analysis of the obtained I versus 26 plot a structural characterization of
the sample can be done. In particular, the position of the XRD lines yields
the space group and lattice parameters of the probed sample. While the
analysis of the relative intensities yield information on the atomic position
within the cell.

In Fig. 2.13, a schematic representation of an angle dispersive XRD exper-
iment is reported together with an example of 2D XRD pattern and the
corresponding integrated signal.

2.2.2 X-ray absorption fine structure in a DAC

X-ray Absorption Fine Structure spectroscopy (XAFS) is an experimen-
tal method allowing to study the local order of materials in every state
(solid, liquid, vapor), crystalline or amorphous, from bulk to nano-scale
systems. XAFS allows studying phase transitions (structural or magnetic)
[90, 91, 92] of materials under extreme conditions of pressure and/or temper-
ature [93, 94]. Time resolved XAFS techniques have been developed down
to the ps scale [95]. All these features make XAF'S a basic probe for material
science, widely complementary to XRD.
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Figure 2.13: a) Schematic representation of an angle dispersive XRD exper-
iment in a DAC. b) Example of the diffraction image of a Re powder sample
and the corresponding circularly integrated signal (c).

In what follows, a phenomenological introduction to XAFS will be reported.

Consider a monochromatic X-ray beam passing through a material of thick-
ness t, the transmitted intensity (I) is reduced with respect to the incident
one (Ip) according to the Beer — Lambert law:

I =TIpe ™ (2.7)

where pu, the linear absorption coefficient, depends on the photon energy
and on the sample composition and density. In general, when the energy
hv of X-ray photons increases, the absorption coefficient u(r) decreases.
This smooth behavior is interrupted by sharp discontinuities, the absorp-
tion edges (Fig. 2.14a), which originate when the photons gain high enough
energy to extract an electron from an energy level. The highest-energy ab-
sorption edges, the K edges, correspond to the extraction of an electron from
the deepest level (1s level). The following table establishes the connection
between high energy edges and core electronic levels.

Edge: My My Mm Mg M| Lip Lp L K
Core level: [ 3ds/5  3d3/s  3p3/s 3pi/2 38 |2p3/2 2p1/2 28| 1s
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Figure 2.14: a) Absorption coefficient of Ce evidencing the discontinuities
associated to the edges. b) Binding energy at the K- and L3-edges as a
function of the atomic number Z.

Since the binding energies of electrons increase with the atomic number (Fig.
2.14b), an edge energy corresponds to a well defined atomic species.

After the absorption of an X-ray photon, an isolated atom can be either ex-
cited, if the photon energy corresponds to the energy difference between an
electronic core level and an unoccupied bound level, or ionized, if the photon
energy is larger than the binding energy, so that the electron (photo-electron)
is ejected from the atom.

In correspondence of an edge, the absorption coefficient exhibits the X-ray
Absorption Fine Structure (XAFS) [96, 97]. For isolated atoms (noble gases,
metallic vapors) the XAFS is limited to a few eV around the edge, and re-
flects the transitions of the core electron to unoccupied bound levels. In
molecular gases and condensed systems the XAFS is strongly influenced by
the presence of the atoms surrounding the absorber one. In fact, when an
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X-ray photon of high enough energy is absorbed by an atom, a core electron,
whose orbital is small with respect to the atomic size, is ejected from the
atom.

Figure 2.15: Schematic representation of the XAFS process. a) The atom
absorbs a photon. b) The photoelectron is emitted as an outgoing spherical
wave. c¢) The spherical wave is backscattered by the nearby atoms and
interfere with the outgoing wave.

The outgoing photo-electron is described by a wavefunction whose wave-
length A\ decreases when the photon energy hv increases. The absorption
coefficient p(v) of the isolated atom is proportional to a superposition in-
tegral of the localized core wavefunction and the outgoing wavefunction. If
the absorber atom is not isolated, the photo-electron can be scattered by the
neighbouring atoms, giving rise to an incoming wavefunction (Fig. 2.15).
As a consequence, the total photo-electron wavefunction is now a super-
position of the outgoing and the scattered waves. The phase relationship
between the outgoing wave and the scattered waves, evaluated at the core
site of the absorbing atom, depends on the photo-electron wavelength and
on the distance R between the atoms involved. The variation of the phase
relationship as a function of photon energy hv influences the amplitude of
the total wavefunction at the core site, giving rise to a modulation of the
absorption coefficient. The frequency of the XAFS oscillations depends on
the distance between absorber and back-scatterer atoms. Their amplitude
is proportional to the number of back-scatterer atoms.

Two main peculiarities characterize XAFS:
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a) The selectivity of atomic species, which is obtained by tuning
the X-ray energy at the corresponding absorption edge.

b) The insensitivity to long-range order, due to the short mean
free path of the photo-electron, typically limited to about 10 A.

These peculiarities make XAFS a local structural probe permitting to get
information on the coordination number and interatomic distances around
an absorbing atom. In addition, XAFS sensitivity to local order, permit
to indiscriminately characterize crystalline, amorphous and liquid material
with the same precision.
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Figure 2.16: Absorption K-edge of hcp-Fe at 40 GPa and room temperature.

Different regions of XAFS are usually distinguished (Fig. 2.16):

a) A pre-edge and edge region, limited to a few eV around the
edge and dominated by the effects of transitions to localized
electronic states and multipole transitions. It is very sensitive to
the details of the atomic potential.

b) The structure within 30+50 eV above the edge is called
XANES (X-ray Absorption Near Edge Structure) or NEXAFS
(Near Edge X-ray Absorption Fine Structure) [97, 98]. Here, the
fine structures are dominated by multiple scattering processes
of the photoelectrons emitted with low kinetic energy. From
XANES (including the pre-edge and edge regions), information
can be obtained on the local electronic as well as geometric struc-
ture.
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c) The fine structure extending from the XANES region up to
typically one thousand eV, is called EXAFS (Extended X-ray
Absorption Fine Structure) and is due principally to single scat-
tering events. EXAFS contains information on the local geomet-
ric structure surrounding a given atomic species.
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Figure 2.17: Edge-shift in the absorption spectra due to different oxidation
states of Fe. The image as been taken from [99]

The quantitative interpretation of EXAFS is nowadays well established
[97, 100, 101, 102, 103, 104]. On the other hand the quantitative inter-
pretation of XANES is still complex [97, 105]. The shape, position and
intensities of the XANES peaks are strongly affected by local symmetry and
binding geometry (Fig. 2.17). Therefore, the XANES features are often
qualitatively interpreted, which brings information on the local symmetry
and geometry [106, 107], electronic structure, oxidation state and chemical
coordinations [108, 109].

During this work, XAFS measurements have been performed on the en-
ergy dispersive beamline ID24 at the ESRF. The concept of this beamline
is illustrated in Fig. 2.18. A polychromatic beam, is energy dispersed and
focused by elliptical curved crystal [63, 110]. Because the X-rays strike the
crystals at slightly different angles along its length, the bent crystal acts as
a polychromator, diffracting a different energy at each point. The energy-
dispersed beam converges to a focal point at the sample position. The beam
transmitted through the sample, then diverges towards a Position Sensitive
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Detector (PSD).

X-ray beam

Figure 2.18: Complete optical scheme adopted on 1D24, consisting of a pair
of mirrors in the Kirkpatrick-Baez geometry (VEM; and HFM) and the
polychromatic crystal (PLC). A second vertically focusing mirror (VFMs)
downstream of the polychromator is used to refocus the beam onto the
sample. The transmitted signal is then collected on a Position Sensitive
Detector (PSD). This figure has been taken from Ref. [64].

The incident beam position on the detector, can be directly correlated to
the energy.

According to the Beer-Lambert equation (2.7), the XAFS spectrum is ob-
tained by taking the logarithm of the ratio between the Iy and I signals,
where Iy and I are spatial X-ray intensity distribution in the absence and
presence of the sample respectively. In such an experiment, the transmitted
spectrum in the whole energy range is visualized at the same time on the
PSD.

Compared to the scanning energy method, in which the XAFS spectra are
obtained by rotating a monochromator and collecting the transmitted signal
at each energy step, the energy dispersive method presents different advan-
tages. The acquisition time is strongly reduced and can reach the millisecond
temporal resolution [64]. Furthermore, higher stability of the energy scale
and focal spot position is obtained, since there are no moving components
during the acquisition [111].

Theoretical simulations of the XAFS spectra of selected elements or com-
pounds in different P-T conditions, can be performed with the FEFF code
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[112] and compared to the experimental results. FEFF uses an ab initio self-
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Figure 2.19: Simulated absorption spectra for bee, fcc and hep phases of Fe.
The absorption (A=In ITO) is plotted versus the relative photon energy with
respect to the K-edge of iron (Ep=7.11 keV).

consistent real space multiple-scattering approach based on a self-consistent
muffin-tin scattering potential. For a given cluster of atoms around the ab-
sorber, FEFF calculates the phase and amplitude functions for different sin-
gle and multiple-scattering paths of the emitted photo-electron. The cluster
of atoms can be generated by the online software Atoms [113]. To generated
the cluster, Atoms needs information on the atomic number, space group
and lattice parameter of the selected element. When all the parameters are
inserted, Atoms generates the general input file for FEFF containing all the
structural and electronic information for the considered material.

In Fig. 2.19 three simulated spectra representing the K-edge XANES as
a function of relative photon energy (E-Ey) of the hep, bee and fee phase
of iron are reported. The obtained spectral profiles, are characterized by a
shoulder and several humped structures. The shoulder structure (a) located
at approximately 5 eV above the edge energy Fy, commonly appears in all
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the obtained spectra, whereas the profile consisting of peaks b,c and d is
different. The XANES profile of bec Fe is characterized by the prominent
peak b located on the crest. On the other hand, a double-peak structure
composed of peaks ¢ and d is associated with the close-packed structures
fcc and hep. Even though, the spectra for the fce and hep are very similar,
the relative intensity between the peaks ¢ and d are different. In particular,
the peak c less intense than the peak d in the hcp structure, becomes the
most intense of the two in the fcc structure.

From a comparison of the simulated spectra and the ones experimentally
obtained with energy dispersive XAFS, is thus possible to perform a time-
resolved characterization of the phase transitions undergone by the probed
sample.



Chapter 3

High pressure - high
temperature metrology

This chapter surveys the techniques adopted to perform reliable measurement
of pressure and temperature in a laser-heated diamond anvil cell experiment.
We have also examined wether a rhenium gasket can be used as a pressure
gauge for multi Mbar experiments using its XRD signal.

3.1 Introduction

The determination of the phase diagram of a material, requires a reliable
measurement of the pressure and temperature conditions at which a partic-
ular phase is observed.

However, in DAC experiments, a direct relation between the pressure ex-
erted on the sample and the one exerted on the diamond’s back is not easy
to estimate because of the diamond’s deformation with increasing pressure
[114, 70]. It is thus necessary to measure the pressure in situ by placing a
pre-calibrated pressure gauge near the sample in the high pressure chamber
of a DAC.

The temperature can be directly measured (under certain approximations)
by pyrometry i.e. by analyzing the intensity irradiated from the heated sur-
face to the Planck’s law. However, the approximations made can lead to
erroneous measurement of the temperature and an accurate analysis of the
obtained signal must be performed to check the obtained results.

In this chapter, the pressure gauges adopted in this work will be reviewed and
the approximations made for the pyrometry measurement will be discussed
together with the method used to check the temperature measurement.

39
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3.2 Measuring P in a DAC

Unlike for shock-wave experiments, where the pressure is directly determined
according to the Rankine-Hugoniot equations [2] which express the conser-
vation of mass, momentum and internal energy during a shock process, in
static compression experiments the pressure cannot be directly measured.
Therefore, luminescence gauges and X-ray gauges must be used for an in
situ, measurement of the pressure.

3.2.1 The ruby gauge

Forman et al. [115] first showed that the luminescence doublet of peaks Ry
and Ry of Cr3*- doped AlyO3 (ruby) shifts with hydrostatic pressure in the
range of 1-22 kbar, and that the two lines broaden if the ruby experiences
non-hydrostatic stresses. Barnett et al. [116] described the optical system
they used to perform quantitative pressure measurements using a ruby gauge
in a DAC. In this method [116] a tiny chip of ruby (5-10 pm) is placed in
the pressure medium along with the sample, and its luminescence is excited
by a doubled YAG laser (532 nm) and analyzed by a monochromator. The
shift in wavelength is followed as a function of pressure. The calibration
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Figure 3.1: Representative ruby luminescence spectra taken at different pres-
sures in a He pressure medium. The figure has been taken from Ref. [117].

procedure for the R-line shift with pressure, is to measure the wavelengths
(Ar) of the R-lines and simultaneously, by using X-ray diffraction, the molar
volume Vj; of a marker compound of known equation of state, assumed to
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be exposed to the same stress conditions as the ruby.

Over the years, several calibration have been used. To date, the most popu-
lar calibration is due to Mao et al. [118] and is based on the measurements
of the Ry line shift of ruby luminescence in Ar pressure medium up to a pres-
sure of 80 GPa. The pressure was determined from the room-temperature
isotherms of Cu and Ag reduced by Carter et al. [119] from shock-wave
data. The resulting pressure scale of Mao et al. [118] is expressed as:

B
()
Ao
where P is the pressure in GPa, A=X(0P/0\)=1904 GPa, B=7.665, )\ is
the wavelength of the luminescence at ambient P and need to be measured
for each ruby (~694.24 nm). However, important improvement of this cali-
bration to higher pressure have been performed since the use of He as quasi-
hydrostatic pressure transmitting medium up to 100 GPa [120, 121, 122]
(read the work of Syassen [123] for a detailed review). All the recently pro-
posed ruby’s pressure scale arrive at roughly the same correction of 7 % to
the extrapolated scale of Ref.[118] at P= 150 GPa. During this work we
have adopted the pressure scale proposed by Dorogokupets et al. in 2007
[122]. According to [122], the relation between the pressure and the R; shift

is expressed by:
AN AN
P=1884| — | (1+55— (3.2)
Ao Ao

where A\ = XA — \g. In Ref. [124], the uncertainty in the pressure measure-
ment with this calibration scale have been reported to be of the order of 2.5
GPa at 160 GPa.

The position of the ruby luminescence lines varies with 7" with a slope of
0.068 A/K, which means that a AT ~ 0.5 K produces the same shift as the
application of a pressure of 0.01 GPa. Above ~ 400 K, the fluorescence lines
also broaden. Temperature effects on the ruby luminescence spectrum scale
has been studied in the 1990s [125, 126] and more recently up to 95 GPa
and 800 K [127]. In this work, we have used ruby gauge only at ambient
temperature.

A
P==

2 (3.1)

3.2.2 X-ray gauge

In high pressure experiment where an X-ray source is used it is possible to
evaluate by the means of X-ray diffraction techniques, the evolution with
pressure of the lattice parameters of a standard material whose equation of
state P(V,T') is known. Placing the standard material together with the
sample in the high pressure chamber of a DAC and supposing the two ma-
terials to experience the same stress, we can measure the pressure on the
sample.
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At ambient temperature, P(V,300 K) EOS reduced from shock-wave mea-
surements [128, 129, 130] are generally used to calibrate the X-ray gauges.
The accuracy of these EOS are cross-checked by compressing several stan-
dards in the DAC and comparing the corresponding pressure obtained from
the volumes measured by XRD [121, 131].

At higher temperature, the total pressure can be expressed according to Ref.
[2]:

P(V,T) = P(V,300K) + (Prn(V,T) — Pry(V,300K)) (3.3)
where P(V,300 K) represents the ambient temperature part of the total EOS
and Py, is the thermal pressure essentially created by the thermal motion
of the atoms in the lattice.

The accuracy of the measured P can be determined from:

oP oP
AP = | — A — AT 4
(aV>T V+<8T>v (34)

where AV and AT are respectively the uncertainties of the measured V' and
T. From thermodynamic relations Eq. 3.4 can be expressed as:

AP = KTAVV + aKp AT (3.5)
Where K7 is the isothermal bulk modulus and « represents the volumetric
thermal expansion coefficient. Thus, considering a typical AV/V ~ 1073
[121, 124], the pressure at ambient temperature (AT=0) of a standard ma-
terial with a K7 of the order of 200 GPa will be measured with an accuracy
of the order of 0.2 GPa according to Eq. 3.5.
In this project the pressure reached at high temperature conditions, have
been measured using KCl and Fe as X-ray gauges.

- For the KCI, we have used a semi-empirical thermal EOS built in Ref.
[132]. In this work, the ambient temperature part of the total pressure
(Eq. 3.3) has been obtained by fitting the P-V data obtained in the XRD
experiment up to 178 GPa to the Rydberg-Vinet [133] equation of state.
The pressure has been measured with a ruby gauge following the calibration
of Dorogokupets et al. [122].

The thermal part of the equation of state has been calculated by molecular
dynamic simulations and was found to vary linearly according to:

T P T

Pry(V, T)— Pry,(V, 300K) = / (g:r’) dT = / aKrdT =~ aRKr(T—300)
300 \% 300

(3.6)

where aK1=0.00224 GPa/K.
The total EOS is thus expressed as (z = %)

P(V,T) = 3Koa™ 5 (1 — w8 exp { 1L5(K — 1)(1 - 2¥) | + aKp (T - 300)
(3.7)
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where Vj, K¢ and K(/) are respectively the ambient pressure volume, the bulk
modulus and its pressure derivative and their values are respectively 32.82
cm?/mol, 17.2 GPa and 5.89.

According to Eq. 3.5, for a temperature overestimation of 1000 K (AT'), the
use of the KCI EOS of [132] would lead to an overestimation of the pressure
of only 2 GPa.

- The thermal equation of state of the e-Fe has been semi-empirically
determined in Ref. [134] using X-ray diffraction, shock wave data [135] and
ab initio modeling [136].

