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SYNOPSIS
Material behaviour at high pressure and high temperature conditions is of significant
interest in a wide range of scientific research areas, especially in material science, planetary
interiors and geophysics [1-3]. They are pivotal in the understanding and modeling of the earth’s
interior giving us insight into the melting behavior of elemental materials at high pressure high
temperature (HPHT) conditions. Hence in-situ HPHT techniques are indispensable for studying
physical properties of the minerals forming the Earth’s core and mantle. In addition, HPHT
studies are important for determination of P-V-T equation of state (EOS), phase transitions and
phase stability of materials [1, 4]. Recent research based on experimental investigations and
computational approaches provide several exciting examples, where non-ambient conditions
result in unexpected phenomena and structural changes [1, 5].
Materials can be subjected to HPHT, in static pressure conditions, using i) piston-cylinder
[6], (ii) multi anvils [7], (iii) toroid anvil [8], (iv) Paris-Edinburgh press [9], (v) diamond anvil
cell (DAC) based resistive heating [10], (vi) DAC based laser heating [11]. In the case of
dynamic pressure studies HPHT is achieved by shock compression [12]. Laser heated diamond
anvil cell (LHDAC) and shock compressions are only techniques capable of generating ultrahigh
pressure and temperature (i.e., P > 100 GPa, and T of the order of thousands of Kelvin).
LHDAC exploits the exclusive physical and optical properties of diamonds viz.,
hardness/strength, transparency across a broad range of electromagnetic spectrum, electrical
insulator etc., and provides a unique opportunity to investigate material properties at extreme
thermodynamic conditions wherein the nature of the chemical bonding in atoms change along
with modifications in their valence states and electronegativity. This results in an enhanced
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chemical reactivity thus increasing the feasibility of direct elemental reaction between inert
materials, leading to the formation of a plethora of novel and exotic phases with interesting
properties [13, 14]. The main advantage of the LHDAC technique over dynamic shock
experiments is that it provides a controlled means of achieving pressure and temperature
conditions that can be held constant for long periods of time. Hence it can be easily integrated
with a variety of diagnostic techniques like X-ray diffraction, Raman scattering, Brillouin
scattering, electrical transport

and synchrotron based micro-probing techniques thereby

facilitating the investigation of a variety of pressure induced phenomena like melting, structural
phase transformations, changes in nature of bonding, chemical reactivity, and novel material
synthesis [3]. The independent control of pressure and temperature enables us to map the P-T
phase space which provides an opportunity to synthesize hitherto unknown unconventional
phases that can be quenched and examined at ambient temperature and pressure. In recent times,
the synthesis of superhard materials such as novel carbides, nitrides and borides have emerged as
one of the frontline problems in the field of HPHT research [15]. The results reported in this
thesis illustrate some interesting aspects of HPHT research on some selected materials with
exciting properties. The work reported includes the following:
(1) Development of instrumentation for laboratory based single sided LHDAC facility at
Purnima Labs, BARC, Mumbai for HPHT experiments.
(2) LHDAC based HPHT melting experiments for determination of high pressure melting
curve of osmium and KBr up to 35 and 24 GPa respectively.
(3) LHDAC based HPHT synthesis of gallium nitride (GaN) and molybdenum nitride
(Mo2N).
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(4) Synthesis of two new stoichiometric compounds, namely KBr3 and KBr5 at high
pressures in the K-Br system based on HPHT experiments.
(5) Results of ambient temperature high pressure synchrotron based x-ray diffraction, Raman
and electrical resistance study of CsI3.
The thesis is divided into six chapters. Chapter 1 gives a brief introduction to the field of
HPHT research highlighting its importance in diverse areas of scientific research. A review of
the available HPHT generation techniques along with their capabilities and limitations are also
reported in this chapter. Justification of our choice of laser heated diamond anvil cell (LHDAC)
technique over other techniques in terms of maximum pressure and temperature range achieved
and adaptability to various diagnostic techniques has also been described in this chapter.
Chapter 2 presents a detailed technical discussion and description of instrumentation of a
single sided LHDAC facility, which has been designed and set up at Purnima Labs, Bhabha
Atomic Research Centre (BARC), Mumbai, India. The salient feature of the LHDAC facility is
an angular geometry with an off-axis incidence of the NIR laser beam on the sample. The
advantage of this geometry over the usual 180 heating geometry is described at length in this
chapter. The set up utilizes the excellent features of the Yb doped fibre laser system such as
ideal beam quality, high stability, fibre delivery, compactness, selectivity of operating
wavelength and a reliability that is superior than the conventional solid state or gas laser. The
chapter also gives a detailed discussion on the challenges associated with accurate sample
temperature measurement, sample loading method and technical details of spectroradiometric
method for temperature determination. The importance of 10X magnification of sample image at
spectrometer input slit and use of 30 µm pinhole as the input slit of spectrometer for accurate
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sample temperature measurements have also been discussed. A brief review of the various
melting criteria used in LHDAC based high pressure melting studies and the various methods
employed for detection of onset of melting, viz., laser speckle method, flash heating method and
temperature plateau method have also been included in the chapter with specific examples. The
last part of the chapter reports the results of HPHT synthesis studies and melting experiments at
ambient and high pressures to demonstrate the versatility of the LHDAC facility for HPHT
investigations. The examples of synthesis experiments include the HPHT synthesis of GaN by
direct reaction of Ga metal with N2 at 9 GPa and 1925 K and the HPHT synthesis of Mo2N at 7
GPa and 2000 K using Mo metal and N2 as precursors. The results of high pressure melting
experiments on KBr upto 24 GPa by employing laser speckle method for detection of onset of
melting establish the suitability of the LHDAC set up for melting studies.
Chapter 3 describes the results of high pressure melting study on Osmium up to 35 GPa.
Osmium (Os) is an important refractory metal having the highest density (ρ ~ 22.59 g/cc) among
all the naturally occurring elements [16]. It has exceptional properties such as, high hardness, a
bulk modulus that is almost comparable to that of diamond under ambient temperature and
pressure conditions and extremely low thermal expansion and compressibility [17]. Its unique
properties make Os, a potentially important element for synthesis of superhard materials. Despite
these interesting properties and extensive high pressure theoretical investigations on osmium,
there have been no experimental reports to date on the high pressure melting curve Tm(P) of Os.
Motivated by these studies, high pressure melting study on Os was carried out up to 35 GPa
using the LHDAC facility described in Chapter 2 in conjunction with Mao Bell type DAC. The
pressure measurement and detection of onset of melting was carried out by ruby fluorescence
and laser speckle method respectively. The Simon-Glatzel equation was fitted to the
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experimental data points in T vs P plot to get melting slope (dT/dP) at ambient pressure, which
was then compared with various reported theoretical melting slopes [18,19]. The fitted parameter
deduced from Simon-Glatzel equation was used to extrapolate the melting curve to higher
pressures. One of the important parameter of interest is the Grüneisen parameter (γ(ρ)) as a
function of density/volume, which in conjunction with Lindeman melting equation, enable us to
compute melting curve at any desired pressure.
the method described by Burakovsky et al

Hence a parameterized form of γ(ρ) based on
was considered in the present study and the

Grüneisen parameter was determined analytically using the experimentally obtained melting
slope [18]. The study also leads us to conclude that the Grüneisen parameter is dependent on Z
alone at very high compression.
Recent reports of synthesis and stabilization of phases with unconventional
stoichiometries, viz., KCl3, NaCl3, Na3Cl, lithium polyhydride etc., and the theoretical prediction
of many more such exotic compounds have made solid state chemistry under static compression
one of the most interesting and active areas of high pressure research [20-22]. Chapter 4
discusses the results of HPHT study on potassium-bromine (K-Br) system. The study has
indicated the synthesis of two new stoichiometric compounds, namely KBr3 and KBr5 at high
pressures in the K-Br system. A room temperature high pressure chemical reaction between KBr
and Br2 resulted in the formation of an orthorhombic KBr3 (SG: Pnma) at ~ 2.0 GPa. Further
compression lead to the formation of a monoclinic KBr5 (SG: P21) at ~ 6.0 GPa. Raman
spectroscopy and x-ray diffraction measurements were employed for detection and
characterization of the newly synthesized compounds. This is the first ever experimental
synthesis of a 1:5 stoichiometric compound in the alkali halogen system. The most unusual
observation accompanying the reaction is an anomalously large increase of sample chamber
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pressure (> 2GPa) during the KBr5 formation. This observation and the existence of isothermal
conditions in DAC based experiments lead us to conjecture that the change in internal energy is
converted directly to mechanical work during formation of KBr5. Furthermore, the KBr5 phase
remained stable up to the highest pressure (24 GPa) of our study. On decompression, KBr5
remained stable down to 5.0 GPa. High-pressure laser heating experiments carried out to get
further insight into the stability of newly synthesized KBr5 has revealed that at high pressure (1420 GPa) and high temperature (~ 1500 K), KBr5 decomposes into a trigonal KBr3 (SG: P-3c1),
instead of orthorhombic KBr3 (SG: Pnma), and Br2 with a large volume reduction. The bulk
modulus (B0) of KBr5 and KBr3 in orthorhombic and trigonal phase obtained by fitting the 3rd
order Birch Murnaghan equation of state (BM EOS) is 11.2, 11.8 and 15.5 GPa respectively.
Collaborative first-principles structural searches were carried out to solve the composition and
related crystal structures [23-24]. The proposed structures give good description to the
experimental Raman spectra and x-ray diffraction data.
Chapter 5 reports the results of high pressure investigations on cesium triiodide (CsI3).
The alkali halides serve as the simplest and model ionic solid for both static and dynamic highpressure investigations [25, 26]. Research interest in alkali halogen system has been rekindled by
the reports of synthesis of new unconventional stoichiometric compounds with unusual bonding
and electronic properties. NaCl3 at HPHT reported to be stable between 20 to 48 GPa has a
orthorhombic (SG: Pnma) structure; at 48 GPa it reportedly undergoes a phase transformation
into a metallic cubic (SG: Pm-3n) phase [20]. In K-Cl system, KCl3 has been reported to
crystallize in a trigonal (SG: P-3c1) structure at HPHT and it reportedly undergoes a structural
transition to a cubic (SG: Pm-3n) phase at higher pressure [22]. On the other hand, in the K-Br
system, as discussed in Chapter 4 of this thesis, KBr3 was synthesized in orthorhombic
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(SG:Pnma) phase above 2 GPa and was found to crystallize in the trigonal (SG: P-3c1) phase
during decomposition of KBr5 at HPHT [5]. Thus high pressure structural evolution in alkali
trihalides is far from clarity due to the absence of trigonal, orthorhombic and cubic phase in
NaCl3, KCl3 and KBr3 respectively. The high pressure study of CsI3 was carried out with an aim
to understand the structural transition sequence of alkali trihalides. The results of ambient
temperature high pressure synchrotron based x-ray diffraction, Raman and electrical resistance
study of CsI3 up to 29, 25 and 8 GPa respectively have been reported in this chapter. Three
distinct phase transitions were observed under quasihydrostatic condition. The ambient
orthorhombic (SG:Pnma) phase of CsI3 was observed to be stable up to a pressure of ~1.3 GPa
beyond which it was found to undergo a phase transition to a trigonal (SG:P-3c1) phase. The
stability region of the trigonal phase was found to be up to 22.6 GPa. Above this pressure the
trigonal phase was seen to transform to a cubic (SG: Pm-3n) phase which remained stable till the
maximum pressure of 29 GPa achieved in this study. A third order BM EOS fit to the pressure
volume (P-V) data yielded a bulk modulus of 17.7(9) GPa for the trigonal phase. Raman
spectroscopic measurements however indicated three phase transitions at ~ 1.3, 4.0 and 22.6 GPa
respectively. The electrical resistance measured in the low pressure region up to 8 GPa indicated
an electronic transition around 4 GPa confirming the Raman result observed at 4.0 GPa. The P-V
data when transformed to the universal equation of state (UEOS) showed a deviation from
linearity around 4.0 GPa confirming the electronic transition.

The present study has thus

revealed a three phase structural transition sequence in alkali trihalides, viz., orthorhombic (SG:
Pnma) to trigonal (SG: P-3c1) to a cubic (SG: Pm-3n) phase.
The thesis is concluded with a brief summary in Chapter 6 for a quick glance at the key
aspects of the present work as well as a concise discussion on some major areas for future scope
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of HPHT research. In addition, appendices have been included in the thesis to give a detailed
description of the working principles of the various experimental techniques and software
packages used for the studies presented in this thesis viz., DAC, x-ray diffraction measurements,
Raman spectroscopy, scanning electron microscopy, ruby fluorescence spectroscopy etc.
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Chapter 1
Introduction

This chapter gives an overview of the field of high pressure high temperature (HPHT)
research. It begins with a discussion on the significance of HPHT research in diverse scientific
areas. A summary of some recent developments is followed by a brief discussion on pressure and
temperature effects on materials. The last part of the chapter gives a short review of the various
HPHT generation techniques and some of the diagnostic techniques, which are currently coupled
to diamond anvil cell based laser heating technique.

1.1 Significance of High Pressure High Temperature (HPHT) Research
1.1.1 Geophysics
Material behaviour under combined conditions of extreme high pressure (P) and high
temperature (T) was motivated by the curiosity to understand the Earth’s composition. Emil
Wiecherd was first to propose that the Earth is made up of heavy solid iron core [1]. Further,
observations of distant earthquakes by Beno Gutenberg led to the two shell Earth core model
with first accurate determination of core radius of ~2900 km [1,2]. Later, many seismologists
and geophysicists improved the model of Earth’s interior [3]. Even though information about
different layers of Earth’s interior, like crust, upper mantle, lower mantle, outer core and inner
1

Chapter 1: Introduction
core, as shown in Fig. 1.1, have been established based on density, the composition of these
layers are still unknown. For e.g., the density difference of around 10 % has been found between
actual density of Earth’s outer core and that of pure iron at similar pressure and temperature.
Hence, it is believed that outer core is made up of yet unknown composition of iron along with
some light elements like silicon, carbon, nitrogen, oxygen and sulfur [4]. Laboratory based
HPHT technique capable of simulating extreme high pressures (~ 360 GPa) and high
temperature condition (~ 5000-6000 K) equivalent to the pressure and temperature at the center
of Earth will be advantageous to resolve Earth core’s composition and the crystal structure of
iron at the pressure and temperature conditions existing at the inner core. The knowledge of the
structure and geochemical composition of Earth’s interior would be useful to understand heat
flow mechanism and its modeling [5].

Fig. 1.1: Cross sectional view of earth’s interior with depth, corresponding pressure and
temperature range.
2

Chapter 1: Introduction
1.1.2 Planetary physics
Apart from geophysicist, planetary physicists have also been fascinated in understanding
the composition of the planetary interior with an aim to provide plausible explanation for the
perplexing planetary observations. The spectroscopic evidence for the presence of gases like
methane (CH4), nitrogen (N2), carbon dioxide (CO2), water/ice (H2O) etc., in exoplanets, gas
giant planets and their satellites by the various outer space missions has motivated several studies
on the physical and chemical properties of these gases and their mixtures at HPHT. For e.g.,
clathrates of CH4, CO2 and other gases form the geology of extraterrestrial bodies in our solar
system. Clathrates are basically cage structures comprising a host water molecule in which guest
gas molecules are trapped. The study of stability of different clathrates under HPHT conditions is
important to understand the composition and geology of the outer space bodies. Interestingly,
methane clathrate, (also called methane hydrate) not only exists in icy moons and exoplanets but
also in Earth’s oceanic deposit and polar ice sheets [6, 7]. Release of CH4 from these deposits
into the Earth’s atmosphere would be one of the major concern for global warming. Similarly,
the detection of strong geomagnetic field associated with Jupiter has puzzled planetary scientists
[8]. Unlike Earth, the gas giants lack liquid iron core to generate magnetic field. The explanation
put forward to explain the origin of this field is that the pressure and temperature at the centre of
Jupiter is sufficient to metallize hydrogen, (Fig. 1.2) which is in superconducting phase and
produces the magnetic field [9,10]. This has led to a worldwide research in high pressure
laboratories to metallize hydrogen under HPHT.

3
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Fig. 1.2: Interior of Jupiter and the associated pressure range [11].

1.1.3 High Tc superconductors
The plethora of experimental studies reported in recent times to metallize hydrogen under
extreme conditions have been motivated by the theoretical prediction that metallic hydrogen
might be a superconductor, up to room temperature (290 K), far higher than any other known
candidate material [12]. Till date however, hydrogen, which has been subjected to a maximum
pressure of 495 GPa, has not fulfilled the dream of observation of metallic hydrogen [13, 14] and
hence the observation of room temperature superconductor. Recent studies have explored the
hydrogen rich compounds for observation of high temperature superconductivity [15]. The report
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of highest recorded superconducting temperature of ~ 203 K at 1.5 Mbar in H2S [16] has opened
up new avenues in the search for high Tc superconductors.
Chemical pre-compression in metal hydride is seen to lower the metallization pressure,
compared to pure H2, in metal hydrides [17]. Moreover, such materials dominated by hydrogen
element, high temperature superconductivity can be found after metallization [18]. Concurrently,
several metal hydrides have been predicted to be superconducting with high superconducting
temperature (Tc) [19]. For e.g., high Tc (~235 K) is predicted for polyhydride of Ca [19].
Similarly, alkali polyhydrides are also predicted to be superconductor [20]. Reaction of alkali
hydrides, i.e., LiH, NaH, KH etc., and alkaline earth metals with hydrogen at HPHT could
provide possible pathways for the synthesis of some of these novel superconducting
polyhydrides.

1.1.4 Synthesis of novel stoichiometric compounds
High pressure and high temperature conditions provide a pathway to unexpected
phenomena and stoichiometries in various materials. For instance, alkali halides (CsI), which are
prototype ionic compounds and insulator at ambient conditions, show pressure induced
metallization [21]. CsI is reported to be superconductor above 180 GPa with Tc ~2 K [22, 23].
The exotic behaviour of these simple compounds at extreme thermodynamic conditions has
given impetus to HPHT research in alkali-halogen system. The recent prediction of counter
intuitive compounds such as NaCl3, NaCl7, Na3Cl, Na2Cl3 and NaCl7 in (Na-Cl) system at high
pressure and successful synthesis of some of these compounds, i.e., NaCl3, NaCl7 and Na3Cl at
HPHT conditions are notable examples of effect of high pressure and high temperature on
stoichiometries [24]. Apart from alkali-halogen system, Mg-O, Fe-O, Xe-H etc., are recent
5
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examples where novel compounds have been theoretically predicted at high pressures [25-27].
Similarly, Xe(H2)7 and Xe(H2)8, in Xe-H system are reported to contain the highest hydrogen
content among all the known compounds [27].

1.1.5 Synthesis of superhard materials
The search for superhard materials is driven by the constant industrial demand for new
materials with favourable properties like high strength, low compressibility etc. Towards this
end, HPHT conditions provide a unique opportunity to access chemical reaction pathways that
are unachievable by conventional chemical routes for the synthesis of compounds with desirable
properties. Among the numerous materials synthesized at HPHT conditions, the ones, which are
retrievable in metastable phase at ambient conditions, have proved to be a boon for technological
advancement. Diamond, one of the allotrope of carbon, is the most classic example of superhard
material synthesized deep inside the earth as well as in laboratories above 1500 K and 7.5 GPa.
The kinetic stability and metastable nature of diamond has enabled its retrieval at ambient
conditions. It is also noteworthy that the synthesis of amorphous diamond having bulk modulus,
hardness and thermal conductivity comparable to diamond has also been recently reported [28].
Another renowned material produced under pressure is cubic boron nitride, c-BN, ranked second
after diamond in hardness and finding a great many commercial uses [29]. Other promising
superhard binary systems are the C-N and Si-N system [30]. Interestingly, many transition metal
nitrides, carbides and borides are also promising candidates for ultrahard materials with
superlative properties [31]. Examples of binary transition metal carbides, nitrides and borides
with remarkable properties are the extremely high melting points of HfC (4201 K) [31] and TaC
(4223 K) [31], the large bulk modulus of OsB (453 GPa) [31], and the ultra-hardness of ReB2
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(Hv = 30–48 GPa), WB4 (Hv = 46 GPa) and MoN (Hv = 38.5 GPa) [31]. Bulk modulus and
hardness of few binary transition metal nitrides including the nitrides synthesized as a part of this
thesis work are summarized in Table 1.1. High bulk modulus values are reported for platinum
group (VIII) metal borides and nitrides with stoichiometry MN2/MB2 , where M stands for
transition metal [32-36]. Structurally unusual features are observed in these nitrides, which
contain dinitrogen units within their crystal structures.

