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Synopsis

Material investigations have always been the thrust area of research and played

a vital role in shaping human civilization. It is important from both applied as

well as basic understanding points of view which synergistically complement and

reinforce each other. In the present era, discovery of exotic materials such as semi-

conductors, superconductors, multiferroics etc., and their technological imple-

mentations have remarkably advanced our lifestyles besides opening new avenues

for further materials research. The discovery of semiconductors has drastically

reduced the size of computers with manifold enhanced computational capabili-

ties. It not only gave rise to the huge electronic industry providing indispensible

gadgets for our day-to-day life but also paved pathways for advanced theoreti-

cal calculations. With stringent validations from experiments, these calculations

now have reliable and remarkable predictive powers of material properties. Com-

plimenting computation capabilities, application of novel phenomenon like giant

magnetoresistance [1] has significantly increased the data storage capacity. Mul-

tiferroic materials can further enhance it and might hold the future for the ul-

timate memory devices [2]. Discovery of superconductors has ushered various

innovative technological concepts such as superconducting quantum computing,

super-magnets, maglev (magnetic levitation) trains etc. Besides, it has also pro-

vided promising applications in fundamental and advanced material research such

as in particle accelerators, 3rd generation storage rings for synchrotron radia-

tion, Superconducting Quantum Interference Devices (SQUIDs) etc. These novel

discoveries have fostered the urge for new exotic materials demanding further

experimental and theoretical research.

The basic methodologies to change physical properties of solids are varying

chemical compositions and/or subjecting them to extreme thermodynamic condi-

tions such as high pressures, high/low temperatures. Varying chemical composi-

tion could produce desired properties in materials; however it introduces complex-

ities in the system and provides limited information about the basic mechanisms.

Varying thermodynamic parameters is a relatively more fundamental approach

as physical properties of solids are uniquely defined by the thermodynamic pa-

v



rameters it is subjected to. Most of the physical properties of solids are primarily

governed by its microscopic structure i.e. atomic or molecular arrangements in the

configurational space. Thermodynamic parameters define an energy landscape [3]

for this configurational space rendering one of the atomic/molecular arrangements

to be energetically most favorable as compared to others. However, relaxation

to the lowest energy configuration is not always guaranteed as it depends on the

accessibility of that particular configuration. Varying thermodynamic parameters

re-define the energy landscape and increase accessibility to various configurations.

This gives rise to interesting phenomena like phase transitions, polymorphism,

amorphization [4] etc. Microscopic understanding of these phenomena at atomic

level is an important area of research for validation of existing theories and for-

mulation of new theories. High pressure is relatively more powerful tool in this

regard as it is a direct and effective means to manipulate the behavior of elec-

trons and cleanly vary the physical properties of solids. High pressures can also be

used as an applied tool for tuning material properties and even for the synthesis

of new materials. For example search for super-hard materials, stabilizing denser

polymorphs, tuning conducting properties of normal metals, semiconductors and

insulators, inducing superconducting state at higher Tc etc. are the key areas of

applied high pressure research. Its relevance for studying geological materials is

well established as one can study planetary interiors by in-situ measurements in

similar environments in laboratory. With the invention of sophisticated diamond

anvil cells (DAC) [5], achieving static pressures in megabar range is no more a

challenge. Incorporation of high pressure technique with various experimental

methods viz. x-ray diffraction, Raman scattering, Brillion scattering, infrared

(IR) absorption, transport measurements, magnetic susceptibility measurements

etc. has further extended its relevance for studying technologically important

electronic and magnetic materials. Among these, x-ray diffraction (XRD) and

Raman scattering methods are the most widely used techniques pertaining to

structural aspects under high pressures.

Subjecting exotic materials to high pressures can directly influence their elec-

tronic structure altering the overlap of electronic wave functions. This in turn

can provide more insight into the bonding character, polymorphism, mechanism

of phase transitions and the origin of exotic properties. On a more basic note,

vi



high pressures can change local coordination of atoms by destabilizing relatively

open structures and leading to denser phases. This is more of an interest for

directionally bonded systems especially semiconductors where structural changes

are concomitant with electronic changes. High pressures would also be interesting

for materials with mixed bonding character e. g. quasi two dimensional systems

with strong covalent bonds and weak Van der Waals interactions. Its relevance

for exotic materials has already been reported by several workers. In high Tc

Cuprate superconductors, it has been shown that in addition to chemical ma-

nipulations, high pressures can also induce superconducting state [6]. Another

superconductor, CaFe2As2 has been shown to be exceptionally sensitive to the

application of hydrostatic pressure and can be tuned to reveal all the salient

features associated with FeAs superconductivity without introducing any disor-

der [7]. High pressures can also influence magnetic interactions accompanied

with structural changes, for example in CeFe2 [8], SmNiC2 [9], U2Fe3Ge [10] etc.

In the model system of multiferroics, BiFeO3, high pressure has been shown to

suppress ferroelectricity and multiferroicity attributed to structural transitions

to non-polar phases. For other improper multiferroic materials where spin-lattice

interactions play a decisive role in inducing ferroelectricity by magnetic order, the

macroscopic lattice strain due to high pressures can be of interest. Relaxor ferro-

electric materials are another interesting class of materials which exhibit diffused

ferroelectricity; however in non-polar phase. High pressures have been shown to

induce ferroelectric to relaxor crossover and to stabilize relaxor behavior [11]. In

general high pressures are known to suppress ferroelecticity [12]; its enhancement

is also reported recently under pressure [13]. In summary, high pressures have

been a very effective tool in the study of exotic materials and will continue to

provide new insights into their exotic properties.

With these motivations, I undertook high pressure experimental investigations

on some exotic materials viz. various polymorphs of the most common semicon-

ductor, Si, reduced graphene oxide (RGO) and improper multiferroic, BiMn2O5

employing XRD and Raman scattering techniques. As perovskites form one of

the most important classes of materials exhibiting a broad range of interesting

properties, e.g., superconductivity, magnetism, ferro-electricity, and multiferro-

ism; some of the materials I studied also belong to this class. High pressure

vii



XRD measurements have been carried out using DAC at Indian (BL-11 at IN-

DUS 2, Indore [28]) and International synchrotron sources. High pressure Raman

scattering measurements were carried out at indigenously developed micro-focus

confocal Raman setup. I have also used inputs from ab-initio calculations in or-

der to complement and support experimental results. My studies mainly focus

on the structural aspects and polymorphism under high pressures.

This thesis is organized in eight chapters. First chapter provides a brief de-

scription of polymorphism and phase transitions under high pressures and survey

of earlier investigations on materials studied in this thesis. Chapter 2 describes the

methodology of high pressure experiments primarily focused on XRD and spectro-

scopic measurements (Raman scattering and IR absorption). Chapter 3 is devoted

to the synchrotron beam line development work for high pressure XRD measure-

ments. Remaining chapters (4 to 8) are dedicated to various high pressure inves-

tigations pertaining to this thesis, namely on various polymorphs of Si (porous

silicon, amorphous silicon), RGO, pure and Ti doped multiferroic BiMn2O5, re-

laxor ferroelectric materials BaFe0.5Nb0.5O3 (BFN) and SrFe0.5Nb0.5O3(SFN)

and 6H perovskites Ba3ScIr2O9 Ba3YIr2O9, Ba3YRu2O9 respectively.

In porous Si, the nano-crystalline regions in diamond phase exhibit direct

transition to primitive hexagonal (PH) phase bypassing β-tin phase observed in

bulk Si [15]. On release of pressure it amorphizes in low density amorphous phase.

When we re-pressurize this pressure cycled sample it shows reversible amorphous

to crystal transition. Bulk amorphous Si also exhibits similar polymorphism

though the reversibility is very much dependent on kinetics [16]. This preferred

crystallization in a particular phase (PH) is explained in terms of phenomeno-

logical nucleation and growth process, parameters for which were obtained from

ab-initio calculations [17]. Gibbs free energy change, ∆G and the critical radii,

rd for nucleation have been compared for both PH phase and β-Sn phase as a

function of pressure. At ambient pressure crystallization to PH phase requires

higher ∆G as compared to that for β-Sn phase. Under high pressures ∆G re-

quired for crystallization to PH phase decreases more rapidly as compared to

β-Sn phase and beyond 14 GPa ∆G for PH phase becomes lower than that for

β-tin phase. This is the first report on reversible amorphous to crystal transition

in any elemental solid.
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Our high pressure XRD and IR absorption measurements on RGO establish

it to be highly stable and recoverable structure under pressure cycling. Our mea-

surements reveal two-step compressional behavior along normal to RGO sheets

(along ‘c’ axis) [18]. It exhibits, first a large compression of about 17 percent

up to 1 GPa, followed by ∼ 3 % expansion attributed to pressure induced in-

sertion of pressure transmitting medium. At much higher pressure behavior of

RGO is found to be similar to that of graphite. Despite pressure induced in-

tercalation, the lattice structure of RGO remains intact; though the long range

ordering along (002) direction decreases above 15 GPa and it reverts on released

pressure. Careful line shape analysis of the (100) diffraction peak suggests the

presence of puckered regions in RGO layers. The puckering angle distribution is

found to reduce with pressure, suggesting flattening of the RGO layers. The IR

measurements suggest that this could be due to changes in bonding characters of

RGO under high pressures. Supported by IR measurements we have also shown

irreversible reduction in puckering angle and flattening of RGO sheets. In case of

multiferroic BiMn2O5, we have found anisotropic compressional behavior along

different crystallographic axis and iso-structural phase transition above 10 GPa

[19]. The changes along c axis show anomalous behavior across phase transition.