As in the KCl case, the ambient temperature part of the total pressure (Eq.
3.3) has been determined by fitting the P-V values obtained from X-ray
diffraction experiment up to 200 GPa to the Rydberg-Vinet formulation
of equation of state. The pressure has been measured with ruby and W
gauges calibrated according to Ref. [122]. The obtained V), Ky and K(/) are
respectively 6.753 cm?/mol, 163.4 GPa and 5.38.

The thermal pressure Prj, has been expressed using a formalism simplified
from Ref.[137]:

3 % 3
Pryp(V,T) = QR% (g +T <§> /0 ;fi) +%§maome2+;§gegng2
(3.8)
R=8.314 J/(mol-K) is the gas constant. The first term on the right-hand
side of Eq. 3.8 is the quasi-harmonic Debye thermal pressure [2], which
represents the main part of Pp,. The second and third terms are, respec-
tively, the anharmonic and electronic thermal pressure. Their parameters
have been obtained by fitting the corresponding terms ab initio obtained
[136]: ag=3.Tx107° K=, m= 1.87, ep= 1.95x10~% K~!, g=1.339.
The Debye temperature (6) of e-Fe under ambient condition has been fixed
to 417 K [138]. The Griinesein parameters v has been derived from shock-
wave data up to 200 GPa together with the X-ray diffraction data at ambient

temperature and is expressed in the following form (z = %):

v = 1.305 + 0.57232%9 (3.9)

In this case, a AT of 1000 K in the temperature measurement would lead
to an uncertainty of ~ 10 GPa in the measured P.

- The EOS of the y-Fe has been empirically constructed in Ref. [139]
from XRD data obtained from internally-heated DAC experiment up to 69
GPa and 2400 K. The pressures have been measured in the ey coexistence
region of Fe using the equation of state of Dewaele et al. [134] for e-Fe.
The ambient temperature part of the total EOS has been represented with
a third order Birch-Murnaghan equation of state [2] and the volumetric
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thermal expansion has been evaluated fitting the obtained P-V-T data to
the Anderson-Griinesein relation [140]:

Olna
olnV

5T = 50l‘k (310)

where 07 is the Anderson-Griinesein parameter, dq is its value at ambient
pressure and k is the dimensionless thermoelastic parameter.

According to Ref. [139], the total EOS of the v phase of iron can be expressed
as:

P(V,T) = ;KO (as—§ - x_g) [1 - %(4 — K)(2™3 —1)| + 0.009(T — 300)

(3.11)
In this expression Vp, Ko and K|, are from [141] and are respectively 6.835
cm?/mol, 165.3 GPa and 5.5.

In this case, the uncertainty in the pressure measurement for a AT of 1000
K would be of the order of 10 GPa.

3.2.3 The case of Rhenium

Figure 3.2: Examples of X-ray diffraction patterns in which the signal from
the Re gasket is visible (indicated in red) for experiments performed with
Au (a) and Fe + W samples (b) at 117 and 205 GPa respectively.

As we have seen in the previous paragraphs, pressure measurement in a
DAC implies the use of pressure gauges placed in the high pressure chamber
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together with the sample.

For experiment at ultra-high pressure, the diameter of the obtained high
pressure chamber is less than 10 pm and adding new material is not always
possible. However, the XRD signal of the gasket is always present in such
experiments (Fig. 3.2). For these reasons we wondered if this signal can
be used for pressure calibration purpose for experiments in the multi-Mbar
range. At this purpose, the quasi-hydrostatic EOS of Re (generally used
as gasket material for experiment above 100 GPa) has been measured and
compared to the one previously measured by Dubrovinsky et al. [142]. This
comparison shows a progressive divergence of the two EOS. For the same
volume, the pressure obtained from the EOS of Dubrovinsky et al. is up to
13 % higher than in our measurement. This difference has been explained
by a non-hydrostatic compression of Re in Ref. [142].

The pressure and volume obtained from the gasket signals of several high
pressure experiments have been compared with our Re EOS. This compari-
son has led to the conclusion that the diffraction signal from the Re gasket
can be used for pressure estimation at multi-Mbar pressure within 5 %, if
the signal is taken at the sample/gasket interface.

In the following, a paper published on the Journal of Applied Physics in
which the obtained results are discussed is reported.
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The isothermal equation of state of rhenium has been measured by powder X-ray diffraction
experiments up to 144 GPa at room temperature in a diamond anvil cell. A helium pressure
transmitting medium was used to minimize the non-hydrostatic stress on the sample. The fit of
pressure-volume data yields a bulk modulus Ky =352.6 GPa and a pressure derivative of the bulk
modulus K{, = 4.56. This equation of state differs significantly from a recent determination
[Dubrovinsky et al., Nat. Commun. 3, 1163 (2012)], giving here a lower pressure at a given
volume. The possibility of using rhenium gasket X-ray diffraction signal, with the present
equation of state, to evaluate multi-Mbar pressures in the chamber of diamond anvil cells is
discussed. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4863300]

I. INTRODUCTION

Rhenium (Re) belongs to the group VII of transition
metals with a half filled d band. The crystalline structure
observed for this metal is hexagonal close packed (hcp) up to
660 GPa.'™ First principle calculations’ predict that hcp is
more stable against other simple structures up to 1000 GPa at
least. Surprisingly, the equation of state (EOS) of hcp rhe-
nium measured in diamond anvil cells under non-hydrostatic
compression® does not significantly deviate from the recent
measurements under quasi-hydrostatic compression in
helium pressure transmitting medium.* This is in contrast to
what has been reported for other metals, such as Ta.® Also,
there is a disagreement between the EOS of rhenium meas-
ured using shock wave experiments, reduced to ambient
temperature’ and the most recent static measurement under
quasi-hydrostatic conditions.* The two compression curves,
which should be identical, differ by 15% in pressure, for the
same compression, around 150 GPa.

Rhenium is ductile but has high bulk and shear moduli,8
a high strength,”'® and a high melting point—3453K, the
second of all metals. For these reasons, rhenium has been
used as a gasket material for studies under ultra-high pres-
sures in diamond anvil cell. The fact that a rhenium gasket is
present in the vast majority of diamond anvil cell experiments
performed above 100 GPa makes it a convenient potential
pressure X-ray calibrant. In fact, adding new materials in a
few micrometers-sized pressure chamber of multi-Mbar
experiments” is not always possible. For that purpose, a refer-
ence EOS has to be established. In addition, it should be
determined whether the specific volume of the gasket meas-
ured by X-ray diffraction (XRD) can be used for pressure
determination without any bias. In fact, the gasket being
directly compressed between the anvils, its stress state is com-
plex and probably different from one experiment to another.

We present here data taken under quasi-hydrostatic com-
pression, which reconcile static and dynamic measurements
of the EOS of rhenium. We also analyze the XRD signal of
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rhenium gaskets recorded during several ultra-high pressure
experiments, and we evaluate to which extent this signal can
be used with the present EOS for an estimation of the sample
pressure.

Il. MEASUREMENTS WITH HELIUM PRESSURE
MEDIUM

Three different experimental runs were carried on the
ID27 and ID09 beamlines of the European Synchrotron
Radiation Facility. For each run, a sample composed of a
grain of powder of Re (Alpha Aesar product, 99.99% purity)
was embedded in helium pressure transmitting medium and
put a few micrometers away from the pressure gauge in the
high pressure chamber of a diamond anvil cell. Re was also
used as the gasket material, but thanks to the dimension of
the X-ray spot size (2 x 3 um), much smaller than the high
pressure chamber diameter (20 yum minimum), we were able
to collect only the signal scattered by the rhenium grain. The
pressure was measured from the luminescence of a ruby
gauge or from the measurement of the atomic volume of he-
lium pressure medium or tungsten X-ray gauge (see Table I).
Tungsten has been chosen as an X-ray pressure gauge
because of its high X-ray scattering power and the accuracy
of its EOS, attested by the consistency between static,
dynamic, and ultrasonic measurements.' !> The calibration
of ruby and tungsten gauges has been taken from Ref. 13.
The calibration of helium gauge is from Ref. 14, with a mod-
ification that takes into account the update of the ruby pres-
sure scale.'!?

The monochromatic XRD signal has been collected on
image plates. The diffraction geometry was determined using
LaBg and Si reference samples. The signal was circularly
integrated using the FIT2D' software. Fig. 1 shows the raw
and integrated angle-dispersive XRD pattern of Re at differ-
ent pressures. All the diffraction peaks belong to the hcp
structure. The diffraction lines (100), (002), (101), (102),
(110), (103), and (112) have been used for the measurement

© 2014 AIP Publishing LLC
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TABLE I. Conditions of each experimental run. Sizes are in um; PTM: pres-
sure transmitting medium.

Diamond’s Sample
Run P range (GPa) P gauge PTM culet size size
1 0.64-36.9 Ruby He 300 4
2 14.0-64.8 He He 150 3
3 1.45-144 W + Ruby He 100 3

of the lattice parameters. The raw images of the powder
sample show diffraction rings with some texturing, which
was already present in the starting sample. With increasing
pressure, the diffraction peaks become larger, which is a
sign of an increase of the micro-stress in the sample.'®
This micro-stress is different from the macroscopic
non-hydrostatic stress, which is qualitatively discussed in the
next section.

A. Macroscopic non-hydrostatic stress

It is desirable to achieve purely hydrostatic conditions
in the sample chamber of a diamond anvil cell, which would
be provided by a liquid pressure transmitting medium.
However, even helium becomes solid above about 12 GPa
at room temperature and is therefore prone to sustain a
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FIG. 1. Integrated powder X-ray diffraction patterns of Re at low (a) and
high (b) pressure. The insets show a part of the recorded raw diffraction
images. The diamond contribution to the X-ray raw spectra are masked dur-
ing the integration.
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non-hydrostatic stress in the sample chamber. In addition,
even at lower pressure, the stress on the sample can become
non-hydrostatic if it bridges the anvils due to excessive thin-
ning of the gasket or due to a large initial thickness of the
sample. The macroscopic stress in a sample can be deter-
mined by an analysis of the measured XRD spectra,'® if the
diffraction lines exhibit a measurable shift from hydrostatic
compression. Table II shows the interplanar spacings meas-
ured at the highest pressure reached (144 GPa) in our experi-
ments. They deviate from the spacings calculated using the
lattice parameters obtained by a refinement of the whole
spectrum by less than 0.06%. This deviation corresponds
to the uncertainty on the measurement of each diffraction
peak. We can thus conclude that the non-hydrostatic stress is
below the detection limit of our measurements. That is in
agreement with the quantification of the macroscopic non-
hydrostatic stress on metals embedded in helium that reaches
0.5GPa at 150 GPa."’

B. Evaluation of the micro-stress

From the analysis of the width of the XRD lines, it is
possible to estimate the micro-stress in a powder material,
i.e., the difference in stress between the crystallites that con-
stitute the powder.'® This difference causes a broadening of
each XRD peak identified by its Miller indices (hkl), which
can be expressed as'’

(2whklcos0hk1)2 = (2w2k,cos0hk1)2 + n%kl sin® Oper, (1)

where 2w, is the full-width at half maximum (FWHM) of
the diffraction angle 26,,,, 2W21<1 its value at P =0, 1, the
micro-strain on the (hkl) plane related to the micro-stress o
via

o = Ny E(hkl)/2, 2

where E(hkl) is the single crystal Young modulus along the
direction (hkl). An approximate expression for the average
micro-stress is

o= (u)E/2, 3)

where (1,,,) represents the average value of 1, over
measured diffraction peaks and E the Young modulus of the

TABLE II. Measured reflections for rhenium at 144 GPa. (hkl) are the
Miller indices of the reflection. d,, is the corresponding interreticular dis-
tance measured by individual peak fitting. d.,. is the interreticular distance
calculated by a fit of the whole spectrum.

(hkl) dy (A) deaie (R) dp-deae (A)
(100) 22116 2.2103 0.0013
(002) 2.0550 2.0561 —0.0011
(101) 1.9480 1.9469 0.0011
(102) 1.5056 1.5054 0.0001
(110) 1.2765 1.2761 —0.0004
(103) 1.1650 1.1649 0.0001
(112) 1.0834 1.0843 —0.0009
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polycrystalline aggregate.'® E is related to the bulk and shear
moduli K and G of the aggregate

9KG

E=ik+c @

The variation of E with pressure have been computed using
one Re EOS,’ and the extrapolation of ultrasonic data® using
the relation'®

1 (3K,G!
G:Gox-%{u—( 00—5>(x_%—1>}, S
2\ G,

with x = V/V,, Go= 179 GPa, and G/, = 1.8.® The micro-stress
¢ has been estimated using Egs. (1) and (3) for seven diffrac-
tion peaks and is plotted on Fig. 2. It increases from O at the
beginning of the experiment to ~7 GPa at 144 GPa. These val-
ues are smaller than the macroscopic uniaxial stress sustained
by a rhenium sample (yield strength) compressed directly
between the anvils, measured in two studies.> In Ref. 3, the
measured yield strength of Re exceeded 20 GPa at 120 GPa. It
is expected that the micro-stress is upper bounded by the yield
strength: our measurements are thus compatible with earlier
yield strength estimates.™ This micro-stress is isotropic and so
does not affect the EOS measurements whereas the macro-
scopic stress leads to measurable effects.

C. Equation of state

The bulk modulus Kj, its pressure derivative K|, and the
volume V, at ambient pressure are determined by a
least-squares fit of the present pressure-volume data (Table
III) to the Rydberg-Vinet20 EOS formulation (x = V/V):

P(V) = 3Kox (1 —x%)exp{Ls(Kg ~1)x (1 —x%)}. (©)

The resulting values are as follows: V,=28.8726
+0.01 cm’/mol, Ky=1352.6+8GPa and K{ =4.56+0.17.
The current and literature EOS parameters are listed in
Table IV. The error bars correspond to the 95% confidence
interval of the fitted values. The current EOS agrees with the
EOS based on shock experiments reduced to ambient tempera-
ture’ (Fig. 3) and with earlier measurements performed in a
moderate pressure range.l’9 It also agrees with a recent
density-functional theory calculation within generalized
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FIG. 2. Micro-stress in the rhenium sample as a function of pressure.
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TABLE III. Measured pressures in GPa (Pg: ruby pressure, Py: tungsten
pressure, and Py, helium pressure) and lattice parameters of tungsten (ay)
and rhenium (@ and c) for the three experimental runs. The data are listed in
the order they have been taken. Experimental uncertainty on lattice parame-
ters is lower than 0.003 A. Uncertainty on pressure measurement increases
from 0.05 GPa at 1 GPa to ~2 GPa at 150 GPa."

Run Pg Py ad) c¢(A Run Py aw@) ad) c@A)

1 0.65 2.7619 4.4590 3 1.42 3.1599 2.7587 4.4536
1.26 2.7598 4.4557 4.43 3.1500 2.7501 4.4416
1.88 2.7579 4.4526 9.31 3.1347 2.7388 4.4223
243 2.7561 4.4499 13.8  3.1216 2.7275 4.4039
3.07 2.7546 4.4472 20.5 3.1031 2.7131 4.384
3.74 2.7531 4.4446 253 3.0904 2.7035 4.3668
4.69 2.7506 4.4410 30.5  3.0777 2.6958 4.3514
5.48 2.7485 4.4372 39.6 3.0566 2.6791 4.3245
6.96 2.7449 4.4310 47.8 3.0390 2.6670 4.3016
8.77 2.7407 4.4247 52.8 3.0289 2.6577 4.2916

10.0 2.7372 4.4196 60.3 3.0143 2.6478 4.2706
11.9 27331 4.4134 66.1 3.0038 2.6395 4.2590
13.4 2.7295 4.4063 70.5 2.9959 2.6308 4.2476
15.9 2.7240 4.3994 77.4 29841 2.6238 4.2350
18.3 2.7183 4.3901 86.3 29694 2.6112 4.2117
20.6 2.7137 4.3815 91.5 29614 2.6063 4.2013
22.8 2.7088 4.3739 96.4 29540 2.6003 4.1896
25.8 2.7033 4.3637 100 2.9482 2.5947 4.1847
28.3 2.6989 4.3574 107 2.9380 2.5872 4.1709
31.1 2.6943 4.3475 113 2.9304 2.5819 4.1622
36.9 2.6847 4.3322 118 2.9238 2.5770 4.1549
2 16.7 2.7225 4.3943 122 29182 2.5719 4.1472

21.3 27140 4.3802 125 29141 2.5696 4.1429
28.3 2.6995 4.3588 129 2.9096 2.5649 4.1358
30.6 2.6958 4.3511 133 2.9041 2.5620 4.1308
34.8 2.6883 4.3400 137 2.8989 2.5582 4.1226
40.4 2.6797 4.3241 144 2.8902 2.5537 4.1147

44.7 2.6740 4.3132
48.8 2.6643 4.3002
53.8 2.6580 4.2880
58.2 2.6505 4.2779
64.8 2.6422 4.2636

gradient approximation.”' However, it progressively diverges
from the EOS recently measured* using diamond anvil cell
and helium pressure transmitting medium as the pressure
increases. For the same volume, the pressure is higher by up to
13% in Ref. 4 measurements than in our measurements. Only
a very small part of this difference can be attributed to pressure
gauges calibration issues: if the calibration of Ref. 22 is used
for gold X-ray gauge, instead of the calibration of Ref. 23 used
in work of Dubrovinsky et al., the pressures differ by less than
2% (see Fig. 3(a), open circles). The calibration of Ref. 22 has
been shown to be compatible with the current gauges calibra-
tion.!" The difference between the two sets of data can only be
explained by a non-hydrostatic compression of the rhenium
sample in Ref. 4 experiments, for instance, by a direct com-
pression of the sample between the diamond anvils. In fact, in
the conventional diffraction geometry in diamond anvil cells,
the volume is overestimated under non-hydrostatic compres-
sion and Ref. 4 set of data agree with the measurements of
Jeanloz et al.,’ where the sample was non-hydrostatically com-
pressed. The large difference between the yield strength of
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TABLE IV. EOS parameters of rhenium measured in different experiments. The volume V;, bulk modulus K, and its pressure derivative K|, are listed.
Experimental methods and EOS formulation are specified. PTM: Pressure transmitting medium; XRD: X-ray diffraction; DAC: diamond anvil cell; BM:
Birch-Murnaghan; GGA-PBE: generalized gradient approximation—Perdew Burke Ernzerhof.