Table 1.1: List of transition metal nitrides with bulk modulus and hardness

Group

IV

V

Bulk Modulus

Hardness

(GPa)

(GPa)

TiN

277-289

18-21

[37-41]

TiN2

385

-----

[42]

δ-ZrN

248

15.8-17.4

[37, 43]

c-Zr3N4

217-223

18

[44, 45]

δ-HfN

260

16.3-19.5

[37, 43]

c-Hf3N4

227-241

-----

[46, 47]

VN

265

6-15

[48, 49]

δ-NbN

348

13.3-20

[37, 43]

β-Ta2N

360

-----

[50]

ε-TaN

288

24.7

[51]

η-Ta2N3

319

16

[52, 53]

Compound

Reference
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hp-CrN

243

-----

[48]

Cr2N

275

15.7

[39, 51]

δ-MoN

345

38.5

[51, 54, 55]

γ-Mo2N

301-304

35.7

[39,55,]

Re3N

395

-----

[56]

Re2N

401

-----

[56]

ε-Fe7N3

168

-----

[57]

γ-Fe4N

155

-----

[57]

ε-Fe3N

172

7.4

[58]

OsN2

358

-----

[32]

IrN2

428

-----

[32]

RhN2

235

-----

[33]

RuN2

330

-----

[34]

PtN2

354-372

-----

[35]

IIb

Zn3N2

228

-----

[36]

IIIa

GaN

188

-----

[59]

VI

VII

VIII

1.1.6 Melting under pressure
Melting behaviour of some elementary solids e.g., maxima in melting curve observed in
Li and Na have surprised researchers [60, 61]. Also, the nearly zero melting slopes at high
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pressures reported for some transition metals like Sn [62] and their disagreement with the
experimental shock data and theoretically calculated melting temperatures are still debatable.
High pressure melting curve of iron is important for understanding the heat convection and
modeling of the Earth’s core, owing to the fact that, the outer core in made up of iron along with
other lighter elements ( like C, S, O etc.) in molten state. Although several models, starting from
Lindemann criteria to Kechin model, have been proposed yet they fail to explain microscopic
mechanism of melting [63, 64]. Hence, establishment of high pressure melting curves of various
elemental solids will be pivotal to understanding the phenomenon of melting.

1.2 Effect of Pressure and Temperature on Condensed Matter
Pressure (P), volume (V) and temperature (T) are the three thermodynamical variables
which decide the state of any matter. The effect of change in these variables is reflected in the
form of modification in intermolecular or/and intramolecular potentials in materials leading to
many novel and unexpected phase transitions, such as polymorphic transition, amorphization,
electronic transitions such as valence transition, metallization and molecular dissociation.
Macroscopically, variation in pressure and temperature is manifested in the form of volume
change when either of them is kept constant.
1.2.1 Pressure effect
From a microscopic perspective it may be stated that pressure directly affects the
equilibrium spacing of nuclei, distorts the electron clouds and modifies the restoring force, i.e.,
crystal potential. Thermodynamic expression for the change in energy as a result of applied
pressure at constant volume and temperature can be expressed as
9
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W = VΔP

(1.1)

where W, V and P is the work done, volume and pressure respectively. Application of pressure
of the 100 GPa on solid leads to a change in free energy of 1 eV. This energy is sufficient to alter
the bond lengths and the bond angles, which in turn govern the electronic and magnetic
properties of solids. Application of pressure of a few GPa results in a volume change as high as
50% or more in case of soft solids like hydrogen [65]. Thus Pressure can induce myriad changes
in the electronic properties of material as dicussed in the following subsection.

1.2.1.1 Hybridization
Pressure can drastically alter the nature of bonding, i.e., π and σ bond, ionic and covalent
nature of bonds etc. The hybridization of crystal orbitals is dramatically influenced by pressure.
The sp2 hybridization, which is fundamental in B, C and N, becomes unstable and is converted to
sp3 hybridization under pressure. For instance, in graphite, half of the π bonds (sp2 hybridization)
get converted into σ bond (sp3 hybridization) above 17 GPa, resulting in a new phase of carbon.
This new monoclinic phase of carbon is found to be superhard [66, 67]. The recent report of
superhard amorphous diamond, with a near complete conversion of π to σ bond is another
example of pressure effect on orbital hybridization [68, 69].

1.2.1.2 Hydrogen bond symmetrization
In the solid phase, each molecule of water (H2O) is attached to other water molecules by
forming a hydrogen bond between oxygen and hydrogen atom of different molecules. This open
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geometry of water molecule exhibits an unusually rich pressure–temperature phase diagram.
Under pressure, the distance between donor (proton) and acceptor oxygen atoms reduces leading
to degenerate single well proton potential, wherein hydrogen atom is located midway between
two neighboring oxygen atoms, resulting in symmetrization of hydrogen bond. Infrared (IR),
Raman, and X-ray measurements [70-72] have provided evidence for transition of ice VII phase
to ice X phase having symmetric hydrogen bonds, when the distance between acceptor and donor
oxygen atoms decreases below 2.3 Å, i.e., 60 GPa pressure.

1.2.1.3 Reactivity
Pressure alters the reactivity and chemical affinity by bringing about changes in ionic
radii, electronic structure and bonding characters. Notable examples of reactivity change under
pressure are Van der Waal’s compounds formed by inert gas ‘argon’ with hydrogen [73], which
is stable up to 358 GPa, and other inert gas compounds formed by xenon with hydrogen [27],
fluorine [74] and oxygen [75]. Similarly, noble metals no longer remain noble but form nitrides
[76], when laser heated with molecular nitrogen under pressure. The reverse effect of pressure on
reactivity is also true e.g., reactive molecules like H2 and O2 become inert with respect to each
other and coexist in same crystal [77] under pressure.

1.2.1.4 Electronic configuration
The energy of s, p, d and f orbitals varies differently under compression. It is also known
that orbital with high angular momentum is favored at higher compressions thus leading to s to p
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and s to d transitions. For instance, the synthesis of KAg2 under pressure is made possible by the
transition of electron from s to d orbital in potassium [78].

1.2.1.5 Electronegativity
Electronegativity determines the distribution of bonding electrons between two atoms
[79]. It is a quantitative measure of the effectiveness of nuclear charge as sensed within an outer
orbital vacancy. Application of pressure leads to a change in effective electronic configuration,
which in turn results in a change in electronegativity of atoms thus leading to different oxidation
states. Recent experimental and theoretical studies have reported the stabilization of higher
oxidation states of xenon (Xe0 – Xe2 – Xe4 – Xe6) under pressure [75, 80]. Higher oxidation
states have also been predicted for cesium in cesium polyfluoride compounds under compression
[81, 82]. It is also predicted that at high pressures, cesium, which has the least electronegativity
at ambient condition, could become p-block element and form compounds with fluorine, which
has the highest electronegativity.

1.2.1.6 Chemical hardness
Chemical hardness is defined as resistance of an atom to change its electronic
configuration [83]. Pressure affects the spatial distribution of electrons, which result in change in
the kinetic and potential energies and enthalpy of atoms thus leading to a change in chemical
hardness of atoms. Theoretically calculated trend in chemical hardness with pressure for selected
elements is shown in Fig. 1.3 [84].
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Fig. 1.3: Pressure variation of chemical hardness in sodium (Na), Magnesium (Mg), Gold (Au),
Lithium (Li), Nickel (Ni), Carbon (C), and Nitrogen (N) [84].

1.2.1.7 Coordination
Pressure induced coordination change have been reported in liquids, solids and
amorphous/glasses. For instance, Liquid fayalite exhibits an average Fe–O coordination number
(CN) of 4.8 at ambient pressure which arises from the co-existence of approximately 60% FeO4
and 40% FeO6 units [85]. With increasing pressure up to 7.5 GPa, the average Fe–O CN
increases to 7.2 [86]. The CN change from 8 to 10 for platinum and 4 to 5 for indium in
intermetallic compound PtIn2 during CaF2 type to Fe2B type structural phase transition, is an
example of pressure induced change of coordination in solids [87].
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1.2.2 Temperature effect
The primary effect of temperature is to induce diffusion and reduce kinetic barriers in
solids. Temperature also affects the population of different vibrational levels of each normal
mode, i.e., it induces high energy phonons in crystals. Non-equidistant energy of these
vibrational levels leads to a change in equilibrium distances between atoms [88]. It is noteworthy
that the volume change (ΔV/V0) observed from ambient temperature to the melting of solid is
typically ~ 6%.
According to Debye model, the thermal energy of a solid due to change in temperature is
given by

D

Eth =

9nRT
 D 
 T



3

T


0

3

d
e − 1

(1.2)

where Eth, n, R, θD and ξ are thermal vibrational energy, number of atoms per formula unit, gas
constant, Debye temperature and (ħω/kT) respectively. The change in free energy of solids due
to temperature variation of 104 K is 1 eV, which is orders of magnitude smaller than the energy
associated with pressure variation [89].

1.3 High Pressure High Temperature (HPHT) Techniques
Pressure and temperature both lead to change in lattice parameters of materials. However,
pressure and temperature complement each other owing to the different microscopic mechanism
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by which they alter the lattice parameters. In this sense the field of HPHT research opens up
novel phases in materials, enabling one to obtain P-V-T equation of state (EOS) and investigate
the phase diagram of important materials including their phase transitions and phase stability.
The available HPHT devices can be broadly classified into two major types viz., static
compression and dynamic compression based techiques. In the case of static compression
techniques, the time required to apply pressure is much longer than time required by the system
to reach thermal equilibrium. Hence all static compression methods are isothermal and require
external heating source to increase the sample temperature. In the case of dynamic pressure
studies, HPHT is achieved by shock compression using an explosive, laser or a projectile. The
following subsection gives a brief review of available HPHT techniques elucidating their
capabilities and limitations.

1.3.1

Static high pressure technique for HPHT research
The static compression techniques can be divided into large volume apparatus and

diamond anvil cell based techniques, which are briefly described in the following subsection.

1.3.1.1 Large volume apparatus
The major large volume techniques for generation of HPHT are the piston-cylinder,
Bridgman anvil apparatus, belt apparatus, Toroidal anvil, Paris–Edinburg cell and Multi-anvil
apparatus (MAA). As the name suggests, the sample volume subjected to HPHT in large volume
apparatus, ranges from few cm3 to mm3 [90]. The principal advantage of large volume apparatus
is the retrieval of a relatively large quantity of sample (volume of the order of mm3) for post
experimental analysis.
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The piston-cylinder is the simplest of all the high pressure devices. Figure 1.4 shows a schematic
of cross-sectional view of a piston cylinder press. The sample pressure is generated by moving
the master ram upwards using a hydraulic press.

In order to keep the whole system in

equilibrium and prevent deformation, one should apply pressure also from the top in the end
loaded type piston-cylinder apparatus. In non end-loaded apparatus, the mechanism to apply
pressure from the top is absent and hence it cannot be used to very high pressures. Pressure and
temperature range achieved in piston-cylinder apparatus is around 4 GPa and 2000 K [91]. It is
noteworthy that piston-cylinder is the only device which is capable of generation of hydrostatic
pressure.

Fig. 1.4: Schematic of cross-sectional view of a piston cylinder press [92]
All the other large volume apparatus are opposed anvil high pressure devices working on the
principle of massive support which states that if high pressure is generated on a small area of a
much larger body, it can support two or three times the compressive yield stress because of its
attachment to the surrounding material. Figure 1.5 shows a schematic of a tungsten carbide (WC)
16
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anvil based Bridgman anvil apparatus capable of achieving a pressure up to 10 GPa. The use of
sintered diamond increases the pressure limit to 20.5 GPa [93]. A maximum temperature of 1400
K, using graphite disc heater, has been achieved in Bridgman anvil apparatus [93].

Fig. 1.5: Schematic of Bridgman anvil apparatus [94]

The belt apparatus (Fig. 1.6a) is another HPHT device capable of generating higher pressure
compared to piston-cylinder. This apparatus has two opposed anvils and a belt-type die, that
consist of a cylinder and several supporting rings, as shown in Fig. 1.6b. The belt-type die made
up of tungsten carbide limits the pressure bearing capacity of the belt apparatus. Recently, a
novel high pressure belt-type die with a split cylinder has been developed to increase pressure
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bearing capability of the belt apparatus [95]. Typical pressures and temperatures achieved using
the belt apparatus is ~10 GPa and ~1700 K [96].
a)

b)

Fig. 1.6: a) Belt apparatus assembly [97] and b) schematic of belt-type and split
cylinder [98].
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Toroidal anvil, developed by USSR physicist L. G. Khvostantsev in 1969, pushed the pressure
and temperature limits to ~16 GPa and 2500 K [99, 100]. As shown in Fig. 1.7, the sample in
toroidal anvil apparatus is encapsulated in BN or alumina cylinder, which serves as the sample
crucible. This crucible is surrounded by graphite cylinder and graphite caps, which act as a
heater when electrical current is passed through it and raises the sample temperature. This
assembly is then placed at the central hole of toroidal shaped pyrophyllite gasket. High pressure
is generated by applying load to the gasket placed between two toroidal shaped anvils using a
hydraulic press. Toroidal anvil apparatus is one of the preferred choice for chemical synthesis,
single crystal synthesis, electrical resistance measurements, Hall resistance measurements and
equation of state studies [100-102]. The high pressure capability of toroidal anvil apparatus is
limited by the WC anvils. The use of synthetic polycrystalline diamond in toroidal anvil has
however enabled a pressure ~35 GPa to be achieved [100].

Fig. 1.7: Cross-sectional view of toroidal anvils with pyrophyllite gasket at the middle
[103].
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Paris–Edinburgh press (PEP) is another large volume apparatus capable of generating a
maximum pressure and temperature of 11 GPa and 1800 K respectively. Figure 1.8a shows a
typical gasket assembly used for PEP experiments. Pressure is generated by applying load to the
sample assembly using a hydraulic press as shown in Fig. 1.8b. The use of sintered diamond in
PEP has further increased the pressure limit up to 16.5 GPa [104]. The main advantage of Paris–
Edinburgh press is that it can be coupled with synchrotron based XRD and neutron diffraction
measurements [104].
a)

b)

Fig. 1.8: a) Cross section of gasket assembly used in Paris–Edinburgh press [105]. b)
Schematic diagram of Paris–Edinburgh press [106].

In recent times multianvil apparatus has emerged as a popular large volume device for HPHT
studies. Multi-anvil (MAA) as shown in Fig. 1.9 can be defined as a high pressure apparatus with
more than one axis of loading with four or more anvils compressing the sample. The first multianvil device with a tetrahedral anvils geometry, generated pressure of 10 GPa and temperature in
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access of 3000 K [107]. In the past decade, the pressure limit of MAA has been raised to 27 GPa
[108]. It has been reported that MAA can generate pressures up to 1 Mbar using nanopolycrystalline diamonds in conjunction with WC anvils [109]. The MAA, coupled with in situ
X-ray diffraction techniques, has proven to be ideal for HPHT structural studies in Earth and
planetary research [107].

Fig. 1.9: Photograph of MAA with sample assembly of recovered sample [110].

1.3.1.2 Diamond anvil cell (DAC) based HPHT techniques
The DAC is a device par excellence, which exploits the remarkable properties of
diamonds, such as high hardness and optical transparency to a wide range of electromagnetic
spectrum. It is noteworthy that DAC also enables an in-situ visual observation of the pressurized
sample. The additional advantage of DAC is that it can be easily integrated with a variety of
diagnostics like X-ray diffraction, Raman, Brillouin and synchrotron based micro-probing
21

Chapter 1: Introduction
techniques giving it an edge over large volume apparatus for materials research. In recent times,
the highest static pressure of 1.0 TPa has been achieved using a novel two stage DAC [111]. The
development of DAC has reduced the size of high pressure device substantially thus facilitating
easy transportation. The alternative anvil material used for high pressure experiments are
moissanite (SiC) [112], cubic Zirconia (ZrO2) [113] and Sapphire (Al2O3) [114, 115]. Table 1.2
summarizes the maximum pressure achieved with different anvil materials in comparison to
diamond.
Table 1.2: Comparison of maximum pressure achieved with different anvil materials.

Anvil material

Diamond

SiC

Al2O3

ZrO2

[111]

[112]

[114,115]

[113]

1065

59

26
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Maximum Pressure
(GPa)

The DAC also offers a powerful and versatile means of investigating the properties of
materials at sustained high temperatures and pressures by two techniques viz., resistive heating
and laser heating. Resistive heating in a DAC can be carried out by either internal heating or
external heating. In external heating method, a coil heater surrounding the anvils or a band heater
around DAC is used [116]. The maximum temperature attained by this technique is limited to
1300 K owing to graphitization and oxidation of the diamond anvils above this temperature as
well as mechanical instability of different parts of the DAC at elevated temperatures [116]. The
principle advantage of the DAC based resistive heating technique is the nearly uniform sample
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temperature and the ease of sample temperature measurement using thermocouple while the
main disadvantage is the existence of large pressure inhomogeneity (gradient) across the sample.
The temperature limitation of external heating technique can be partially overcome by internal
resistively heated DAC technique. In this case, the electrical current is passed through the sample
itself and the temperature is measured by an optical pyrometer. The main limitation of this
technique is however the requirement of a metallic sample and the pressure gradient induced
deformation and failure of heating circuit at very high pressures. A maximum sample
temperature up to 3000K has been achieved by this technique [117]. The development of
designer diamond anvils overcomes this problem. In these anvils, the heating elements and the
measuring probes are fabricated on the culets by lithographic fabrication. These have been tested
up to 21 GPa and 2000K [118].
In recent times, laser heated diamond anvil cell (LHDAC) technique has emerged as a
valuable and versatile tool for achieving high pressures (P > 100 GPa) and temperatures (T ~
6000K) thus providing a unique opportunity to investigate material properties at these extreme
conditions. The optical transparency of diamond in the infrared (IR) region allows the use of
continuous wave (CW) near infrared (NIR) lasers such as neodymium doped yttrium aluminium
garnet (Nd3+:YAG), neodymium doped yttrium lithium fluoride (Nd3+:YLF), ytterbium (Yb)
doped fibre laser or MIR CO2 laser,

the choice being driven by sample absorptivity.

Advancement in laser technology have made IR lasers more compact, stable (in terms of power
as well as pointing stability) and a maximum power reaching over more than 200 W . This has
facilitated a myriad of HPHT in-situ diagnostic techniques like Raman and Brillouin
spectroscopy, x-ray diffraction, x-ray absorption fine structure (XAFS), electrical transport,
NMR etc [119- 127]. A detailed discussion on LHDAC is presented in Chapter 2 of this thesis.
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Materials subjected to HPHT conditions in LHDAC experiments with IR laser in the CW
mode are vulnerable to chemical reaction with surroundings, i.e., pressure transmitting medium,
pressure calibrant, diamond etc. Very recently, DAC based pulsed laser heating technique has
been developed to address these problems. The short heating duration, ~ µs, in pulsed laser
heating helps in suppressing thermally activated chemical diffusion and reaction. In addition, it
enables one to achieve higher sample temperature compared to CW laser heating; as the same
energy is delivered in much shorter period of time. This technique is useful for time resolved
measurements [128]. For instance, XRD measurements could be made possible, during pulsed
laser heating, when coupled with synchrotron x-ray sources having time resolved high brilliance
x-ray pulses of the order of femtosecond to nanosecond [128]. The measurement of the peak
sample temperature in case of pulsed laser heating however necessitates more complex
electronics.

1.3.2 Dynamic high pressure technique for HPHT measurements
In dynamic method, HPHT is achieved by launching a dynamic compression wave or
shock wave in the material. Shock is defined as a discontinuity in thermodynamic variables,
which propagates with supersonic velocity with respect to the material ahead of it and with
subsonic velocity with respect to the material behind it. A pressure wave which travels with a
speed higher than the system response time generates a shock in the system. Shock experiment is
an irreversible adiabatic process since the material does not have enough time to achieve thermal
equilibrium with the surrounding. Dynamic pressures are normally created by depositing high
energy densities over small time durations on the target materials by impacting with a flyer plate
moving at high velocity, or by a rapid deposition of energy using explosives [129], lasers [130],
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particle beams etc., [131]. The shock experiment enables one to achieve extremely high
pressures of the order of TPa in the laboratory. During shock experiment, the system jumps from
one thermodynamic state to another thermodynamic state. Also, since the increase in temperature
is as a result of adiabatic process during shock compression, it does not necessarily require any
external heating mechanism to generate HPHT condition, which limits the independent control
over final pressure and temperature. The time duration involved in shock compression however
demands ultrafast diagnostic techniques. The sample characterization is also much more
involved and limited to fewer probes as compared to static high pressure techniques.
Recently, a new approach combining static and dynamic compression techniques has
been reported wherein strong shockwave is launched in precompressed samples. This allows one
to explore extreme conditions of matter, such as molecular fluid to the plasma state transition and
the superionic states of molecular solids [132]. This technique is quite promising since a few
GPa precompression can induce significant density increase in compressible fluids. The locus of
shock states (Hugoniot) accessible by the subsequent multiple shock compressions with same
precompressed state or series of shock compressions are reached at moderately lower
temperatures (~103-104 K) and higher densities (~ few Mbar), which is the advantageous over
conventional laser shock experiments, for planetary studies [89].