The high pressure deviation of lattice parameters from ambient isothermal lat-

tice equation of state is found to be analogous to the low temperature behavior

explained in terms of magnetoelastic effects. However, under high pressures it

has been explained in terms of electronic changes as obtained from ab-initio cal-

culations. Below the phase transition, Mn-O framework appears to follow the

coordination sphere around Bi3+ cation which is in agreement with the earlier

reports. The reduced role of lone pair at Bi3+ cation is also evident as the Bi-O

bond length tends to become uniform at lower pressures. Beyond phase transition

the Mn3+ pyramid becomes relatively more regular as O-Mn-O angle approaches

90◦/180◦. The Mn4+ octrahedral unit is found to be relatively more rigid struc-

tural unit in this system which remains almost unaffected by the phase transition.

The dominant role of rigid Mn-O framework beyond phase transition also explains

the anomalous behavior of c lattice parameter. Bader charge analysis suggests

that the partial charge transfer from Bi3+ cation to Mn3+ cation could be the

cause of this phase transition. Subtle atomic displacements observed across the

ix



phase transition might have further implications in the magnetic behavior and

hence the multiferroicity of this system at higher pressures.

Relaxors exhibit phase transitions from quasi cubic to monoclinic to rhom-

bohedral structure. Since structural changes in these transitions are very subtle,

these transitions have been inferred by analyzing width of certain diffraction peaks

mainly affected by the transitions. For BFN, relative changes in FWHM of sam-

ple diffraction peaks viz. (222) and (200) has been compared with the FWHM

of pressure marker peaks. Above 10 GPa, splitting in (222) peak is found to

be higher than (200) peak, suggesting the high pressure phase to be monoclinic.

Similarly, above 43 GPa decrease in FWHM suggests the monoclinic phase to

be transforming to more symmetric rhombohedral or cubic phase. On release of

pressure FWHM reverts back to ambient value indicating reversibility of phase

transformations. Relaxor, SFN also exhibit similar behavior. These transitions

are similar to what is obtained across morphotropic phase boundary (MPB) ap-

pearing due to phase transition in compositional phase diagram. Earlier reports

have shown that in compositional phase diagram, the apparent continuous phase

transitions though the MPB region corresponds to very high electromechanical

response which is due to symmetry-allowed polarization rotation. Our high pres-

sure measurements on relaxors which is already at a composition close to MPB

provides further tenability of MPB and hence the electromechanical response.

6H perovskites Ba3ScIr2O9 Ba3YIr2O9 and Ba3YRu2O9 remain stable in their

ambient hexagonal structure up to highest measured pressure (∼ 35 GPa). Though,

‘c’ lattice parameter is found to be less compressible as compared to the ‘a’ lat-

tice parameter in all the three systems. This anisotropic compressibility along

different crystallographic axis is explained in terms of different compressional be-

havior of octahedrons in these systems. At the end, various analytical techniques

used for experimental data analysis have been briefly described in the form of

Appendices.



References

[1] T. Valet and A. Fert. “Theory of the perpendicular magnetoresistance in
magnetic multilayers”. Physical Review B , 48(10), 7099–7113 (1993). PRB.

[2] J. F. Scott. “Data storage: Multiferroic memories”. Nat Mater , 6(4), 256–
257 (2007).

[3] S. Sastry, P. G. Debenedetti, and F. H. Stillinger. “Signatures of distinct
dynamical regimes in the energy landscape of a glass-forming liquid”. Nature,
393(6685), 554–557 (1998).

[4] S. M. Sharma and S. K. Sikka. “Pressure induced amorphization of mate-
rials”. Progress in Materials Science, 40(1), 1–77 (1996).

[5] A. Jayaraman. “Diamond anvil cell and high-pressure physical investiga-
tions”. Reviews of Modern Physics , 55(1), 65–108 (1983). RMP.

[6] T. Cuk, V. V. Struzhkin, T. P. Devereaux, et al. “Uncovering a Pressure-
Tuned Electronic Transition in Bi1.98Sr2.06Y0.68Cu2O8+ using Raman Scat-
tering and X-Ray Diffraction”. Physical Review Letters , 100(21), 217003
(2008). PRL.

[7] M. S. Torikachvili, S. L. Bud’ko, N. Ni, et al. “Pressure Induced Super-
conductivity in CaFe2Cs2”. Physical Review Letters , 101(5), 057006 (2008).
PRL.

[8] J. Wang, Y. Feng, R. Jaramillo, et al. “Pressure tuning of competing
magnetic interactions in intermetallic CeFe2”. Physical Review B , 86(1),
014422 (2012). PRB.

[9] B. Woo, S. Seo, E. Park, et al. “Effects of pressure on the ferromagnetic
state of the charge density wave compound SmNiC2”. Physical Review B ,
87(12), 125121 (2013). PRB.

[10] M. S. Henriques, D. I. Gorbunov, A. V. Andreev, et al. “Effects of high
pressure on the structural, magnetic, and transport properties of the itinerant
5f ferromagnet U2Fe3Ge”. Physical Review B , 89(5), 054407 (2014). PRB.

xi



[11] G. A. Samara. “Pressure-Induced Crossover from Long- to Short-Range Or-
der in Compositionally Disordered Soft Mode Ferroelectrics”. Physical Review
Letters , 77(2), 314–317 (1996). PRL.

[12] G. A. Samara, T. Sakudo, and K. Yoshimitsu. “Important Generalization
Concerning the Role of Competing Forces in Displacive Phase Transitions”.
Physical Review Letters , 35(26), 1767–1769 (1975). PRL.

[13] I. A. Kornev, L. Bellaiche, P. Bouvier, et al. “Ferroelectricity of Per-
ovskites under Pressure”. Physical Review Letters , 95(19), 196804 (2005).
PRL.

[14] K. K. Pandey, H. K. Poswal, A. K. Mishra, et al. “Energy-dispersive X-
ray diffraction beamline at Indus-2 synchrotron source”. Pramana - Journal
of Physics , 80(4), 607–619 (2013).

[15] N. Garg, K. K. Pandey, K. V. Shanavas, et al. “Memory effect in low-
density amorphous silicon under pressure”. Physical Review B , 83(11), 115202
(2011). PRB.

[16] K. K. Pandey, N. Garg, K. V. Shanavas, et al. “Pressure induced crystal-
lization in amorphous silicon”. Journal of Applied Physics , 109(11), 113511
(2011).

[17] K. V. Shanavas, K. K. Pandey, N. Garg, et al. “Computer simulations
of crystallization kinetics in amorphous silicon under pressure”. Journal of
Applied Physics , 111(6), 063509 (2012).

[18] K. K. Pandey, H. K. Poswal, M. N. Deo, et al. “A structural and spectro-
scopic investigation of reduced graphene oxide under high pressure”. Carbon,
70(0), 199–206 (2014). 0008-6223.

[19] K. K. Pandey, H. K. Poswal, R. Kumar, et al. “High pressure iso-
structural phase transition in BiMn2O5”. Journal of Physics: Condensed
Matter , 25(32), 325401 (2013). 0953-8984.