Reference Vo (cm’/mol) Ko, K{, (GPa, no unit) P range (GPa) PTM Pressure gauge EOS Method
This study 8.8726 352.6,4.56 0.64-144 He Ruby, W, He Vinet XRD in DAC
Ref. 1 336, 4* 0-35 NaCl NaCl BM XRD in DAC
Ref. 7 365.2,4.35 0-280 Vinet Reduced Shock
Ref. 8 360.3,5.43 0.00-0.42 Ultrasound
Ref. 4 8.87 348, 6.07° 0-165 He Au*? Vinet XRD in DAC
Ref. 4 8.87 353,5.80 0-165 He Au? BM3 XRD in DAC
Ref. 21 8.842 376, 4.58 0-200 Vinet GGA-PBE

“Fixed parameter.

"The published value K{, = 7.57 has been modified because it was incompatible with P-V data points.

rhenium®® and gold (which is much lower'”) would imply that
the overestimate of sample and pressure marker volume under
non-hydrostatic compression do not compensate. The compres-
sion curve measured in Ref. 4 becomes so stiff with increasing
pressure that a fourth-order Birch-Murnaghan EOS is needed
to fit the P-V data. It is not needed with the current measure-
ments. Our data suggest that if the Re EOS established
by Dubrovinsky er al.* is used to calibrate the pressure in a dia-
mond anvil cell, it will overestimate P by already 40 GPa
around 200 GPa, an overestimation which will further increase
with increasing pressure: a real pressure of 450 GPa would
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FIG. 3. (a) Measured volume of rhenium as a function of the pressure, com-
pared with literature data. Inset: evolution of the c/a ratio. (b) Difference
between measured and fitted volume, Vinet formulation with V= 8.8726
cm*/mol, Ko =352.6 GPa, and K}, = 4.56.

correspond to a pressure of 600 GPa estimated using the cali-
bration of Dubrovinsky et al.

lll. USE OF Re GASKET AS AN X-RAY PRESSURE
CALIBRANT

In this section, we phenomenologically discuss whether
the Re gasket XRD signal can be used to estimate the pres-
sure in the sample chamber of a diamond anvil cell. For that
purpose, we have analyzed the XRD signal from the gasket
collected in five experiments, where the sample pressure had
been accurately measured using a pre-calibrated lumines-
cence or X-ray marker. The conditions of these experiments
are summarized in Table V. In all cases, the X-ray spot was
located ~5 um away from the visual edge of the gasket, a
distance slightly larger than the FWHM of the X-ray spot
(2-3 um). The collected signal was therefore scattered by the
most inner part of the gasket; i.e., very close to its edge with
the pressure chamber. Runs with pressure media considered
as soft (He, Ne) or harder (KCl, Xe), with (runs 4 and 5) or
without (runs 1-3) thermal annealing, and with a large (runs
1-3) or small (runs 4 and 5) gasket deformation during load-
ing have been considered, so that these data represent the
various gasket stress conditions in diamond anvil cell
experiments.

Fig. 4(a) compares the measured volume of rhenium gas-
ket with the volume of rhenium calculated at the sample pres-
sure (estimated with the gauges summarized in Table IV),
using the current quasi-hydrostatic EOS. The agreement
between the two values is surprisingly good, the difference
being smaller than 1.2%. In other words, the measured vol-
ume of Re gasket is close to what would have been expected

TABLE V. Conditions of the runs for which the X-ray diffraction signal of
the rhenium gasket has been analyzed here. PTM: pressure transmitting
medium.

Run P range (GPa) P gauge PTM Published reference

1 28-131 Ruby'? He 22
2 107-205 wh! Ne 24
3 141-259 Au*? Xe 25
4 64-204 Fe** KCl 26
5 107-174 Fe?* KCl 26
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FIG. 4. (a) Volume of rhenium gasket measured by X-ray diffraction at the
edge with the sample, as a function of the volume of rhenium calculated using
the current quasi-hydrostatic EOS (Table IV, first line) at the sample pressure
Pyampie- The dotted line corresponds to measured volume = calculated
volume. (b) Difference between Pg, (calculated using its quasi-hydrostatic
EOS) and Py

if Re had been compressed quasi-hydrostatically in the sam-
ple chamber. This contradicts the general view of an overesti-
mate of volume in a material directly compressed between
the anvils'” discussed above. This view is too simplistic here:
it is possible that the innermost part of the gasket does not
sustain a large non-hydrostatic stress because it is in contact
with a relatively soft pressure medium. Indeed, preferred ori-
entation, which is the signature of a large plastic train under
uniaxial loading, could not be detected in the XRD signal
of the gaskets. However, we note that at very high pressure
(low volume), the average measured volume becomes
slightly smaller than the calculated volume (Fig. 4(a)), which
means that a pressure from the gasket X-ray signal will be
overestimated.

Fig. 4(b) shows the difference between the pressure
which would have been estimated using the gasket EOS
(Pre) and the real sample pressure (Pg,,,p.). In practice,
this would have been the error in pressure measurement
if the gasket was used as a pressure gauge. The scatter of
the measurements is large but does not drastically
increase with pressure, even if above ~200GPa, the gas-
ket has a trend to overestimate the pressure (by ~5% at
most). We therefore propose that the use of rhenium gas-
ket as pressure gauge can be done in a confidence inter-
val of 5% up to 260 GPa if the XRD signal is taken at

J. Appl. Phys. 115, 043511 (2014)

the edge between the gasket and the high pressure cham-
ber and the present quasi-hydrostatic rhenium EOS used.
This proposal, which is based on a phenomenological
approach, should be confirmed by the collection of similar
data during future experiments, especially at higher pres-
sure. We also stress that the gasket data have been col-
lected with a micro-focused X-ray spot, and this method
might not be applicable for larger beam sizes which
would collect information from a large gasket volume
with a heterogeneous stress state.

IV. CONCLUSION

The quasi-hydrostatic EOS of Re has been deter-
mined from a powder XRD experiment using He as a
pressure transmitting medium up to 144 GPa. The XRD
lines measured for rhenium show no evidence of non-
hydrostatic compression. The volume, bulk modulus, and
its pressure derivative at ambient pressure and tempera-
ture have been obtained with a Rydberg-Vinet EOS:
Vo=8.8726 £ 0.01 cm’/mol, K,=352.6+8GPa, and
K, =4.56%0.17. This EOS agrees with shock compres-
sion data’ but contradicts a recent study carried out in di-
amond anvil cell.* This suggests that the use of rhenium
as an X-ray pressure gauge with the calibration using
Ref. 4 data will lead to a large pressure overestimate (for
instance, 600 GPa instead of 450 GPa). Using XRD, data
collected on the rhenium gasket in various configurations
of compression, we propose that this information and the
current EOS could be used for pressure estimation at
multi-Mbar pressures (within ~5% of the real pressure
above 1 Mbar), if the diffraction signal is taken at the
sample/gasket interface.
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3.3 Measuring T in a LH-DAC

In LH-DAC experiment, the temperatures are determined by pyrometry. In
fact, at the thermodynamic equilibrium, the light emitted by the surface of
a body at uniform temperature T, follows the Planck distribution:

27hc? 1
€

IPlanck()‘) = A5 eA?(iCT 1

(3.12)

where € is the emissivity of the material (e=1 for a blackbody), ¢ is the speed
of light, h the Planck’s constant, K the Boltzman’s constant and A is the
wavelength of the emitted light.

The emissivity is a wavelength dependent quantity (e=e())) and, the vari-
ation of this dependence within the P-T conditions of the experiment is
generally unknown [143]. However, for the wavelength range collected in
our LH-DAC experiment (450-900 nm), the emissivity variation with wave-
length is generally considered negligible and the graybody approximation
(e < 1) is assumed. Fig. 3.3 represents the variations of the emissivity of
e-Fe in the spectral range 450-900 nm at different pressures. The emissivity
values have been extrapolated from measurements performed in the spectral
range between 1500 nm and 1900 nm [144].

(O o e B L L B B
I emissivity of hcp-Fe at ambient T| ]
50 GPa
0.401 -
a L
=
[%2]
@2
S
© 0.35F n
40 GPa |
0.30 T
30 GPa
v b e b e by v b b b
500 600 700 800 900

wavelength (nm)

Figure 3.3: Emissivity for the hcp-Fe as a function of the wavelength at
different pressure. The emissivity values are extrapolated from Ref. [144].

The temperature of the sample can be obtained from a fit of the radiance
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data collected over a continuous wavelength range to the Planck distribu-
tion. .
For temperature where eﬁ>>1, the Wien approximation to the Planck’s

law can be used:

27Th62 _ _hc
IWien()\) = 6T€ AKT (313)

It is possible to define a linearized form of Eq. (3.13) through the Wien
function: .

A K 1

2 )= S lne— — 3.14
27rh02> e (3:14)

K
. = —1 I ien
Wien =72 n( w he AT

The obtained linear relationship between Wien and 1/) is advantageous be-
cause deviations from linear behavior are easier to observe. The error in the
temperature measurement introduced by using the Wien’s approximation to
Planck’s law is of the order of 1 % on T' at 5000 K [145, 146].

A complementary method that can underscores wavelength dependent devi-
ations from the ideal Planck distribution is the two color pyrometry. Thanks
to the linearity of the Wien function, the temperature can be determined
using only two wavelengths. Thus, if the wavelength dependence of the
emissivity can be neglected, a series of temperatures can be calculated from
the ratio of a pairs of intensities separated by a fixed spectral difference.

hc

Defining w; = v the temperature can be obtained from:

- B Wy — W1
two—color = Wien(ws) — Wien(w)

(3.15)

By scanning the selected spectral window across the measured spectral
range, temperature can be determined as a function of wavelength. The
wavelength interval must be chosen to be small enough to allow the obser-
vation of possible wavelength-dependent variation of Tiye—color, but large
enough so that the corresponding intensity difference is significant.

Regular data will have substantial noise, but the graybody radiation must
yield a constant temperature across the wavelength range investigated. How-
ever, a wavelength-dependence of the emissivity will introduce a distinct
wavelength dependence in the temperature versus wavelength plot [146],
some of which might bias the average slope on a Wien plot to higher or
lower values.

In Fig. 3.4 a comparison between two synthetic data representing an ideal
graybody with emissivity e=0.415 and a body at 50 GPa with the wavelength-
dependent emissivity of Ref. [144] is reported. A fit to the Planck law of
the intensity obtained from the wavelength-dependent emissivity, leads to a
temperature overestimation of 0.3% at 3000 K and 0.4% at 6000 K.

The experimental setup adopted on the beamline ID27 at the ESRF is
reported in Fig. 3.5.
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Figure 3.4: Synthetic data representing an ideal graybody with emissivity
€=0.415 (black line) and a sample at 50 GPa with the wavelength-dependent
emissivity (dashed red line) reported in Ref. [144]. The radiated intensities
have been calculated at 3000 K.

Two Continuous-Wave (CW) Nd:YAG lasers (A = 1064 nm) are used to
heat each side of the sample in the DAC.

The emitted light and the image of the sample are collected using two
Schwarzschild reflective objective [62] especially designed to avoid chromatic
aberration that can introduce large errors in the temperature measurement
[141]. The magnified signal is thus transmitted to a 300 mm Acton Spec-
trometer equipped with a Pixis 100 CCD camera from Princeton Instru-
ments.

A pinhole of 50 um diameter is laser-drilled at the entrance of the spectrom-
eter. Considering the magnification of the Schwarzschild objective (~ x18),
the 50 pm pinhole corresponds to a probed area of 3 ym in diameter on the
sample surface which is used to measure the temperature at the center of
the hotspot created by the Nd:YAG lasers.

For a correct determination of the temperature, it is necessary to determine
the optical system response S(A).This is done by collecting the radiated in-
tensity from a calibrated tungsten lamp at 2500 K (1,,(\,1p)). S(A) then

follows:
S(N)e(N, Tp)2mhc? 1

h
AP e KACTO -1

Im()‘7 TO) =

(3.16)

Tungsten has been chosen as a standard material because of its well known
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Figure 3.5: Schematic layout of the laser-heating system adopted on ID27
at the ESRF. Red lines indicate the pathway of the Nd:YAG lasers. In green
the incident X-ray beam and the X-ray cone of diffraction to the image plate.
In blue is the path for the double-sided temperature measurement. Double
arrow signs refer to optics mounted on pneumatic stages. The symbols used
for mirrors, lenses, etc. are listed in the legend. During the experiment,
the mirror between the Schwarzschild and the DAC on side 2 is removed
to permit the collection of the diffracted signal on the image plate. The
temperature is thus measured only on side 1 during the experiment. The
sketch has been modified from Ref. [147]

wavelength-dependent emissivity (e(A,To)) [148, 149]. The tungsten lamp
is placed at the position normally occupied by the sample and the emitted
light is collected through the optical pathway to the spectrometer.

An emission spectrum is recorded in the optical range 450-900 nm and the
CCD dark offset is subtracted from each spectrum, then the spectrum is nor-
malized to the system response through S(A). Plank, Wien and two-color
methods are used to fit the normalized intensity over the same wavelength
range according to the method reported by Benedetti and Loubeyre [146].
In this way, it is possible to correlate deviations from the Planck’s fit with
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deviations from linear Wien function and with variations in the T}0—coior-
The temperature uncertainties are estimated from the standard deviation
of a Gaussian fit to the Tyyo—color histogram [146], plus a manual check of
the sensitivity of the fitted temperature to the wavelength fitting region.
Data presenting a difference in the temperature measured by the Plank and
the Wien methods larger than 1% and/or presenting deviations from the
Wien and the two-color distributions, are considered not reliable and thus
discarded.

Figs. 3.6 and 3.7 represent examples of data that verify the graybody ap-
proximation and data that have been discarded.
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Figure 3.6: Example of reliable temperature measurement. a) Measured
raw intensity (black line) and the system response (blue line). b) Planck’s
distribution normalized to the system response (black line) and the corre-
sponding fit (red dotted line). ¢) Histogram of the measured Tyy0—coior (gray
lines) fitted to a gaussian function (red line). d) Wien function of the nor-
malized intensity (black line), fit to the Wien function (red dotted line) and
the corresponding residual (gray line). e) Two color temperature reported
as a function of wavelength obtained with a wavelength window of 40 nm.
The fit have been performed between 600 and 750 nm.
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Figure 3.7: Example of a temperature measure that has been discarded. a)
Measured raw intensity (black line) and the system response (blue line). b)
Planck’s distribution normalized to the system response (black line) and the
corresponding fit (red dotted line). ¢) Histogram of the measured Ttyo—color
(gray lines) fitted to a gaussian function (red line). d) Wien function of
the normalized intensity (black line), fit to the Wien function (red dotted
line) and the corresponding residual (gray line). e) Two color temperature
reported as a function of wavelength obtained with a wavelength window
of 40 nm. In this figure both the residual of the fit to the Wien function
and the Tiyo_color Present a wavelength dependent trend. The fit have been
performed between 650 and 800 nm.

As a further verification of the reliability of the pyrometric measurement,
the measured temperatures have been cross-checked with the temperature
expected from the thermal expansion of the Fe sample measured by X-ray
diffraction (see chapter 4).
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Chapter 4

XRD study of the Fe melting
curve

In this chapter, the experimental setup and the results obtained on the melt-
ing curve of Fe studied in LH-DAC by fast XRD are reported.

4.1 Introduction

In the previous chapters, the techniques associated to LH-DAC experiment
have been presented. In what follows, a description of the sample loading
procedure and experimental setup adopted to study the melting curve of
iron by fast XRD is made. The experimental results are discussed together
with the implication in the determination of the Earth’s geotherm.

4.2 Sample loading

Generally and particularly for LH-DAC experiment, a good sample prepa-
ration is mandatory for the collection of good quality data. In fact, ther-
mal and pressure gradients, together with chemical reactions can bias the
P-T measurements in a LH-DAC experiments. These phenomena can be
minimized if the sample is loaded in the high pressure chamber of a DAC
following certain precautions.

In this work, Fe samples were loaded in a KCI pressure transmitting medium
which insulated the Fe from the diamond surface and the rhenium gasket.
The KCI (>99.5%, Fluka) has been chosen because in the P-T range investi-
gated has a melting curve higher than the one predicted for iron [150, 33, 28].
In addition, it has a simple XRD pattern with no superimposition with the
diffraction peaks of Fe. The KCIl was also used as pressure gauge using a
recent EOS [132], so that the number of materials involved is minimized to
two. The KCIl was dried at 570 K in a vacuum oven to remove any presence
of water that can react with Fe under high temperature.

59



60 CHAPTER 4. XRD STUDY OF THE FE MELTING CURVE

The sample must have a regular shape to guarantee the most uniform re-
sponse of the sample’s surface heated by the laser. The thermal insulating
layers must be flat in order to help homogeneous heating. In what follows,
the procedure adopted for the sample loading at ”high” (100-210 GPa) and
"low” (50-100 GPa) pressure conditions will be described.

4.2.1 ”Low” pressure

a) b)

\/Needle

KCI
Gasket Gasket Gasket Kl Gasket

/ Diamond —\ / Diamond \
d)
/Flat tip i Veedle

Gasket  KCl Gasket Gasket KCl Gasket

/ Diamond 4\ / Diamond \
e
Needle
\
Diamond
KCl

Gasket KC' Gasket Gasket KCI Gasket

/ Diamond \ / Diamond \

Figure 4.1: Schematic representation of the principle adopted to load the
sample in the high pressure chamber of a DAC equipped with diamonds
with culets ranging from 300 to 150x300 pm.

c)

In Fig.4.1, a schematic representation of the principle adopted for the
sample loading is reported. A dried crystal of KCI, with a diameter sim-
ilar to the one of the laser-drilled hole of the Re gasket, is placed in the
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high pressure chamber of a DAC (Fig.4.1a). The crystal is then compressed
between the two anvils to completely fill the hole of the gasket. The KCI
leaked from the high pressure chamber must be cleaned up from both the
diamond’s anvils and from the gasket. This procedure must be repeated
until a homogeneous disk of KCl is obtained (Fig.4.1b).