1.4 Review of Diagnostic Techniques Coupled to LHDAC
Diamond is transparent to a wide electromagnetic spectrum ranging from hard x-rays to
far IR. The use of diamond anvil in LHDAC thus enables the integration of many diagnostic
techniques for in situ investigation of materials at extreme conditions. Synchrotron based
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ADXRD measurements are the most widely used diagnostic technique coupled to LHDAC.
Nearly all leading synchrotron facilities across the world, like PETRA III, APS, Spring8, ESRF
etc., have a dedicated beamline for LHDAC based ADXRD measurements for HPHT structural
and material synthesis studies [119, 120]. In addition, it also enables determination of the phase
diagram and high pressure melting curve of important materials.
Another popular diagnostic technique coupled to LHDAC is Raman spectroscopy, which
provides molecular and vibrational information of materials at HPHT conditions. For e.g., HPHT
Raman study of CO2 has been reported up to 65 GPa and 1600 K for its obvious importance in
planetary studies [121]. Similarly, N2 has been studied up to 120 GPa and 2500K using LHDAC
based Raman spectroscopy and a maxima in melting line at ~ 70 GPa has been observed [122].
LHDAC based Brillouin spectroscopy is an ideal technique for the study of elastic
properties of materials at HPHT condition. Recently this technique has been used to study elastic
properties of single crystal olivine up to 13 GPa and 1300K [123] and water – ice (H2O) system
up to 2500 K and several GPa pressure [123].
Resistivity measurement has also been recently coupled to LHDAC to study the melting
curve of Fe up to 1 Mbar and 3200K [124]. In this technique, sample in the form of wires, were
heated with an ytterbium fiber laser (λ = 1070 nm, TEM00 mode, CW). The change in the
electrical resistance of the sample wire is measured by the two-terminal method using
sourcemeter under a constant DC current [124].
Iron is one of the most important geophysical material and the accuracy of high pressure
melting curve of Fe with different melting criteria is still debatable. Recently, the melting line of
Fe has been reported up to 103 GPa by integrating synchrotron based XAS to LHDAC [125].
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Similarly, synchrotron-based X-ray emission spectroscopy (XES) is well suited to probe the
local electronic structure of 3d transition metals such as Fe and Mn in their host phases. Laser
heated XES experiment on the crystal, magnesiowustite (Mg0.75Fe0.25)O, has been carried out to
study the spin state of ferrous iron up to 47 GPa and 1300 K [126].
Other spectroscopic techniques which have been successfully coupled to LHDAC are
nuclear resonant inelastic X-ray scattering and synchrotron based Mossbauer spectroscopy [127].
HPHT studies up to 100 GPa and 2500 K on iron containing minerals have been reported using
these methods [127].

1.5 Organization of the Present Thesis
The present thesis is organized in to six chapters. The introductory Chapter 1 gives a
brief overview and some recent development in the area of HPHT research followed by a
summary of the various available HPHT techniques highlighting the importance of LHDAC. The
design aspect and setting up of a Yb fibre laser based LHDAC facility forms the instrumentation
part of the thesis. The details of development of this facility and its successful application for
carrying out high pressure melting and HPHT synthesis experiments are described in Chapter 2.
The LHDAC facility has been employed for experimental determination of melting curve, up to
35 GPa, of elemental osmium, which has some remarkable properties like highest density among
elements and a bulk modulus that is almost comparable to that of diamond under ambient
temperature and pressure conditions. The details of the study are described in Chapter 3. The
synthesis of counterintuitive compounds in K-Br system viz., KBr3 and KBr5 at HPHT and their
ambient temperature high pressure study i.e., stoichiometry, crystal structure, vibrational
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properties and theoretical calculation of bonding and electronic band structure have been
described in Chapter 4. Recent reports on the synthesis of alkali trihalide compounds in Na-Cl,
K-Br and K-Cl at extreme conditions have rekindled the interest in this new class of compounds
with unknown chemical and physical properties. Furthermore, the advent of bright synchrotron
source has made it possible to carry out high pressure ADXRD measurements with greater
resolution, accuracy and precision. Chapter 5 of this thesis describes the results of high pressure
structural, vibrational and transport measurements on the alkai trihalide “CsI3”. A brief summary
of the research work discussed in this thesis and some future extension of the present work are
highlighted in Chapter 6.
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Chapter 2
Laser Heated Diamond Anvil Cell (LHDAC) Facility
for HPHT Research
Diamond anvil cell based laser heating technique has emerged as a powerful and versatile
experimental tool, in recent times, for achieving ultrahigh pressures (P > 100 GPa) and
temperatures (T ~ 6000K)

thus enabling the study of phase behaviour of materials at

thermodynamic conditions comparable to the Earth’s deep interior. Currently, single sided as
well as double sided laser heating techniques are widely used in synchrotron beam lines and
laboratories, making it a vital technique to bridge the gap between the pressure achieved by
shock experiments and static high pressures achieved by other large volume devices like toroidal
and multi-anvils described in Chapter 1 [1].
This chapter discusses the instrumentation details of the state of the art LHDAC facility
developed at the High Pressure and Synchrotron Radiation Physics Division (HP&SRPD),
Bhabha Atomic Research Centre (BARC) for accurate determination of thermodynamic
properties like pressure dependent melting and synthesis of novel materials at HPHT. The first
part of the chapter describes the design aspect and mode of operation of the LHDAC facility.
The results of HPHT synthesis of gallium nitride (GaN) [2] and molybdenum nitride (γ-Mo2N)
and high pressure melting curve of KBr are also presented in the chapter with an aim to highlight
the capabilities of the facility.
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2.1 DAC Based Laser Heating
The principal requirement for laser heating is a stable high power laser of appropriate
wavelength viz., near infrared (NIR) or mid infrared (MIR) laser that couples with the sample
directly [3, 4]. The transparency of diamond in the infrared (IR) region allows the use of
continuous wave (CW) NIR lasers such as neodymium doped yttrium aluminium garnet
(Nd3+:YAG), neodymium doped yttrium lithium fluoride (Nd3+:YLF), ytterbium (Yb) doped fibre
laser or MIR CO2 laser, the choice being driven by the sample absorbance [5-7]. The NIR laser
is usually used to heat metallic materials. In this case, the thermal energy results from the
collision of the excited electrons, created by photon-electron interaction, with the lattice
phonons. The MIR CO2 laser, on the other hand, is more suitable to heat minerals and
transparent oxides, exploiting the absorption of IR radiation by the lattice phonons.
Alternatively, it is also possible to heat the optically transparent minerals and oxides with the
NIR laser using certain laser absorber, like W, Pt, Ir etc., which absorb the NIR laser radiation
and transfer the thermal energy to the sample [8, 9]. The different emission wavelength of the
laser also necessitates the use of different optics. Thus BK7 glass is used with the NIR laser
source whereas ZnSe or CaF2 optics are necessary when MIR CO2 laser is used.

2.2 Experimental Details
2.2.1 Design of single sided laser heated diamond anvil cell facility
The major components of the LHDAC facility are a continuous wave (CW) air cooled
ytterbium (Yb) doped fibre laser ( = 1.07 µm, 100 W, TEM00, SP-100C-A-S6-A-A), an
indigenously developed Mao-Bell type DAC mounted on a high precision motorized XYZ stage
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(Kohzu YA 10A-R1 and ZA07A-VIF) and a 163 mm spectrograph with a 300 line grating
(Shamrock SR-163) coupled with a Peltier cooled CCD (Andor-DV 420-OE). The photograph of
the single sided LHDAC facility is shown in Fig. 2.1.

Fig. 2.1: Photograph of the single sided LHDAC facility.

The Yb doped fibre laser system serves as an excellent alternative to the Nd:YAG laser
with a remarkable combination of high power, ideal beam quality, high stability, fibre delivery,
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compactness, selectivity of operating wavelength and a reliability that is superior than the
conventional solid state or gas laser. These attributes, coupled with its low weight, make it most
suitable for its ease of setting up and portability of the system [10]. The laser power control is
achieved by a simple dc power supply and is computer controlled. Its high power and a near
perfect Gaussian beam profile is well suited to heat the sample in a DAC. The distribution of the
IR laser intensity has a Gaussian shape with a beam diameter of ~ 5 mm which increases to ~10
mm when a 2X beam expander is used. The optical arrangement of the LHDAC facility is shown
schematically in Fig. 2.2. The laser beam is focussed on the sample with the help of beam
steerer (BS1) and a 75 mm focal length plano-convex lens (L1). An NIR infinity corrected long
working distance (30 mm) apochromatic objective (OBJ) with 10X magnification facilitates the
observation of the sample in the DAC by illumination of white light. It also enables collection of
thermal radiation from the hotspot, which is then fed into the spectrograph (SPG), thus giving
access to multiwavelength spectroradiometry. The infinity corrected apochromatic objective also
minimizes the spherical and chromatic aberration upon insertion of auxiliary devices into the
data collection optical path. The aperture (A), which is an iris, reduces the beam diameter and
hence minimizes the aberration introduced by OBJ and the achromatic lens (L2) in the collection
path. The combination of OBJ and L2 is used to form an image of the sample at the spectrograph
input with 10X optical magnification. The standard rectangular spectrograph input slot is
replaced with a 30 µm diameter mirror polished pinhole (PH) to ensure collection of thermal
radiation from only a 3 µm circular area within the hotspot.
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Fig. 2.2: Simplified schematic layout of the LHDAC facility. OBJ: infinity corrected long
working distance apochromatic objective; L1, L3, L4: plano-convex lenses; L2:
achromatic lens; SPG: spectrograph (Shamrock SR-163); PH: 30µm pinhole; BS1, BS2,
BS3: beam steerers; PS1, PS2: polarizing beam splitters; WP: λ/2 wave plate; MM1,
MM2: movable mirrors; B1, B2, B3: 50:50 beam splitters; CB: cubic beam splitter; F1,
F3: low pass filters; F2, F4: neutral density filters; A: aperture (iris); LS: fibre optic
illuminator; DAC: diamond anvil cell. CCD1: Peltier cooled CCD (Andor-DV 420-OE)
for spectroradiometry; CCD2: visual CCD for sample imaging.
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For accurate temperature determination, it is very crucial to centre the hotspot around the
spectrograph pinhole (PH) as shown in Fig. 2.3. This is achieved by incorporating an imaging
system consisting of a high resolution visual CCD (CCD2). In addition, CCD2 also facilitates a
real-time imaging of the sample inside the DAC. To achieve perfect alignment of the hotspot, the
non-polarising cubic beam splitter (CB) is aligned so as to reflect half of the backscattered
radiation from the PH, which is then focused by a 20 mm focal length planoconvex lens (L3)
onto CCD2. The image of the sample at the spectrograph input (PH) and the DAC sample
chamber is observed using CCD2 by sliding the mirror (MM1) into and out of the optical path
respectively.

Fig. 2.3: Photograph of the centrally aligned hotspot around the spectrograph pinhole
(PH) during laser heating.

It may be noted that a critical aspect of the LHDAC facility is to ensure that the focus of
thermal radiation collection optics coincides with that of the heating NIR laser. Hence a 1 mW
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green He-Ne laser is used as an aligning laser. Optical alignment is achieved by coinciding the
optical path of NIR and the aligning laser using beamsplitter (B3) and movable mirror MM2.
The optical path of the NIR laser also includes two crossed polarizer beam splitter cube
combination (PS1 and PS2) with a /2 waveplate (WP) between them. The laser power incident
on the sample could be precisely controlled, keeping the beam profile unchanged, by rotating
WP, which is mounted on a motorized rotation stage, thereby enabling precise and fine control of
the incident IR laser power. This is imperative for accurate determination of melting
temperature. A 300 mW green diode pumped solid state (DPSS) laser (Cobolt Samba,  = 532
nm) has also been incorporated in the set up. This laser serves as the probe laser for speckle
method, the details of which are described in the Section {2.2.5.2}. The precise positioning of
NIR laser on the sample inside the DAC is another critical requirement in laser heating
experiments. There is a danger of damaging the diamond anvils in case of incorrect positioning.
Hence a high precision motorized XYZ stage is incorporated in the set up to achieve fine and
reproducible positional control of the sample with respect to the focussed laser spot.
Furthermore, in order to avoid sample defocusing during laser heating, it is essential to maintain
the DAC body at near ambient conditions. This is achieved with the help of an in-house
fabricated water-cooling jacket for the DAC as shown in Fig. 2.4.
The salient feature of the LHDAC facility is an angular geometry with an off-axis
incidence of the NIR laser beam on the sample. The advantage of off-axis angular geometry over
the conventional on-axis heating geometry is that the optical components for laser focusing and
for collection of incandescent light are aligned and optimized for their different wavelengths
separately.
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Fig. 2.4: Photograph of the water cooling jacket for the Mao Bell type DAC.

This facilitates an independent control over the heating laser spot size, which in turn defines the
sample hot spot size during heating. Thus with a larger hotspot, the radial temperature gradient at
the sample, as described in Section {2.2.4}, is reduced resulting in a nearly flat temperature
profile within the central 3 µm probed sample region. In addition, the off-axis geometry prevents
obstruction of the diffracted beam by any optical component in LHDAC based in situ
spectroscopic measurements.
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2.2.2 Sample loading in diamond anvil cell
The sample loading forms a crucial aspect of the laser heating experiments. The studies
in this thesis have been carried out using a Mao-Bell type of DAC, with diamonds of ~ 400 µm
culet size. Stainless steel, tungsten, or rhenium gasket with ~ 200 µm diameter hole served as the
sample chamber. Prior to the experiment, the gasket with a starting thickness of ~ 250 µm was
preindented between the diamond anvils to a thickness of ~ 50 µm. For all high pressure
experiments, the sample along with a few ruby balls and a pressure transmitting medium (PTM)
was loaded inside the sample chamber. The schematic arrangement of the sample chamber and
its image are shown in Fig. 2.5 (a and b) respectively.

(a)

(b)

Fig. 2.5: (a) Schematic diagram and (b) image of a typical sample assembly used for
LHDAC experiment.
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The role of PTM, which is usually a material of low shear strength, is to minimize the deviatoric
stresses in the sample and to create a hydrostatic pressure from a uniaxial compression. In
addition, the PTM also acts as a chemical barrier and prevents any reaction of the sample with
the gasket or diamond culets. Furthermore, since diamond, due to its high thermal conductivity,
acts as an extremely efficient heat sink, the PTM also serves as a thermal insulator in laser
heating experiments, preventing the conduction of heat from the sample to the diamond. Soft
solids with low thermal conductivity like CsI, KBr, NaCl are the commonly used PTM.
Alternatively, hard solids such as MgO and Al2O3 are also used owing to their chemical
inertness, high melting point and low thermal conductivity even though they provide a
nonhydrostatic media. In certain laser heating experiments, solid PTM are not suitable due to
their chemical reactivity at HPHT. In such cases, noble gases like Ar, He and Ne are the suitable
PTM. The benefits of noble gas PTM in laser heating experiments include its chemical inertness,
near-hydrostatic pressure conditions around the heated sample due to its low melting temperature
and good thermal insulation from the diamonds due to its low thermal conductivity. In our laser
heating experiments we have used either NaCl, KBr, Al2O3 as solid PTM and thermal insulator.
Alternatively, we have loaded liquefied argon inside the sample chamber by immersion
technique, using a cryogenic apparatus, as shown in Fig. 2.6. For this, the piston-cylinder of the
DAC, with sample loaded, is placed inside the cryogenic apparatus. The entire cryogenic
apparatus is then lowered inside a thermocol box into which liquid nitrogen is poured. Argon gas
is then let inside the cryogenic apparatus through the copper tubing welded around it. The
liquefaction of argon gas (boiling point 87.2 K) is achieved by cooling, using liquid nitrogen
(boiling point 77.2 K). The piston cylinder is then clamped and then transferred to the lever arm
for carrying out high pressure measurements.
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Fig. 2.6: Cryogenic apparatus for loading liquefied argon inside the DAC sample
chamber.

2.2.3 Pressure measurement
The sample pressure was determined by in situ ruby fluorescence method by measuring
the pressure shift of the R1 flourescence line ( = 694.22 nm) of the ruby ball, loaded inside the
sample chamber of the DAC, with the green DPSS laser (= 532 nm) [11]. Alternatively, the
pressure was measured using a standalone ruby fluorescence set up. The pressure was
determined both before and after the laser heating experiment at room temperature.

2.2.4 System calibration and temperature measurement
The accurate and precise temperature determination of the heated sample is of utmost
importance in LHDAC experiments. A critical issue in this case is the presence of radial and
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axial temperature gradients [12]. The radial temperature gradients in LHDAC arise from variation
in laser intensity in the plane of the diamond culet and gasket hole, perpendicular to the
incoming laser beam whereas the axial temperature gradients arise from the flow of heat away
from the hotspot due to the high thermal conductivity of diamonds. While the axial temperature
gradients can be minimized by double sided heating of the sample, the radial temperature
gradients can be minimized by increasing the size of incident IR laser spot formed on the sample
[13]. A well known technique to achieve this is by using a pi shaper, which produces a flat top
temperature profile at the sample position [14]. Alternatively, the angular incidence geometry,
adapted in our set up, facilitates this by providing an independent control over the hot spot size.
In particular, for a typical 40 µm diameter hotspot of the incident IR laser, the central 3-4 µm
heated region has a nearly flat temperature profile. Hence in the present setup, with the help of a
pinhole (PH), we allow incandescent light only from a 3 µm central hotspot, into the
spectrograph for temperature measurement.
The sample temperature is measured by spectroradiometric technique wherein
incandescent light emitted by the heated sample is collected by the spectrograph (SPG) in a 400
nm spectral width (500 nm to 900 nm). The emitted thermal radiation is governed by the
Planck’s blackbody radiation law as given in Eq. 2.1 [15, 16].