List of Figures

2.1 Schematic diagram of high pressure measurements . . . . . . . . . 29

2.2 Different types of DACs (a)NBS or Piermarini Block cell (b)Mao

Bell cell (c)Syassen-Holzapfel cell (d)Membrane cell (e)Boehler-

Almax cell (f)Merrill-Bessett cell (g)Cross cell (h)Symmetric cell

(i)Panoramic cell (j)ETH cell . . . . . . . . . . . . . . . . . . . . 33

2.3 Different shapes of diamond anvils being used in DACs [127] . . . 34

2.4 Schematic layout of angle dispersive x-ray diffraction measure-

ments using area detector . . . . . . . . . . . . . . . . . . . . . . 44

2.5 Schematic layout of confocal micro Raman scattering setup [146].

Rays forming viewing system is shown in red color. During Ra-

man measurements, cube beam splitter is removed from the signal

collection path. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

2.6 Schematic layout of Bruker Vertex 80V Fourier transform infrared

(FTIR) spectrometer . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.1 (a) Primary slit system; (b) precision slit system . . . . . . . . . . 58

3.2 Schematic representation of gauge volume . . . . . . . . . . . . . 59

3.3 Sample stage goniometer . . . . . . . . . . . . . . . . . . . . . . . 60

3.4 Mechanical layout of EDXRD beamline . . . . . . . . . . . . . . . 61

3.5 a) EDXRD beam line; b) Off-line ruby pressure measurement setup 62

3.6 A powder diffraction pattern of Au foil recorded at EDXRD beamline 64

3.7 Le Bail refinement of energy dispersive diffraction pattern of LaB6 66

3.8 Schematic layout of channel cut monochromator . . . . . . . . . . 67

xiii



3.9 a) Reflectivity of perfect Si crystal as a function of Bragg angle

at some x-ray energies. Reflectivity from Si (111) represents 1st

harmonic and from Si(333) represents 3rd harmonic at same Bragg

angle. The width is due to the dynamical diffraction and known

as Darwin width; b) 1st to 3rd harmonic intensity ratio as per

synchrotron flux distribution. . . . . . . . . . . . . . . . . . . . . 69

3.10 a) Ray tracing simulation of energy resolution at some x-ray ener-

gies; b) ∆EBragg as a function of monochromatic x-ray energy . . 71

3.11 Comparision of figure of marit, δ/β of Be and SU-8 as a function

of photon energy in eV . . . . . . . . . . . . . . . . . . . . . . . . 74

3.12 Simulated spatial distribution of focused monochromatic x-rays of

energy=20 keV at focal plane . . . . . . . . . . . . . . . . . . . . 75

3.13 a) Horizontal and b) vertical spot size as obtained by wire scan at

sample position in the experimental section of ADXRD adaptation 75

3.14 Microfocusing of monochromatic x-rays using compound refractive

lenses at BL-11. ’*’ marked peaks are the diffraction peaks coming

from the gasket material. . . . . . . . . . . . . . . . . . . . . . . . 76

3.15 Image of single crystal Si(111) channel cut monochromator in-

stalled at EDXRD beamline(BL-11) . . . . . . . . . . . . . . . . . 77

3.16 a) Microfocusing of monochromatic x-rays using compound refrac-

tive lenses (CRL) at BL-11; b) Image of focused monochromatic

x-rays beam at the sample plane, captured using x-ray fluorescent

camera . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

3.17 Experimental station of ADXRD adaptation at EDXRD beamline(BL-

11) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.1 Ambient diamond structure of Silicon . . . . . . . . . . . . . . . . 82

4.2 The Raman spectra of π-Si at different pressures. At ambient

pressure the Raman peak of the diamond phase can be seen at

519.54 cm−1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87



4.3 The x-ray diffraction patterns of π-Si in the compression and de-

compression cycles. The background of the empty gasketed cell

was subtracted from the diffraction patterns. The pattern at am-

bient pressure shows all the diffraction peaks of the cubic diamond

phase of silicon. The tungsten gasket peaks have been marked with

a∗ and have also been labeled as ‘g’ The diffraction peaks of the

high pressure phase have been indexed with the ph structure. Cal-

culated diffraction patterns of the ph silicon phase and the gasket

peaks are marked as ‘gasket (Blue)’ and ‘Ph-Si (red)’. It can be

seen that the diffraction signal at 11.3 GPa in the second pressure

cycle is due to the gasket peaks . . . . . . . . . . . . . . . . . . . 89

4.4 X-ray diffraction pattern of amorphous silicon at different pressures

in the first experimental run. Diffraction patterns shown above

dotted line correspond to released pressure runs. In this run the

pressure was released in small pressure steps . . . . . . . . . . . . 91

4.5 X-ray diffraction pattern of bulk amorphous silicon at different

pressures in the second experimental run. Diffraction patterns

shown above dotted line correspond to released pressure runs. In

this run the pressure release was abrupt. . . . . . . . . . . . . . . 92

4.6 Raman spectra of a-Si at a few representative pressures when pres-

sure was released in small steps. Raman spectra shown above dot-

ted line correspond to released pressure runs. . . . . . . . . . . . . 94

4.7 Raman spectra of a-Si at a few pressures when pressure was re-

leased abruptly. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

4.8 Rietveld refinement of diffraction pattern at 16.8 GPa showing

high pressure crystalline phase to be primitive hexagonal (ph).

Additional peaks correspond to Cu, the pressure calibrant and W,

the gasket material. . . . . . . . . . . . . . . . . . . . . . . . . . . 96

4.9 X-ray diffraction patterns of recycled pressure runs of the R8 phase

of silicon obtained from slow pressure release of amorphous Si. . 97



4.10 Equation of state obtained from first principles calculations for

different crystalline and amorphous phases of Si. . . . . . . . . . 101

4.11 Gibb’s free energy change ∆G as a function of nucleus diameter at

ambient pressure and 14 GPa . . . . . . . . . . . . . . . . . . . . 102

4.12 Nucleation work (∆G∗) for crystallization from amorphous Si to

different crystalline phases of Si. . . . . . . . . . . . . . . . . . . . 102

4.13 Relative steady state nucleation rate (I/I◦) for crystallization from

amorphous Si to different crystalline phases of Si . . . . . . . . . . 103

4.14 Color online) Clusters of different structures of silicon as simulated

by first-principles calculations. (a) The diamond cluster has the

lowest energy among the stable crystal clusters. (b) β-Sn becomes

disordered upon relaxation but retains somewhat higher coordina-

tion. (c) Primitive hexagonal phase forms a more compact cluster

although with a higher energy. (d) The amorphous structure has

almost the same volume as the diamond structure but has the

lowest energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

5.1 Pristine graphene sheet . . . . . . . . . . . . . . . . . . . . . . . . 112

5.2 Stacked diffraction patterns of RGO at a few representative pres-

sures. The blue dotted line is an aid to eye to follow position of

(002) peak. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

5.3 a) Diffraction image of RGO as recorded on a 2D detector; b)

Azimuthal integration of (002) and (100) peak of RGO in order

to view diffraction peaks along azimuthal angle; c) Normalized

vertical integration of azimuthally integrated diffraction rings as

shown in (b) The blue column represents the region of the detector

masked by support structure for the direct beam mask. . . . . . 119



5.4 a) Lattice parameter ‘a’ as a function of pressure; b) Lattice pa-

rameter ‘c’ as a function of pressure. Error bars are within the

symbol size for observed values; c) Unit cell volume as a function

of pressure. Comparative results on graphite are from ref. [61].

Error bars are within the symbol size of observed values. . . . . . 119

5.5 a) (100) peak fitting at ambient and highest measured pressures.

b) Change of standard deviation of puckering angle as a function

of pressure. Inset shows schematic representations of pristine and

puckered graphene sheet. . . . . . . . . . . . . . . . . . . . . . . . 122

5.6 IR absorbance spectra as a function of pressure. Various modes

labelled ‘a’ to ‘g’ are (a) alkoxy, (b) epoxy, (c) carboxy groups, (d)

aromatic C=C stretch, (e) O-H stretch and (f) ,(g) C-H stretch

respectively. (i) corresponds to -C≡C- stretch. Assignment of the

mode indicated by (h) is ambiguous. . . . . . . . . . . . . . . . . 123

5.7 Peak-fitting of IR absorption spectrum of RGO at ambient condi-

tions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

5.8 Pressure induced shifts of assigned IR absorption bands of RGO.

Lines are aid to eye. . . . . . . . . . . . . . . . . . . . . . . . . . 125

6.1 Crystal structure of BiMn2O5 . . . . . . . . . . . . . . . . . . . . 129

6.2 Stacked x-ray diffraction patterns at a few representative pressures.

Diffraction peaks marked with ‘*’ and ‘+’ symbols correspond to

the pressure marker, gold and the gasket material tungsten respec-

tively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

6.3 Rietveld refinement of diffraction data at (a) ambient pressure and

(b) 12.3 GPa . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

6.4 (a) Variation of lattice parameters a , b and c with pressure; (b)

b/c versus pressure; (c) Deviation ofa , b and c lattice parame-

ters from second order Birch-Murnaghan equation of state (B◦’=4)

fitted for each lattice parameter below phase transition. . . . . . . 134



6.5 (a) normalized volume with pressure. The fitted second order

Birch-Murnaghan equation of state (Bo’=4) is also shown. (b)