At this point a containment chamber for the sample must be prepared. For
this purpose we have used a flat-tip-equipped spark-erosion machine in off
mode. In fact, this machine is equipped with an optical system that permits
to center the flat tip on the high pressure chamber, preserving the vertical
position of the tip with respect to the KCI disk surface (Fig.4.1c). Further-
more, if equipped with a thickness gauge digital indicator, it is possible to
obtain information on the depth of the hole drilled in the KCl. During this
procedure, the hole have been drilled with a depth of the order of 2/3 of the
total thickness of the pre-indented gasket. The KCI leaked at the sides of
the hole is removed with a micromanipulator.

Fe powder (>99.9%, Alfa Aesar) grains are pre-shaped into thin (3-7 pym
thickness) disk by compression between the two diamonds anvils. The ob-
tained disk is then placed in the containment chamber (Fig.4.1d). The
sample is handled in a manner to be perfectly positioned at the base of the
containment chamber and the parallelism of the sample with respect to the
diamonds is checked by changing the polarization of the microscope’s light.

Figure 4.2: Picture of a Fe sample completely embedded in a KCI pressure
transmitting. The ruby pressure gauge is also visible in the picture near the
gasket-KCl interface (circle on the left).

Then, flat plates of KCI are pre-shaped by compression of the KCI crystals
between the two anvils and needle-cut to a diameter slightly larger than
the one of the hole in the KCI disk. The KCI plates are positioned to per-
fectly cover the containment chamber and the KCl-Fe-KCl set (Fig.4.1e) is
compressed between the two anvils. By changing the focalization of the mi-
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croscope it is possible to have an idea of the quantity of KCI placed on the
Fe on both sides. If the two quantities are different, the KCl at the interface
with the gasket is scraped off and a plate of KCl is placed in the way to
completely cover the Fe sample. As before, the set is compressed between
the anvils and the leaked KCl is cleaned up. This procedure is repeated until
the quantity of KCl on both side is similar and no more leaking of KCI is
observed. A scheme of the final sample loading is reported in Fig.4.1f while
a picture is reported in Fig.4.3.

4.2.2 7High” pressure

In the cases of culet’s size ranging from 100x300 to 70x300 um (~ 110-210
GPa), the diameter of the high pressure chamber is too small (40-30 pm) to
apply the procedure described before.

Two different sample loading procedures have been made. The first kind
of loading is schematically represented in Fig. 4.3. In this case, flat plates
of KCI (Fe) are pre-shaped by compressing the starting crystals (powder)
between the diamonds. The plates are then placed at the center of the anvil
on the cylinder side of the cell. This procedure is subsequently repeated for
each plates in the order KCl-Fe-KCI.

Figure 4.3: Schematic representation od the sample loading adopted at
higher pressure for diamond with flat tips.

For diamonds with very small culet (70 pum), the volume of the obtained
pressure chamber doesn’t permit to load big quantity of insulating material.
For this reason pits of 3 pum thickness have been machined by Focused Ion
Beam (FIB) at the center of the diamond’s culets (Fig. 4.4). In this way in
fact, it is possible to increase the thickness of the pressure chamber with-
out changing the diamond’s culet size. After been machined, the diamond
have been treated with a mixture of HoSO4 and KNOg to remove any trace
of graphite that can easily react with Fe with the increasing pressure and
temperature.
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Diamond

Figure 4.4: a)Schematic representation of the sample loading adopted at
higher pressure for diamond with pits. b) Picture of the culet of a diamond
with a pit machined with FIB on its center.

In this case, the KCI crystals are pre-shaped into plates and placed at the
center of both diamond’s culets. A grain of Fe is then placed on the KCI in
the way to be centered on the pit. In Fig. 4.4 a schematic representation of
the loading in the case of diamonds with pits is reported.

4.3 Experimental setup

The experimental runs have been carried out on the ID27 beamline at the
ESRF. The double-sided laser heating system of this beamline is optimized
for in situ monochromatic X-ray diffraction experiment with LH-DAC and,
since its development in 2005 [62], it has permitted to several groups to
study the matter under extreme P-T conditions with applications in con-
densed matter physics and geophysics fields [124, 61, 151, 152, 153].

The laser-heating experimental setup adopted on ID27 has been described
in chapter 3 and a schematic layout is represented in Fig. 3.5.

During our experiment, two CW lasers Nd:YAG fiber lasers (IPG photon-
ics) with A=1064 nm and providing a maximum total power of 200 W were
focused on both the sample surfaces through UV-grade fused silica lenses
with a typical focusing distance of 70 mm [147]. The beam spot is in the
fundamental transfer mode T'E Mg or Gaussian profile; the beam has a very
high quality with M2=1.02 (for an ideal Gaussian profile M?=1) and the
laser output power has a very high stability of + 0.5 %.

For the runs at lower pressures, the two lasers were defocused in order to
increase the hot spot size on the sample to 20 pm of FWHM. At higher
pressure the smallest laser-heating spot used was 5 um of FWHM.
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The angular dispersive (A=0.3738 A) XRD patterns were collected on a
CCD detector located at a distance of ~ 200 mm from the sample.

The intense monochromatic X-ray beam of ID27 is focused using an achro-
matic multi-layered Kirkpatrick-Baez (KB) double mirror device [86] and
cleaned by two pinholes to a 2 umx2.7 ym FWHM spot on the sample.

In order to ensure the collection of XRD and radiance data from the same re-
gion of the sample, the area used for the pyrometry measurement was aligned
on the X-ray beam before each heating ramp. The adopted alignment pro-
cedure is as described in Fig. 4.5. The X-ray beam can be visualized with a
high sensitivity camera, using the X-ray induced fluorescence of the pressure
medium. The image of the pinhole entrance in the spectrometer through the
Schwartzschild objective can be seen on the same camera. Then the lasers
are aligned with the X-ray and the pinhole.

b) c)

4 Q

Figure 4.5: Schematic representation of the pinhole-X-ray alignment proce-
dure. a)X-ray fluorescence signal can be observed through the high sensi-
tivity camera. b)The X-ray beam is centered on the spectrograph’s pinhole
by moving the Schwartzschild objective. ¢) The cell is then moved to align
the sample with the X-ray beam.

The sample was gradually heated up to melting (in best cases) and quenched.
The alignment of the X-ray and the pinhole can be lost if the objective is
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heated by an unwanted reflection of the YAG laser. To check that this didn’t
happen, we checked the alignment between the X-ray and the pinhole im-
mediately before and after each heating ramp.

To prevent the probing of skewed or reacted area (melt percolation through
the pressure medium, chemical diffusion...), the samples were heated at dif-
ferent position after each heating ramp.

We performed fast XRD experiments [61], in which the XRD spectra were
collected every 2-5 s, while radiance spectra from the laser-heated surface of
the sample were collected every second. The collecting procedure is auto-
mated and can be easily controlled during the experiment. The XRD images
and the temperature profiles (Planck, Wien and two color) can be followed
during a heating ramp.

4.4 Experimental results

During each heating ramp, the temperatures were measured by pyrometry
according to the method described in chapter 3. The pressure P was deduced
form the P-V-T equation of state of KCI [132] using the molar volume
measured by XRD. For that purpose, the temperature in KCl was assumed
to be equal to the pyrometry temperature i.e. the temperature at the Fe-
KCl interface.

Axial temperature gradients were present in the KCl volume scanned by
XRD, the KClI in contact with the diamond anvil being cooler than the KCI
in contact with the sample. However, a temperature difference of 1000 K
leads to a pressure difference of only 2 GPa because of the low thermal
pressure factor in the KCl EOS [132].

The temperatures and the pressures measured at each heating ramp are
reported in Appendix A and represented in Fig. 4.6.

Temperature uncertainties have been measured, as described in chapter 3,
from the pyrometry signal fitting errors [146], plus a manual check of the
sensitivity of the fitted temperature to the wavelength fitting region. They
range from 3 % to 6 % (100 K to 300 K).

A time-resolved analysis of the structural, textural and chemical evolution
of the sample and the insulating material with the rise of the laser power
has been performed.

4.4.1 Textural evolution of the solid sample

The only iron phases observed during the experiment are the ¢ and ~ phases.
For each heating ramp, the textural evolution of Fe and KCIl have been fol-
lowed over all the P-T range investigated. The textural evolution of Fe, al-
ways shows the same trend. The starting powder signal slowly recrystallizes
with increasing temperature. Above a certain pressure-dependent temper-
ature, fast recrystallization phenomena appear i.e. single crystal spots of



66 CHAPTER 4. XRD STUDY OF THE FE MELTING CURVE

5000 . =

r ° ° ° 'S

4500 e . s 1

r ° . ° .o S ;:

4000} o o &3 e %Y

S BT A I A

(Y [ )

= 3500 o i % S - 8 7
[ g ‘ ° ‘.. ° LY .‘ .:.‘

30004 i . ; BN » E

‘ . e ° { ]

2500}

2000}

60 80 100 120 140 160 180 200
P (GPa)

Figure 4.6: P-T domain investigated during the experiments performed on
ID27.

Fe (sometimes appearing as broad but well-individualized diffraction spots)
disappear and appear in different region on the CCD image plate at each
XRD exposure (Fig. 4.7).

This fast recrystallization phenomena have been observed in e-Fe and ~-Fe.
Concerning the textural evolution of the KCl, it shows a powder signature
in almost all the P-T range investigated (see Fig. 4.7). Only for pressure
above 178 GPa and temperature above 4500 K a (slow) recrystallization
texturing of KCI has been observed.

4.4.2 Detection of melting

Our melting criterion was the apparition on the image plate of the diffuse
XRD signal characteristic of liquids. This signal was observed in several
heating ramps up to ~ 160 GPa and appears from 400 K to 900 K above
the onset of the fast recrystallization. In Fig. 4.8 a XRD pattern collected
at 76 GPa and presenting the characteristic diffuse ring is reported together
with its corresponding integrated signal.

Once detected, the diffuse signal was visible also at higher values of the laser
power and, in most of the studied cases, single crystal XRD spots from solid
Fe, undergoing fast recrystallization phenomena, were still present on the
image plate. This is due to the thermal gradient formed within the sample
during a heating ramp. In fact, the innermost regions of the sample are
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starting powder signal recrystallization

ee

fast recrystallization
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Figure 4.7: Example of the XRD textural evolution observed for an iron
sample embedded in KCI at ~ 73 GPa. With the increasing temperature,
the starting powder signal from iron (a) start to recrystallize (b). Above
a certain temperature, fast recrystallization phenomena appear. Figure (c)
and (d) represent the XRD signal obtained at two consecutive exposure after
the fast recrystallization onset. The single crystal spots of iron disappear
and appear in different region of the image plate.

at lower temperatures with respect to the sample’s surfaces directly heated
by the lasers. Thus, the onset of melting is firstly reached at the sample’s
surfaces, while the rest of the sample remains solid.

This interpretation is also supported by the fact that the intensity of the
liquid signal on the XRD pattern increases with the rise of the laser power,
indicating that the amount of molten Fe scanned by XRD increases with
time (Fig. 4.9).
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Figure 4.8: a) CCD image plate in which the characteristic XRD diffuse ring
from liquid Fe observed at 76 GPa is visible. b) Corresponding integrated
signal.

The apparition of a diffuse signal on the image plate provides a bulk signa-
ture of melting. However, this signal is weak compared to the signal coming
from the solid part of the sample. In order to obtain the most accurate
determination of the onset of melting, it is important to remove from the
XRD pattern all the contributions that can cover the weak diffuse signal
from the liquid Fe. At this purpose, the XRD single crystal spots on the
image plate are masked during the integration procedure with Fit2D. The
obtained spectra are normalized and compared with each other in order to
determine when the first ”clear” signal of diffuse appears. The melting tem-
perature was taken as the average between the temperature at which the
first ”clear” diffuse signal from the liquid was detected and the last temper-
ature at which the signal from a completely solid Fe was observed.

In Fig. 4.9 a comparison between normalized spectra at ~ 76 GPa is re-
ported.

The obtained melting points, have been fitted together with previous low-
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Figure 4.9: Comparison between normalized XRD patterns collected during
a heating ramp at ~ 76 GPa.

pressure data [18] to two Simon’s equations [6]. The resulting relations are:

P—P T \ 2%
0 (2 ~1 (4.1)
27.39 To

for the y-liquid coexistence curve and:

P—PTP_ T, 1.72 ,
1612  \Trp

(4.2)

for the e-liquid coexistence curve. Py= 5.2 GPa and Ty= 1991 K have been
taken from Ref. [18], while Prp= 98.5 GPa and Tpp= 3712 K are the
measured pressure and temperature of the observed ~y-e-liquid triple point.
The melting curve of pure iron, can thus be extrapolated at 330 GPa (ICB)
according to 4.2 giving T, (330G Pa)= 6230 K + 500 K. The error has been
calculated from the maximum error in the pyrometry measurement and the
uncertainty in the detection of the melting temperature (200 K).

4.4.3 Chemical reactions

Generally, we didn’t observe signature of chemical reactions during a heating
ramp. Only in a few cases, the XRD spectra exhibited a partial reaction of
Fe with the diamond anvils, as shown by the existence of weak peaks that
can be assigned to Fe3C' [154] as shown in Fig. 4.10.
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Figure 4.10: XRD spectra of two different sample during an heating ramp.
a) Ramp with no chemical reactions at P ~ 50 GPa. b) No massive chemical
reaction are present in the XRD pattern (weak peaks of FesC) at P~ 133
GPa.

4.4.4 Volumetric thermal expansion

For each XRD pattern, the volume of solid Fe has been calculated from the
measured lattice parameter (listed in Appendix A). The XRD data have
been treated as powder data at temperature below recrystallization and as
single crystal data above recrystallization: in that cases, each (unsaturated)
single crystal XRD peak was integrated individually and used to determine
the lattice parameters. Two to five peaks have been used and the scatter of
the data is attributable to temperature gradient in the scanned zone.

For several measurement, XRD peaks of Fe saturated the detector and an
accurate determination of the Fe lattice parameter was impossible. No mea-
surement of the lattice parameter is therefore reported in Appendix A for
these cases.

In Fig. 4.11 the molar volume of the observed Fe-phases and the mea-
sured pyrometry temperature are plotted as a function of time for different
temperature ramps at different pressures. In each graph of Fig. 4.11, the
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Figure 4.11: Volumetric thermal expansion of the measured phases (black
solid symbols), the pyrometry measurement (red solid symbols) and the
predicted volumetric thermal expansion (black empty symbols) at different
P-T conditions. According to the observed structural phases, (a) and (b)
are divided in different regions. A plateau in the temporal distribution of
the volumes of the v phase of Fe is observed in both (a) and (b) above the
onset of melting. A plateau is also observed in the distribution of the e-Fe
volumes above the onset of the € — v phase transition (a). ¢) Example of
a heating ramp performed at 180 GPa in which no phase transition was
detected but the volumetric thermal expansion is in agreement with the
pyrometry measurement.
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predicted volumetric thermal expansion of e-Fe [134] and ~-Fe [139] calcu-
lated at constant pressure, is compared to the measured one, providing a
further check of the pyrometry measurement.

Above the onset of a phase transition (solid-solid or solid-liquid), the XRD
signal from both the mother (before the transition) and the daughter (after
the transition) phases are observed on the image plate. In this coexistence
region, the XRD measured volume of the mother phase presents a plateau
with time (Fig. 4.11). Such a plateau is a direct consequence of the thermal
gradient formed within the sample. In fact, with the increasing tempera-
ture, the volume of a particular phase expands up to a threshold value after
which the phase transition takes place. Due to the presence of the thermal
gradients, this threshold value is firstly reached at the surfaces of the sample
and then, successively, in the deepest layers of the sample.

The XRD signal from the mother phase will be visible on the image plate
until the last inner-most layer of the sample has reached the threshold tem-
perature of the phase transition.

As a consequence, a comparison between the temperature measured at the
onset of the phase transition and the one measured when the last signal from
the mother phase is detected, can provide information on the magnitude of
the thermal gradients.

During our experiments, we have observed that these temperature gradients
can be of the order of 400 K.

4.4.5 Comparison with previous LH-DAC results

The quality of the melting temperature measured in a LH-DAC experiment,
depends on the reliability of the criteria used to distinguish whether the
sample has molten or not. So far, several methods have been applied to de-
termine the onset of melting. To date, the first criteria adopted and widely
used for identifying the onset of melting concern the visual observation of
fluid flow on the sample surface [155, 37, 28] and textural consideration on
the recovered sample [37].
Laser speckle technique [156, 143] is used for direct observation of motion
on the sample surface at high temperature. In this technique, the thermal
radiation emitted by the heated surface is cut off by a narrow bandpass
interference filter and the sample surface is lighted by a visible laser [157].
However, this method doesn’t provide any information on the physical state
of the sample during a heating ramp. Other phenomena such as chemical
reactions, solid-solid phase transition or melting of the insulating material
can lead to a motion on the sample surface and thus bias the measurement
of the melting temperature.