2c 2 h
1
I v ( , T ) =  ( , T ) 5 
 hc  
 
 exp 
 − 1
 KT  


(2.1)

where I(,T), (,T), h, k and c are the observed spectral intensity, emissivity, Planck’s
constant, Boltzmann constant and speed of light respectively. Emissivity described in Eq. 2.1 is a
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function of pressure, temperature and wavelength. It is the ratio of radiation emitted from a real
body to the radiation from a black body at the same temperature in thermal equilibrium. Thus it
has a value of 1 for an ideal black body and between 0 and 1 for a real body. However the
knowledge of wavelength dependent emissivity of materials at HPHT conditions is not known.
To overcome this problem one has to parameterize emissivity along with temperature. The
parameterization of emissivity is made feasible by assuming a gray body approximation i.e.,
invariance of emissivity over measured wavelength range [17]. Furthermore, in a LHDAC
facility, the optical elements and their alignment have a crucial effect on the temperature
measurement and hence the incandescent radiation collected from the heated sample by the
LHDAC optics is given by

2c 2 h
1
I S ( , T ) = R( ) ( , T ) 5 
 hc  
 
 exp 
 − 1
 KT  


(2.2)

where R(λ) is the instrument spectral response function of the optical set up used for collecting
thermal radiation. The instrument spectral response function R(λ) of the optical set up is
prerequisite for carrying out temperature measurement. In order to determine R(λ), the
incandescent spectrum emitted by a standard calibration lamp (Istd) at a known temperature (Tstd)
is measured with the same optics as used in the actual experiment. The spectral intensity (Istd) is
mathematically divided by the spectral intensity calculated from Planck’s equation at Tstd in the
same wavelength range. The resulting quotient is the instrument spectral response function
(R(λ)). The raw spectrum collected in an experimental run at an unknown temperature (T) is then
divided by R(λ) to yield a corrected spectrum, which is subsequently fitted with the Planck
function to extract the temperature. In the present study, the temperature calibration was carried
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out using a quartz tungsten halogen (QTH) calibration lamp (Sciencetech, 24W, 250 V). Figure
2.7(a and b) shows the instrument response function R(λ) and the typical emission spectra of the
LHDAC set up respectively.
(a)

(b)

(c)

Fig. 2.7: (a) instrument spectral response (b) Typical observed experimental
incandescent spectrum and (c) comparison of QTH calibration lamp spectrum obsereved
in our setup with spectrum provided by the supplier.
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2.2.5. Melting study
2.2.5.1 Phenomenon of melting
The study of melting curve of materials under HPHT is of fundamental importance for
basic science as well as for geophysical reasons. Thermodynamically, a material is said to melt
when the Gibbs free energy of solid and liquid phase becomes equal for given pressure. The
temperature at which the Gibbs free energies become equal is called its melting temperature at
that pressure. At the melting temperature, the solid and liquid phase coexists in equilibrium. The
fraction of solid and liquid phase depends on the amount of heat energy supplied, called latent
heat.
Gsolid (P,Tm) = Gliquid (P,Tm)

(2.3)

where Gsolid and Gliquid are Gibbs free energy of solid and liquid phase respectively. P is pressure
and Tm is melting temperature at pressure P. Gibbs free energy is defined as

G = U + PV – TS

(2.4)

where U is internal energy, P is pressure, V is volume, T is temperature and S is entropy.
The Gibbs free energy of the material changes with pressure and results in variation of the
melting temperature of material with pressure.
Several melt criteria have been proposed in order to measure the melting temperature.
Instability caused by vibrational motion of two simple rigid sublattices against each other [18],
diminishing of the second derivative of lattice energy with respect to lattice spacing [19],
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minimization of pressure with volume change [20], structural order-disorder transition [21] and
failure of elastic resistance against a shearing stress [22] are the important melt criteria based on
atomic properties. Although most of these criteria are used for determination of melting
temperature in theoretical methods, they cannot be directly implemented for experimental
determination of melting temperature unless they are manifested in the form of observable
properties of solids. Hence several other criteria have been proposed for detection of onset of
melting in experimental measurements.

2.2.5.2 Detection of onset of melting in high pressure LHDAC experiments
There is a lack of agreement among the various HPHT studies on the measured melting
temperature. This reflects the experimental difficulty in precise identification of onset of melting
and its accurate measurement. The various criteria for detection of melting in high pressure
LHDAC experiments are listed below:
i.

Visual observation of the heated sample. This method however suffers from large errors
[23].

ii.

Slope change in the plot of laser power as a function of temperature resulting from the
different optical properties of the new phase formed upon melting [24].

iii.

Distinct change in reflectivity detected by a sharp change in the intensity of the reflected
signal measured by a photo diode [24].

iv.

Flash heating method in which distinct areas of the pressurized sample are subjected to
short single laser pulses of a few milliseconds duration with ascending/descending input
laser power. This results in a gradual change in temperature of these areas [25]. Scanning
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electron microscope (SEM) measurement is carried out on the post heated retrieved
sample wherein onset of melting is indicated by the first observation of bead formation
due to recrystallization. The corresponding incandescent spectrum is then used to
determine the melting temperature.
v.

In situ x-ray diffraction to look out for a signature of diffuse scattering from the liquid
phase [13,14].

vi.

Sharp jump in the resistance of the sample upon melting [26].

vii.

Laser speckle method wherein a defocused visible laser incident on the heated sample
surface creates a speckle interference pattern, as shown in Fig. 2.8, due to its surface
roughness [27, 28]. The onset of a continuous motion of this speckle pattern is inferred as
the melting point. The laser-speckle method enables one to distinguish between a solidliquid transition in which a continuous speckle motion is observed and a solid-solid
transition that shows up as an abrupt, discontinuous change in laser speckle pattern [29].

viii.

Temperature plateau method wherein the incident IR laser power is increased/decreased
in very fine steps leading to a corresponding change in the sample temperature. The plot
of sample temperature vs incident laser power shows a plateau that corresponds to a small
range of incident laser power for which sample temperature remains stable. This plateau
is attributed to the latent heat associated with solid to liquid phase transition.

In the present thesis work, flash heating, laser speckle and temperature plateau methods
have been adapted for determination of melting temperature. All the three methods have their
own advantages and limitations. It may be noted that the flash heating method, which is
performed in the millisecond time scale prevents any chemical reactions.
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Fig. 2.8: In situ photograph of laser speckle pattern form on solid sample inside DAC.
In addition, SEM analysis of the post heated sample distinguishes between pre-melting
and bulk melting of the sample unambiguously thus bracketing the melting temperatures within
±100 K. However the limitation of this technique is the necessity of multiple flash heating runs
at each pressure, each requiring fresh identical sample and the time consuming ex-situ sample
analysis techniques. Furthermore, it is not suitable for substances such as solid forms of gases
and liquids, which are irretrievable at ambient conditions, for SEM analysis. The speckle
method, on the other hand, attributes onset of melting to the motion of laser speckle due to
changes in surface texture of the sample during melting. However, surface modification during
pre-melting could also result in changes in speckle pattern. Hence this method can result in
underestimation of the melting temperature in some cases. The advantage of this method
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however is its suitability for all materials and the relative ease of measurement, since a single
sample loading is adequate to carry out melting temperature measurements at various pressures.
Although the temperature plateau method does not distinguish between solid-solid and solidliquid transition, it is useful in resolving the underestimation of the melting temperature due to
pre-melting. Furthermore, the simultaneous implementation of laser speckle and temperature
plateau method in determination of onset of melting has also been successfully adapted in the
present LHDAC facility.
The melting temperatures at ambient pressure of known elements like iron, tungsten,
tantalum etc., were determined in order to standardize the experimental set up. Figure 2.9 (a and
b) shows the SEM images of post heated iron sample by flash heating method. It may be noted
that the observed ambient melting temperature of 1747(75) K is in reasonable agreement with the
reported melting temperature of 1811 K for iron [30]. Melting temperature of gadolinium metal
(Gd) at ambient pressure using temperature plateau method has been determined as 1536 K as
shown in Fig. 2.10 which is in good agreement with reported melting temperature 1585 K [31].

Fig. 2.9: SEM image of post laser heated iron sample using flash heating method
depicting (a) emergence of textural changes (b) bead formation upon recrystallization.
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Fig. 2.10: Melting temperature determination of gadolinium (Gd) using temperature
plateau method.

2.3. Results and Discussion
The laser heating facility has been employed for material synthesis and melting
experiments under HPHT. The performance evaluation of this facility was carried out with
several benchmarking melting experiments on standard samples such as Fe, Pt, W etc. A few
recent material synthesis and melting studies carried out on materials at high pressures are
discussed in the next subsections.
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2.3.1 HPHT synthesis of metal nitride
Transition metal nitrides have received considerable attention in recent years due to their
remarkable physical properties, such as high melting point, low compressibility and high
hardness as compared to pure metal [32, 33]. Hence they are promising candidates in the search
for superhard materials. Among them, GaN with direct band gap of 3.4 eV is extensively used
for light emitting diode (LED), optoelectronic application, laser diode, high power and low
frequency device applications etc. GaN has been reported to crystallize in the wurtzite structure.
Gallium metal does not react with nitrogen at ambient conditions. Hence reaction of gallium
metal or gallium oxide (Ga2O3) with ammonia is commonly used for synthesis of GaN.
Similarly, prediction of superconductivity in molybdenum nitride has led to an extensive study of
its synthesis [34]. Molybdenum nitride has been reported to crystallize as δ-MoN in hexagonal
structure (SG: P63/mmc) and γ-Mo2N in ordered NaCl structure (SG: Fm-3m) [35]. Both these
compounds possess high bulk modulus and show superconductivity at low temperatures. These
results motivated us to carry out HPHT synthesis of GaN and γ-Mo2N by direct chemical
reaction between elemental gallium and molybdenum with molecular nitrogen at HPHT.

2.3.1.1 HPHT Synthesis of GaN
Mao-Bell type DAC in conjunction with LHDAC facility was employed for synthesis of
GaN. Gallium metal foil of thickness ~10 µm and diameter ~80 µm, along with a few ruby balls
(~10 µm), was loaded into a 125 µm diameter hole of a hardened stainless steel gasket
preindented to a thickness of 50 µm. Liquid nitrogen was loaded in the DAC by cryogenic
immersion method. It acted as the PTM as well as reactant for the nitride synthesis. The DAC
was then pressurized to 9 GPa. Pressure measurement was carried out by ruby fluorescence
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method. On focusing the NIR laser on the gallium foil, bright thermal radiation, emitted by the
heated sample, was observed on the visual CCD (CCD2) indicating good coupling of the sample
with the laser. The sample was laser heated at 35 W input laser power for 90 minutes. A watercooling jacket arrangement for the piston cylinder of the DAC prevented the DAC body from
heating up. The sample temperature was recorded in time interval of 10 minutes by
spectroradiometry. As is evident from Fig. 2.11 the sample temperature decreased with time up
to 60 minutes from its initial value of 1925 K and thereafter became constant.

Fig. 2.11: Sample temperature as a function of time.

This indicates a change in the IR laser coupling with the sample and could be an indirect
indication of completion of chemical reaction of Ga with N2. This is also evident from in situ
photographs of incandescent light emitted by the sample at time t=0 and t=30 minutes as shown
in Fig. 2.12 (a and b) respectively.
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(a)

(b)

Fig. 2.12: In situ photograph of incandescent light emitted by sample at a) time t=0 and
b) t=30 minutes.

Raman spectrum of the pressurized sample was recorded both before and after heating. Raman
measurements prior to heating as depicted in Fig. 2.13a shows only nitrogen modes. Raman
spectrum of the post laser heated sample as shown in Fig. 2.13b is in good agreement with that of
Raman modes of GaN in wurtzite phase indicating the synthesis of GaN. ADXRD measurements
on the post heated sample was performed at BL 11 beamline of INDUS 2 synchrotron, Indore,
India. Le bail refinement of ADXRD data as shown in Fig. 2.14 confirms the synthesis of GaN in
wurtzite phase [36].
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(a)

(b)

Fig. 2.13: a) Raman spectra of (a) Ga +N2 system before laser heating at 9 GPa at
ambient temperature shows the Raman active nitrogen modes and (b) Temperature
quenched heated sample after laser heating at 9 GPa and 1925 K.
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Fig. 2.14: Le Bail fit ADXRD pattern of the retrieved sample after laser heating.

2.3.1.2 HPHT Synthesis of γ-Mo2N
Mao-Bell type DAC in conjunction with LHDAC facility was employed for synthesis of
γ-Mo2N. A molybdenum foil of thickness ~10 µm and diameter ~100 µm, along with a few ruby
balls (~10 µm), was loaded into a 150 µm diameter hole of a hardened stainless steel gasket
preindented to a thickness of 60 µm. Liquid nitrogen was loaded in the DAC by cryogenic
immersion method. It acted as the PTM as well as reactant for the nitride synthesis. The DAC
was pressurized to 7 GPa. Pressure measurement was carried out using ruby fluorescence
method. On focusing the NIR laser on the molybdenum foil, bright thermal radiation, emitted by
the heated sample, was observed on the visual CCD (CCD2) indicating good coupling of the
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sample with the laser. The sample was laser heated at 30 W input laser power for 600 sec. A
water-cooling jacket arrangement for the piston cylinder of the DAC prevented the DAC body
from heating up. The sample temperature was determined to be 2000 K by spectroradiometry.
Raman spectrum of the pressurized sample was recorded both before and after heating. Raman
measurements prior to heating as depicted in Fig. 2.15a shows only nitrogen modes. Raman
spectrum of the post laser heated sample as shown in Fig. 2.15b is in good agreement with that of
Bull et al [37] indicating the synthesis of γ-Mo2N. Although ADXRD measurements could not
be carried out on the post heated sample, the synthesis of γ-Mo2N is clearly inferred from the
Raman data.

(a)
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(b)

Fig. 2.15: Raman spectra of (a) Mo +N2 system before laser heating at 7 GPa at ambient
temperature. Inset shows the Raman active nitrogen modes and (b) recovered heated
sample after laser heating at 7 GPa and 2000 K.

2.3.2 Melting curve of KBr up to 24 GPa
The determination of melting curve of material under compression is technically difficult
and challenging both for experimentalists and theorists. There have been significant
discrepancies among the various reported studies on the melting curves of important materials
[38]. Furthermore, the high pressure melting behaviours of compounds are relatively unexplored.
Hence knowledge of the atomic bond dependent melting behaviour of solids can provide vital
inputs for future theoretical models.
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In the present study we have carried out high pressure melting experiments on the alkali
halide “KBr”. The high pressure behaviour of KBr is fairly simple with only two known phases
viz., B1 phase (SG: Fm-3m) in the pressure range of ambient to 2.3 GPa and a B2 phase (SG:
Pm-3m) at higher pressures [39]. The high pressure melting behaviour of KBr upto 4.0 GPa has
been reported using piston cylinder apparatus and Pt/Pt10%Rh thermocouple for temperature
measurements [40]. Boehler et al have reported high pressure melting study of KBr using
LHDAC up to 35 GPa wherein the onset of melting was detected by an abrupt change in the IR
laser absorption by the sample [41]. However the limitation of this technique is that it does not
distinguish between solid-solid and solid-liquid transition, as the sample absorption may also
change upon solid-solid transition. Hence in the present study, laser speckle method, which
distinguishes between solid-solid and solid-liquid transition, has been employed to investigate
the high pressure melting behaviour of KBr [29].
High pressure LHDAC based melting experiments on KBr was carried out using a MaoBell type DAC with a 400 µm culet. A tungsten gasket preindented to 50 µm with a 150 µm
central hole formed the sample chamber and KBr itself served as the PTM as well as the buffer
medium for thermal insulation. A tungsten (W) foil (~ 80 µm diameter, ~ 10 µm thickness)
loaded along with the sample acted as the NIR laser coupler. Pressure measurement was carried
out by ruby fluorescence method at ambient temperature. Thermal emission spectra was
collected in fine steps of input laser power using the crossed polarizers (PBS1 and PBS2) and /2
waveplate (WP) assembly together with a video recording of the speckle pattern to determine the
onset of melting. Temperature measurement was carried out by spectroradiometry. For accurate
results, temperature was measured at the onset of laser speckle motion during melting while
increasing the laser power and at the disappearance of laser speckle motion during freezing while
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decreasing the laser power. The reported melting temperature is the mean value of temperatures
measured for multiple melting and freezing cycles at a given pressure. Figure 2.16 shows a
typical Planck fit to the collected incandescent spectrum. The variation of melting temperature
with pressure as shown in Fig. 2.17 is in good agreement with the previously reported result [41].
The present work thus provides the melting curve of KBr using a complimentary melting
temperature detection method and hence the results provide a standardized melting curve of KBr
that can be used for validation of theoretical models for ionic compounds.

Fig. 2.16: Planck fit to a typical incandescent spectrum of laser heated KBr corrected for
instrument spectral response. The fitted gray body curve (solid red line) yields a
temperature of 1844 K. The red dotted curves indicate the confidence interval yielding a
temperature uncertainty of 20 K.
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Fig. 2.17: Experimental melting curve of KBr upto 24 GPa. The available literature data
are shown in the figure for comparison.

2.4. Conclusions
A state of the art laser heated diamond anvil cell facility has been commissioned at High
Pressure & Synchrotron Radiation Physics Division, Bhabha Atomic Research Centre and
optimized for carrying out material synthesis and melting studies on materials at high pressures.
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Chapter 3
High Pressure Melting Curve of Osmium
Osmium (Os), which adopts a hexagonal closed packed structure, is one of the unique
element of the periodic table with exceptional properties, such as highest density among
elements, very high cohesive energy, high melting temperature and a bulk modulus that is almost
comparable to that of diamond under ambient temperature and pressure conditions [1-10]. These
superlative properties of osmium render it suitable for a variety of applications where durability
is the foremost requirement e.g., electrical contacts, wear-resistant machine components, tips for
high-quality ink pens, medical devices and armor-piercing weapon shells. Its extraordinarily high
bulk modulus and low thermal expansion also make osmium a potential candidate for the
synthesis of promising superhard materials [11].
The bulk modulus of Os was reported experimentally by Cynn et al to be 462 GPa,
which is higher than that of diamond (B0 = 446 GPa) [3]. However first principles calculations
and reanalysis of the experimental data of Cynn et al by Joshi et al dismissed this claim and
showed that the bulk modulus of Os is comparable with, but not more than that of diamond [3,
12]. Subsequent experimental and theoretical studies have reported a bulk modulus for Os
ranging from 392 to 476 GPa suggesting that the bulk modulus of Os is large, but still smaller
than that of diamond [4-7, 12-14]. The interest in Os has been further impelled by the
observation of a discontinuity in the pressure derivative of the axial ratio (c/a) around 25 GPa,
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which has been attributed to a pressure-induced isostructural Lifshitz transition [4, 15, 16]. A
recent experimental and theoretical study however reports that Os retains its hexagonal closepacked structure to over 770 GPa with anomalies in the axial ratio at 150 and 440 GPa [2]. These
anomalies have been attributed to a topological change in the Fermi surface for valence electrons
and to an electronic transition associated with the pressure induced interaction between core
electrons respectively [2]. Subsequent synchrotron based angle dispersive x-ray diffraction
(ADXRD) study up to 207 GPa however do not indicate any anomaly in c/a ratio at 25 and 150
GPa [1].
Despite these interesting observations and extensive high pressure investigations on Os,
to the best of our knowledge, there have been no experimental report till date on the high
pressure melting curve Tm(P) of Os. It may be noted that the ambient pressure experimental
melting temperature of Os with 99.5 % and 99.7% purity was reported to be 3283 +/- 10 K and
3318 +/- 30 K respectively [17, 18]. Using available literature values of melting temperature as a
function of purity, Arblaster estimated the ambient pressure melting temperature of Os with
100% purity to be 3400 +/- 50 K [19]. Theoretical studies have also been reported to establish
the melting curve of Os at high pressures and to obtain its melting slope using various
approaches [13, 20-24]. Among them, the most recent ab initio quantum molecular dynamic
(QMD) simulations using Z method have computed its melting point at eight different pressure
points up to 500 GPa. [13]. Theoretical melting curve of Os up to 800 GPa has been reported
using first-principles calculations with a prediction of the shock melting around 450 GPa and
9200 K [22]. This value is much smaller than the calculated melting temperature of 13400 K
reported by Z method [13].
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Establishment of an experimental melting curve for osmium would resolve the observed
discrepancies in the various reported theoretical melting studies. The present chapter reports the
experimental melting curve of osmium up to 35 GPa using an air cooled Yb fibre laser based
laser heated diamond anvil cell (LHDAC) facility [25].

3.1 Experimental Details
High pressure LHDAC based melting experiments were performed using an indigenously
developed Mao-Bell type DAC having 400 µm culet [25]. Sample of thickness ~10 µm was
obtained by pressing a small flake of Os foil (purity 99.8%) between the two culets of DAC. The
sample chamber, which is a tungsten gasket with pre-indentation thickness of 50 µm with a 150
µm diameter hole, was completely filled with Al2O3 powder (purity, 99.9%), which was dried in
a furnace at 400 oC for 24 hrs prior to loading. The DAC was then pressed for compaction. A
shallow pit was then scooped in the Al2O3 layer into which Os foil of size ~100 µm was loaded
(as seen in Fig. 3.1). A thin layer of Al2O3 was placed over the sample to ensure thermal
insulation of the sample from the diamond. A few ruby balls of ~10 μm in diameter were also
placed in the sample chamber for pressure calibration. Pressure measurement was carried out
using ruby fluorescence method at room temperature. Temperature measurement was carried out
by spectroradiometry in the 500-900 nm wavelength range, by fitting the spectral intensity,
collected from a ~3 μm area in the centre of the hot spot, to the Planck’s blackbody radiation
law, as given in Eq. 2.1 of Section 2.2.4, assuming a gray body approximation i.e., invariance of
emissivity over the measured wavelength range.
The melting temperature at each pressure was determined using laser speckle method by
illuminating the laser heated spot with a defocused green laser [25]. The onset of melting is
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indicated by the motion in laser speckle pattern, resulting from local changes in the refractive
index. The accurate melting temperature was determined by collecting the thermal emission
spectra in fine steps of input laser power using two crossed polarizers and a /2 waveplate
assembly along with a video recording of the speckle pattern [25]. The reported melting
temperature at each pressure is the arithmetic mean of melting temperatures measured for
multiple heating and cooling cycles. Raman measurement was carried out on the post heated
sample to ensure the chemical inertness of the Al2O3 at HPHT.