∂V/∂P versus pressure. Fitted curve is an aid to eye. . . . . . . . 135

6.6 (a) Stacked Raman spectra at different representative pressures;

(b) high pressure behavior of high energy Raman active modes . . 137

6.7 a) Calculated lattice parameters as a function of pressure, b) cal-

culated b/c as a function of pressure . . . . . . . . . . . . . . . . 137

6.8 a) Calculated Bi-O, Mn4+-O and Mn3+-O bond lengths versus pres-

sure. Bi atom is bonded with eight oxygen atoms with four sets of

two equal bonds. Mn4+ is bonded with six oxygen atoms with three

sets of two equal bonds. Mn3+ is bonded with five oxygen atoms

with two sets of two equal bonds and one of different bond length,

b) Calculated O-Mn-O bond angles in distorted Mn4+ octahedon

and Mn3+ tetragonal pyramid. . . . . . . . . . . . . . . . . . . . . 138

6.9 O1-O1 distance in the basel plane of distorted Mn3+ tetragonal

pyramid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

6.10 Calculated polyhedral volume around Bi3+, Mn4+ and Mn3+ cations

as a function of pressure. The pressure-volume behavior of unit cell

is shown in the figure. . . . . . . . . . . . . . . . . . . . . . . . . 141

6.11 Iso-surface (0.3) of charge densities calculated form first principles

calculations in ab, bc and ac planes. Blue colored balls represent

Bi atom whereas purple and red balls represent Mn and O atoms

respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

6.12 High pressure behavior of a) c lattice parameter, b) c lattice pa-

rameter, c) c lattice parameter and d) b/c ratio. Here x represents

the doping concentration of Ti atoms in BiMn2−xTixO5 samples . 146

6.13 Unit cell volume vs pressure plot of Ti doped BiMn2−xTixO5 sam-

ples where x represents the doping concentration . . . . . . . . . . 147

7.1 Pseudo-cubic perovskite structure of BaFe0.5Nb0.5O3 . . . . . . . 158



7.2 Stacked diffraction patterns of BaFe0.5Nb0.5O3 at a few represen-

tative pressures . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

7.3 Surface plot of diffraction peaks of: a) Pressure marker, Cu (111)

peak and sample (200) peak; b)sample (311) and (222) peaks as a

function of pressure . . . . . . . . . . . . . . . . . . . . . . . . . 160

7.4 Comparision of full width at half maximum (FWHM) of pressure

marker Cu (111) peak and sample (200) and (222) peaks . . . . . 161

7.5 Orientational relationship between cubic/tetragonal and monoclinic

(Cm) phase in the ab plane . . . . . . . . . . . . . . . . . . . . . 162

7.6 Evolution of lattice parameter as a function of pressure with tetrag-

onal distortion emerging above ∼ 9 GPa . . . . . . . . . . . . . . 163

7.7 Rietveld refinement of diffraction pattens at ∼ 15 GPa with a) cu-

bic (Pm3̄m) structure b) tetragonal tetragonal (P4mmm) struc-

ture and c) monoclinic monoclinic (Cm) structure . . . . . . . . 165

7.8 Unit cell volume of BFN per formula unit as a function of pressure 166

7.9 Evolution of The monoclinic distortion (β angle) as a function of

pressure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

7.10 Stacked Raman spectrum of BaFe0.5Nb0.5O3 while increasing pres-

sure. The arrow marks indicate the observed changes in Raman

spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167

7.11 Stacked Raman spectrum of BaFe0.5Nb0.5O3 while decreasing pres-

sure. The arrow marks indicate the observed changes in Raman

spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

7.12 Raman peak position with pressure plot for BaFe0.5Nb0.5O3 . . . 169

7.13 Stacked diffraction patterns of SrFe0.5Nb0.5O3 at a few representa-

tive pressures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171

7.14 Ordered super lattice I4/m crystal structure of SrFe0.5Nb0.5O3 . 172

7.15 Rietveld refinement of diffraction pattern of SrFe0.5Nb0.5O3 sample.

The refinement was done with two different phases of SrFe0.5Nb0.5O3

viz. tetragonal P4mm and super-lattice tetragonal I4/m phase. . . 173



7.16 Lattice parameters of the two phases of heterogeneous SrFe0.5Nb0.5O3

sample viz. a) SFN1 and b) SFN2. SFN1 represents the tetrag-

onal P4mm phase whereas SFN2 represents the tetragonal super

lattice I4/m phase. . . . . . . . . . . . . . . . . . . . . . . . . . 173

7.17 Unit cell volumes of the two cubic phases of SrFe0.5Nb0.5O3 as a

function of pressure. The lines have been added as an aid to eye. 174

8.1 Typical perovskite structures a) corner-shared cubic perovskite;

b) face-shared 2H perovskite; c) mixed corner- and face-shared 6H

perovskite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178

8.2 Pressure evolution of lattice parameters and unit cell volume of

Ba3YRu2O9 a) a/ao; b) c/co; c) c/a; d) V/Vo . . . . . . . . . . . 183

8.3 Pressure evolution of lattice parameters and unit cell volume of

Ba3YIr2O9 a) a/ao; b) c/co; c) c/a; d) V/Vo . . . . . . . . . . . . 184

8.4 Pressure evolution of lattice parameters and unit cell volume of

Ba3ScIr2O9 a) a/ao; b) c/co; c) c/a; d) V/Vo . . . . . . . . . . . . 185

8.5 Comparision of pressure evolution of lattice parameters a) a (Å);
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1

Introduction

1.1 Overview

Polymorphism is one of the key areas of basic and applied research which deals

with the exploration of configurational space of materials (solids in present con-

text) and the realization of stable and metastable structures through phase tran-

sitions. It is studied either through changing chemical composition or varying

thermodynamic conditions viz. temperature and/or pressure. Varying the ther-

modynamic conditions is a relatively more fundamental approach from physics

point of view as it involves study of same composition in different physical envi-

ronments. Subjecting materials to high/low temperatures brings about structural

or symmetry changes involving either dominant role of entropy (at high tempera-

tures) or correlation effects (at low temperatures). However, it introduces a small

change in inter-atomic distances due to the low thermal expansion coefficient of

the order of 10−6K−1 for most of the solids. Whereas, subjecting materials to

high pressures considerably alters the inter-atomic distances and the potentials

which can lead to a wider range of structural transitions. Experimentally, high

pressure polymorphism in materials is studied through static or dynamic compres-

sion. Depending of the kind of measurement and the pressure range requirement,

1



1. INTRODUCTION

static compression is achieved using large volume press (up to ∼ 30 GPa) [1]

with tungsten carbide anvils or diamond anvil cell (DAC) with diamond anvils

(up to a few Megabar)[2]. Recently high pressure limit in large volume press

has also been extended to ∼ 90 GPa using sintered sintered diamond anvils[3].

For attaining further higher compression in multi-Megabar or Terapascal region,

materials are subjected to dynamic compression through shock waves[4]. Many

a times, the transitions are reversible in character and necessitate in − situ mea-

surements in order to observe them 1. Using DAC and very intense third gener-

ation synchrotron x-ray sources, this requirement can be readily achieved these

days to perform a variety of high pressure experiments as described in Chapter

2. Diamonds being also transparent in the optical region besides x-rays, these

in − situ measurements can be extended to investigate dynamical behavior of

materials using Raman scattering and IR absorption techniques. Besides experi-

ments, polymorphism under high pressure is also studied computationally using

molecular dynamic simulations and density functional theory (DFT) based first

principles calculations [5] especially where thermodynamic conditions are difficult

to obtain experimentally. These computational methods have been stringently

validated through experiments.