The observation of quenched liquid balls on the laser-heated region of the
recovered sample, provides a concrete proof that the sample has molten dur-
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Figure 4.12: Comparison between the melting curve obtained in this study
(black line) and melting points obtained in previous study using different
melting diagnostic: diffuse ring on the XRD pattern (black symbols) [31, 29],
textural consideration on the recovered sample (red symbols) [30, 37] and
direct observation of movement on the sample surface (blue symbol) [28].
The fast recrystallization threshold observed in this study is also reported
with a green dashed line. Our temperature uncertainties of 100 K and 300
K are reported in the graph.

ing the heating ramp [30, 37, 152]. However, due to the ex situ nature of
this diagnostic, several samples must be used only to investigate a small
regions on the P-T domain. In addition, the temperature measurements
are conducted on fully molten sample spots [37], therefore the temperature
is not measured at the onset of the solid-liquid phase transition. An over-
estimation of the melting temperature measured with this method is thus
possible.

The use of fast XRD measurement in LH-DAC, offers an alternative to the
melting diagnostics discussed above. It provides a bulk signature of melting,
characterized by the apparition of a diffuse ring on the XRD pattern and per-
mits to obtain direct information on the physical state of the sample during
a heating ramp. The textural, structural and chemical evolution of the sam-
ple and the insulating material are easily followed with the rise of the laser
power. In addition, thanks to the time-resolved nature of the experiment,
the collected information (volumetric thermal expansion, phase transition,
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pyrometry temperature, etc..) can be correlated to each other for a better
interpretation of the obtained results and to cross-check the accuracy of the
measurement e.g. in our experiments, the simultaneous observation of a
diffuse ring on the CCD and a plateau in the temporal distribution of the
volumes, provides an unambiguous signature of melting.

In Fig. 4.12, melting points of iron obtained in previous LH-DAC experi-
ments are compared to the melting curve measured in this study.

Our results agree with the ones obtained in the experiment of Shen et al.
[29] and Ma et al. [31] in which a similar melting diagnostic was used.

An agreement, within the experimental uncertainties, is also observed be-
tween our melting points and the ones obtained by Williams et al. [30, 37]
using textural consideration on the recovered sample as melting criterium.

Comparing our measured melting points with the ones obtained by direct ob-
servation of movements on the sample surface with the speckle method [28],
they results up to 1000 K higher. This difference cannot be attributed to
the adopted temperature measurement technique, because they were similar,
neither pressure calibration issues can explain such a difference. However,
it is interesting to note that the melting curve measured in Ref. [28] agrees
with the onset of fast recrystallization observed in this study (Fig. 4.12) and
in another recent work [158] in which it was used as a melting diagnostic.
It is thus possible that the fast recrystallization phenomena, correspond to
movement on the sample surface that have been detected in Ref. [28] and
attributed to the onset of melting. However, during our experiment we have
observed the apparition of the diffuse ring 400 to 900 K above the onset of
fast recrystallization. Thus, iron melting temperatures determined by the
observation of movements on the sample surface are underestimated.

Geotherm

From the results obtained in our experiment, we can calculate a geotherm
in the Earth’s outer core.

The calculation can be made under the assumption that the liquid part of
the core is in a state of convection, which implies that the distribution of
the temperature in the core follows an adiabat.

According to the definition of the Griineisen parameter for adiabatic com-

pression [6]:
olnT
' <alnp>s 3

where «y is the Griineisen parameter, T the temperature, p the density and
S the entropy. If we consider a constant Griineisen parameter of 1.51 within
the Earth’s outer core as derived in the ab initio model of Ref. [162], this
will yield a constant T'/p”. Thus, the temperature profile in the outer core
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Figure 4.13: Earth’s temperature profile (geotherm) inside the outer core
calculated from our measurement, with the estimated geotherm in the man-
tle [159] peridotite solidus [160] and perovskite to post-perovskite phase
boundary for MgSiO3 [161].

can be calculated as:

)7 (4.4)

In this expression, p is taken from the PREM model [1], while the tempera-
ture at the ICB (T;cop, 330 GPa) is extrapolated from the melting temper-
ature at the ICB of pure iron obtained in this study (7,,(330 GPa)=6230 K
+ 500 K) at which a depression due to the presence of light elements (S, Si
and O) has been subtracted. This depression is estimated to be of the order
of 700 K + 100 K from ab initio calculations for composition agreeing with
seismic properties of the inner and outer core [16, 163].

Thus, according to Eq. 4.4, the Core-Mantle Boundary (CMB, 135 GPa)
temperature on the core side is 4050 K £ 500 K. This value is close to the
solidus of peridotite (4150 K at 135 GPa) found in Ref. [160], which means
that a partial melting of the mantle is possible close to the CMB with the
current geotherm.

In Fig. 4.13, the geotherm is represented together with the geotherm ob-
tained for the mantle in Ref. [159], the perovskite - post perovskite phase
boundary [161] and the peridotite solidus [160].

According to Ref. [161], the post perovskite phase is stable at 135 GPa
below 3520 K + 70 K for MgSiO3. Within the experimental uncertainties,

T =Tic <
PICB
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a double crossing scenario, in which the lower mantle after the perovskite -
post perovskite phase transition at at 120 GPa [39], returns in a perovskite
phase at 135 GPa, is possible with a Toap of 4050 K.

Comparing our obtained geotherm in the core to the one obtained for the
mantle in Ref. [159], a Thermal Boundary Layer (TBL) of the order of ~
1400 K is present at the base of the mantle. The heat flow at the CMB can
be calculated from [164]:

Q=k <g€>s ScMmB (4.5)
In which k is the thermal conductivity in the TBL, (0T /dr)g is the adiabatic
temperature variation in the TBL and S¢jsp is the surface area at the CMB
and can be calculated considering the radius of the core (Roap= 3486 km
[164]). Thus, considering a 200 km thick TBL with a thermal conductivity
of 10 W/m/K [15], we obtain a heat flow at the CMB of the order of ~ 10
TW.

4.5 Article

In the following pages, a paper published on Science in April 2013 and
entitled ” Melting of Iron at the Earth’s Inner Core Boundary Based on Fast
X-ray Diffraction” is attached.
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Melting of Iron at Earth’s
Inner Core Boundary Based on
Fast X-ray Diffraction

S. Anzellini,** A. Dewaele,® M. Mezouar,? P. Loubeyre,* G. Morard®

Earth's core is structured in a solid inner core, mainly composed of iron, and a liguid outer core.
The temperature at the inner core boundary is expected to be close to the melting point of iron
at 330 gigapascal (GPa). Despite intensive experimental and theoretical efforts, there is little
consensus on the melting behavior of iron at these extreme pressures and temperatures. We
present static laser-heated diamond anvil cell experiments up to 200 GPa using synchrotron-based
fast x-ray diffraction as a primary melting diagnostic. When extrapolating to higher pressures,
we conclude that the melting temperature of iron at the inner core boundary is 6230 + 500 kelvin.
This estimation favors a high heat flux at the core-mantle boundary with a possible partial

melting of the mantle.

arth’s inner core grows by solidification
from the surrounding outer core, which
is composed of molten iron (Fe) alloyed

Fig. 1. XRD patterns as a function of temper-
ature, pressure, and time. (A and B) XRD patterns
of a =3-um-thick (=7-um-thick) sample during a
heating series at P ~ 133 GPa and 53 GPa, respec-
tively, recorded at different temperatures. y-Fe, e-Fe,
and KCl pressure medium diffraction peaks are la-
beled. Liquid Fe is evidenced by a diffuse ring at
20 = 10° to 13.5°. (C and D) Pyrometry tempera-
ture, measured and predicted (25, 26). Fe volume
as a function of time for the thin (C) and thick (D)
samples. The laser’s power is linear with time. Data
are in table S1.

with ~10 weight percent light elements (/). Seis-
mological data reveal important physical prop-
erties of the core, such as density (and, hence,

pressure) and elasticity; however, they cannot
directly reveal the corresponding temperature.
Temperature in the core places important con-
straints on parameters like heat flux to the mantle,
power for the geodynamo, and cooling rate, all
of which are fundamental to Earth’s heat bud-
get and dynamics (2).

The temperature at the inner core boundary
(ICB) is bracketed between the melting tem-
perature of pure Fe at 330 GPa and the liquidus
temperature of the outer core iron-rich alloy (3)
[expected to be depressed by ~700 K (4)]. Nei-
ther dynamic (5—7) and static (§—//) compression
measurements nor thermodynamic modeling
(12—15) have resulted in a consensus on ICB melt-
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ing temperature, in part because these approaches
suffer from intrinsic uncertainties. Dynamic mea-
surements have long been considered the most
promising way to determine the ICB tempera-
ture because shocked Fe melts around 230 GPa,
yet the temperature determination (spanning from

5100 to 6350 K) and the possibility of super-
heating in shock compression (/6) are major
uncertainties. Using laser heating in static dia-
mond anvil cell (DAC) experiments to produce
reliable melting data above 100 GPa is also dif-
ficult because of uncertainties in the pyrometric
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Fig. 2. Pressure (Pyc)-temperature conditions at which XRD patterns have been collected.
Different symbols correspond to different Fe phases and textures. The continuous black lines correspond

to Egs. 1, 2, and 3. Data are in table S1.
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temperature measurements (/7), the criterion
used to identify the melting (/8). and the possible
temperature-induced chemical reactions (18, 19).
In fact, estimation of Fe melting temperature at
ICB pressure based on static compression data
spans the range 4850 (&) to 7600 K (/0). Finally,
the tremendous advances in computational ca-
pacity have enabled quantum-mechanics calcu-
lations of the melting behavior, but each method
has underlying approximations or assumptions.
For instance, melting temperatures from 6370
(14) to 7050 K (12) have been obtained with the
same melting criterion—the coexistence of a lig-
uid and solid phase in a molecular dynamics
run—but a different description of interatomic
forces within density functional theory. Going
beyond density functional theory with a quan-
tum Monte Carlo simulation, melting was ob-
tained at 6900 K (/5) at 330 GPa.

Here, we report the laser-heated DAC de-
termination of the Fe melting curve from 50 to
200 GPa, using a pm-spatial and second-time-
resolved approach that has recently been applied
to the determination of the Ta melting line (/8).
Fast x-ray diffraction (XRD) is used as the pri-
mary technique for structural determination. This
approach presents several advantages: (1) The
structural evolution of Fe can be followed dur-
ing heating; (ii) the measured volume expansion
of solid Fe provides an independent control of
temperature measurements; (iii) chemical reac-
tions, if any, can be observed within the few per-
centage detection limits; and (iv) most importantly,
an unambiguous bulk signature of melting—i.e.,
the appearance of a diffuse ring—is recorded
(9, 20). This technique offers an alterative to the
melting diagnostics used in the past in the laser-
heated DAC: motion of the sample surface (8, 10),
microscopic observation of the recovered sam-
ples (10). and plateaus/drops on the temperature
ramps (8, 217).

The XRD spectra obtained during heating
provide direct information about the physical
state of the laser-heated sample that can be cor-
related with additional information such as tem-
perature T versus time (Fig. 1). From this, we
determined that e-Fe (hexagonal close packed)
and y-Fe (face-centered cubic) are the only struc-
tures observed in the investigated pressure-
temperature range. This confirms earlier findings
of a large stability field for e-Fe (19, 22) and ex-
tends in temperature this domain up to the melt-
ing line at 200 GPa—e.g.. under the conditions
where a transformation to a body-centered cu-
bic phase had been suggested using shock wave
measurements (23) or ab initio calculations (24).
XRD patterns also show, in a few cases, a partial
reaction of Fe with the diamond anvil, as shown
by the appearance of weak peaks that can be
assigned to Fe;C (20). Therefore, each heating
series was performed on a fresh, unheated zone
of the sample. Furthermore, we measured and
compared the volume of solid Fe with the ex-
pected volume based on the pyrometry tempera-
ture and the equation of state of e-Fe (25) or y-Fe

465

Downloaded from www.sciencemag.org on April 26, 2013




REPORTS

(26), assuming that the pressure remained con-
stant. In cases where an inconsistency was de-
tected, the ramp data was discarded. Finally, XRD
images yield information on the sample texture:
The starting fine powder transformed into large
single crystals upon heating. Above a certain tem-
perature, single-crystal spots appeared and dis-
appeared at each XRD exposure, which we refer
to as “fast recrystallization.”

Changes in T versus time curves, such as
plateaus or sudden drops, are often considered as
a melting signature (&, 2/). This is interpreted as
a loss of thermal insulation in the sample as-
sembly due to melting (27). We observed such
features, but not systematically. In Fig. 1, the
temporal evolutions of the temperature and the
e-Fe volume of a =3-um thickness sample are
parallel: a linear increase, then a marked plateau.
A diffuse scattering signal of the liquid appears
in the XRD signal at the beginning of this pla-
teau; however, e-Fe single crystal XRD spots
indicate that the sample is not completely molten.
For a thicker (=7 pum) sample, the observations
seem less correlated. After the expected y-Fe to
e-Fe phase transition (22), the e-Fe volume has a
similar behavior as for the thin sample: It plateaus
during melting, evidenced by the diffuse XRD
signal. However, the pyrometry temperature con-
tinues to increase. With the rise of temperature,
the intensity of the liquid signals increases, indi-
cating that the amount of molten Fe scanned by
XRD increases. Our interpretation is that the solid
Fe is surrounded by layer of liquid Fe a few um
thick, whose surface is heated and analyzed by
pyrometry. We observe that this layer sustains a
sharp temperature gradient, its surface being up
to 400 K warmer than solid Fe. The XRD mea-
surement of the plateau of thermal expansion and
the simultaneous observation of the diffuse dif-
fraction peak of the liquid provide here an unam-
biguous signature of melting.

The melting temperature T, is estimated as
the average between, respectively, the highest
(lowest) temperatures at which only solid (solid +
liquid) Fe is observed (Fig. 2). The temperature
of fast recrystallization is substantially (400 to
900 K) lower than the melting temperature. Two
Simon equations are used to fit the melting points
together with existing low-pressure data (28). The
g-Fe to y-Fe phase boundary is estimated using
the current data and literature data (22, 28). The
y-e-liquid triple point is at a pressure of 98.5 GPa
(Prp) and 3712 K (Trp). The following formula-
tions are obtained [Tin K, P in GPa, T, = 1991 K,
and Py = 5.2 GPa (28)].

T =575+ 18.7P + 0.213P% — 0.000817P3

(e — Fe/y — Fe) (1)
(P — Py)/27.39 = (T/To)*® - 1
(y — Fe/liquid) (2)
(P = Prp)/161.2 = (Trn/Tre) ™ = 1
(e — Fe/liquid) (3)

The present melting curve closely follows
the one determined by Alfé et al. (13) on the basis

of a Gibbs free-energy minimization (Fig. 3). It
goes through the dynamic determinations of melt-
ing (6, 7), around 230 GPa. The melting tem-
peratures of Fe obtained with the laser-heated
DAC are bracketed by two studies (8, 10), which
mainly difterin their melting criteria. The present
melting curve is within the error bars of the mea-
surements based on the observation of textural
changes on recovered samples up to 100 GPa
(10)—a method which is probably not possible
above that pressure—and agrees correctly with
determinations based on a similar method (9, 1/)
and a recent indirect measurement (29). The
current melting points are up to 1000 K higher
than the melting points obtained by the observa-
tion of surface motion of a laser-heated sample
(8). Neither temperature measurement tech-
niques, which are similar, nor pressure calibration
issues can explain such a difference. It is pos-
sible that the melting diagnostic used in (8) de-
tects fast recrystallization instead of melting.
Indeed. it is interesting to note that the melting
line of (&) coincides with the temperature of fast
recrystallization, observed in this study and in
another recent work (30). In the latter study, it
was interpreted as melting evidence. We pro-
pose instead that fast recrystallization begins at
temperatures below melting and causes the sur-
face motion observed in (8), which had been
wrongly attributed to melting.

Eq. 3 extrapolates to T,,,(330 GPa ) = 6230 +
500 K. The error is the sum of the maximum
pyrometry error and the uncertainty on the de-
tection of melting temperature (200 K). A tem-
perature profile inside Earth’s core can be estimated
using this value, which leads to a temperature at
the core-mantle boundary (Tepg) 0f 4050 + 500 K
(20). This corresponds to a thermal boundary
layer of ~1400 K at the base of the mantle and,
subsequently, a high CMB heat flux (~10 TW)
(2). Such a value is needed to sustain the geo-
dynamo with recent estimate of the core conduc-
tivity (37). At CMB pressure, partial melting of
the mantle material has been observed at 4180 +
150 K (32) and would therefore be possible with
strong geodynamical and geochemical implica-
tions. At 135 GPa, the post-perovskite phase is
stable below 3520 + 70 K for MgSiOs (33); a
double-crossing scenario (33) is therefore com-
patible with the current Tepp, given the emror of
experimental determinations.

Our experiments result in better agreement
between calculations, and dynamic and static
DAC approaches, and reduce uncertainty on
the expected melting temperature of Fe at the
ICB pressure. Because this study spans the 50 to
205 GPa range, we cannot rule out the possi-
bility of a phase transition in Fe at higher P-T
(unexplored region in Fig. 3), which could slight-
ly change the extrapolation of the current deter-
mination of the Fe melting curve.
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Chapter 5

XAFS study of the Fe phase
diagram

In this chapter, the possibility of measuring the phase diagram of iron in
LH-DAC with dispersive X-ray absorption diagnostic is studied. We show
encouraging results in a preliminary experiment.

5.1 Introduction

In the previous chapter, the criterium adopted to determine the onset of
melting was the apparition of the diffuse XRD signal from the liquid. How-
ever, due to the long range order sensitivity of XRD, the signal of the liquid
is low compared to the signal of a crystalline solid sample. As a consequence,
the structural characterization of the liquid phase is difficult to deduce from
an XRD signal in a LH-DAC experiment [29, 165].

XAFS technique can be used as a method complementary to XRD to study
the phase diagram of iron. Thanks to the short range order sensitivity of
XAFS, the configuration of a liquid and a solid sample are measured with
the same precision. This peculiarity permit to use the same method to
structurally characterize liquid and solid samples [166, 167]. In addition,
with this technique solid-solid phase transitions and chemical reactions (if
any) can also be monitored [93, 168, 169]. Finally, with an energy dispersive
setup [63, 64], a time resolved XAFS experiment can be performed with an
acquisition time that can reach the millisecond temporal resolution [64].