Fig. 3.1: Image of sample chamber containing osmium, ruby ball and PTM.

3.2 Results and Discussion
Figure 3.2 shows pressure dependent melting curve of Os obtained from the present
measurements together with the available theoretical melting curves for comparison [13, 22].
The ambient melting temperature (T0) for the present measurements was considered as 3400 +/50 K [19]. Simon-Glatzel equation as described in Eq. (3.1) was used to fit the experimental
melting data.
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1
 

  P − P0    C 
Tm = T0 1 + 
 
  A 

(3.1)

where Tm and T0 are melting temperatures at the experimental pressure point (P) and at ambient
pressure (P0) respectively and A and C are the Simon-Glatzel fitting constants. The fitting
constants (A and C) and ambient melting temperature (T0) obtained for the present
measurements are tabulated in Table 3.1 along with the fitting parameters of reported theoretical
melting curves [13, 22].

Fig. 3.2:

Comparison of the experimental melting curve of Os and the

corresponding Simon-Glatzel fit in pressure-temperature coordinates with the
various theoretical formalisms described in the text. The inset shows the
corresponding melting curve up to 500 GPa showing the Hugoniot melting point of
Ref. [22].
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Table 3.1: Comparison of the Simon-Glatzel fit parameters obtained in the present study with
that reported by various theoretical formalisms described in the text.

T0 in (K)

Simon-Glatzel Fit Parameters

Tm at 450 GPa
(K)

A in (GPa)

C

Present study

3405(26)

29.2(113)

2.01(56)

13700

Z- Method

3370(75)

36.065

1.89

13400

3463(67)

101.9(107)

1.67(6)

9200

Ref.[13]
Ab-initio Ref. [22]

It may be noted that the smooth behaviour of the experimental curve rules out any solid-solid
transition in the sample. Furthermore, the laser speckle technique employed for detecting the
onset of melting reiterates the absence of any solid-solid transition in osmium up to the melting
temperature. Interestingly, as evident from Fig. 3.3, the melting line of Os is seen to cross that of
W around 6 GPa making it the most refractory metal [27, 28]. Table 3.2 compares the melting
slope of Os with that of some reported hcp phase metals [28-31]. The melting slope obtained in
the present study has been tabulated and compared with the available theoretical melting slopes
in Table 3.3 [13, 20-24]. It may be noted that Kulyamina et al have extrapolated the available
experimental isobaric heating data on Os and obtained their melting slope [20, 21]. In view of the
fact that experimental values of ΔVm and ΔSm are not available, their usage of estimated values
could be the possible reason for deviation of their melting slope from the present study.
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Fig. 3.3: Comparison of melting curve of Os with Re [28] and W [27].

Table 3.2: Comparison of ambient pressure melting temperature and melting slope of some hcp
phase metals: Os [present study], Re [28], Mg [29], Zn [30] and Cd [31].

Melting point
(K)
Melting slope
(K GPa-1)

Os

Re

Mg

Zn

Cd

3400

3453

923

690

594

58

17

6

50

45
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Table 3.3: Experimental melting slope compared with that reported by various theoretical
formalisms described in the text.

Present

Ref. [13]

Ref. [22]

Ref. [21]

Ref. [23]

Ref. [24]

49.5

20.3

40.4

65

53.4

study

 Tm 

 (K GPa-1)
 P  P=0

58

It is evident from Fig. 3.2 that the melting curve determined by Z method shows good
agreement within theoretical and experimental errors with that obtained in the present study.
However, the ab initio melting curve of Joshi et al, when compared with the extrapolated SimonGlatzel fit of the present study, is seen to underestimate the melting temperature [22]. The
extrapolated melting temperature at 450 GPa, described as the Hugoniot melting point, is listed
in Table 3.1. It may be noted that Burakovsky et al have attributed the underestimation of the
melting temperatures by Joshi et al to their unphysical choice for the density dependence of the
Grüneisen parameter [13, 22].
This implies that the determination of Grüneisen parameter (γ(ρ)) is important to get an
insight into the melting phenomenon. Dongquan and Wanxing have reported an analytical model
γ(ρ) = γ0 (ρ0/ρ) + (2/3)(1- ρ0/ρ)δ, where γ(ρ) approaches the value (2/3) at very large compression
and the equation reduces to γρ ~ constant at small compression [32]. Recently Burakovsky et al
[33] proposed an analytical model given as

 ( ) =

1 1

+ 1 + 2q
2  3 

80

(3.2)

Chapter 3: High pressure melting curve of Osmium
which asymptotically reduces to (1/2) as ρ→∞. The value of (1/2) for γ(ρ), at very large
compression, is obtained on the assumption that crystal reduces to one component plasma (OCP)
when density increase, upon compression, reaches 10 fold or higher. Using this model, γ(ρ) was
computed by considering three limiting case of γ(ρ) and using Lindemann melting criteria as
given in Eq. (3.3).

 ( ) =

1 d ln Tm ( ) 1
+
2 d ln 
3

(3.3)

Based on the analytical model described in Eq. 3.2, γ(ρ) has been determined using two
approaches in the present study. In the first approach, model parameters (γ1, γ2 and q ) were
calculated using the experimental melting slope (dTm/dP), as determined by the Simon- Glatzel
fit, by imposing the following three conditions viz.,

Condition 1: For ρ→∞, γ(ρ) → OCP limit and Lindemann melting criteria reduces to


 2   4 
 6
exp  ( 11 ) +
(q )  = 
 3V 
3
q




m
 m
  m

1

3

 e2 Z 2  1


 KTm  m

(3.4)

where Vm, ρm Tm, K, e, Z and Γm are unit cell volume at melt, density at melt, melting
temperature of Os, Boltzmann constant, electron charge, atomic number and OCP coupling
parameter of Os at melt respectively. The value of the OCP coupling parameter at melt (m) for
Os was considered as 175 in the present study [34, 35].
Condition 2: At ambient pressure and temperature, the experimental value of γ(ρ) is 2.12 [36].
Thus Eq. (3.2) reduces to
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1


+ 11 + 2q = 2.12
2 0 3 0

(3.5)

where (ρ0 = 22.59 g/cm3) is the density of Os at ambient condition [19]

Condition 3: Equating γ (ρ) from Eqs. (3.2) and (3.3) at melting point, we get

1


1    dT  1
+ 11 + 2q =  m  m  +
2 m 3 m
2  Tm  d m  3

(3.6)

where ρ0, ρm, Tm are the density of Os at ambient temperature, density of Os at melting point and
melting temperature of Os respectively. The melting slope (dTm/dρm) was determined from Eq.
(3.7) using the experimental melting slope (dTm/dP) as determined from the Simon- Glatzel fit

dTm  Bm  dTm 

=

d m   m  dP 

(3.7)

where Bm and dTm/dP are ambient pressure bulk modulus at melt and the experimental melting
slope of 58 K/GPa respectively. The value of ρm and Bm were determined from temperature
modified values of V0 and B0 from Eqs. (3.8) and (3.9) respectively




V (T ) = V0 exp   0T + 1 T 2 
2



B (T ) = B0 +

dB0
(T − 300)
dT
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where 0 is the ambient pressure thermal expansion coefficient, 1 is the first temperature
derivative of thermal expansion coefficient, B0 is the ambient temperature bulk modulus and
dB0/dT is the temperature derivative of the bulk modulus. The values of 0, 1, B0 and dB0/dT
were considered as 1.48 x 10-5 K-1, 5.2 x 10-9 K-2, 421 GPa and -0.054 GPa K-1 respectively [6].
The values of model parameters (γ1, γ2 and q) determined by solving Eqs. (3.4), (3.5) and (3.6)
simultaneously are tabulated in Table 3.4.
In this context it may be noted that, in absence of any report for experimental melting
slope for Os, Burakovsky et al had assumed that γ1 satisfies the γ1 = γ1 (Z) systematic, where Z
is the atomic number, and hence fixed the value of γ1 as 3.06 (g/ cm3)1/3 for solving the Eqs. (3.4)
and (3.5) simultaneously [33]. This essentially implies that the computation of their model
parameters (γ1, γ2 and q) were based on Condition 1 and Condition 2 only. In order to eliminate
the OCP dependence on the model parameters, as a second approach, we have applied Condition
2 and Condition 3 together with the assumption of γ1 as 3.06 (g/cm3)1/3. This essentially implies
that, except for γ1, the computation of the other two model parameters viz., γ2 and q, as tabulated
in Table 3.4, are based on experimental data. The variation of γ(ρ) as a function of 0/ is shown
in Fig. 3.4 wherein two regions have been marked. In region I, it is observed that the curves
obtained from both the approaches considered in present study (curves (a) and (b)) overlap. They
are however deviated from the theoretically calculated curve (c) in the ρ 0/ρ range of 0.5 to 1.0
[13]. In view of the fact that the value of γ1 computed in the present study is same as that
considered by Burakovsky et al

we conclude that the variation of γ(ρ) in this region is

predominantly dependent on (γ2 /ρq), which is the third term of Eq. (3.2) [13]. It may also be
noted that the value of (γ2/ρq) in the present study differs from that obtained by Z method by ~22
% at ambient density (ρ0/ρ = 1) [13].
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Table 3.4: Comparison of the model parameters obtained in the present study with Ref. [13].

Model parameter

Present study

Ref. [13]

1st approach

2nd approach

γ1 in ( g/cm3)1/3

3.063

3.060

3.060

γ2 in (g/cm3)q

1.35 x 108

1.31 x 108

4.1 x 1015

q

6.20

6.19

11.8

Fig. 3.4: Density dependence of the Grüneisen parameter obtained in the present
study compared with that of Ref. [13].
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In view of this, the coincidence of the three curves (a, b and c) in Region II leads us to conclude
that γ(ρ) in this region is virtually independent of higher order density term, i.e., (γ2/ρq). The
above observations, in conjunction with the reported Z dependence of γ1, lead us to conclude that
the Grüneisen parameter γ(ρ) is dependent only on Z at very high compression [33].

3.3 Conclusions
The melting curve of Os has been determined up to 35 GPa and 5800 K using the laserheated diamond anvil cell experiments employing laser speckle method for accurate detection of
onset of melting. The density dependence of Grüneisen parameter (γ(ρ)) has been determined
analytically, using the experimentally obtained melting slope, by adopting two approaches. The
study leads us to conclude that the Grüneisen parameter is dependent only on Z at very high
compression. The experimental melting curve obtained in the present study would provide an
important database for a definitive understanding of the phase diagram of Os and for developing
and testing condensed matter theories describing the equation of state, melting and phase
stability, which could be of immense fundamental scientific interest.
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Chapter 4
Synthesis of Unconventional Stoichiometric Compounds
in the K−Br System at High Pressures
Attaining the nearest closed-shell electronic configuration is the tendency of all maingroup elements during chemical synthesis of compounds. Alkali atoms have one extra electron in
their valence shell whereas halogen atoms lack one electron to attain the nearest noble gas
valence shell electronic configurations. As a result, the alkali atoms react, via electron exchange,
with the halogen group of elements. During this chemical reaction, alkali atom donates an
electron to the halogen atom to form a positive ion with charge +1 and the halogen atom, by
accepting one electron, becomes a negatively charged ion with charge -1. The electrostatic
attraction between the alkali and halogen ion result in ionic bonding in alkali halides. Alkali
halides considered as prototype ionic solids crystallize in one of the two known crystal structure
viz., NaCl structure (B1) having fcc lattice (SG: Fm-3m) with atomic positions Na at (0 0 0) and
Cl at (1/2 1/2 0) or CsCl structure (B2) having simple cubic lattice (SG: Pm-3m) with atomic
position Cs (0 0 0) and Cl (1/2 1/2 1/2), at ambient pressure and temperature. At high pressures
all the alkali halides are known to transform to the B2 structure. Apart from these AX
stoichiometric compounds, where A stands for alkali element and X stands for halogen, few
counterintuitive alkali trihalides, i.e., AX3, were synthesized recently [1, 2]. Furthermore, higher
polyhalides, i.e., AXn with n>3, are not known in whole alkali halogen system.
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First-principles studies in recent past have proposed the formation of unconventional
stoichiometries at high pressures in alkali halogen system as well as other isostructural alkali
hydrogen systems [1-3]. NaCl3, lithium polyhydrides and KCl3 are notable examples of such
compounds which have been synthesized at high pressures and high temperatures in the
diamond-anvil cell (DAC) based experiments [1-3]. Interestingly, alkali hydrides show a high
pressure behaviour similar to alkali halide, i.e., B1 to B2 transition, and some of the proposed
alkali polyhydrides are predicted to be high temperature superconductors [4]. The experimental
realization of more such compounds and possible synthesis of higher polyhalides AXn , where
n>3, will enrich our understanding of the solid state chemistry of these simple elements and their
compounds at high pressure high temperature (HPHT) conditions; especially their reactions and
selectivity of different paths. With the above motivations, high temperature and high pressure
studies on K-Br system was initiated.
It may be noted that, to date, potassium bromide (KBr) is the only known stoichiometric
compound in the K-Br system. KBr exists in the rocksalt-type structure (B1 phase) at ambient
conditions and transforms to the cesium chloride-type structure (B2 phase) above 2.0 GPa [5]. In
this chapter the synthesis and characterization of two new stoichiometric compounds viz., KBr3
and KBr5 in K-Br systems above 2 GPa and 6 GPa at room temperature respectively have been
reported. The high pressure behaviour of these compounds and high pressure and and high
temperature stability of KBr5 would be discussed.

4.1 Methodology
4.1.1 Experimental Method
High pressure experiments were performed using an indigenously developed Mao-Bell
type DAC having 400 µm culet and ruby as pressure gauge. Prior to loading in the DAC, KBr
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powder (purity, ~ 99.99%) was dried in a furnace at 200 oC for 24 hrs. Tungsten gaskets with
pre-indentation thickness of 50 µm and 150 µm diameters hole were used. A small pit was made
at the centre of compacted KBr. Bromine was directly loaded into the KBr pit and the DAC was
immediately closed. Due to the high vapour pressure of Br, its exact volume loaded in the DAC
could not be estimated. Pressure measurements were carried out using both ruby fluorescence
with pressure uncertainty of 0.1 GPa, and the equation of state (EOS) of KBr, with pressure
uncertainty of 0.2 GPa [5].

High pressure angle dispersive x-ray diffraction (ADXRD)

measurements were carried out at the extreme condition x-ray diffraction (ECXRD) (BL-11)
beamline of Indus II synchrotron source, India [6] and Xpress beamline of the Elettra
synchrotron source, Italy [7]. The sample to detector distance and the image plate orientation
angle were calibrated using CeO2 as standard. The x-ray data was collected using MAR345
detector. The 2D images were converted into intensity versus diffraction angle (2) plots
through radial integration using FIT2D software [8]. The lattice parameters were determined by
carrying out multi-phase Le Bail refinement using GSAS [9]. We could perform only Le Bail
refinement due to the spotty and textured nature of the diffraction images. The typical R p and
wRp of the Le Bail fit were 2% and 3%, respectively. Raman measurements were carried out in
backscattering geometry using a triple stage micro-Raman spectrometer (Jobin Yvon T64000).
This set up is equipped with a liquid nitrogen cooled CCD detector and the excitation laser has a
wavelength of 532 nm.
Laser heated HPHT experiments were carried out using the LHDAC facility described in
Chapter 2 of this thesis [10]. The sample temperature was measured by spectroradiometry
technique wherein the thermal radiation emitted by the hot sample is collected in a 400 nm
spectral width. This technique has been described in detail in Chapter 2 of this thesis.
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4.1.2 Theoretical Method
In order to determine the stoichiometries and related crystal structures, first-principles
crystal structure searches were performed using the USPEX code [11-13] in combination with
VASP code [11, 14-16]. These calculations were performed at 0, 4, 8 and 12 GPa allowing all
possible combinations of number of atoms in the unit cell. For most of the simulations, the
number of atoms were allowed to take values from 8 to 16 in the unit cell. In principle, variablecomposition searches can find out stable stoichiometries and their structures, but variable
compositions calculation did not yield a structure which agreed with both Raman and XRD data
of the compound formed in the second chemical reaction; hence fixed stoichiometry searches
were carried out in this case. Structural search with 24 atoms (for 1:3 composition) was
performed only at 15 GPa as none of the earlier structures showed agreement with post laser
heated experimental data. Structural optimizations, total energy and electronic band structure
calculations were done using Perdew-Burke-Ernzerhof (PBE) exchange-correlations [17]. Core
and valence electrons interaction was treated by the all-electron projector augmented wave
(PAW) method with K: 3p6, 4s1 and Br: 4s2, 4p5 valence electron configurations. In structural
searches, the plane wave basis set was constructed with an energy cut-off of 400 eV and
reciprocal space integrations were performed using Monkhorst-Pack method with 2 × 0.05 Å-1
grid spacing. Most important structures were re-optimized using an energy cut-off of 500 eV and
reciprocal space sampling with 2 × 0.02 Å-1 grid spacing. Electronic properties were
investigated by calculating valence charge density, Bader charge [18], electron-localization
function (ELF) [19], electronic density of state function and crystal orbit Hamiltonian
populations (COHP) [20-22]. Phonon calculations were performed using the QUANTUMESPRESSO code [23]. Phonon calculations used the “von Barth-Car” (VBC) norm conserving
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pseudopotential, as supplied by the code, with Perdew-Zunger exchange-correlation [24]. The
charge density and ELF data were rendered using XCrySDen code [25].

4.2 Results and Discussion
Figure 4.1 shows the room temperature pressure evolution of Raman spectra of KBr +
Br2 sample. Raman modes of only bromine are visible up to 2.0 GPa. The bromine Raman
modes (at 2.0 GPa) are located at 149.0(6), 287.1(2) and 300.1(1) cm-1, in agreement with the
previous measurements [26, 27]. Clearly, these observations rules out a chemical reaction
between KBr and Br2 up to this pressure. It may also be noted that Br2 does not show a phase
transition up to ~ 80 GPa [26]. Furthermore, KBr shows a B1 to B2 phase transition but the B2
phase is Raman inactive, similar to the B1 phase [5].
Above 3.0 GPa, the sample becomes visually black in colour (Fig. 4.2) and twelve new
well resolved Raman modes appear in the Raman experiments (Fig. 4.3a). Appearance of these
modes clearly indicate the formation of a new compound, but possibility of this compound being
a high pressure phase of reactants was ruled out as the new Raman modes could not be assigned
to them [5, 26, 27]. Thus it was inferred that a new compound is formed as a result of a chemical
reaction between KBr and Br2. Naturally, this compound will lie at the bromine rich side of the
K-Br composition line. Frequencies of the new Raman modes at 3.2 GPa are 53.4(2), 56.9(1),
68.2(1), 76.5(2), 102.1(4), 112.8(3), 123.5(3), 127.0(6), 150.8(2), 156.1(1), 233.7(1) and
212.8(1) cm-1. These modes showed normal behaviour with pressure, i.e., frequency increase
with pressure (Fig. 4.3b).

Formation of a new crystalline compound (say, Kx1Bry1) was

reconfirmed by the x-ray diffraction experiments which showed new Bragg peaks, apart from
KBr (B2 phase) and solid bromine peaks, in the diffraction pattern (Fig. 4.3c). This compound
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was stable in the pressure range of 3−6 GPa, at room temperature. This compound remained
stable up to pressures of less than 1 GPa during the pressure release experiments.

Fig. 4.1: Pressure evolution of in-situ Raman spectra of KBr + Br2

Fig. 4.2: Image of sample chamber showing visual change in sample colour at 3.2
GPa.
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Fig. 4.3: Structural and vibrational properties of the newly synthesized compound
KBr3 (SG: Pnma). (a) Experimental and theoretical Raman spectra, (b) pressure
variation of Raman mode frequencies. Filled circles show experimental points
and filled diamond show theoretical points, (c) Le-Bail fit of the pressure release
run of ADXRD data.