These high pressure investigations provide vital information about the nature

and mechanism of phase transitions. Owing to this reason, the high pressure

techniques have been extensively exploited for a variety of investigations related

to synthesis as well as properties of materials. Moreover, pressure is an important

thermodynamic variable encompassing a wide range, about 60 orders of magni-

tude in nature. It has been particularly essential for getting insights into the

planetary interiors and also for understanding geologically relevant materials as

such studies provide a testing ground for fundamental physics under extreme

conditions. Many phenomena which arise only within a planet and manifest ex-

1Though in − situ measurements have also been implemented in dynamic compression, it is
lot more easier to perform it in static compression

2
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ternally, such as existence of volcanoes, magnetic field etc. at certain planets,

can be explained only through study of planetary interiors. With present high

pressure techniques, aided with laser heating inside DAC, one can now create

a thermodynamic environment nearly equivalent to that at earth’s core (∼ 360

GPa and ∼ 6000K) and perform in-situ measurements. With dynamic compres-

sion using shock waves even pressure at the core of Jupiter (∼ 40 Mbar) can

be achieved. Several high pressure investigations have helped in understanding

the interior of our own planet especially the phase diagram of materials inside

earth, reactions at the core-mantle boundary, viscosity, energetics, anisotropy

and deformation of the inner core, seismic discontinuities, water transportation

to transition zones and lower mental through hydrous minerals etc. Static high

pressure experiments have established that the structural frameworks of common

rock-forming mineral are replaced by higher coordination structures inside earth

with distinct structural and electronic properties which have never been seen at

the surface [6, 7]. Murakami et al [8] have demonstrated through their in-situ

x-ray diffraction measurements that MgSiO3 perovskite transforms to a new high-

pressure form with stacked SiO6-octahedral sheet structure above 125 GPa and

2500 K (2700-kilometer depth near the base of the mantle) with an increase in

density of 1.0 to 1.2 %. This post-perovskite phase transition has been attributed

to the origin of the D” seismic discontinuity. Similarly, high pressure studies on

several other minerals viz. olivine ((MgFe)2SiO4), orthopyroxene ((MgFe)SiO3),

clinopryoxene (CaMgSi2O6) etc. which are assumed to be dominant components

in the upper mantle have explained observed discontinuities at the depth of 440

and 660 km. Using laser-heated DAC determination of the Fe melting curve from

50 to 200 GPa, Anzellini et al have explained high heat flux at the core-mantle

boundary with a possible partial melting of the mantle [9]. These experiments

clearly demonstrate geological relevance of high pressure studies.

As most of the material properties are primarily governed by the structural

configuration of its constituent atoms, high pressure studies also provide impor-

3



1. INTRODUCTION

tant inputs into the tunability of desired properties and the synthesis of new

materials. It is especially useful for exotic materials [10] such as semiconductors,

nano-materials, high Tc superconductors, ferroelectrics, multiferroics etc. These

materials have revolutionary technological potentials which can be exploited to

improve our day to day life and in fact some of these are already being used.

High pressures, even of the order of a few GPa, can have quantum mechanical

implications as it affects electronic configuration by means of enhanced overlap

of electronic wave functions. It is accompanied by an increase in the widths of

the valence and conduction bands and hence a more pronounced free-electron-like

behavior. In general it leads to metalization. For example, hydrogen has been

predicted to form a metallic phase under pressure [11]. It has also been predicted

to exhibit room temperature superconductivity in its high pressure phase [12].

Though, researchers are still struggling for its realization, hydrogen metalization

has been one of the most interesting problems for high pressure physicists and has

been described as “the holy grail of high-pressure physics”. On the other hand,

substantial compression leading to core electrons overlap can also give rise to in-

triguing behavior as in the case of Na which transforms to an optically transparent

phase at ∼ 200 GPa (corresponding to ∼ 5.0-fold compression), a wide band-gap

dielectric with a six-coordinated, highly distorted double-hexagonal close-packed

structure [13]. The emergence of this dense insulating state has been attributed

to pd hybridizations of valence electrons and their repulsion by core electrons into

the lattice interstices. For semiconductors, high pressure technique can be used to

manipulate the band structure, such as converting a direct band gap semiconduc-

tor into an indirect band gap semiconductor. Much of the interest on the effects

of high pressure on semiconductors was generated by William Paul [14]. After

studying the pressure dependence of the structures in the optical spectra of a

number of group VI, IIIV, and IIVI semiconductors, he formulated his empirical

rule for pressure coefficients of direct and indirect energy gap for semiconduc-

tors. These important results allow one to determine the band structure of a
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new member of the family of diamond- and zincblende-type semiconductors from

a study of the pressure dependence of its optical property. In high Tc Cuprate

superconductors, it has been shown that in addition to chemical manipulations,

high pressures too can induce superconducting state [15]. Another superconduc-

tor, CaFe2As2 has been shown to be exceptionally sensitive to the application of

hydrostatic pressure and can be tuned to reveal all the salient features associ-

ated with FeAs superconductivity without introducing any disorder [16]. High

pressures can also influence magnetic interactions accompanied with structural

changes for example in CeFe2 [17], SmNiC2 [18], U2Fe3Ge [19] etc. In the model

system of multiferroics, BiFeO3, high pressures have been shown to suppress fer-

roelectricity and multiferroicity, attributed to structural transitions to non-polar

phases[20]. These investigations show the technological relevance of high pressure

technique.

In summary, the importance of high pressure technique is not just limited to

geophysics but it is also an important technique for the investigations of phase

transitions and polymorphism in exotic materials which is the aim of this thesis.

Following section briefly describes the present understanding of high pressure

phase transitions.

1.2 Phase transitions under high pressure

Basically, phase transition is a phenomenon of spontaneous change in the inter-

nal structure of the system which occurs at certain thermodynamic condition in

order to minimize its free energy. In energy landscape picture of configurational

space, different configurations correspond to different free energies; one of which

has lowest free energy corresponding to the stable phase at a given thermody-

namic condition. Under the influence of external parameters such as pressure,

temperature, electric and/or magnetic field etc. the energy landscape changes.

Depending on the modified morphology of energy landscape, the system can still
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be stuck in its local minima or transform to another configuration with lower free

energy. These transformations can be either thermally activated (having thermal

barrier) or athermal (barrier less) in character depending on the role of thermal

fluctuations in the transition. The primary effect of pressure is to increase the

density of materials which in tern sharply increases the repulsive forces between

neighboring atoms. This results in suppression of diffusion under pressure. Due

to this reason, thermally activated phase transitions which require diffusion of

atoms for relaxation to a stable configuration are less likely under pressure. In

exact sense, high pressure phase transitions should belong to the second category

with no role of thermal fluctuations. It should occur only under the influence of

an external parameter i. e. stress which modifies the free energy difference be-

tween high and low symmetry phases. However, at finite temperatures, no phase

transition is strictly athermal in character and there is some role of thermal fluc-

tuations for a phase transition to take place even though small. In practice, if

TH- TL is small enough, the kinetic effects are difficult to observe [21]. Here

TH and TL are the characteristic limits of temperature above which transition

is not possible and below which transition occurs with absolute certainty respec-

tively. This is the case of the transition, generally observed under high pressures.

This category of phase transitions, also termed as polymorphic transformations,

occur through displacive mechanism. Sometimes, thermally activated phase tran-

sitions are also observed under high pressures but in a sluggish manner due to

large activation energy. These occur through reconstructive mechanism where

transformation rates become appreciable only at higher temperatures.

1.2.1 Classification of high pressure phase transitions

Phase transitions under high pressures are very much dependent on the structure

and composition of materials (solids in present context). Owing to this reason, it

is difficult to give a unified theory of high pressure phase transitions. Nevertheless,
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there are some general trends common in different high pressure phase transitions,

based on which it can be categorized in certain classifications comprehended in

several review articles [22, 23, 24]. A brief summary of these classifications is

given here.

Heinisch et al [25] has identified four principal approaches to classify phase

transitions viz. based on kinetics, thermodynamics, thermo-chemical and struc-

tural considerations. From kinetics point of view the phase transitions can be

simply divided into two main groups viz. rapid (non-quenchable) and sluggish.

However, it is difficult to parameterize it as it does not treat any basic property

of either of the two phases. The thermodynamic approach is fundamental and

useful but it does not provide a geometrical picture of the microscopic changes

accompanying a transition. Table 1.1 describes the thermodynamic classification.

Thermochemical classification is based on magnitude of ∆H (change in enthalpy)

and ∆S (change in entropy) but with limited applications for two reasons; one, un-

availability/unreliability of the data on ∆H and ∆S etc.; two, it does not treat the

fundamental differences between the phases. The approach based on structural

considerations relies on symmetry systematics. As most pressure induced phase

transitions are diffusionless, there exists a one-to-one correspondence between the

positions of atoms in the parent and the product phases, which, therefore show

interesting symmetry relationships [24, 26]. In this approach the phase transi-

tions can be classified into five categories: (i) iso-symmetric, (ii) group-subgroup,

(iii) intersection group, (iv) multistaging and (iv) order-disorder.

i Iso-symmetric transitions: Here the parent and the product phases have

the same space group symmetry although the crystal structure may be dif-

ferent. However in elemental solids such transitions may be iso-structural

also.

ii Group-subgroup transitions: In this class, the space group of the product

phase is a subgroup (or supergroup) of the space group of the parent phase.