If a clear signature of the onset of melting, similar to the apparition of the
diffuse ring in the case of fast XRD, can be found in the XAFS signal during
a laser heating experiment, we can use this technique not only to character-
ize the liquid part of the phase diagram of iron, but also to study its melting
curve.

To our knowledge, the only experimental measurement of the melting curve
of Fe with an energy dispersive XAFS technique has been performed at 78
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GPa by Boehler et al. [93].

5.2 Sample preparation

High-quality X-ray absorption spectra can only be obtained if the sample
is homogeneous and of equal thickness over a diameter equal or larger than
the X-ray beam. In particular, during a XAFS experiment in transmission
mode, the signal to noise ratio in the absorption spectra must be optimized:
-by decreasing the anvil thickness and thus, the absorption of X-ray photons
by the diamonds at the selected energy edge (7.11 keV for the K edge of Fe)
[71]. For that purpose, two DACs with Almaz-Boehler anvils design with a
thickness of the order of 1.5 mm have been used for this test.

-by optimizing the sample thickness ¢ to obtain an edge jump Aput ~1 [99]. In
this expression Ay is the difference between the linear absorption coefficient
of the selected element before and after the edge. In the case of iron, the
ideal absorption signal is obtained for sample with a thickness of the order
of 4 um.

A list with the adopted diamond’s culet size, indentation thickness and
diameter of the gasket’s holes are reported in Table 5.1. We have adopted

culet size | indentation thickness LiiJ sample thickness
(pm) (pm) (pm) (pm)
300 31 125 4
150x 300 23 67 3

Table 5.1: Values of the Re gasket parameters according to the culet size of
the adopted diamonds. ®: diameter of the laser-drilled hole.

the sample loading procedure used for the XRD experiment at moderate
pressure (chapter 4) with KCl as pressure transmitting medium and Re foil
of 250 pm initial thickness as gasket material.

5.3 Experimental setup

X-ray absorption spectra at the Fe K-edge (7.11 keV) were measured at
the energy-dispersive X-ray absorption beamline ID24 at the ESRF [64].
A schematic representation of the beamline is reported in Fig. 2.18. In
this beamline, the polychromatic X-ray beam from an undulator source is
reflected by a pair of mirror in a Kirkpatrick-Baez geometry (VFM; and
HFM in the figure). The beam is then reflected by the elliptically bended
silicon crystal in the [111] orientation, that creates angular-energy correla-
tion of the photons. The beam is focused horizontally on the sample by the
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polychromator crystal and vertically by a silicon mirror mounted in down-
stream of the polychromator with a grazing incident geometry (VEMsz). The
resulting X-ray beam size on the sample is approximately 4x4 pm? FWHM.

ID24 — Laser heating setup

Notch filters
Beamsplitters 1500 mm
LASER BEAM 1
UPSTREAM LASER BEAM 2
DOWNSTREAM CCD cameras
g 13
E Beam shapers
§ Spectrometer
Signal
focusing
lenses
Laser focusing lenses
llumination 532-nm laser ®
Dichroic mirror :
X-RAY
Signal focusing objectives
1 - IR fiber coupled lasers 8 - dichroic laser mirror
2 - beam-shaping optics 9 - notch filters (532 and 1064 nm)
3 - laser focusing lenses 10 - beam splitters
4 -DAC 11 - sample imaging CCD camera
5 - signal focusing mirrors 12 - sample imaging CCD camera
6 - achromats for signal collection 13 - spectrometer
7 - green(532 nm) laser 14 - PIXIS camera

Figure 5.1: Scheme of the laser-heating experimental setup adopted on the
beamline ID24. The different components are listed in the legend and in-
dexed with numbers. The scheme has been taken from Ref. [170].

The transmitted signal is analyzed on a linear position sensitive detector
(Labiche et al., 2007) [171] mounted at approximately two meters from the
sample. Pixel to energy calibration is performed using a standard reference
(a-Fe) foil.

The double-sided laser heating setup is based on the optical scheme proposed
by Boehler et al. [93] with aberration-free objectives and is represented in
Fig. 5.1. Two independent infrared (A = 1064 nm) lasers are used to heat
the sample up. The focusing point of the two lasers is ~ 40 pym in diam-
eter, about ten time bigger than the X-ray spot. An imaging system with
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x16 magnification is used to visualize the sample and to collect the emitted
radiation of the hot spot on the sample. The radiated signal is collected
trough a pinhole to a spectrograph and analyzed in the optical spectrome-
ter (F=300 mm, 150 lines/mm grating) equipped with the back-illuminated
"Pixis” CCD camera in the spectral range between 450 and 900 nm by py-
rometry (chapter 3).

The pressure is measured with a ruby pressure gauge before and after each
heating ramp.

The acquisition time for the XAFS spectra, imposed by the diamonds ab-
sorption, is about 2 seconds. Acquisition time for 7" measurement is tem-
perature dependent and varies from few seconds at low 17" down to 20 mil-
liseconds for high temperatures. When the spectrum is still saturated at
this exposure, a neutral density optical filter is used to reduce the signal
intensity.

The alignment of the x-ray beam with the two lasers and the spectrograph’s
pinhole is performed as described in chapter 4 (Fig. 4.5) i.e. the X-ray
fluorescence signal of KCl is collected through a high sensitivity camera and
aligned with the pinhole at the entrance of the spectrometer by moving the
objective. The sample is then centered on the X-ray beam and the two
lasers are aligned with the pinhole. This alignment is checked before and
after each heating ramp.

5.4 Experimental results

We have performed three heating ramps between 23 and 63 GPa. Before
each ramp, the samples are pre-compressed at ambient temperature to the
target pressure. The powers of the two lasers are then increased. Radiance
data from both the sample surfaces are collected and the corresponding
Planck intensities are visualized through a software. The obtained Planck
distributions are fitted online to obtain the two temperatures. Once reached
the desired temperature on both the sides of the cell, XAFS and radiance
data are collected in trigger mode.
Before and after each heating ramp, a hyperspectral u-XANES mapping
[172] of the sample is performed to choose the best region to move on.
During the mapping, the sample is scanned horizontally and vertically in
the focal plane of the X-ray beam. At each step a Fe K-edge XANES is
recorded on a different pixel and normalized. Thus, from the analysis of the
edje-jump obtained at each pixel, we can get information on the quantity of
iron present in a particular region of the sample. In Fig. 5.2 the u-XANES
edge-jump mapping of a sample at 40 GPa before and after a heating ramp
are reported.

The results obtained during this preliminary test are reported in Table
5.2. The reported temperatures are rounded values of the average between
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‘ Sample at 40 GPa ‘

a) b)

before heating after heating

Figure 5.2: Pre-normalized XANES edge-jump maps collected in the DAC
at 40 GPa: (a) before laser heating and (b) after laser heating. The red
circle indicates the region heated by the laser. The different colors in the
figures, indicate different values of the edge jumps of the XANES spectra
recorded at each pixel.

the temperatures measured on both the sample surfaces. In a commission-
ing performed before our test, the beamline scientists of ID24 detected a
problem in the alignment of the collecting optics for the radiance data. The
temperature reported in Table 5.2 are indicative values with an uncertainty
of ~ 300 K.

Fig. 5.3 shows some of the K-edge X-ray absorption spectra of iron obtained
during the heating ramps at 40 GPa and 63 GPa.

A part from the presence of two glitches at 7140 eV and 7229 eV due to a
problem on the polychromator, we have obtained good quality spectra that
do not present any evidence of chemical reactions (Fig. 5.3).

The evolution of the XAFS spectra can be easily followed during the heating
ramp. In particular, in Fig 5.3 we can observe a damping of the oscillations
in the EXAFS region (above 1750 eV) with increasing temperature, as ex-
pected for the increasing thermal disorder.

In Fig. 5.3, a variation of the relative intensities of the double oscillations
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Figure 5.3: X-ray absorption spectra obtained during the heating ramps at
40 GPa (a) and 63 GPa (b). The insets report the differentiated signal of
the pre-edge region of the represented spectra.

in the energy range between 7130 eV and 7140 eV is observed. According
to the simulated spectra in Fig. 2.19, we can interpret this variation as the
€ — v solid-solid phase transition of iron.

Variation in the shape of the pre-peak at 7119 eV are also observed with
increasing temperature. In particular, we can see a gradual smoothing of
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Table 5.2: List of the results obtained during the preliminary XAFS exper-
iment.

Name | P (GPa) | T (K) | phase | Name | P (GPa) | T (K) | phase
CL1-6 23 1800 ¥ D63-11 63 1950 €
CL1-7 23 1800 ¥ D63-12 63 2000 €
CL1-8 23 1960 0% D63-13 63 2100 €
CL1-9 23 2000 ¥ D63-14 63 2200 €
CL1-10 23 2060 ¥ D63-15 63 2300 o
CL1-11 23 2100 | ~ | D63-16 | 63 2500 y
CL1-12 23 2300 ¥ D63-17 63 2600 ol
CL1-13 23 2400 | liquid | D63-18 63 2700 0
CL1-14 23 2700 | liquid | D63-19 63 2800 v
D40-4 40 1900 € D63-20 63 2900 0
D40-5 40 1970 € D63-21 63 3000 ol
D40-6 40 2020 ¥ D63-22 63 3100 v
D40-7 40 2160 ot D63-23 63 3100 v
D40-8 40 2300 0% D63-24 63 3150 | liquid
D40-9 40 2400 ¥ D63-25 63 3150 | liquid
D40-10 40 2800 | liquid | D63-26 63 3200 | liquid
D40-11 40 2900 | liquid | D63-27 63 3400 | liquid
D63-9 63 1800 € D63-28 63 3500 | liquid
D63-10 63 1860 €

the minimum at 7120 eV after the pre-peak. Above a certain temperature
(T'=2800 K at 40 GPa and T=3150 K at 63 GPa), we can observe at 7120
eV an inversion of the slope of the absorption signal and a simultaneous
disappearance of the double oscillation between 7130 eV and 7140 eV. In
Ref. [93] the same structural evolution of the XAFS spectra has been ob-
served and has been interpreted as the occurrence of the solid-liquid phase
transition.

Following the interpretation for the solid-liquid phase transition used in Ref.
[93], we can differentiate the XAFS signal in the edge region between 7105
eV and 7130 eV to better characterize the slope change at 7120 eV and try
to find a clear signature for the onset of melting.

In the inset of Fig. 5.3 the differentiated signal of the represented XAFS
spectra are reported. In the figure, two red circles are used to evidence the
observed evolutions of the signal. The smoothing of the pre-peak in the ab-
sorption spectra, corresponds to an increase in the intensities between 7116
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Figure 5.4: Pressure(ruby)-temperature conditions at which the XAFS spec-
tra (blue symbols) have been collected. The different symbols correspond
to the different Fe-phases observed. The phase diagram of iron (black con-
tinuous lines) obtained from the XRD experiment [173] is also reported.

eV and 7120 eV in the differentiated signal.

Considering the energy region around 7112 eV, we can see the formation of a
second peak (indicated by arrows in the figure) in the differentiated signals.
The formation of this second peak is observed for signals corresponding to
the XAFS spectra in which the double oscillations disappear.

In Fig. 5.4 the iron phase diagram obtained in this study, considering the
apparition of the second peak in the differentiated signal as the onset of
melting, is compared with the iron phase diagram obtained with fast XRD.
The agreement between the results obtained with the two different tech-
niques is encouraging. However, the future experiments must be performed
in optimized experimental conditions to check the validity of the adopted
method.

5.5 Conclusion

The phenomenological analysis performed in this preliminary test in the 20-
63 GPa pressure range, gives encouraging results.

The adopted sample loading procedure has permitted to obtain good quality
data. The evolution of the XAFS spectra can be easily followed during the
heating ramp and provides information on the structural changes undergone
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by the sample.

During the test, we have observed the same structural evolution of the XAFS
spectra as the one observed in Ref. [93]. The ey phase transition has been
interpreted with a change in the relative intensities of the double oscillations
in the energy range between 7130 eV and 7140 eV, while the simultaneous
disappearing of this double oscillation and the inversion in the slope of the
signal at 7120 eV, has been interpreted as the apparition of the solid-liquid
phase transition. To better constraint the pre-peak evolution with increas-
ing temperature, the XAFS spectra have been differentiated in the edge
region between 7105 eV and 7130 eV. The analysis of the obtained signal
has shown the apparition of a second peak at energy lower than 7112 eV
and an increasing in the intensities of the signal in the energy range between
7116 €V ad 7120 eV.

A comparison with the phase diagram obtained by fast XRD, shows an
agreement between the results obtained with these two techniques. How-
ever, future experiments must be performed in optimized experimental con-
ditions, in order to validate the method.

In the near future, theoretical simulations will be performed to accurately
characterize the features obtained on the XANES regions of the spectra. A
development of this study foresees the extension of the experimental condi-
tion to a larger P-T domain of the iron phase diagram and an extension of
the recorded XAFS energy interval to allow the EXAFS characterization of
the collected signal.

A proposed experiment has been accepted at the ESRF and will be per-
formed in April 2014.
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Chapter 6

Conclusion

The phase diagram of iron, the main constituent of the Earth’s core, is of
primary geophysical importance. The main results expected from the min-
eral physics community are the following: (i) the determination of the stable
solid phase of iron under the conditions of the Earth’s inner core (P=330-
360 GPa, T'6000 K); (ii) the determination of the melting points of iron at
the inner core boundary pressure, 330 GPa.

The aim of this PhD was the resolution of the discrepancies found in the
characterization of the phase diagram of iron under high pressure and high
temperature with static and dynamic experiments. In particular, the melt-
ing curve measured in static laser-heated diamond anvil cell (LH-DAC) ex-
periments, is significantly lower than the melting points obtained along the
Hugoniot curve in shock compression experiments.

During this work, we have investigated the phase diagram of iron in LH-
DAC using synchrotron-based fast X-ray diffraction (XRD) to detect phase
changes up to ~205 GPa and 5000 K. This technique, based on the second-
scale time-resolved experimental set-up developed on the beamline ID27 at
the ESRF, has already led to the resolution of the static/dynamic discrep-
ancy on the study of the melting curve of Ta under high pressure [61]. X-ray
diffraction provides a bulk signature of melting, characterized by the appari-
tion of a diffuse ring on the diffraction pattern and allows obtaining direct
information of the physical state of the sample. Thanks to the time-resolved
nature of this technique, the structural, textural and chemical evolution of
the sample can be followed during the heating ramps and the obtained in-
formation can be correlated to each other for a better interpretation of the
results and to cross-check the accuracy of the measurement.

The reliability of the temperatures measured by pyrometry, have been cross-
checked by comparing the volumetric thermal expansion of Fe measured by
XRD to the theoretical one obtained in the same temperature conditions.
During this work, new sample loading procedures have been worked out and
have permitted to prevent chemical reactions, heat the sample up even at

91
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very high pressure (~ 205 GPa) and observe the apparition of the diffuse
ring on the diffracted signal up to ~ 160 GPa.

In the P-T domain investigated, the € and  solid phases of iron have been
observed. However, because this study spans the 50 GPa to 205 GPa range,
we cannot rule out the possibility of a solid-solid phase transition of iron at
higher P-T conditions.

The melting temperatures obtained in our experiment, agrees with calcula-
tions and dynamic experiments and reduce the uncertainties on the expected
melting temperature of iron at the ICB pressure.

The discrepancies with previous static measurement of the melting curve of
iron, has been correlated with the fast recrystallization phenomenon, which
is a dynamic recrystallization of the solid sample, at a sub-second time scale,
under laser heating. In fact, the melting curve obtained in [28] using the di-
rect observation of movements on the sample surface as melting diagnostic,
coincides with the fast recrystallization threshold observed in this study. It
is thus possible that fast recrystallization induces movements on the sample
surface that have been erroneously attributed to melting. Further investi-
gation are needed to better understand these fast recrystallization processes.

Finally, we have studied the possibility of measuring the phase diagram of
iron in LH-DAC with a dispersive X-ray Absorption Fine Structure (XAFS)
diagnostic. The interest of this technique, lies in the short range order
sensitivity of XAFS which allows detecting the local order in solid and lig-
uid sample with the same precision. Dispersive XAFS, which can also be
performed at the sub-second time scale, can thus be used as a method com-
plementary to XRD in the study of the phase diagram of iron. In particular,
if a signature of the onset of melting can be found in the XAFS signal, this
diagnostic can be used to characterize the liquid part of the phase diagram
and investigate the melting curve of iron.

The preliminary tests performed between 23 GPa and 63 GPa in LH-DAC,
shows encouraging results.

Solid-solid and solid-liquid phase transitions, which influence the XAFS os-
cillations, can be monitored with increasing temperature. The phase dia-
gram of iron obtained in this preliminary test agrees with the one obtained
by fast X-ray diffraction.

In the near future, a dispersive XAFS experiment will be performed to
validate the obtained results and to extend the P-T region on the phase di-
agram of iron characterized with this technique. An accurate analysis of the
EXAFS region will be performed to characterize the local structure of the
laser-heated sample. Theoretical simulations will be performed to correctly
characterize the features obtained in the XANES region.



Appendix A

Table 6.1: Summary of observations made by X-ray diffraction (XRD) at
different P-T. KCI, v-Fe and e-Fe lattice parameters measured by XRD are
listed. The temperature has been measured by pyrometry, with error bars
of 3% to 6%. The pressures Pxc; and Ppe have been calculated using KC1
and Fe equations of state [134, 139, 156]. The symbol (F) means that fast

recrystallization was observed.