Above 6.0 GPa, nine additional well resolved Raman modes appeared (Fig. 4.4a). Intensities of
these modes grew with time. However intensities of the earlier observed twelve new modes and
bromine modes decreased with time. This observation indicates a simultaneous consumption of
both Kx1Bry1 and Br2 and the synthesis of another compound (say, Kx2Bry2) progressively. The
frequencies of these modes at 8.2 GPa are 84.4(2), 95.5(1), 116.1(2), 125.1(1), 134.2(2),
149.9(1), 162.0(1), 186.2(1) and 199.2(1) cm-1. Pressure variation of these modes is shown in
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Fig. 4.4b. The x-ray diffraction experiments reconfirmed the formation of a new crystalline
compound (Fig. 4.4c).
a)

b)
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Fig. 4.4: Structural and vibrational properties of the newly synthesized compound
KBr5 (SG: P21). (a) Experimental and theoretical Raman spectrum, (b) Pressure
variation of Raman mode frequencies. Filled circles show experimental points
and filled diamond show theoretical points, (c) Le-Bail fit of ADXRD data at 12
GPa.

Unlike the first reaction, the second reaction progressed at a much slower rate and it took several
hours to complete. The time evolution of the various modes, under constant applied load, is
shown in Fig. 4.5a. This compound is also expected to lie in the bromine rich side of the K-Br
composition line. During the commencement of the second reaction, the sample chamber
pressure increased continuously with time. Time evolution of the sample chamber pressure was
monitored in several runs and the pressure was always found to increase by about 2−3 GPa (Fig.
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4.5b). In these measurements, the sample pressure was measured from the same ruby ball
throughout the run at constant applied external load. To the best of our knowledge, this type of
direct observation of pressure increase has not been reported so far. In view of the fact that DAC
experiments are carried out at isothermal conditions, this observation implies the direct release of
internal energy change into mechanical work. This compound remained stable up to the highest
pressure of 24 GPa achieved in the present room temperature study. It may be noted that the
present experiments were carried out under non-hydrostatic conditions. However due to the soft
nature of both KBr and bromine, the deviatoric stresses are expected to be small in the pressure
range covered by the experiments and therefore not a determining factor for the chemical
reactions observed [28].
a)

99

Chapter 4: Synthesis of unconventional stoichiometric compounds in the K−Br
system at high pressures
b)

Fig. 4.5: (a) Time evolution of in-situ Raman spectra of KBr5, KBr3 and Br2 from
a fixed sample position. Peaks marked with blue, red and green are guide to eye
for high intensity Raman modes corresponding to KBr3, KBr5 and Br2,
respectively at time t = 0 and (b) increase of sample chamber pressure with time
due to formation of the second stage compound, KBr5.

For compound Kx1Bry1, the orthorhombic structure (SG: Pnma) of KBr3 stoichiometry
gave good agreement to the experimental x-ray diffraction pattern as shown in Fig. 4.3c.
Calculated Raman frequencies and their pressure variation show reasonably good agreement
with the experimental results (Figs. 4.2a and 4.2b). Calculated formation enthalpies also support
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the existence of this compound at the experimental pressures (Fig. 4.6a). Interestingly, the
proposed structure is same as the ambient structure of CsI3 [29]. Recently, similar structure was
also reported in NaCl3 [1]. But unlike our work, the formation of NaCl3 was observed at much
higher pressures and higher temperatures. Calculated pressure-volume (PV) EOS and lattice
parameters are in reasonably good agreement with the experimental results (Fig. 4.6b and 4.6c).
Phonon dispersion calculations yield all frequencies positive indicating vibrational stability of
the compound (Fig. 4.6d).
a)
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c)
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Fig. 4.6: (a) Formation enthalpies in different reactions for KBr3, Enthalpies are
given per atom. (b) Experimental (filled symbols) and theoretical (lines)
equations-of-state, along with (c) pressure variation of theoretical (lines) and
experimental (symbols) lattice parameters of orthorhombic KBr3. (d) Phonon
dispersion curves and phonon density of states (PHDOS) for orthorhombic KBr3
at 4 GPa.

For Kx2Bry2 compound, the monoclinic structure (SG: P21) with KBr5 stoichiometry as
shown in Fig. 4.4c showed good agreement to the experimental x-ray diffraction pattern.
Calculated Raman frequencies and their pressure variation have a reasonably good match with

103

Chapter 4: Synthesis of unconventional stoichiometric compounds in the K−Br
system at high pressures
the experimental results (Figs. 4.3a and 4.3b). The experimental Raman frequencies and their
pressure coefficients for KBr3 and KBr5 are shown in Table 4.1 and Table 4.2 respectively.

Table 4.1: Raman mode frequencies (ω0) of KBr3 (SG: Pnma) and their pressure coefficient
obtained by a linear fit.

Raman mode frequency

(dω/dp)

ω0 (cm-1) (at P=3.2 GPa)

(cm-1/GPa)

53.4

2.15

56.9

3.07

68.2

3.38

76.5

4.14

102.1

3.00

112.8

4.70

123.5

1.23

127.0

2.71

150.8

3.08

233.7

2.57

212.8

2.84
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Table 4.2: Raman mode frequencies (ω0) of KBr5 (SG: P21) and their pressure coefficients
obtained by a quadratic fit.

Raman mode frequency ω0 (cm-1)

(dω/dp)

(d2ω/dp2 )

(cm-1/GPa)

(cm-1/GPa2)

84.4

6.25

-0.17

95.5

6.62

-0.19

116.1

6.03

-0.16

125.1

6.03

-0.19

134.2

6.17

-0.17

149.9

7.54

-0.24

162.0

6.02

-0.17

186.2

3.27

0.0

199.2

4.36

0.0

(at P=8.2 GPa)

Calculated formation enthalpies also support the formation of this compound at the experimental
pressures (Fig 4.6a). This is the first experimental report of synthesis of an alkali-halide in 1:5
stoichiometry. Calculated PV-EOS and lattice parameters are in reasonably good agreement with
the experimental data (Fig. 4.7b and 4.7c). Calculated phononic properties establish the
vibrational stability of the proposed structure (Fig. 4.7d). Atomic volume for KBr5 has the largest
value among all others, namely KBr, Br2 and KBr3, explaining the observed pressure increase
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during the formation of this compound (Fig. 4.8). Indeed, KBr5 has about 3.39 % higher atomic
volume than KBr at 12 GPa.
a)

b)

106

Chapter 4: Synthesis of unconventional stoichiometric compounds in the K−Br
system at high pressures
c)

d)

Fig. 4.7: (a) Formation enthalpies in different reactions for KBr5. Enthalpies are
given per atom. The experimental observations of simultaneous consumption of
Br2 and KBr3 ruled out second reaction for KBr5 formation. (b) Experimental
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(filled symbols) and theoretical (lines) equations-of-state, along with (c) pressure
variation of theoretical (lines) and experimental (symbols) lattice parameters of
monoclinic KBr5. (d) Phonon dispersion curves and phonon density of states
(PHDOS) for KBr5 at 12 GPa.

Fig. 4.8: Experimental equations of state of KBr (B2 phase, SG: Pm-3m), Br2
(SG: Cmca), KBr3 (SG: Pnma) and KBr5 (SG: P21). Dotted lines are guide to the
eye. Error bars in pressure are within the symbol.
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The orthorhombic KBr3 has an almost linear asymmetric Br3 units (Table 4.3). The Bader
charge analysis shows that the compound has a predominant ionic bonding between potassium
and Br3 unit, but bromine atoms are not bonded through ionic interactions (Table 4.4). The K—
Br bond-lengths in the three different stoichiometric compounds are tabulated in Table 4.5. The
total DOS function shows insulating nature of this compound.

Table 4.3: Intra-molecular bond-angles and bond-lengths of bromine atoms in different systems.

Material

Space group

Bond-angles (deg.)

Br2

liquid

-------

P-3c1
KBr3

Br1−Br2−Br2

179.47

(15 GPa)

Pnma

Br1−Br2−Br3

178.39

(4 GPa)

KBr5

Bond-lengths (Å)
Br−Br

2.28

Br1−Br2

2.90

Br2−Br2

2.51

Br1−Br2

2.64

Br2−Br3

2.49

Br2−Br5−Br4

176.79

Br4−Br5

2.55

P21

Br5−Br4−Br1

115.98

Br2−Br5

2.52

(16 GPa)

Br4−Br1−Br3

164.15

Br1−Br3

2.40

Br4−Br1

2.64
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Table 4.4: Details of most probable compositions and their structures in the K− Br system along
with corresponding Bader charges (|e|) and electronic band gaps (Eg) in electron-volts (eV).

Lattice parameters ( Å & ⁰ )

Compound
Theory

P

Experimental

(GPa)
KBr

a = 3.8339

Atomic coordinates

a = 9.3592

(GPa)

4.0

4.0

Charge, |e|

P

(B2 phase)

KBr3 (Pnma)

Bader

a = 9.339(3)

3.2

K

1a

0.0000; 0.0000; 0.0000

K: +0.80

Br

1b

0.5000; 0.5000; 0.5000

Br:: −0.80

K1

4c

0.1687; 0.2500; 0.5281

K

: +0.82

b = 5.7661

b = 5.712(1)

Br1

4c

0.3428; 0.2500; 0.8463

Br1 : −0.47

c = 8.4534

c = 8.309(1)

Br2

4c

0.1243; 0.2500; 0.0445

Br2 : −0.04

Br3

4c

0.4233; 0.2500; 0.2625

Br3 : −0.31
Eg: 2.01

KBr3 (Pm-3n)

a = 5.5332

16.0

K

2a

0.0000; 0.0000; 0.0000

K

: +0.74

Br

6c

0.2500; 0.0000; 0.5000

Br : −0.24
Eg: 3.50

KBr3 (P-3C1)

a = 7.8357

16.0

a = 7.838(1)

15.4

K1

2b

0.0000; 0.0000; 0.0000

K1 : +0.76

b = 9.6237

b = 9.841(2)

K2

4d

0.3333; 0.6666; 0.3223

K2 : +0.75

γ = 120 ⁰

γ = 120 ⁰

Br1

6f

0.2463; 0.0000; 0.2500

Br1 : −0.41

Br2 12g

0.3488; 0.4223; 0.0753

Br2 : −0.17
Eg: 0.19
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KBr5 (P21)

a = 5.5564

12.0

a = 5.884(1)

12.0

K

2a

0.6977; 0.5012; 0.3788

K

: +0.78

b = 6.6484

b = 6.927(1)

Br1

2a

0.1552; 0.1931; -0.065

Br1 : −0.02

c = 7.9628

c = 8.401(1)

Br2

2a

0.1829; 0.3104; 0.3178

Br2 : −0.31

β = 104.66 ⁰

β = 123.92 ⁰ (1)

Br3

2a

0.7613; 0.3085; 0.7586

Br3 : −0.20

Br4

2a

0.6322; 0.1585; 0.0969

Br4 : −0.17

Br5

2a

0.2721; 0.4928; 0.6044

Br5 : −0.07
Eg: 1.46

Br2 (Cmca)

a = 6.0946

8.0

Br

b = 3.8610
c = 8.3080

111

8f

0.0000; 0.8303; 0.3787
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Table 4.5: K—Br bond-lengths in different compounds.
Material

Space group

Pressure

Bond-lengths (Å)

(GPa)
KBr3

KBr3

KBr5

P-3c1

Pnma

P21

15.0

4.0

16.0

K−Br1

3.08

K−Br2

3.09

K−Br2

3.14

K−Br1

3.14

K−Br2

3.47

K−Br3

3.27

K−Br1

3.09

K−Br2

3.05

K−Br3

3.22

K−Br4

3.15

K−Br5

3.24

The monoclinic KBr5 compound has V-shaped pentabromide (Br5) units. All Br−Br
distances in the pentabromide unit are significantly larger than the distances in the liquid
bromine (Table 4.3). The Bader charge analysis shows a charge transfer from potassium atom to
the pentabromide unit. Therefore potassium (K+) and pentabromide unit (Br5−) mainly interact
through ionic interactions whereas the bromine atoms in pentabromide unit are bonded by
covalent interaction. The insulating nature of this compound is evident from the total DOS
function.
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To get further insight into the chemical reaction pathways, laser heating experiments
were carried out using our laboratory based laser heated diamond anvil cell (LHDAC) facility in
the pressure range of 14−20 GPa and temperature of ~ 1500 K with typical temperature
uncertainty of 100 K. Post laser heated samples were investigated by Raman spectroscopy and
x-ray diffraction measurements. Detailed Raman measurements and structural refinements of the
various laser heated spots, showed an irreversible decomposition of KBr5 to a new compound,
say Kx3Bry3 as shown in Fig. 4.9a and 4.9b, rather than to the orthorhombic KBr3 phase (Fig.
4.3a) as the Raman spectra was distinctly different. Interestingly, a large pressure drop (~ 3GPa
in the 18 GPa run) was observed in all the laser heating experiments. This reconfirms the
formation of a low density monoclinic KBr5 compound at room temperature (Fig. 4.8). For
compound Kx3Bry3, the trigonal KBr3 structure gives an extremely good fit to the x-ray
diffraction pattern as shown in Fig. 4.9b. Similar structure has been recently reported in KCl3
between 20−40 GPa [2].
a)
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Fig. 4.9: Structural and vibrational properties of the newly synthesized trigonal
KBr3 (SG: P-3C1) compound. (a) Experimental and theoretical Raman spectrum,
(b) Le Bail fit to ADXRD data at 15 GPa.

Calculated PV-EOS and lattice parameters are in good agreement with the experimental
results (Figs. 4.10a, 4.10b and Table 4.6). Even though the calculated Raman spectrum shows
fairly good match with the experimental results, this phase has two small imaginary frequencies
at zone centre indicating the dynamical instability of the structure. However, a good agreement
between experimental and theoretical results prompted us to speculate that the trigonal phase
could be an entropically stabilized phase, as the experiments were performed at finite
temperatures whereas calculations were done at zero Kelvin temperature.
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a)

b)

Fig. 4.10: (a) Experimental (filled symbols) and theoretical (lines) equations of
state of trigonal KBr3 (SG: P-3C1), (b) pressure variation of theoretical (lines)
and experimental (symbols) lattice parameters of trigonal KBr3 (SG: P-3C1).
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Table 4.6: Experimental and theoretical unit cell volume (V0), bulk modulus (B0) and derivative
of bulk modulus (B0’) obtained by fitting the Birch-Murnaghan equation of state to the PV data
of KBr3 and KBr5.

Material

Space
Group

V0

B0

in Å3

in GPa

B0’

V0

B0

in Å3

in GPa

Experiment
KBr3

KBr5

B0’

Theory

Pnma

534.37

11.8

4.0

574.09

11.1

4.0

P-3c1

770.73

15.5

4.55

764.47

14.4

4.33

P21

417.68

11.2

4.58

418.35

13.8

3.65

The trigonal KBr3 has loosely formed Br3 units. Table 4.3 gives the Bader charges on
potassium and bromine atoms. Fig. 4.11a and 4.11b depicts the crystal structures of KBr3 (both
in the orthorhombic and trigonal phase) and KBr5 along with the enthalpy curve illustrating the
structural stability of various phases of KBr3.
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a)

b)

Fig. 4.11: (a) Crystal structures of KBr3 (SG: Pnma) and KBr5 (SG: P21) and
KBr3 (SG: P-3C1). (b) Enthalpy curve illustrating the structural stability of
various phases of KBr3. Here R-3m structural data was taken from Ref. [2].
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The important aspect of this work is that both KBr3 and KBr5 form at low pressures and
room temperature in contrast to the compounds formed in the Na-Cl and K-Cl systems where
much higher pressure and higher temperature are needed. KBr and Br2 react only after B1 to B2
phase transition. Thus it appears that the B2 phase plays a significant role in this reaction. This
implies that the experimental retrieval of AX3 (A = alkali metals, X = halogens) stoichiometric
compounds at ambient pressure would be possible only for those alkali halides which exist either
in the B2 phase at ambient pressure or whose B2 to B1 hysteresis limit extend to ambient
pressure. This finding deposes the earlier belief of larger cation and anion radii requirement for
the formation of alkali polyhalides [30]. The proposition is well supported by the fact that KI3,
CsBr3, CsI3 and RbI3 exist at ambient conditions and also by the decomposition of NaCl3, KCl3
and KBr3 below 20, 2.0 and 1.0 GPa respectively. This may provide an impetus to the current
search for alkali polyhydrides since alkali hydrides also show B1 to B2 phase transition at high
pressures [31, 32].

4.3 Conclusions
This work reports the synthesis of two new stoichiometric compounds, viz., KBr3 and
KBr5 at high pressures in the K-Br system. Formation of these compounds were detected and
confirmed by Raman spectroscopy and x-ray diffraction measurements. Compositions and
related crystal structures were solved by first-principles structural search method. The most
unusual feature of monoclinic KBr5 formation is an abnormal pressure increase in the sample
chamber. Underlying chemical reaction in KBr5 formation proceeds very slowly in comparison
to the orthorhombic KBr3 formation reaction. On heating, the monoclinic KBr5 decomposes into
a trigonal KBr3 and Br2.
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Chapter 5
Pressure Induced Polymorphism in Hypervalent CsI3
Alkali halides serve as the simplest and model ionic solid for both static and dynamic
high-pressure investigations. They exhibit a wide variety of phenomena like structural phase
transition, metallization, superconductivity etc., when subjected to compression and hence have
been extensively investigated, both experimentally and theoretically, for their high pressure
behaviour. Interest in the alkali halide system has been rekindled by the recent studies which
have reported the formation of low symmetry new unconventional stoichiometric compounds
with unusual bonding and electronic properties like NaCl3, Na3Cl, KCl3, KBr3, KBr5 etc., by
combining theoretical predictions and diamond anvil cell based high pressure experiments [1-3].
Among the alkali halides, cesium iodide solution is able to dissolve iodine, bromine or chlorine
and produce crystals whose chemical analysis could be expressed by the empirical formulas CsI3,
CsIBr2, CsBrI2, CsICl2, CsIBrCl etc [4]. Furthermore, CsI3 and CsIBr2 have been known to adopt
an orthorhombic (SG: Pnma) structure under ambient conditions which is the same structure as
that of alkali trihalides observed in the Na-Cl and K-Br systems, as described in Chapter 4 [1,
3]. It may also be noted that NaCl3 is stabilized both in orthorhombic (SG: Pnma) and cubic (SG:
Pm-3n) phase in the Na-Cl system; whereas KCl3 is stabilized both in trigonal (SG: P-3c1) and
cubic (SG: Pm-3n) phase in the K-Cl system and KBr3 is stabilized both in orthorhombic (SG:
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Pnma) and trigonal (SG: P-3c1) phase in the K-Br system. Table 5.1 summarizes the pressure
range of phase stability of the various alkali trihalides.

Table 5.1: Summary of the pressure range of phase stability of the various alkali
trihalides
Material

Pressure range of stability
Orthorhombic

Trigonal (SG:

Cubic (SG:

(SG: Pnma)

P-3c1) phase

Pm-3n)

phase (GPa)

(GPa)

phase (GPa)

NaCl3 [1]

20 – 48

------

> 48

KCl3 [2]

------

8 – 20

> 20

KBr3 [3]

1–6

14 – 20

------

As evident from Table 5.1, the absence of trigonal phase in NaCl3, orthorhombic phase in KCl3
and cubic phase in KBr3 makes it difficult to arrive at a systematics for the high pressure
structural transition sequence in alkali trihalide systems. Very recently, theoretical calculations by
Wei et al have predicted a Pm-3n phase for CsI3 under high pressure wherein endless linear chain
type structure, due to the hypervalence phenomenon of iodine, is reported [5]. Furthermore, their
calculations have also revealed a metallic phase for the Pm-3n phase of CsI3. In the light of the
above discussion, experimental high pressure investigations on CsI3 could shed more light on
understanding its structural evolution under compression and give better insight in the search for
alkali polyhalides.
With this motivation high pressure structural, vibrational and electrical transport
investigations on CsI3 was carried out at high pressure and room temperature. Existence of high
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purity stable single phase CsI3 at ambient condition justifies our preference of CsI3 over other
trihalides. In addition, the recent prediction of superconductivity at very low pressure ~ 10 GPa
in the predicted cubic phase of CsI3 has further encouraged us to investigate the high pressure
behaviour of CsI3 [5].
In the present study the high pressure behaviour of CsI3 at ambient temperature has been
investigated through synchrotron based ADXRD up to 29 GPa, Raman spectroscopy up to 25
GPa and Bridgman anvil apparatus based electrical resistance measurements up to 8 GPa to look
for the possibility of structural or electronic transition and any possible metallization under
compression.

5.1 Structural Details
The structure of CsI3 consists of Cs+ and [I3]- ions [6-8]. The I3- anion belongs to the class
of hypervalent compounds which violate the Lewis octet rule [9, 10]. It has a linear geometric
structure wherein the central iodine atom shares two electrons with two adjacent iodine atoms by
forming a three-centre four-electron (3c-4e) bond and it gets one electron from cesium atom to
keep the other two iodine atoms together [11].