7



1. INTRODUCTION

Table 1.1: Thermodynamic classification

Classification by stability
Enantiotropic Reversible, proceeds in both di-

rections (hence equilibrium at-
tainable)

Monotropic Irreversible, proceeds in only one
direction (no equilibrium possible
between phases)

Equilibrium (only requires reversibility)
Metastable Between two phases neither of

which is the lowest G phase
Stable Between two lowest free energy

phase
Classification by order (after Ehrenfest)
1st order Discontinuity in 1st derivative

functions of G
2nd order Discontinuity in 2nd derivative of

G, Change of slope only in 1st
derivative property

Nth order Discontinuity in the nth deriva-
tive property of G. Change of
slope only in (n-1) derivative
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1.2. Phase transitions under high pressure

The transitions involve either or both homogeneous strain and shuffle.

iii Intersection group transitions: The parent and the product phases do not

have a group-subgroup type of relations, but they have a common subgroup

(intersection group). In fact the transition from the parent to the product

phase (and vice versa) could proceed via an intermediate structure having

symmetry of the common subgroup. This intermediate structure is generally

thermodynamically unstable and may not be directly observed. Intersection

group transitions generally involve both lattice distortive and shuffle strains.

iv Multistaging: In this category the high symmetry and low symmetry struc-

tures are relatable through a sequence of above mentioned three types. So

there could be symmetry lowering as well as symmetry increasing steps. Gen-

erally the number of steps between two space group symmetries are not very

large.

v Order-disorder transitions: The symmetry of solid may change drastically

by the loss of long-range order in pressure induced crystalline to amorphous

phase transitions. A pressure amorphized solid, although it lacks translational

periodicity as that in the melt quenched glass, may be elastically anisotropic

in contrast. In crystalline solids, a disorder-order transition can also occur by

freezing of the rotational motion of certain groups.

Presently the researchers believe that a right combination of the structural

as well as the kinetics aspect can give rise to an acceptable classification of high

pressure phase transitions.

Because of the correspondence and symmetry relationships between the par-

ent and the product phases, the transitions which fall under the category of

structural classification can be analyzed using Landau theory. In fact, Troster et

al have used finite strain Landau theory to explain phase transformations under

high pressure [27]. Under compression, as the inter-atomic forces oppose further
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compression, a crystals volume and lattice parameters develop a certain nonlinear

behavior. Hence, in order to formulate any macroscopic theory of the high pres-

sure deformations, one needs to apply a fully nonlinear description taking physical

as well as geometrical nonlinearities (finite strains) into account. Troster et al

have constructed a Landau-type free energy based on an order parameter part,

an order parameter- (finite) strain coupling and a nonlinear elastic term. This

model provides an excellent and efficient framework for the systematic study of

phase transformations for a wide range of materials up to ultrahigh pressures.

The classifications of high pressure phase transitions described above are based

on micro and macroscopic experimental observations and do not discuss about the

cause of the transitions. In a review article about the influence of high pressure on

phase transitions, A. Jayaraman has segregated high pressure phase transitions in

three categories based on the microscopic origin of the transitions viz. structural,

electronic and magnetic transitions [23].

i Structural transitions: He has ascribed the structural transitions to those

which are primarily governed by the instability of the lattice with respect to

another atomic rearrangement. Most of the elemental solids, with the ex-

ception of high-melting transition elements, undergo pressure-induced phase

changes to closer-packed structures. Usually, the high-pressure phases of

lighter elements simulate the structure of the heavier element in the same

column of the periodic table. For example high pressure phase of Ga and am-

bient phase of In; Si and Ge transformation to the white tin-type structure;

Fe transformation to the hcp structure of Ru. Compounds crystallizing in the

simple crystal structures such as the zinc-blende and NaCl-type show certain

trends. For instance a majority of III-IV, II-VI compounds which have the

zinc blende or wurtzite structure undergo a pressure-induced phase transition

to close-packed structures in the sequence. The transition to metallic state in

semiconductors such as Si, Ge, and many III-V and II-VI compounds can also

be categorized in structural transitions as it arises essentially out of lattice
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instability.

ii Electronic phase transitions: Phase transitions caused by the electronic

instability in the system have been termed as electronic phase transitions, e.

g. the γ → α Ce phase transition, transition in Cs at 4.2 GPa, the metal in-

sulator transition in Cr-doped V2O3, the transition involving 4f→ 5d electron

delocalization in some rare-earth monochalcogenides. Several metal-insulator

transitions attributed to (a) Mott transition (b) the excitonic insulator model

(c) the Adler-Brooks lattice distortion model and (d) polaron self trapping can

be categorized in electronic phase transitions as electronic effects dominate in

these cases.

iii Magnetic phase transitions: Pressure alters the strength of the exchange

interaction in magnetically ordered systems and causes a shift in the ordering

temperature. In rare-earth metals where the exchange interactions involves

the conduction electrons (Ruderman-Kittel-type exchange) the pressure ef-

fects on the magnetic-ordering temperature is quite large.

Despite these generalizations, the classification of high pressure phase transi-

tions is still not exhaustive. More and more new class of materials, with tech-

nological implications, are being synthesized and studied these days whose high

pressure behavior is still unknown.

1.3 Exotic materials

The literal meaning of exotic is ‘strikingly different in effect or appearance or

uniquely new’. In this regard, all the materials can be considered exotic as all

have different behavior and characteristics. However, from material science point

of view, relatively new materials especially those discovered or synthesized after

twentieth century and which have potential technological implications are re-

ferred to as exotic materials. For example semiconductors, super alloys, high Tc
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superconductors, nano-materials, spintronics materials, battery materials, ferro-

electrics, multiferroics, meta-materials, functional materials etc. are considered

as exotic materials [10]. These materials exhibit properties which cannot be com-

prehended with the conventional understanding of materials and gave rise to for-

mulation of new theories, some of which are yet being explored. These materials

have significantly revolutionized the progress of human civilization particularly

in last two decades and expected to completely change our lives in future. That

is why there is substantial scientific attention in the study of exotic materials in

recent years. Most of the observed phenomena in these materials originate from

the presence of a phase transition for example metal-insulator transitions, the

onset of ferroelectricity, ferromagnetism or superconductivity etc. Understand-

ing of the microscopic interactions and factors that lead to such observations is

important for efficient utilization of these materials in technological applications.

With these motivations, I undertook high pressure experimental investigations

on some exotic materials viz. various polymorph’s of the most common semicon-

ductor, Si, reduced graphene oxide (RGO) and improper multiferroic, BiMn2O5

employing XRD and Raman scattering techniques. As perovskites form one of the

most important classes of materials exhibiting a broad range of exotic properties,

e.g., superconductivity, magnetism, ferro-electricity, and multiferroism; some of

the materials I studied also belong to this class. High pressure XRD measure-

ments have been primarily carried out using DAC at International synchrotron

sources. Some of the preliminary XRD measurements were also carried out at

Indian synchrotron source, INDUS-2 (Indore) at beam line BL-11 [28]. High pres-

sure Raman scattering measurements were carried out on indigenously developed

micro-focus confocal Raman setup. I have also used inputs from ab-initio cal-

culations in order to complement and support experimental results. My studies

mainly focus on the structural aspects and polymorphism under high pressures.

Subsequent sub-sections describes a brief survey of relevant earlier investigations

on the exotic materials studied in this thesis.
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1.3.1 Silicon:

1.3.1.1 Nano-porous silicon

Silicon is one of the most widely investigated materials. Under pressure its

structures has been shown to evolve to denser and higher coordinated forms

[29, 30, 31, 32, 33, 34, 35]. In the bulk crystalline form, the initial cubic diamond

phase of silicon is known to transform to the β-Sn structure at 11 GPa and then

to Imma phase at 13 GPa followed by primitive hexagonal (ph), orthorhombic

(Cmca), hexagonal (hcp) and fcc phases at 16, 38, 42 and 78 GPa respectively.

In contrast, the cubic diamond phase of nano-crystalline Si (∼ 50 nm) trans-

forms directly to the primitive hexagonal (ph) form at 22 GPa, by-passing β-Sn

and Imma phases observed in the bulk [34]. Moreover, this transformation is

thought to be associated with the shape change of nano-crystallites. Qualita-

tively, the non-realization of intermediate phases has been explained in terms of

increased stability field of the diamond phase. Experimental studies on nano-

crystalline porous silicon (π- Si), claimed that the initial cubic phase transforms

to a high density amorphous (HDA) phase at ∼ 14 GPa which on release of

pressure, converts to a low density amorphous (LDA) structure [36]. These ob-

servations were rationalized in terms of pressure induced pseudo-melting, implied

by the negative Clapeyron slope for Si. It may also be noted that pressure in-

duce amorphization, (PIA) claimed in ref. [36] was concluded primarily through

Raman measurements. This, in principle, does not rule out the possibility of the

transformation to a phase which may not have a Raman active mode, such as

primitive hexagonal phase. It may also be noted that the energy dispersive x-ray

diffraction (EDXRD) measurements on the same sample had shown pressure in-

duced annealing of nano-crystalline regions. This would have certainly reduced

the surface effects and should have shown similar transformations as shown by

surface terminated nano-particles [34]. Although, some of these observations have

also been supported by theoretical calculations [37, 38], the role of pressure on
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phase transitions in π-Si is still not very clear and needs to be reinvestigated

experimentally with rather intense and higher resolution angle dispersive x-ray

diffraction (ADXRD) experiments.