Name Pror | akci T phase | apep | Chep | afcc Pre
(GPa) | (4) (K) (4) | (4) | (4) | (GPa)

X6R2-145 73.8 3.037 2493 € 2.356 | 3.800 76.3

X6R2-146 73.9 3.038 2622 € 2.351 | 3.799 79.5

X6R2-147 74.1 3.037 2679 € 2.350 | 3.805 79.8

X6R2-149 73.9 | 3.038 | 2681(F) € 2.358 | 3.810 76.3

X6R2-150 74.3 3.038 | 2774(F) €

X6R2-154 74.4 3.037 | 2875(F) €

X6R2-151 | 74.5 | 3.038 | 2880(F) | e

X6R2-152 74.5 | 3.038 | 2894(F) € 2.357 | 3.809 79.0

X6R2-153 74.3 3.038 | 2911(F) € 2.357 | 3.810 79.0

X6R2-156 74.7 | 3.039 | 2966(F) € 2.364 | 3.805 7.7

X6R2-155 | 74.6 | 3.037 | 2084(F) | e

X6R2-161 74.2 3.038 | 3001(F) | e+~

X6R2-157 74.8 3.039 | 3040(F) | e+vy | 2.364 | 3.805 78.5

X6R2-158 74.3 3.038 | 2979(F) | e+vy | 2.366 | 3.810 76.6

X6R2-159 74.4 | 3.039 | 3007(F) | e+~ | 2.360 | 3.805 79.5

X6R2-162 | 74.7 | 3.039 | 3191(F) | etvy
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Name Pkt aAKCI T phase Ahep Chep Afce Ppe
(GPa) | (4) | (K) (4) | (4) | (4) | (GPa)
X6R2-163 | 74.1 | 3.039 | 3056(F) e+y
X6R2-164 | 74.7 | 3.041 | 3114(F) | ety
X6R2-165 | 74.2 | 3.039 | 3113(F) e+ 2.362 | 3.822 78.1
X6R2-166 | 74.9 | 3.041 | 3259(F) e+y 2.361 | 3.822 80.0
X6R2-167 | 74.7 | 3.039 | 3153(F) e+ry 2.364 | 3.828 7.2
X6R2-172 | 75.3 | 3.039 | 3337(F) ¥ 3.346 78.8
X6R2-175 | 75.7 | 3.038 | 3352(F) v 3.350 79.8
X6R2-177 | 76.9 | 3.037 | 3368(F) v 3.351 79.6
X6R2-180 | 75.5 | 3.033 | 3323(F) vy 3.354 78.1
X6R2-181 | 76.7 | 3.037 | 3431(F) | y+liquid
X6R2-182 | 76.4 | 3.034 | 3507(F) | y+liquid 3.352 80.2
X6R2-183 | 76.3 | 3.036 | 3460(F) | y+liquid 3.3583 79.7
X6R2-184 | 76.8 | 3.035 | 3560(F) | y+liquid 3.354 80.3
X6R4-276 | 86.5 | 2.995 2654 € 2.342 | 3.786 84.8
X6R4-277 | 86.5 | 2.995 2687 € 2.342 | 3.787 85.0
X6R4-278 | 86.8 | 2.994 2736 € 2.343 | 3.787 85.1
X6R4-279 | 86.9 | 2.995 2816 € 2.343 | 3.799 84.5
X6R4-280 | 87.1 | 2.995 2936 € 2.345 | 3.797 85.2
X6R4-281 | 87.5 | 2.994 | 3078(F) € 2.348 | 3.803 84.9
X6R4-282 | 87.2 | 2.996 | 3232(F) € 2.348 | 3.790 88.1
X6R4-283 | 86.9 | 2.998 | 3272(F) e+y 2.350 | 3.801 86.5
X6R4-284 | 87.0 | 2.997 | 3270(F) e+ry 2.348 | 3.810 86.2
X6R4-285 | 86.8 | 2.999 | 3362(F) e+y 2.354 | 3.811 84.8
X6R4-286 | 87.5 | 2.996 | 3346(F) e+ry 2.352 | 3.780 89.0
X6R4-287 | 85.7 | 3.002 | 3374(F) e+y 2.352 | 3.812 85.6
X6R4-290 | 85.9 | 3.002 | 3454(F) e+y 2.342 | 3.785 | 3.329 93.4
X6R4-291 | 86.1 | 3.003 | 3598(F) | y+liquid
X6R4-296 | 87.9 | 2.997 | 3650(F) | y+liquid 3.328 91.3
X6R4-297 | 86.8 | 3.001 | 3597(F) | y+liquid 3.328 90.8
X6R4-298 | 86.0 | 3.002 | 3458(F) | y+liquid 3.331 88.3
X6R6-336 | 85.0 | 3.002 2995 € 2.343 | 3.797 86.6
X6R6-337 | 84.9 | 3.002 2929 € 2.343 | 3.794 86.3
X6R6-338 | 85.0 | 3.002 3065 € 2.346 | 3.794 86.6
X6R6-339 | 85.0 | 3.002 3068 € 2.345 | 3.795 86.9
X6R6-340 | 85.0 | 3.003 3097 € 2.348 | 3.800 85.4
X6R6-341 | 85.0 | 3.003 | 3119(F) € 2.348 | 3.802 85.5
X6R6-342 | 85.3 | 3.003 | 3286(F) €
X6R6-343 | 85.4 | 3.003 | 3309(F) e+ry 2.348 | 3.790 88.9
X6R6-344 | 85.3 | 3.003 | 3239(F) e+ 2.348 | 3.795 87.6
X6R6-345 | 85.3 | 3.002 | 3203(F) e+ry 2.349 | 3.805 85.6
X6R6-346 | 85.8 | 3.002 | 3395(F) e+ 3.813
X6R6-347 | 85.6 | 3.003 | 3402(F) e+ry 2.352 | 3.797 87.6
X6R6-348 | 86.2 | 3.002 | 3535(F) e+y 2.350 | 3.805 88.9
X6R6-349 | 85.7 | 3.003 | 3411(F) e+ 2.352 | 3.805 86.8
X6R6-352 | 85.1 | 3.004 | 3549(F) e+y 2.353 | 3.812 | 3.328 87.1
X6R6-355 | 86.4 | 3.006 | 3618(F) | y+liquid | 2.353 | 3.812 | 3.330 87.9
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Name Prai AKCI T phase Ahcep Chep Afce Pre
(GPa) | (4) (K) (4) | (4) | (4) |(GPa)
X6R6-356 84.8 | 3.008 | 3771(F) | ~y+liquid 3.329 92.0
X6R6-357 85.1 | 3.007 | 3763(F) | ~y+liquid 3.330 91.3
X6R6-358 84.4 | 3.009 | 3635(F) | ~y+liquid 3.325 92.4
X6R6-359 84.8 | 3.007 | 3664(F) | y+liquid 3.326 92.3
X6R6-360 85.3 | 3.007 | 3818(F) | ~+liquid 3.329 92.3
X6R1m-1 51.3 | 3.127 1771 € 2.390 | 3.861 52.0
X6R1m-2 51.3 | 3.128 1823 € 2.390 | 3.856 52.9
X6R1m-3 51.4 | 3.128 1855 € 2.390 | 3.861 52.7
X6R1m-4 51.4 3.128 1863 € 2.390 | 3.871 51.9
X6R1m-5 51.4 | 3.128 1896 € 2.393 | 3.867 51.7
X6R1m-6 51.4 | 3.129 1938 € 2.393 | 3.868 52.0
X6R1m-7 51.5 | 3.129 1946 € 2.393 | 3.868 52.0
X6R1m-8 51.7 | 3.128 1977 € 2.393 | 3.870 52.1
X6R1m-10 51.7 | 3.128 2025 € 2.394 | 3.872 52.1
X6R1m-12 51.8 3.129 2115 € 2.398 | 3.867 52.3
X6R1m-15 51.8 | 3.130 2201 € 2.395 | 3.887 52.2
X6R1m-16 52.0 3.129 2192 € 2.395 | 3.885 52.3
X6R1m-17 52.1 3.128 2214 € 2.394 | 3.888 52.5
X6R1m-18 52.3 | 3.128 2268 e+y 2.392 | 3.888 | 3.396 53.6
X6R1m-19 52.2 | 3.129 2299 e+ 2.394 | 3.891 | 3.398 53.1
X6R1m-20 52.5 | 3.128 2378 e+y 2.400 | 3.860 | 3.395 54.8
X6R1m-21 52.5 | 3.129 2444 e+ 2.400 | 3.860 | 3.399 55.5
X6R1m-22 52.8 | 3.128 2491 ¥ 3.402 54.5
X6R1m-23 52.2 3.132 | 2556(F) y
X6R1m-24 53.0 | 3.128 | 2581(F) e+y 2.394 | 3.866 | 3.400 55.9
X6R1m-25 52.9 3.129 | 2646(F) y 3.401 56.2
X6R1m-26 52.8 3.129 | 2596(F) v 3.402 55.5
X6R1m-27 52.8 3.129 | 2635(F) y 3.406 54.6
X6R1m-28 52.9 | 3.130 | 2704(F) 0% 3.406 55.3
X6R1m-29 53.2 | 3.129 | 2757(F) ¥ 3.410 54.6
X6R1m-30 53.3 3.129 | 2813(F) y 3.412 94.5
X6R1m-32 52.8 | 3.134 | 2994(F) Y 3.414 55.6
X6R1m-33 54.1 3.129 | 3139(F) | v +liquid 3.414 56.9
X6R1m-35 54.3 | 3.132 | 3465(F) | v +liquid 3.412 56.3
X6R1m-36 54.6 | 3.132 | 3639(F) | v +liquid 3.417 56.9
X6R1m-37 54.9 | 3.133 | 3833(F) | v +liquid 3.417 59.0
X6R5m-125 51.3 3.128 1815 € 2.394 | 3.859 51.4
X6R5m-128 | 51.4 | 3.128 1889 € 2.396 | 3.870 50.5
X6RHm-129 | 51.5 | 3.128 1945 € 2.398 | 3.870 50.4
X6R5m-130 | 51.7 | 3.128 2016 e+ 2.398 | 3.881 | 3.402 50.1
X6R5m-131 | 51.7 | 3.128 2026 e+y 2.398 | 3.882 50.1
X6RbHm-132 | 51.2 | 3.131 2078 e+ 2.398 | 3.882 50.6
X6R5m-133 | 51.9 | 3.128 2124 e+y
X6R5Hm-139 | 52.3 | 3.129 2335 ¥ 3.400 53.7
X6RHm-140 | 52.3 | 3.129 2307 vy 3.402 52.9
X6R5m-141 52.2 3.129 2364 y 3.404 52.8
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Name Pkt aAKCI T phase Ahcep Chep Afce Ppe
@) | () | (®) A | () | () | cpa
X6R5m-142 | 52.3 | 3.129 2397 ¥ 3.402 53.7
X6Rbm-143 | 53.0 | 3.127 2480 v
X6Rbm-145 | 51.3 | 3.136 | 2502(F) ¥ 3.407 53.1
X6Rbm-146 | 52.7 | 3.130 | 2582(F) vy 3.405 54.5
X6Rbm-147 | 51.0 | 3.138 | 2520(F) 0% 3.405 53.9
X6Rbm-148 | 51.7 | 3.136 | 2674(F) % 3.405 55.3
X6Rbm-151 49.9 3.147 | 2785(F) y 3.410 54.8
X6Rbm-152 | 51.7 | 3.137 | 2831(F) 0 3.409 55.5
X6R5m-153 | 52.9 | 3.131 | 2837(F) | ~ 3413 | 544
X6Rbm-155 | 53.2 | 3.131 | 2938(F) 0 3.413 55.3
X6R5m-156 | 52.8 | 3.134 | 3026(F) |  ~ 3413 | 56.1
X6R5m-158 | 51.5 | 3.141 | 3031(F) 0 3.410 57.0
X6R5m-159 | 52.7 | 3.136 | 3137(F) |~ 3420 | 55.2
X6R5m-160 | 52.8 | 3.136 | 3205(F) v 3.421 55.5
X6RHm-161 | 52.9 | 3.136 | 3248(F) | y+liquid 3.418 56.7
X6Rbm-164 | 65.5 | 3.077 | 3312(F) | y+liquid 3.415 58.1
X6R5m-165 | 55.3 | 3.130 | 3778(F) | y+liquid 3.416 62.1
X6RHm-169 | 54.0 | 3.135 | 3670(F) | y+liquid 3.417 60.8
X6R5m-170 | 55.1 | 3.133 | 3959(F) | v+liquid 3.416 63.7
X6RHm-171 | 55.3 | 3.129 | 3699(F) | y+liquid 3.416 61.3
X6R6m-190 | 64.1 | 3.077 | 2692(F) 0 3,368 67.3
X6R6m-191 | 64.4 | 3.076 | 2726(F) 0% 3.372 66.3
X6R6m-192 | 64.2 | 3.077 | 2772(F) 0 3.375 65.7
X6R6m-193 | 64.6 | 3.076 | 2845(F) v 3.377 65.6
X6R6w-194 | 645 | 3.077 | 2877(F) |~ 3.374 | 66.9
X6R6m-195 | 64.4 | 3.078 | 2937(F) v 3.374 67.5
X6R6m-196 | 64.9 | 3.077 | 3044(F) ¥ 3.380 66.4
X6R6m-197 | 64.7 | 3.078 | 3084(F) v 3.384 65.5
X6R6m-199 | 64.6 | 3.081 | 3277(F) | y+liquid 3.381 68.2
X6R6m-200 | 65.1 | 3.079 | 3342(F) | y+liquid 3.381 68.9
X6R6m-201 | 64,8 | 3,080 | 3314(F) | y+liquid 3,380 69,0
X6R6m-202 | 64,7 | 3,080 | 3202(F) | y+liquid 3,380 68,0
X6R6m-203 | 64,0 | 3,083 | 3225(F) | y+liquid 3,379 68,5
X6R8m-248 | 75,0 | 3,030 2173 € 2,354 | 3,805 73,3
X6R8m-249 | 74,9 | 3,030 2219 € 2,356 | 3,801 73,5
X6R8m-250 | 75,0 | 3,031 2273 € 2,355 | 3,806 73,8
X6R8m-251 | 75,3 | 3,030 2300 € 2,355 | 3,805 74,2
X6R8m-252 | 75,1 | 3,031 2321 € 2,355 | 3,806 74,2
X6R8m-253 | 75,1 | 3,031 2360 € 2,353 | 3,811 74,8
X6R8m-254 | 75,0 | 3,031 2371 € 2,355 | 3,804 75,0
X6R8m-255 | 75,0 | 3,032 2394 € 2,355 | 3,804 75,2
X6R8m-256 | 74,7 | 3,033 2410 € 2,355 | 3,804 75,3
X6R8m-257 | 75,3 | 3,031 2430 € 2,358 | 3,819 72,8
X6R8m-258 | 75,2 | 3,032 2460 € 2,360 | 3,814 72,9
X6R8m-259 | 75,1 | 3,032 2510 € 2,357 | 3,817 74,2
X6R8m-260 | 75,2 | 3,032 2540 € 2,360 | 3,815 73,6
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Name Prai AKCI T phase Qhep Chep Afce Pre
(GPa) | (4) (K) (4) | (4) | (4) |(GPa)
X6R8m-261 | 75,6 | 3,031 2597 € 2,360 | 3,812 74,5
X6R8m-262 | 75,3 | 3,032 2580 € 2,361 | 3,816 73,6
X6R8m-263 | 75,1 | 3,033 2646 €
X6R8m-264 | 75,3 | 3,033 2678 € 2,358 | 3,812 76,1
X6R8m-265 | 754 | 3,033 2752 €
X6R8m-266 | 75,0 | 3,035 2764 € 2,360 | 3,822 75,1
X6R8m-267 | 75,7 | 3,033 2834 € 2,360 | 3,824 75,6
X6R8m-268 | 74,8 | 3,036 2880 €
X6R8m-269 | 74,5 | 3,038 2913 €
X6R8m-270 | 74,3 | 3,039 2973 € 2,362 | 3,816 77,3
X6R8m-271 | 76,1 | 3,032 2973 e+ 2,360 | 3,825 77,0
X6R8m-272 | 75,2 | 3,036 3013 e+ 2,365 | 3,822 76,0
X6R8m-273 | 74,9 | 3,038 | 3105(F) v 3,355 75,7
X6R8m-274 | 76,0 | 3,034 | 3085(F) ¥ 3,352 76,7
X6R8m-275 | 76,2 | 3,034 | 3191(F) v 3,350 78,4
X6R8m-276 | 76,5 | 3,033 | 3230(F) vy
X6R8m-278 | 76,8 | 3,033 | 3400(F) v 3,352 79,5
X6R8m-279 | 76,2 | 3,037 | 3532(F) | y+liquid
X6R8m-280 | 74,8 | 3,040 | 3534(F) | y+liquid 3,348 82,1
X6R8m-281 | 76,4 | 3,036 | 3504(F) | y+liquid 3,347 82,3
X6R8m-284 | 76,2 | 3,038 | 3746(F) | y+liquid 3,351 82,8
X6R9m-319 | 75,9 | 3,029 2502 € 2,355 | 3,795 77,3
X6R9m-320 | 75,7 | 3,030 2543 € 2,356 | 3,800 76,8
X6R9m-321 | 76,4 | 3,028 2560 € 2,356 | 3,800 76,9
X6R9m-322 | 76,4 | 3,028 2604 € 2,358 | 3,792 77,5
X6R9m-323 | 76,2 | 3,029 2638 € 2,357 | 3,795 77,9
X6R9m-324 | 76,6 | 3,029 2707 € 2,358 | 3,800 7,7
X6R9m-325 | 76,1 | 3,030 2709 €
X6R9m-326 | 76,4 | 3,030 2762 € 2,359 | 3,795 78,5
X6R9m-327 | 76,5 | 3,030 | 2802(F) € 2,360 | 3,800 77,9
X6R9m-328 | 76.8 | 3.029 | 2837(F) € 2.361 | 3.799 78.1
X6R9m-329 | 76.8 | 3.029 | 2883(F) € 2.362 | 3.801 78.0
X6R9m-330 | 76.1 | 3.032 | 2962(F) € 2.364 | 3.807 77.4
X6R9m-331 | 76.6 | 3.031 | 2981(F) | etvy
X6R9m-332 | 76.7 | 3.031 | 3028(F) e+ 2.365 | 3.812 77.2
X6R9m-333 | 76.6 | 3.031 | 3067(F) e+y 2.364 | 3.835 75.5
X6R9m-334 | 77.0 | 3.031 | 3164(F) e+ 3.346 79.7
X6R9m-335 | 76.7 | 3.033 | 3261(F) v 3.344 76.7
X6R9m-336 | 76.8 | 3.032 | 3255(F) v 3.345 76.8
X6R9m-337 | 77.1 | 3.032 | 3319(F) vy 3.345 77.1
X6R9m-338 | 78.7 | 3.026 | 3376(F) y 3.346 78.7
X6R9m-339 | 77.8 | 3.030 | 3425(F) v 3.349 77.8
X6R9m-340 | 77.6 | 3.031 | 3425(F) y 3.350 77.6
X6R9m-341 | 75.7 | 3.037 | 3400(F) v 3.352 75.7
X6R9m-342 | 77.2 | 3.032 | 3473(F) | y+liquid 3.352 7.2
X6R9m-343 | 75.7 | 3.039 | 3529(F) | y+liquid 3.350 81.6
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Name Pkt aAKCI T phase Ahep Chep Afecc Ppe
@Pa) | () | () A LA | @) | @)
X6R9m-344 | 76.2 | 3.037 | 3566(F) | y+liquid 3.350 81.6
X6R9m-345 | 76.7 | 3.036 | 3659(F) | y+liquid 3.352 82.0
X19R4-138 97.9 | 2.960 2635 € 2.321 | 3.755 97.3
X19R4-139 97.8 | 2.961 2645 € 2.325 | 3.760 95.0
X19R4-140 98.3 | 2.960 2767 € 2.322 | 3.755 98.2
X19R4-141 98.3 | 2.960 2842 € 2.325 | 3.760 97.0
X19R4-143 98.2 2.961 | 2882(F) € 2.326 | 3.762 96.7
X19R4-142 08.3 | 2.961 | 2894(F) €
X19R4-144 98.3 2.961 | 2931(F) €
X19R4-145 98.3 | 2.962 | 3076(F) € 2.328 | 3.768 97.2
X19R4-146 98.8 | 2.961 | 3133(F) €
X19R4-147 98.6 | 2.962 | 3151(F) € 2.331 | 3.771 96.3
X19R4-148 99.0 | 2.962 | 3353(F) €
X19R4-149 99.3 | 2.962 | 3521(F) € 2.334 | 3.776 98.5
X19R4-150 99.9 | 2.961 | 3615(F) €
X19R4-151 99.9 | 2.962 | 3842(F) | e+vy-+liq. | 2.336 | 3.780 101.0
X19R4-152 102.0 | 2.961 | 4724(F) | e+vy+liq. 3.301 113.0
X19R4-153 99.3 | 2.970 | 4784(F) | e+~y+liq. | 2.330 | 3.792 113.0
X131R1-8 114.0 | 2.920 3207 ~v+liquid | 2.315 | 3.685 116.0
X131R1-9 115.0 | 2.920 3266 ~v+liquid | 2.315 | 3.685 117.0