In terms of the molecular orbitals, the 3c-4e

bond as indicated in Fig. 5.1a can be described by a set of three molecular orbitals (MOs)
derived from colinear p-orbitals on each iodine atom and the two lower-energy MOs (bonding
and non bonding) are occupied by two electrons each. The structure of CsI3 was proposed to be
based on the simple orthorhombic lattice with space group Pnma as shown in Fig. 5.1b [12, 13].
Interestingly, similar crystal structures with space group Pnma have been reported for NaCl3 and
KBr3 under non ambient pressure and temperature conditions [1, 3].
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a)

b)

c)

d)

Fig. 5.1: a) Molecular orbital representation of 3c-4e bond in I3- , Crystal
structure of b) orthorhombic (SG: Pnma), c) trigonal (SG: P-3c1) and d) cubic
(SG: Pm-3n) CsI3.
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5.2 Experimental Method
5.2.1 Sample characterization
Polycrystalline CsI3 of purity (99.9%) was procured commercially from Sigma Aldrich.
The sample was characterized using x-ray diffraction. The cell constants and atomic coordinates
obtained by Rietveld refinement of the x-ray powder diffraction data confirmed it to be an
orthorhombic (SG: Pnma, Z = 4) structure with lattice parameters (a = 11.0837(7) Å, b =
6.8443(3) Å, c = 10.0262(6) Å) in good agreement with the literature values [12, 13]. The
observed Raman spectrum at ambient condition was consistent with the spectra reported earlier
in the literature and the Raman frequencies were found to match well with the reported values
[14].

5.2.2 X-ray diffraction
High pressure ADXRD measurements at room temperature were performed on powdered
CsI3 up to 29 GPa on the Xpress beamline at Elettra synchrotron radiation source, Trieste, Italy
[15]. A modified Mao-Bell type DAC with diamonds of culet size 400 m was used with ruby as
the internal pressure calibrant. Silicone oil was used as the PTM. It may be noted that 4:1
methanol- ethanol mixture as well as glycerol were tried as the PTM. However the sample was
found to dissolve in these two media which led us to select silicone oil as the PTM. The sample
chamber was a 150 µm diameter hole drilled in a tungsten gasket of starting thickness 250 µm
which was pre-indented to a thickness of 50 µm. Pressure measurement inside the sample
chamber was carried out using online ruby fluorescence set up installed at the Xpress beamline
[15]. ADXRD diffraction patterns at various pressures were collected using an image plate area
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detector (MarResearch) employing x-ray wavelength of 0.5007 Å/0.4957Å. The x-ray beam size
was constrained using a circular pin hole 30 μm in diameter, which eliminated the diffraction
lines from the gasket. The sample to image plate distance was calibrated using LaB6 and CeO2 as
standards. The x-ray data was collected at small pressure increment steps with a typical exposure
time of about 10 minutes. The scanned two-dimensional diffraction images were corrected for
image plate tilt and converted to intensity vs 2 profile through radial integration using FIT2D
software [16]. The lattice parameters of the sample were determined by carrying out full profile
Rietveld refinement using GSAS [17]. The parameters refined included the overall scaling factor,
Chebyshev polynomial background, lattice constants, Pseudo-Voigt profile function parameters,
atomic fractional coordinates and spherical harmonics correction. Multi-phase refinement was
carried out and the profile was fitted with the Pseudo-Voigt peak shape with the background
fitted by linear interpolation of selected set of points. The fitting procedure was iterative and was
terminated on attaining an acceptable weighted R factor or goodness of fit.

5.2.3 Raman measurements
High pressure Raman investigations up to 25 GPa were carried out on polycrystalline
CsI3 using a modified Mao-Bell type DAC and a micro Raman system having a resolution of
better than 2 cm-1 using a backscattering geometry. Raman signal excited using a 532 nm DPSS
laser (Ventus, Laser Quantum), was collected using Jobin Yvon T64000 triple stage Raman
spectrograph (with 1800 line grating) equipped with a Peltier cooled CCD detector (Synapse).
The sample sensitivity to laser intensity was checked by collecting the ambient Raman spectra at
various laser powers as shown in Fig. 5.2, which clearly indicate that the sample remains
unaffected by the laser power in the present measurements. The sample loading procedure for
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these measurements was similar to the one described above for the XRD measurements. Silicone
oil was used as the pressure transmitting medium and pressure calibration was carried out using
ruby fluorescence technique. The Raman spectra for CsI3 were recorded at different pressures
under quasihydrostatic conditions in the entire spectral region of interest (50– 250 cm-1). The
typical laser power and data collection time for the Raman measurements was 4 mW and 10 sec
respectively.

Fig. 5.2: The ambient Raman spectra of CsI3 at various laser powers of the DPSS
laser ( = 532 nm).
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5.2.4 Electrical resistance measurements
High pressure electrical resistance measurements up to 8 GPa was carried out using
opposed Bridgman anvil set-up consisting of a 12 mm face diameter tungsten carbide (WC) anvil
pair [18]. A pair of pyrophyllite gasket of thickness 200 μm each with a central hole 3 mm in
diameter was used to contain the sample. Bismuth was used for the pressure calibration along
with steatite as the PTM. Stainless steel wire of 60 µm diameter was used as the leads for the
four probe electrical resistance measurements. A well compacted sample pellet was prepared in
a pellet making die by application of 2 ton load. Small rectangular shaped sample of approximate
dimension 2 mm × 1.5 mm × 0.1 mm was then cut and used for the four probe electrical
resistance measurements. Sample was placed directly in contact with the four electrical leads.
Thin mylar sheets protected the sample from direct contact with talc and also ensured good
electrical contact by preventing talc from entering the sample and electrical leads. A constant
current was passed through the two outer leads by a Keithley sourcemeter and the voltage drop
across the two inner leads was measured, using a Keithley nanovoltmeter, at each value of
pressure with two minutes of pressure soaking time.

5.3 Results and Discussion
5.3.1 High pressure x-ray diffraction
The evolution of diffraction pattern of CsI3 during pressure increase is depicted in Fig.
5.3. The x-ray patterns could be indexed to the ambient orthorhombic (SG: Pnma) phase up to
1.3 GPa. On further pressure increase, new diffraction peaks are seen to emerge along with those
of the ambient orthorhombic phase indicating the onset of a structural phase transition above 1.3
GPa. On further increase of pressure, the intensity of the diffraction peaks corresponding to the
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Pnma phase reduces and the intensity of the new peaks is seen to build up. The new diffraction
peaks could be assigned to a trigonal (SG: P-3c1) phase by employing Crysfire and Check Cell
software [19-21]. The ambient and the trigonal phase are seen to coexist up to a pressure of about
10 GPa. Interestingly, this trigonal structure is similar to the structure of KBr3 and KCl3 [2, 3].

Fig 5.3: Structural evolution of ADXRD pattern of CsI3 with pressure. The arrows
indicate the new peaks.

On further pressurization, CsI3 is found to remain in the trigonal phase till 22.6 GPa. Beyond this
pressure, the diffraction peaks associated with the trigonal phase with Miller indices (100), (002),
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(10-2), (110), (111), (200), (112) etc., are seen to disappear. The disappearance of these
diffraction peaks indicate yet another structural phase transition. This new phase could be
indexed to a cubic (SG: Pm-3n) structure and it remains stable up to the highest pressure of 29
GPa achieved in the present study.
The multiphase Rietveld refinement of all the diffraction patterns was carried out to
extract information on the structural evolution using GSAS software. A representative Rietveld
refinement pattern for the ambient orthorhombic (SG: Pnma) phase collected at 0.9 GPa is
shown in Fig. 5.4. The Rietveld refined patterns of the trigonal and cubic phase are depicted in
Figs. 5.5 and 5.6 respectively. The unit cell parameters and the atomic coordinates extracted for
the different phases are tabulated in Table 5.2. Figure 5.1c and 5.1d show the crystal structure of
CsI3 in the trigonal (SG: P-3c1) and cubic (SG: Pm-3n) phase.

Fig. 5.4: Rietveld refined ADXRD pattern of orthorhombic (SG: Pnma) CsI3 at
0.9 GPa. The Rp and wRp factors of the fit are 3.8 and 5.9 %, respectively.
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Fig. 5.5: Rietveld refined ADXRD pattern of trigonal (SG: P-3c1) CsI3 at 12.2
GPa. The Rp and wRp factors of the fit are 3.4 and 5.1 %, respectively.

Fig. 5.6: Rietveld refined ADXRD pattern of cubic (SG: Pm-3n) CsI3 at 26.8 GPa.
The Rp and wRp factors of the fit are 2.8 and 3.9%, respectively.
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Table 5.2: Unit cell parameters and atomic coordinates of CsI3 in the orthorhombic,
trigonal and cubic phase.

Unit cell Parameters

CsI3
Phase

Orthorhombic

Pressure
(GPa)

0.9

(S.G.: Pnma)

Trigonal

12.2

(S.G.: P-3c1)

Cubic

Lattice

γ

x

y

z

parameter (Å)

a = 10.9148(6)

Cs

4c

0.8320(5); 0.2500; 0.4672(5)

b = 6.6755(3)

I1

4c

0.5732(6); 0.2500; 0.7393(6)

c = 9.8240(5)

I2

4c

0.3804(5); 0.2500; 0.5455(6)

I3

4c

0.1636(6); 0.2500; 0.3535(5)

a = 8.7896(4)

90⁰

120⁰

c = 10.8780(8)

26.8

Atomic coordinates

a = 5.9046(3)

90⁰

(S.G.:Pm-3n)
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Cs1 2b

0.0000; 0.0000; 0.0000

Cs2 4d

0.3333; 0.6666; 0.8304(14)

I1

6f

0.2405(12); 0.0000; 0.2500

I2

12g

0.3488(6); 0.4294(8); 0.0699(5)

Cs

2a

0.0000; 0.0000; 0.0000

I

6c

0.2500; 0.0000; 0.5000
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During decompression, the cubic to trigonal transition is found to be reversible whereas
the ADXRD pattern of the pressure released sample, as shown in Fig. 5.7, indicates the
coexistence of the trigonal and ambient orthorhombic phase. The variation of volume per
formula unit as a function of pressure for the orthorhombic, trigonal and cubic phase is shown in
Fig. 5.8.

Fig. 5.7: ADXRD pattern in the 2θ range of 2⁰ to 7⁰ for pressure released CsI3
depicting the coexistence of orthorhombic and trigonal phases at ambient
condition.
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Fig. 5.8: Variation of volume per formula unit as a function of pressure for all the
three phases (orthorhombic, trigonal and cubic) of CsI3. Symbols denote the
experimental data points and solid lines denote third order Birch- Murnaghan
equation of state fit to the data. Error bars are within symbols.

It may be noted that the volume at ambient pressure (Vo) employed for the trigonal phase
was obtained by extrapolating the P-V data to ambient pressure. The bulk modulus and its
pressure derivative for the orthorhombic (SG: Pnma) and trigonal (SG: P-3c1) phases were
calculated by a third order Birch–Murnaghan equation of state [22] fit to the P-V data
represented by
P(V) = (3/2)Bo [(Vo/V)7/3 - (Vo/V)5/3] {1 +3/4(B′ – 4)[(Vo/V)2/3 -1]}

135

(5.1)

Chapter 5: Pressure induced polymorphism in hypervalent CsI3
where Bo and Vo are the ambient pressure bulk modulus and volume respectively, B′ is the
pressure derivative of bulk modulus and V is the volume at pressure P. The results of the P-V
data fit are tabulated and compared with the analogous compound reported in the K-Br system in
Table 5.3. The bulk modulus for the cubic phase could not be determined because of fewer
experimental data points.
Table 5.3: Unit cell volume (V0 in Å3), bulk modulus (B0 in GPa) and pressure derivative
of bulk modulus (B′) obtained by fitting the third order Birch-Murnaghan equation of
state to the PV data of orthorhombic and trigonal CsI3. The corresponding data for KBr3
[3] are also tabulated for comparison.

CsI3

KBr3 Ref. [3]

Pnma

P-3c1

Pnma

P-3c1

V0 (Å3)

766.4(16)

1034(6)

534.37

770.73

Bulk modulus B0 (GPa)

5.6(6)

17.7(9)

11.8

15.5

B′

12(2)

3.94(12)

4.0

4.55
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Pressure dependencies of the normalized lattice parameters for the orthorhombic (SG:
Pnma) and trigonal (SG: P-3c1) phases are plotted in Figs. 5.9 and 5.10 respectively. The fitted
linear modulus and their pressure derivatives are summarized in Table 5.4. It is evident from
Table 5.4 that, in the orthorhombic phase, the largest unit cell axis (a- axis) is the least
compressible whereas the smallest unit cell axis (b-axis) is the most compressible.

Fig. 5.9: Variation of normalized lattice parameters of CsI3 in the orthorhombic
(SG: Pnma) phase with pressure. The symbols and solid line denote the
experimental data points and the third order Birch-Murnaghan fit to the
experimental data respectively. Error bars are within symbols.
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Fig. 5.10: Variation of normalized lattice parameters of CsI3 in the trigonal (SG:
P-3c1) phase with pressure. The symbols and solid line denote the experimental
data points and the third order Birch-Murnaghan fit to the experimental data
respectively. Error bars are within symbols.
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Table 5.4: Unit cell parameters (a0, b0, c0 in Å), linear modulus (M0 in GPa) and pressure
derivative of linear modulus (M′) at ambient pressure obtained by fitting the third order BirchMurnaghan equation of state to the pressure variation of lattice parameters of orthorhombic and
trigonal CsI3.
CsI3

a0

M0a

(Å)

(GPa)

Pnma

11.111(14)

18(6)

P-3c1

9.846(16)

57(3)

Ma′

b0

M0b

(Å)

(GPa)

77(36)

6.866(6)

13.7(15)

11.4(3)

9.846(16)

57(3)

Mb′

Mc′

c0

M0c

(Å)

(GPa)

29(5)

10.045(7)

19.9(17)

24(4)

11.4(3)

12.32(6)

45(6)

12.8(10)

The layered structure along b-axis explains the high compressibility in this direction and
resultant low linear modulus for b-axis whereas the presence of large number of sigma bonds in
ac-plane explains the low compressibility of a-axis and c-axis. In the trigonal phase, the c-axis is
seen to be little more compressible than the a-axis and b-axis.

5.3.2 High pressure Raman spectroscopy
Figure 5.11 shows the evolution of Raman spectra of CsI3 with pressure. The Raman
spectra of CsI3 at ambient condition, as depicted in Fig. 5.11, is in good agreement with the
reported values [14]. There are five distinct Raman modes observed at 94, 102, 138.7, 149 and
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167.5 cm-1 at ambient condition. The Raman mode at 94 and 102 cm-1 could be attributed to the
symmetrical stretching vibration of the I3- units. The Raman modes at 138.7 and 149 cm-1
correspond to the antisymmetrical stretching vibration of the I3- units.

Fig. 5.11: Pressure evolution of Raman spectra of CsI3. The bars indicate the Raman
modes at ambient conditions.

With increasing pressure, all the Raman mode frequencies show a positive slope with pressure.
Above 1.3 GPa, abrupt changes in the Raman spectra are observed and additional Raman modes
appear at 59.0, 77.0 and 110.3 cm-1. The appearance of new Raman modes above 1.3 GPa
indicate the onset of a phase transition. This new phase has been attributed to the trigonal (SG:
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P-3c1) phase as observed in our present ADXRD measurements. On further increase of pressure,
the highest frequency Raman mode corresponding to the Pnma phase is seen to survive upto 10
GPa along with the Raman modes corresponding to the trigonal phase, confirming coexistence
of both the phases in the pressure range of 1.3 to 10 GPa.
The pressure dependence of mode frequencies is shown in Fig. 5.12. Raman mode
frequencies at ambient pressure and coefficient of their pressure derivatives obtained by linear or
quadratic fit are summarized in Table 5.5. Above 4.0 GPa, a splitting is observed for the Raman
mode at 107 and 118 cm-1. In addition, major intensity redistribution is observed in the overall
Raman spectra. It is evident from Fig. 5.12 that all the Raman modes show a change of slope
above 4.0 GPa. Hence the various attributes around 4.0 GPa such as slope change and mode
splitting indicate yet another phase transition in CsI3. At still higher pressures, the intensities of
all the Raman modes are found to decrease with increasing pressure. Above 13 GPa, the mode at
77 cm-1 is found to soften and a complete loss of Raman intensity is observed above 22.6 GPa
indicating a phase transformation to a Raman inactive phase or amorphization or band gap
closure/collapse. However, based on our ADXRD measurements this transition has been
attributed to the structural phase transition to the cubic (SG: Pm-3n) phase. It may be noted that
this cubic phase in CsI3 has been reported to be a metallic phase by theoretical calculation by
Wei et al [5]. Similar crystal structure has also been reported for NaCl3 [1]. Reappearance of
Raman modes during pressure release reconfirms the reversible nature of observed phase
transition. The pressure released pattern shows Raman modes of both trigonal and ambient
orthorhombic phase corroborating our ADXRD results. The existence of trigonal phase upon
pressure release suggest small energy difference between the trigonal and the orthorhombic
phase.
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Fig. 5.12: Variation of Raman mode frequencies of CsI3 with pressure. Dotted
vertical lines are placed at phase transition boundary. Error bars are within
symbols.
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Table 5.5: Raman mode frequencies of CsI3 at ambient pressure (ω0) and their pressure
coefficients for the orthorhombic and trigonal phase obtained by a linear or quadratic fit.

Orthorhombic (SG:Pnma)

Trigonal (SG:P-3c1)

Trigonal (SG:P-3c1) phase in the

phase in the pressure

phase in the pressure

pressure range of 4.0 to 20 GPa

range of 0.1MPa to 1.3

range of 1.3 to 4.0 GPa

GPa
ω (cm-1) at

dω0/dp

ω (cm-1) at

dω0/dp

ω (cm-1) at

dω0/dp

d2 ω0/dp2

0.1 MPa

(cm-1/GPa)

2.6 GPa

(cm-1/GPa)

5.3 GPa

(cm-1/GPa)

(cm-1/GPa2)

94

3.7(24)

47.7

6.5(5)

42

2.3(1)

------

102

2.5(12)

54.7

5.8(7)

54.6

2.5(1)

------

138.7

-0.3(4)

69.3

5.9(8)

63.8

5.5(4)

-0.12(1)

149

0.7(12)

73.2

6.1

67.5

2.7(1)

-0.081(6)

167.5

1.9(1)

83.5

4.0(7)

81.8

2.5(1)

------

86.9

5.9(5)

88.4

2.6(1)

------

112.2

1.9(3)

94.3

3.8(4)

-0.12(2)

101.0

2.9(1)

------

104.4

4.6(2)

------

118.2

3.4(1)

------

121.7

3.7(1)

------

5.3.3 High pressure electrical resistance measurements
Figure 5.13 depicts the variation of electrical resistance with pressure for CsI3. Initially
the resistance decreases with pressure up to 1.6 GPa and beyond this pressure it starts increasing.
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This change in the slope is attributed to the orthorhombic to trigonal phase transition observed in
the XRD and Raman measurements. On further increase of pressure, the resistance continues to
increase with a plateau like region up to 4.5 GPa beyond which there is an exponential increase
in the resistance and around 8 GPa the resistance value exceeds the limit of the measuring
instrument. This sharp increase in the resistance, in the absence of any structural phase transition
as observed in our XRD studies, is indicative of major electronic rearrangements. The changes
observed in the Raman spectra around 4.0 GPa also corroborate the present observation. It is also
noteworthy that a reversible behaviour is observed on pressure release consistent with our
Raman and ADXRD measurements.