1.3.1.2 Amorphous silicon

Since the discovery of high density amorphous (HDA) phase in ice [39, 40],

polyamorphic transitions have been extensively studied in ice and other sub-

stances especially those with tetrahedral coordination[41, 42, 36, 37]. Silicon, a

widely used semiconductor in both its crystalline and amorphous forms, also un-

dergoes a polyamorphous transition from tetrahedrally coordinated low density

amorphous (LDA) phase to 5-6 coordinated HDA phase [43, 44]. Durandurdu et.

al. [37] have shown theoretically that a very high density form of amorphous sili-

con (8-9 coordinated VHDA) may also exist [45]. However, experimentally VHDA

phase has not been observed. Instead HDA has been shown to transform to a

crystalline phase under higher pressures. In one of the early reports, Minomura

et al [46] had shown that amorphous silicon transformed to a mixture of β-Sn and

BC8 phases at ∼ 17 GPa. Subsequently Imai et al [47] carried out white beam

x-ray diffraction experiments on amorphous silicon and based on only two very

weak and broad diffraction peaks they concluded that it crystallized reversibly

to β-Sn structure at high pressure. However, since the interest of most of these

experiments was observation of semiconducting to metallic LDA-HDA polyamor-

phous transition, crystallization of amorphous-Si was considered a digression. In

fact, to the best of our knowledge, before our work, there was no high resolution

diffraction or Raman study on amorphous-Si which could unambiguously help in

characterizing the structure of the high pressure phase.
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1.3.2 Reduced graphene oxide

Graphene and its functionalized derivatives have been extensively studied for their

remarkable physical, optical and electronic properties [48, 49, 50, 51, 52]. Many

technological applications require large scale production methods for graphene,

such as chemically synthesized graphene oxide (GO) followed by its reduction

[53, 54]. The chemical synthesis of GO provides a high yield of covalently func-

tionalized, atomically thin carbon sheets with relatively expanded interlayer dis-

tances. Due to their hydrophilic nature, these carbon sheets can be easily exfoli-

ated in water or any other polar solvent under moderate ultrasonication and sub-

sequently reduced to get graphene-like sheets by removing the oxygen-containing

groups [55, 56]. These graphene like sheets termed as reduced graphene oxide

(RGO) is a promising two dimensional material whose physical properties can

differ from the exfoliated graphene [57] due to the residual oxygen functional

groups. Besides excellent electronic properties such as nearly ballistic electronic

conductivity, the mechanical properties of graphene are also interesting. Re-

cently, Qin Zhou et al. have demonstrated its application in fabrication of very

efficient miniaturized graphene-based electrostatic audio transducer [58]. It has

been reported to have very high breaking strength of about 40 N/m [59]. Its

quasi hydrostatic and non-hydrostatic compressional investigations up to 50 GPa

have rendered it to be most healable structures under large stresses [60]. The

local sp2 hybridization in the layer has been found to be intact even up to 50

GPa. These observations appear to be counterintuitive to the earlier investiga-

tions on pristine graphite where a phase transition has been reported around

14 GPa.[61] The high pressure phase was suggested to be sp3 bonded hexagonal

form of diamond which is wurtzite analog of lonsdalite [62]. However, unlike the

hexagonal diamond, which can be preserved indefinitely at ambient conditions,

the high-pressure form produced in cold-compressed graphite is retained under

ambient pressure only at low temperatures (100 K) [63]. Moreover, the character-
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istic graphite Raman peak near 1600 cm−1 persists in the high-pressure phase and

quenched phase, whereas the characteristic peak of sp3 hybridized state (such as

in diamond) near 1332 cm−1 is undetectable. Thus, the nature of the transition

in cold-compressed graphite has been an intriguing and a long standing mystery.

Carbon K-edge spectroscopy on graphite, employing synchrotron based x-ray in-

elastic scattering, suggests a pressure induced change in the bonding character of

half of the π bonds to the σ bonds [64]. Behavior of the RGO, having a few per-

centage of sp3 bonding, would be interesting to investigate under high pressure.

Another interesting aspect would be to investigate the effect of remnant oxygen

functional group on the expansion behavior of RGO, analogous to what has been

reported recently in graphite oxide under high pressure [65, 66].

1.3.3 Multiferroic BiMn2O5

RMn2O5 compounds (R3+ Mn3+Mn4+O2−
5 , where R is a rare earth atom, Y or

Bi) have been extensively studied for their multiferroic behavior [67, 68, 69, 70,

71, 72, 73, 74, 75, 76, 77, 78, 79]. In multiferroics, (anti) ferromagnetism and

(anti) ferroelecticity coexist. Materials belonging to this class order antiferro-

magnetically at around ∼ 40 K, followed by a ferroelectric transition [71, 68].

This class is also characterized by other magnetic transitions at lower temper-

atures between distinct commensurate and incommensurate Mn spin structures

and each magnetic transition is in general followed by a corresponding ferroelec-

tric transition which clearly indicates a coupling between magnetic and electric

properties [69, 70, 80]. The coupling between these different degrees of freedom

enables one to control spontaneous magnetization (polarization) by an applied

electric field (magnetic field) and hence has potential applications in high-density

memory devices and magnetic field sensors [81]. Due to the presence of mixed

valance Mn cations, these materials are also known to exhibit gigantic magneto-

electric effect [82] similar to the hole-doped rareearth manganites R1−xAxMnO3
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[83, 84]which have attracted broad interest in the past few years because of the

underlying intricate mechanism as well as the high potential in future spintronics

[67, 70, 82, 85, 86]. The RMn2O5 class was first studied by Quezel-Ambrunaz

et al.[87] and Bertaut et al [88] in a single crystalline form. At room tempera-

ture these compounds have orthorhombic symmetry with the space group Pbam

(No. 55) and Z=4. The Mn4+ ions (4f sites) are octahedrally coordinated to

oxygen atoms and form edge-shared infinite chain along the c axis. The Mn3+

ions (4h sites) are coordinated to five oxygen atoms located at the vertices of a

distorted tetragonal pyramid and these from a dimer which links the octahedral

chains. In the unit cell, the structural configuration of the Mn4+O6 octahedra

and Mn3+O5 pyramids forbids simultaneous satisfaction of all nearest-neighbor

Mn-O-Mn superexchange interactions resulting in frustrated spin interactions.

The ferroelectric behavior below the magnetic ordering temperature has been ex-

plained in terms of slight atomic displacements breaking the inversion symmetry

due to strengthening (weakening) of the satisfied (frustrated) interactions. For

further structural insight into the multiferroic behavior of these materials, a high

resolution x-ray diffraction study was carried out by Granado et al [89] to investi-

gate the magneto-elastic and thermal effects in the BiMn2O5 lattice. It has been

observed that the a lattice parameter shows large contraction with temperature

below TN while b lattice parameter shows non-monotonous behavior near TN . In

contrast to this c lattice parameter shows first rapid expansion followed by slow

monotonic expansion. This behavior has been ascribed to the different magnetic

interactions in different directions. Previous reports have also highlighted the oc-

currence of multiple nearly degenerate magnetic ground states in these complex

compounds, making them highly susceptible to perturbations, such as applied

magnetic field. The effect of external field on the magnetic structures as well as

the lattice is also detected in the associated ferroelectric subsystems.[90, 91, 69].

Noda et al. [72] have shown that the spin configuration for Mn4+ and Mn3+ ions

in the commensurate magnetic phase, where spontaneous electric polarization
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also occurs, has a transverse spiral spin structure propagating along the c axis.

However the response to external fields such as magnetic field and hydrostatic

pressure etc. at low temperature are strongly dependent on the rare earth element

present in the RMn2O5. The giant magnetoelectric effect observed in this system

can also be interpreted by the phase transition from the magnetic incommensu-

rate and weak ferroelectric phase to the commensurate and ferroelectric phase.

On the other hand, Cruz. et al [75] have shown low temperature pressure-induced

phase transition to a commensurate magnetic structure below 1.8 GPa stabilizes

the ferroelectric phase. This implies that the compressional and magnetic field

effects are analogous. In a recent first principles investigation on charge orbital

ordering and ferroelectric polarization in multiferroic TbMn2O5, Chang et al [92]

have demonstrated that the main part of the polarization results from the pyra-

midal Mn ions where orbital ordering on the pyramidal Mn3+ sublattice plays

an important role in the polarization. Compression of the Mn-O apical bond

length pushes the orbital above the Fermi energy and the orbital ordering can

be removed because of the strong Coulomb repulsion. As pressure affects the

inter-atomic distances, it can modify the magnetic/electronic interactions.