X131R1-10 | 115.0 | 2.919 | 3370
X131R1-11 115.0 | 2.920 | 3416
X131R1-12 | 115.0 | 2.919 | 3506
X131R1-13 | 115.0 | 2.920 | 3514

(F) | v+liquid | 2.315 | 3.685 118.0
(F)
(F) ¢
(F) ¢
X131R1-18 | 115.0 | 2.920 | 3642(F) ¢ 2.305 | 3.733 119.0
(F) ¢
(F)
(F)
(F)

€ 2.308 | 3.697 120.0
2.307 | 3.729 117.0

X131R1-19 115.0 | 2.921 | 3846
X131R1-22 116.0 | 2.920 | 3892
X131R1-23 116.0 | 2.922 | 4069
X131R1-26 117.0 | 2.919 | 4264

e+liquid | 2.308 | 3.725 121.0
e+liquid | 2.302 | 3.753 122.0
e+liquid | 2.321 | 3.689 125.0

X131R2-44 | 117.0 | 2.911 | 2759 € 2.300 | 3.710 115.0
X131R2-45 | 116,0 | 2,913 | 2775 € 2,301 | 3,706 115,0
X131R2-46 | 116,0 | 2,913 | 2775 € 2,301 | 3,701 116,0
X131R2-47 | 116,0 | 2,914 | 2890 ¢ 2,208 | 3,712 117,0
X131R2-48 | 116,0 | 2,915 | 2920 € 2,301 | 3,718 115,0
X131R2-49 | 116,0 | 2,915 | 3002 € 2,303 | 3,722 114,0
X131R2-50 | 116,0 | 2,914 | 2957 € 2,305 | 3,714 114,0
X131R2-51 | 1150 | 2,917 | 3059 ¢ 2,303 | 3,719 115,0
X131R2-52 | 115,0 | 2,918 | 3179 ¢ 2,303 | 3,721 116,0
X131R2-53 | 117,0 | 2,915 | 3188 € 2,303 | 3,720 116,0
X131R2-54 | 116,0 | 2,917 | 3347(F) € 2,304 | 3,731 116,0
X131R2-56 | 116,0 | 2,917 | 3403(F) € 2,305 | 3,728 117,0
X131R2-57 | 117,0 | 2,916 | 3485(F) €

X131R2-60 | 116,0 | 2,917 | 3599(F) €

X131R2-62 | 1150 | 2,921 | 3602(F) €

X131R2-63 | 117,0 | 2,916 | 3692(F) € 2,309 | 3,718 119,0
X131R2-64 | 117,0 | 2,916 | 3745(F) €
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Name Prci AKCI T phase Qhcep Chep | @fce Ppe
(GPa) | (4) (K) (4) | (4) | (4) | (GPa)
X131R2-65 118,0 | 2,914 | 3706(F) € 2,308 | 3,739 117,0
X131R2-66 117,0 | 2,915 | 3579(F) € 2,305 | 3,735 118,0
X131R2-67 117,0 | 2,916 | 3791(F) €
X131R2-68 117,0 | 2,917 | 3841(F) € 2,315 | 3,750 114,0
X131R2-69 118,0 | 2,916 | 3911(F) | e+liquid
X131R3-86 128,0 | 2,886 2935 € 2,290 | 3,691 125,0
X131R3-87 128,0 | 2,887 3109 € 2,289 | 3,703 125,0
X131R3-88 129,0 | 2,887 3178 € 2,290 | 3,710 124,0
X131R3-89 129,0 | 2,887 3264 € 2,290 | 3,700 127,0
X131R3-90 128,0 | 2,889 | 3381(F) € 2,301 | 3,715 120,0
X131R3-91 129,0 | 2,888 | 3532(F) € 2,299 | 3,719 122,0
X131R3-92 129,0 | 2,889 | 3679(F) € 2,301 | 3,704 125,0
X131R3-93 129,0 | 2,890 | 3961(F) € 2,298 | 3,704 130,0
X131R3-94 128,0 | 2,893 | 4064(F) | e+liquid | 2,301 | 3,728 126,0
X131R3-96 128,0 | 2,892 | 4119(F) | e+liquid | 2,297 | 3,726 129,0
X131R4-151 | 133,0 | 2,876 2725 € 2,277 | 3,681 132,0
X131R4-153 | 133,0 | 2,878 2837 €
X131R4-154 | 132,0 | 2,877 2887 €
X131R4-155 | 133,0 | 2,877 3083 € 2,281 | 3,692 131,0
X131R4-156 | 133,0 | 2,877 3029 €
X131R4-157 | 133,0 | 2,875 3132 € 2,280 | 3,705 130,0
X131R4-158 | 1340 | 2,877 | 3165 c
X131R4-159 | 133,0 | 2,877 3276 € 2,283 | 3,710 129,0
X131R4-160 | 133,0 | 2,879 | 3280(F) € 2,283 | 3,702 131,0
X131R4-161 | 133,0 | 2,878 | 3463(F) € 2,288 | 3,705 129,0
X131R4-162 | 134,0 | 2,879 | 3559(F) € 2,288 | 3,710 130,0
X131R4-163 | 133,0 | 2,878 | 3575(F) € 2,287 | 3,710 130,0
X131R4-164 | 134,0 | 2,879 | 3671(F) € 2,289 | 3,711 130,0
X131R4-165 | 134,0 | 2,877 | 3777(F) € 2,289 | 3,706 132,0
X131R4-167 | 135,0 | 2,875 | 3850(F) € 2,296 | 3,710 129,0
X131R4-168 | 136.0 | 2.876 | 38389(F) €
X131R4-169 | 136.0 | 2.875 | 4114(F) € 2.294 | 3.704 134.0
X131R4-175 | 136.0 | 2.876 | 4175(F) | € +liquid
X131R4-177 | 134.0 | 2.879 | 4024(F) | € +liquid | 2.293 | 3.716 132.0
X131R4-181 | 136.0 | 2.876 | 4087(F) | € +liquid | 2.288 | 3.729 133.0
X131R4-182 | 135.0 | 2.878 | 4095(F) | € +liquid | 2.289 | 3.720 134.0
X10R1-16 127.0 | 2.889 2885 € 2.280 | 3.653 136.0
X10R1-17 128.0 | 2.888 3080 € 2.275 | 3.688 135.0
X10R1-18 128.0 | 2.888 3020 € 2.275 | 3.690 134.0
X10R1-19 128.0 | 2.888 3051 € 2.281 | 3.690 131.0
X10R1-20 129.0 | 2.887 3187 €
X10R1-21 128.0 | 2.888 3319 €
X10R1-22 129.0 | 2.887 | 3316(F) €
X10R1-23 130.0 | 2.886 | 3357(F) €
X10R1-24 129.0 | 2.886 | 3346(F) € 2.280 | 3.720 130.0
X10R1-25 | 130.0 | 2.885 | 3470(F) ’
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Name Prai aKCl T phase Ahep Chep | Afce Ppe
(GPa) | (4) (K) (4) | (4) | (4) | (GPa)

X10R1-26 130.0 | 2.886 | 3528(F) €

X10R1-27 131.0 | 2.884 | 3644(F) €

X10R1-28 130.0 | 2.885 | 3626(F) €

X10R1-29 131.0 | 2.884 | 3666(F) €

X10R1-30 131.0 | 2.884 | 3686(F) €

X10R1-31 133.0 | 2.881 | 3922(F) €

X10R1-32 | 133.0 | 2.881 | 4097(F) )

X10R1-34 | 134.0 | 2.880 | 4269(F) | € -+liquid

X10R1-35 | 136.0 | 2.882 | 5335(F) | € +liquid

X10R2-53 154.0 | 2.836 3295 €

X10R2-54 155.0 | 2.835 3256 €

X10R2-55 154.0 | 2.838 3411 € 2.265 | 3.661 149.0

X10R2-56 154.0 | 2.837 3422 € 2.266 | 3.653 151.0

X10R2-57 156.0 | 2.833 3443 €

X10R2-58 156.0 | 2.834 3532 €

X10R2-61 154.0 | 2.838 | 3685(F) €

X10R2-62 155.0 | 2.837 | 3728(F) €

X10R2-64 155.0 | 2.837 | 3835(F) €

X10R2-66 156.0 | 2.836 | 4092(F) € 2.275 | 3.662 151.0

X10R2-67 156.0 | 2.835 | 4057(F) € 2.274 | 3.665 151.0

X10R2-70 156.0 | 2.835 | 4046(F) € 2.267 | 3.662 155.0

X10R2-72 158.0 | 2.833 | 4269(F) € 2.278 | 3.657 153.0

X10R2-73 158.0 | 2.834 | 4463(F) | € +liquid | 2.283 | 3.653 153.0

X10R2-77 160.0 | 2.833 | 4889(F) | € +liquid | 2.268 | 3.687 161.0

X10R2-78 159.0 | 2.832 | 4612(F) | € +liquid | 2.273 | 3.664 158.0

X10R3-110 | 178.0 | 2.794 2855 € 2.234 | 3.591 178.0

X10R3-111 | 177.0 | 2.796 2859 € 2.234 | 3.591 178.0

X10R3-112 | 178.0 | 2.794 2911 € 2.234 | 3.592 179.0

X10R3-113 | 178.0 | 2.794 2972 € 2.235 | 3.591 179.0

X10R3-114 | 177.0 | 2.796 2985 € 2.235 | 3.592 179.0

X10R3-115 | 177.0 | 2.795 2912 € 2.235 | 3.591 178.0

X10R3-116 | 179.0 | 2.794 3083 € 2.236 | 3.595 178.0

X10R3-117 | 178.0 | 2.794 2949 € 2.236 | 3.591 178.0

X10R3-118 | 178.0 | 2.795 3087 € 2.237 | 3.591 178.0

X10R3-119 | 178.0 | 2.794 3012 € 2.236 | 3.590 179.0

X10R3-120 | 179.0 | 2.793 2981 € 2.238 | 3.593 176.0

X10R3-121 | 179.0 | 2.793 3045 € 2.238 | 3.591 177.0

X10R3-122 | 179.0 | 2.794 3099 € 2.237 | 3.592 178.0

X10R3-123 | 179.0 | 2.792 3020 € 2.236 | 3.590 179.0

X10R3-124 | 179.0 | 2.793 3130 € 2.237 | 3.590 180.0

X10R3-125 | 180.0 | 2.792 3234 € 2.240 | 3.593 178.0

X10R3-126 | 180.0 | 2.792 3153 € 2.243 | 3.590 175.0

X10R3-127 | 180.0 | 2.792 3161 € 2.242 | 3.590 176.0

X10R3-128 | 180.0 | 2.792 3128 € 2.240 | 3.592 177.0

X10R3-129 | 180.0 | 2.792 3286 €

X10R3-130 | 180.0 | 2.793 3326 €
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Name Prai AKCI T phase Ahep Chep | Qfce Ppe
@Pa) | (1) | (®) A | (A | () | (@pa)

X10R3-131 | 180.0 | 2.792 3383 € 2.245 | 3.610 172.0

X10R3-132 | 180.0 | 2.792 3383 € 2.245 | 3.605 173.0

X10R3-136 | 180.0 | 2.792 3384 €

X10R3-137 | 180.0 | 2.793 3469 €

X10R3-138 | 180.0 | 2.794 3516 €

X10R3-142 | 182.0 | 2.792 3834 € 2.250 | 3.620 172.0

X10R3-140 | 181.0 | 2.793 | 3865(F) € 2.238 | 3.613 182.0

X10R3-141 | 182.0 | 2.792 | 3982(F) € 2.240 | 3.623 180.0

X10R3-145 | 181.0 | 2.793 | 4208(F) € 2.250 | 3.630 174.0

X10R3-146 | 182.0 | 2.793 | 4316(F) € 2.250 | 3.636 174.0

X10R3-149 | 183.0 | 2.792 | 4460(F) € 2.253 | 3.636 174.0

X10R3-160 | 184.0 | 2.790 | 4587(F) €

X10R3-152 | 182.0 | 2.793 | 4669(F) € 2.246 | 3.635 182.0

X10R4-184 | 200.0 | 2.761 3207 €

X10R4-185 | 197.0 | 2.767 3242 €

X10R4-186 | 201.0 | 2.761 3317 €

X10R4-187 | 198.0 | 2.766 3350 € 2.213 | 3.572 204.0

X10R4-189 | 196.0 | 2.768 3381 € 2.218 | 3.572 200.0

X10R4-191 | 203.0 | 2.761 | 4073(F) €

X10R4-190 | 206.0 | 2.756 | 4083(F) € 2.220 | 3.580 205.0

X10R4-192 | 202.0 | 2.761 | 4059(F) € 2.225 | 3.575 202.0

X10R4-193 | 203.0 | 2.761 | 4162(F) € 2.225 | 3.575 203.0

X10R4-194 | 204.0 | 2.759 | 4190(F) € 2.225 | 3.575 204.0

X10R4-195 | 204.0 | 2.760 | 4334(F) | ¢

X10R4-196 | 205.0 | 2.760 | 4642(F) | e

X10R4-197 | 204.0 | 2.759 | 4333(F) € 2.228 | 3.580 202.0

X10R4-204 | 204.0 | 2.761 | 4695(F) € 2.238 | 3.599 195.0

X10R4-205 | 200.0 | 2.766 | 4673(F) € 2.239 | 3.599 194.0

X10R4-206 | 201.0 | 2.765 4562(F) € 2.244 | 3.600 189.0

X10R4-211 | 204.0 | 2.762 | 4923(F) €

X7R3-145 164.0 | 2.815 2459 € 2.245 | 3.619 160.0

XT7R3-146 163.0 | 2.817 2537 € 2.248 | 3.597 164.0

XTR3-147 162.0 | 2.816 2624 € 2.249 | 3.628 157.0

XT7R3-148 163.0 | 2.819 2697 € 2.249 | 3.608 163.0

X7R3-149 164.0 | 2.819 2738 €

XT7R3-150 164.0 | 2.817 2815 € 2.248 | 3.612 164.0

X7R3-151 165.0 | 2.816 2887 € 2.245 | 3.629 163.0

X7R3-152 162.0 | 2.816 2956 €

XT7R3-156 163.0 | 2.819 3156 €

XT7R3-157 166.0 | 2.816 3276 €

XT7R3-158 165.0 | 2.816 3321 €

XT7R3-159 165.0 | 2.818 3364 €

XT7R3-160 166.0 | 2.816 3439 €

X7R3-161 164.0 | 2.819 3598 €

XT7R3-162 165.0 | 2.819 | 3806(F) €

X7R3-163 171.0 | 2.810 | 4111(F) € 2.257 | 3.616 171.0

X7R3-172 172.0 | 2.809 | 4389(F) € 2.260 | 3.642 168.0
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