Fig. 5.13: Variation of electrical resistance of CsI3 with pressure. Arrows denote
the transition points.
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A significant feature of the present study is the observation of a transition around 1.3 GPa
in the x-ray measurements which is well corroborated by Raman and electrical resistance
measurements. Hence we attribute this to a first order structural transition from an orthorhombic
(SG: Pnma) to a trigonal (SG: P-3c1) phase accompanied with volume discontinuity of 4.5%. It
may also be noted that although Raman spectra show significant changes around 4.0 GPa, our xray diffraction measurements indicate no signature of any structural phase transition around this
pressure. Furthermore, an anomaly is also observed in the electrical resistance measurements.
The P-V data as shown in Fig. 5.8 do not reveal any discontinuity around 4.0 GPa. This leads us
to believe that this transition could be an electronic transition.
In order to better understand the anomaly in the Raman and resistance data we have
analyzed the experimental P-V data for the trigonal phase through the use of the universal
equation of state (UEOS) calculated by fixing Vo to the extrapolated value at ambient pressure
[23]. The UEOS can be represented as follows:

lnH = ln[PX2/3(1-X)] = lnB0 +  (1-X)

(5.2)

where X=(V/Vo)1/3, P is the pressure, Vo is the ambient volume and  is related to Bo’ by
 = 3(Bo’-1)/2

(5.3)

In particular, electronic transition will lead to a deviation from linearity in the UEOS [23,
24]. As observed from the UEOS plot shown in Fig. 5.14, there is indeed a change of slope
corresponding to a pressure of ~ 4.1 GPa ((1-X) ~ 0.06). This pressure is in good agreement
with the pressure at which the Raman modes show splitting and is also consistent with the
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anomaly observed between 4 and 5 GPa in the electrical resistance behaviour with pressure. This
leads us to conclude that CsI3 shows an electronic transition at ~ 4.0 GPa.

Fig. 5.14: Universal equation of state (i.e., lnH vs (1-X) where H= [PX2/3(1-X)]
and X= (V/Vo)1/3 for CsI3 in the trigonal phase. The dotted line denotes the
electronic transition pressure.

It is noteworthy that up to now all the high pressure phases of all alkali trihalide (NaCl3,
KBr3, KCl3) have been reported to decompose on pressure release to ambient conditions [1-3].
The recovery of CsI3 in the metastable high pressure phase (SG: P-3c1) at ambient conditions
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thus makes CsI3 unique in whole alkali polyhalogen system reported so far. This may have
considerable impact on the ongoing search and synthesis of alkali polyhydrides, which are also
considered to be potential candidates to show high temperature superconductivity [25, 26].

5.4 Conclusions
The ambient temperature high pressure behaviour of CsI3, investigated using three
complimentary high pressure techniques viz., ADXRD, Raman and electrical resistance
measurement, indicate three phase transitions up to 29 GPa. The onset of the ambient
orthorhombic to trigonal structural phase transition is found to occur above 1.3 GPa and is
associated with a volume discontinuity of 4.5%. The coexistence of the orthorhombic and
trigonal phase is observed up to 10 GPa. The stability region of the trigonal phase is found to be
up to 22.6 GPa above which the trigonal phase transforms to a cubic phase which remains stable
till the maximum pressure of 29 GPa achieved in this study. The present study has thus revealed
a three phase structural sequence in alkali trihalides, viz., orthorhombic (SG: Pnma) to trigonal
(SG:P-3c1) to finally cubic phase (SG:Pm-3n). In addition to the structural phase transitions, an
electronic transition has also been observed around 4.0 GPa. The results of the present
investigation thus throw light on the structural transition sequence of alkali polyhalides as a
whole and provide useful inputs in understanding and standardizing the pressure effects on the
alkali trihalide systems. The observation of a trigonal phase intermediate between the
orthorhombic and the cubic phase in our study as against the theoretical prediction of a direct
orthorhombic to cubic phase transition at 7.8 GPa will encourage further improvements in
computational models for detailed theoretical investigation of alkali polyhalides.
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Chapter 6
Summary and Future Scope

6.1 Summary
The studies presented in this thesis highlight the significance of laser heating in material
synthesis and investigation of the phase behaviour of materials at high pressure high temperature
(HPHT). The work included can be broadly classified as follows
(1) Development of instrumentation for HPHT laser heating of materials.
(2) Determination of melting curve of some elemental systems and compounds at
HPHT.
(3) HPHT synthesis of some novel and counterintuitive materials.
The instrumentation part of the thesis includes the design, development and
standardization of a single sided laser heated diamond anvil cell (LHDAC) in an off-axis angular
heating geometry incorporating spectroradiometry for temperature determination. Three melting
criteria were implemented in the LHDAC facility, viz., flash heating method, laser speckle
method and temperature plateau method. In addition, a cryo-loader was designed for cryogenic
loading of liquefied argon, as the pressure transmitting medium, in the DAC.
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Establishment of melting curve of elements and compounds is of considerable
importance in applied physics and geophysics. As a part of this thesis work, the high pressure
melting curve of KBr was determined up to 24 GPa and compared with available literature data.
The first experimental report of high pressure melting curve of Os up to 35 GPa has also been
reported is this thesis. The study was aimed at resolving the discrepancies in melting curve and
melting slope at ambient pressure reported by the various theoretical melting studies. The
experimental melting slope was used for the analytical determination of Grüneisen parameter
(γ(ρ)).
LHDAC is an invaluable tool for HPHT synthesis of new and novel materials. The
feasibility of the LHDAC facility, developed as a part of this thesis work, for material synthesis
has been demonstrated by the HPHT synthesis of GaN by direct reaction of Ga metal with N2 at
9 GPa and 1925 K and the HPHT synthesis of Mo2N at 5 GPa and 1500 K using Mo metal and
N2 as precursors.
In addition, synthesis of two new counter-intuitive stoichiometric compounds, viz., KBr3
and KBr5, in K-Br system is a major outcome of this thesis. A room temperature high pressure
chemical reaction between KBr and Br2 resulted in the formation of an orthorhombic KBr3 (SG:
Pnma) at ~ 2.0 GPa. Further compression led to the formation of a monoclinic KBr5 (SG: P21) at
~ 6.0 GPa. The stoichiometry and crystal structure of this compound was determined using
ADXRD and Raman measurements in conjunction with ab-initio evolutionary structural search.
It may be noted that KBr5 is the first ever compound synthesized in 1:5 stoichiometry in whole
alkali–halogen system.

HPHT experiments on KBr5 using LHDAC facility, carried out in

pressure range of 14-20 GPa showed that KBr5 decomposes above 1500 K in to KBr3 and Br2
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with large drop in sample chamber pressure and KBr3 synthesized in laser heating experiments
was stabilized in trigonal (SG: P-3c1) structure rather than orthorhombic (SG: Pnma) structure.
Ambient temperature high pressure ADXRD, Raman and electrical resistance
measurements were also carried out on the alkali trihalide “CsI3” up to 29, 25 and 8 GPa
respectively. The studies confirmed three phase transitions up to 29 GPa under quasihydrostatic
conditions. The ambient orthorhombic phase was found to transform to a trigonal structural
phase above 1.3 GPa with a volume discontinuity of 4.5%. The stability region of the trigonal
phase was found to be up to 22.6 GPa. At further higher pressure the trigonal phase was found to
transform to a cubic phase which remained stable till the maximum pressure of 29 GPa achieved
in this study. Furthermore, an electronic transition was also observed around 4.0 GPa. The study
has thus revealed a three phase structural sequence in alkali trihalides, viz., orthorhombic (SG:
Pnma) to trigonal (SG:P-3c1) to finally cubic phase (SG:Pm-3n) in CsI3. These results throw
light on the structural transition sequence of alkali polyhalides and provide useful inputs in
understanding the pressure effects on the alkali trihalide systems.

6.2 Future Scope
The work reported in this thesis highlight the importance of HPHT LHDAC facility for
investigation of the phase behaviour of materials and for synthesis of novel materials. Future
extension could include incorporation of double sided heating in present LHDAC facility. This
would minimize the axial temperature gradient in the heated sample. Also, the Gaussian profile
of TEM00 mode of IR laser introduce large radial temperature gradient, which has been
minimized in the present study by defocusing the incident IR laser in the adapted angular
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geometry. The incorporation of a focal-πshaper to get flat top IR laser profile at the sample
position in 180⁰ heating geometry could also be another desirable extension.
The present work has also shown that a variety of diagnostic techniques are required to
understand the behaviour of materials at non ambient pressure and temperature conditions. An
important aspect would be to couple the LHDAC facility to important diagnostic techniques like
ADXRD at the ECXRD synchrotron beam line at Indus-2, Indore and Raman spectroscopy for in
situ characterization of the synthesized samples. This would also be advantageous for detection
and characterization of unquenchable HPHT phases.
A significant aspect of HPHT research is the investigation of phase behaviour of
interesting materials. The melting curve of the refractory metal “Os” has been experimentally
established for the first time up to 35 GPa. Future work could include the investigation of
melting behaviour of other presently unexplored refractory metals like Iridium (Ir) and Hafnium
(Hf).
Furthermore, material synthesis at HPHT also provides a unique opportunity to study
high pressure chemistry and validation of octet rule at extreme conditions. The access to new
chemical pathways for the synthesis of counter-intuitive compounds in LHDAC would be
beneficial for realization of alkali polyhalides in yet unexplored alkali-halogen systems, like CsCl, Cs-F, Cs-Br etc.
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A. Diamond Anvil Cell
Diamond anvil cell (DAC) is a revolutionary compact device, which can fit into the palm
of one’s hand, capable of generating very high static pressures of a few Mbars in laboratory. It
exploits the fact that diamond is hardest material known to mankind, with a bulk modulus of 440
GPa, to achieve extremely high pressures. The basic principle of the DAC as shown in Fig. A.1
is very simple. The sample placed in a hole drilled in metallic gasket filled with a pressure
transmitting fluid is squeezed between the flat parallel faces of two opposed diamond anvils
(DA) by applying an uniaxial load, which pushes the two opposed anvils together. Generation of
high pressure is based on the principle of massive support.
DAs are made from commercially available jewel cut diamonds by polishing off the tip of
each diamond to generate a flat circular culet. Apart from jewel cut diamond many other custom
made anvil designs, as shown in Fig. A.2, are also used in DAC.

Fig. A.1: Schematic diagram of DAC [1].
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Fig. A.2: Various designs of DA used in DAC for high pressure generation [1].

Fig. A.3: Various designs of DAC used for high pressure generation [2].
The variations in the DAC as illustrated Fig. A.3 arise from the different ways in which the
force-generating and the anvil-alignment mechanisms are designed. DAC used for experiments
presented in this thesis is of Mao-Bell design and are shown in Fig. A.4. In this design one
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diamond with culet diameter d in mm, is mounted on the piston and another on the cylinder of
the DAC as shown in Fig. A.5. The maximum pressure achieved by DAC for a given culet size is
estimated by the following
Pmax = 12.5/d2

(A1)

For practical purpose P = 0.8Pmax is considered as a safe limit for diamond in high pressure DAC
experiments.

Fig. A.4: Mao-Bell type diamond anvil cells used for studies presented in this thesis.
a)

b)

Fig. A.5: Translation and tilt adjustment screws in a) cylinder and b) piston respectively.
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Due to the brittle nature of diamond the diamond anvil centering and tilt alignment is a
crucial part of DAC preparation. Hence extreme care has to be taken to align the DA to prevent
their premature failure. Figure A.6a and b shows unaligned DA wherein relative anvil translation
and tilt is more than the experimentally accepted limits. In the case of Mao-Bell DAC as shown
in Fig. A.5, the tilt adjustment screws on the piston are used to adjust the parallelism of DA and
translation screws on the cylinder are used for their lateral alignment. The mechanism for
applying a smoothly varying load is a belleville spring-loaded lever arm with a mechanical
advantage of 5:1 actuated by a screw. This cell can sustain a pressure of ~ 1 Mbar with ordinary
diamond anvils and is capable of generating a pressure of ~ 5 Mbar with bevelled DA [3].
a)

b)

c)

Fig. A.6: a) Microscopic image of tilt misalignment between two DA. Optical path
difference resulting from the tilt of the two culets result in the observed colour fringes; b)
microscopic image of translation misalignment between the two DA; c) microscopic
image of perfectly aligned DA.
References:
[1] http://sites.coloradocollege.edu/pcervantes/facilities/
[2] https://www.almax-easylab.com/ProductList.aspx?id=10030
[3] R. Dias and I. F. Silvera, Science, 355, 715 (2017).
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B. X-ray Diffraction (XRD) Technique
X-ray diffraction (XRD) is an important and versatile analytical technique primarily used
for phase identification of any material. It can provide information on the crystal structure, unit
cell dimensions, phase fraction of different phases present in probed sample volume.

Fig B.1: Schematic illustration of Bragg’s law [1]

The basic principle of XRD is the fact that x-ray wavelengths are of the same order as the
atomic spacing in materials. Hence the scattering of x-rays by the core electrons gives rise to
constructive and destructive interference in accordance with the superposition principle. The
condition for constructive interference is given by Bragg’s law (see Fig. B.1)
n = 2dhkl sin 

(B1)

where n is an integer, λ the x-ray wavelength, dhkl the distance between adjacent parallel planes,
(h k l) are the Miller indices of crystal planes and 2θ is the scattering angle. Relations of dhkl with
lattice parameters for the seven lattice systems are tabulated in Figure B.2.
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Fig. B.2: Relations of dhkl with lattice parameters for seven lattice systems where a, b, c,
α, β and γ are lattice parameters of the crystal [2].

Bragg condition gives only positional information of the diffracted x-ray beam whereas the
intensity of diffracted light is given by Eq. B2 and Eq.B3.

I hkl  S hkl

2

(B2)





Shkl   f j exp 2i(hx j + ky j + lz j )
m

j =1

(B3)

where Shkl and fhkl are structure factor and atomic form factor, xj, yj and zj are fractional
coordinates of jth atom. The structure factor Shkl sums the result of scattering from all the atoms
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in the unit cell to form a diffraction peak from the (hkl) plane of atoms. Thus the intensity of
diffracted light is determined by i) position of atoms in atomic plane, i.e., their fractional
coordinates, and ii) atomic form factors (fhkl) of atoms. fhkl is a function of atomic number (Z)
and increases with increasing Z.

References
[1] https://commons.wikimedia.org/wiki/File:Bragg_diffraction.png
[2] http://www.xtal.iqfr.csic.es/Cristalografia/parte_04-en.html.

160

Appendix C: Raman spectroscopy

C. Raman spectroscopy
Raman spectroscopy is a powerful spectroscopic technique used to observe the
vibrational, rotational and other low energy excitations in materials. A compound’s unique
Raman spectrum arises from its molecular vibrations due to which this technique serves as a
finger print of the molecule. Raman scattering is an inelastic scattering of photons by atom’s
elementary excitations in materials arising from a change in the polarizability. When a beam of
monochromatic light is incident on the sample, photons are absorbed by it and scattered. The
vast majority of photons are scattered elastically resulting in Rayleigh scattering, whereas a small
fraction of light (~ one photon per 106 photons) is scattered inelastically giving rise to Raman
spectrum. The wavelength of the Raman lines are hence different from the incident
monochromatic light. Most of the Raman scattered photons are shifted to longer wavelengths
i.e., ε < ε0, (Stokes shift), but a small portion are shifted to shorter wavelengths i.e., ε > ε0 (antiStokes shift). Stokes lines result when, during light matter interaction, the system excited from
the ground state returns to a higher energy state. The anti Stokes lines, on the other hand, are
observed during the transition of system from excited state to the ground state. In each case, the
incident photon excites an electron into a higher virtual energy level and then the electron decays
back to a lower level, emitting a scattered photon. The relative intensity of Stokes and anti
Stokes lines depend on the number of electrons occupying the high energy states. Figure C.1
shows Raman and Rayleigh scattering in the form of energy level diagram.
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Fig. C.1: Energy level diagram depicting Rayleigh, Stokes and anti Stokes Raman
scattering. ν0 is incident photon frequency, energy ε0 = hν0, and Δν

is frequency

corresponding to the energy difference between excited and ground state respectively.
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D. Scanning Electron Microscopy (SEM)
Scanning electron microscopy (SEM) is a non-destructive technique used to investigate
the surface morphology of materials. It typically consists of a vacuum chamber, an electron gun,
sample stage and various detectors (see Fig. D.1). In the electron gun, electrons are produced
either by field emission or thermionic emission technique and are accelerated to a high voltage
up to 30 kV. These electrons are focused to a narrow beam and directed on to the sample. The
high energy electron beam interaction with the material in SEM generates secondary electrons,
backscattered electrons, characteristic x-rays etc., depending on the nature of interaction viz.,
(elastic or inelastic). Secondary electrons and backscattered electrons are commonly used for
imaging the samples.

Fig. D.1: Schematic diagram of Scanning Electron Microscope (SEM) [1].
Reference:
[1] https://science.howstuffworks.com/scanning-electron-microscope2.htm.
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E. Ruby Pressure Scale
Ruby gauge is an important and popular gauge for pressure determination in DAC based
high pressure experiments. Compositionally, ruby is 0.05 wt% Cr3+ doped alumina. It has a
strong luminescence doublet peaks R1 and R2 at 694.2 nm and 692.8 nm under ambient
conditions. Energy band U or Y is populated when visible laser is incident on the ruby crystal.
Pumping of these levels populates the metastable states 2T1 and 2E by fast non-radiative decay.
Subsequently, much slower (τ ~ 3 ms) radiative transition from metastable state 2E to ground
state takes place giving rise to R1 and R2 lines.

Fig. E.1: Energy level diagram for fluorescence of Ruby [1].

Initially, ruby pressure gauge was developed by calibrating the wavelength shift of R1
line with pressure against the Decker equation of state for NaCl up to 19.5 GPa [2]. It was found
that the R1 line shifts approximately linearly with pressure, with a coefficient dP/dλ=2.746
Kbar/Å or dλ/dP= 0.364 Å/Kbar. Calibration of ruby scale at higher pressure up to 180 GPa was
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subsequently done using shock equation of state data of some metals (like Cu, Mo, Pd and Ag)
[3].
Pressure calibration for quasihydrostatic and hydrostatic experiments can be expressed as
B

 1904     
P=
1 + 
  − 1
 B   694.24  


(E1)

where P is in GPa and δλ is the wavelength shift of R1 line in nm and B is 7.665 and 5 for
hydrostatic and quasihydrostatic conditions respectively.

References
[1] http://freewiring.today/ruby-laser-with-energy-level-diagram.html
[2] D. L. Decker, J. Appl. Phys., 42, 3239 (1971).
[3] H. K. Mao, P. M. Bell, J. W. Shaner and D. J. Steinberg, J. Appl. Phys., 49, 3276 (1978).
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F.

Rietveld Refinement
The x-ray powder diffraction data analysis consist of three parts viz., (i) conversion of the

azimuthal integration of 2D image plate data to produce a 1D output in 2θ, d-spacing, or q-space
using Fit2D software, (ii) Le Bail fitting of 1D intensity vs 2θ diffraction profile and (iii)
Rietveld refinement of the diffraction profile using GSAS software [1].
The first step of integration of the 2D data necessitates accurate calibration of
experimental geometry such as sample to detector distance, beam centre, detector tilt and
detector rotation angle. Standards (Calibrant) such as cerium oxide (CeO2), lanthanum
hexaboride (LaB6) etc., whose lattice parameters and hence d-spacings are accurately known, are
used to calibrate the above parameters along with x-ray wavelength. The Fit2D software then
interpolates each pixel on the image to a d-spacing and integrates to give 1D diffraction peak
profile [2].
The second step, i.e., Le Bail profile refinement requires the initial guess lattice
parameters and space groups of all solid phases present in the XRD data. In this method, a
polynomial profile describing the background to the diffraction profile is calculated, and this is
refined using a least squares method. Then the individual integrated peak intensities and shapes
are treated as least squares parameters. The peak shapes are modelled as Gaussian, Lorentzian or
Pseudo-Voigt profiles (Pseudo-Voigt peak profile is a convolution of a Gaussian and a
Lorentzian peak). Hk2 is the variance of diffraction peak, which varies with 2θ and is given by

H 2k = U tan 2  k + V tan  k + W
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Furthermore, the individual Bragg peak positions are obtained through refinement of the unit
cell dimensions i.e., the lattice parameters a, b, and c, and the angles between them viz., α, β, and
γ.
The Le Bail refinement method provides information about the lattice parameters and
peak shape, but does not take into account the atomic position, site occupancies, phase fraction,
thermal effect and preferred orientation of the sample.
In the third step, Rietveld refinement is performed on Le Bail refined data. In this
method, the structure factor and Debye-Waller factors for each atom are considered to calculate
the peak intensities. The principle of Rietveld refinement is to minimize the sum of the
differences of observed and calculated profile (function S) using linear least square method.

 o Ykc 
S =  wk  Yk − 
c 
k


2

(F2)

where wk is the statistical weight, c is an overall scaling factor. Y0 and Yc are observed and
calculated profile respectively.
Reference:
[1] B. H. Toby, J. Appl. Cryst,. 34, 210 (2001).
[2] A P Hammersley, ESRF Internal Report, ESRF98HA01T, FIT2D V9.129 Reference Manual
V3.1 (1998).
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