1.3.4 Relaxor ferroelectrics

Relaxor ferroelectrics (relaxors) form a special class of ferroelectrics and are char-

acterized by a dielectric response with a broad peak as a function of temperature

and strong frequency dependence. Some mixedABO3 perovskites (A(B′xB”1−x)O3)

are known to exhibit these interesting properties and are termed as relaxors.

These were first discovered by Smolenskii et al.[93]. The dielectric constant ob-

served in these materials is an order of magnitude larger as compared to normal

ferroelectric materials. These oxides have potential applications in multilayer

capacitors, electrostrictive actuators, and E-field-induced piezoelectrics for low-

frequency sonar and high-frequency biomedical transducers etc. A review article
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by L. Eric Cross [94] comprehensively covers the electrical, mechanical, thermal

and optical characteristics of relaxors. The relaxational properties of relaxors

have been nicely reviewed by George A Samara [95]. He has also shown pressure-

induced ferroelectric-to-relaxor crossover and the continuous evolution of the en-

ergetic and dynamics of the relaxation process with increasing pressure in mixed

ABO3 oxides. Though complete understanding of relaxors is still lacking, the

main reason for these properties is attributed to Polar Nano Regions (PNR)

which form in these systems due to the dipolar defects arising out of composi-

tional disorder. The compositional disorder does not allow long range ordering.

PNRs can vary in size and may follow a distribution. At high temperature large

number of smaller volume PNRs are available. As temperature decreases the

average size of PNR increases which results in slowing down of the relaxation

of their orientational polarization, ultimately resulting in a frozen-in, glass-like

state that lacks long-range order. The usual approach of studying the properties

of many relaxors has been to vary the composition and degree of disorder to in-

duce relaxor behavior. However, this approach introduces complications such as

added randomness, lattice defects, lattice strains and changed interatomic forces.

Consequently there is always considerable vagueness in the interpretation and un-

derstanding of experimental results. In this context, subjecting relaxors to high

pressure can provide more insight since it is much cleaner variable than chemical

composition as it does not introduce compositional fluctuations and disorder in

samples of fixed compositions. High pressure investigations on PbZn1/3Nb2/3O3

(PZN), a well known relaxor, have shown a structural transformation sequence

from polar R3m to non polar R -3c to non polar C2/c to polar Cc at high pres-

sure [96]. However, since their peaks were not well resolved these conclusions were

based on reasoning and comparison with Raman experiments. First principle cal-

culations have also predicted that the lead pervoskites transform from Tetrago-

nal (P4mm)→Monoclinic (Cm)→Rhombohedral (R3m)→Cubic (Pm-3m) at high

pressures [97]. It is interesting to note that the monoclinic phase (Cm) was also
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found in Lead zinc tantalate at low temperatures near the morphotropic phase

boundary and has been interpreted as a bridge between adjacent antiferrodis-

tortive and/or ferroelectric structures with different directions of polar axis [98].

It has also been demonstrated that the monoclinic phase is related to the out-

standing electromechanical properties of relaxor based materials [99]. In the high

pressure investigation on pure PbTiO3, Wu et al [97] have shown huge dielec-

tric and piezoelectric coupling constants in the transition regions comparable to

those observed in the solid solution of Pb(Mg1/3Nb2/3)O3 PbTiO3 with revolu-

tionary electromechanical applications. Their results show that morphotropic

phase boundaries and giant piezoelectric effects do not require intrinsic disor-

der. Relaxor ferroelectic materials are also used for several biomedical appli-

cations involving biocompatible ferroics, pyroelectrics, piezoelectrics, nonlinear

dielectrics, high-frequency biomedical transducers etc. The largest group of re-

laxor ferroelectrics are found in the family of complex lead-based perovskites

having the general formula Pb(B′B′′)O3 where B′ is a low-valence cation, such as

Mg+2,Ni+2,Fe+3,Sc+3 or Zn+2 and B′′ is a high valence cation, such as Nb+5, Ta+5

or W+6. However, lead interferes with a variety of body processes and is toxic

to many organs and tissues including the heart, bones, intestines, kidneys, and

reproductive and nervous. For this reason, these days researchers are exploring

lead-free relaxors for technological applications. Ba(FeNb)O3 and Sr(FeNb)O3

studied in this thesis belong to this category. High pressure behaviour on these

materials would be interesting compare with those of lead-based relaxors. These

relaxors exhibit very high values of dielectric constant over a very wide temper-

ature range with highest value of dielectric constant (εr) of about 50,000 at 300

◦C [100].
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1.3.5 6H perovskites

Compounds with general formula ABO3 adopt perovskite structure. A is rel-

atively larger cation (usually an alkaline earth or lanthanide) and B is transi-

tion metal. Depending on cationic radii ratio rA/rB, the BO6 octrahedral units

can stack in three forms viz. Corner shared (Cubic close packing), Face shared

(hexagonal close packing), Mixed but ordered (6H perovskite). Earlier investiga-

tions have shown that for larger rA/rB , hexagonal close packing with face shared

octahedral units is favored [101] . In this regard, high pressure should stabilize

cubic close packing due to larger A-O bond length compressibility [102]. These

transition metal oxides with competing onsite Coulomb energy and spin-orbit

interactions, exhibit novel electronic and magnetic properties such as supercon-

ductivity [103], colossal magnetoresistance [104] etc. and are being extensively

studied from both, technological as well as basic research point of view. The

novel properties in these materials are very much sensitive to the chemical sub-

stitutions or thermodynamic environment such as high pressures which can even

bring about structural transformations. Recent investigations on Ba3NiSb2O9

[105] and Ba3YIr2O9 [106] have shown the realization of exotic spin liquid ground

state, only in their high pressure cubic polymorph. The high pressure cubic

polymorph is a metastable phase under ambient conditions and obtained in high

pressure and high temperature conditions. Under ambient conditions these ma-

terials crystallize in 6H perovskite structure with space group P63/mmc. The

room temperature high pressure behavior of this phase is relatively less studied.

As magnetic interactions are very much susceptible to inter-atomic distances, the

changes in this phase under high pressure might also have magnetic implications

at low temperatures.
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1.4 Plan of thesis

This thesis is organized in eight chapters. First chapter, i.e. the present one,

provides a brief description of polymorphism and phase transitions under high

pressures and survey of earlier investigations on materials studied in this the-

sis. Chapter 2 describes the methodology of high pressure experiments primar-

ily focused on x-ray diffraction (XRD) and spectroscopic measurements (Raman

scattering and infrared(IR) absorption). Chapter 3 is devoted to the synchrotron

beam line development work for high pressure XRD measurements. Remaining

chapters (4 to 8) are dedicated to various high pressure investigations pertaining

to this thesis, namely on various polymorph’s of Si (porous silicon, amorphous

silicon), reduced graphene oxide, pure and Ti doped multiferroic BiMn2O5, re-

laxor ferroelectric materials BaFe0.5Nb0.5O3 (BFN) and SrFe0.5Nb0.5O3(SFN) and

6H perovskites Ba3ScIr2O9, Ba3YIr2O9 and Ba3YRu2O9 respectively.

Chapter 2 gives a glimpse of the methodology of experimental high pressure

technique. The experimental methods mainly described here are the x-ray diffrac-

tion, Raman scattering measurements and the IR absorption measurement. The

capabilities and the limitations of these techniques have also been briefly dis-

cussed.

Chapter 3 provides the details of my x-ray diffraction beam line development

work [28]. High pressure x-ray diffraction measurements inside DAC demand an

intense, high brilliance x-ray source. This requirement is fulfilled by the syn-

chrotron radiation. To efficiently utilize this radiation, beam lines are developed

around synchrotron source, which are sophisticatedly designed for some specific

kind of measurements. This chapter gives the details of energy dispersive x-ray

diffraction beam line developed at INDUS-2 synchrotron source at Raja Ramanna

Cetre for Advanced Technology, Indore. The beamline has also been adapted for

angle dispersive measurements using channel cut Si (111) monochromator.

Chapter 4 describes the experimental observations of high pressure x-ray
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diffraction and Raman scattering measurements on porous and amorphous Si

samples [107, 108]. In porous Si, the nano-crystalline regions in diamond phase

exhibit direct transition to primitive hexagonal (PH) phase bypassing β-Sn phase

observed in bulk Si. On release of pressure it amorphizes in low density amor-

phous phase. When we re-pressurize this pressure cycled sample it shows re-

versible amorphous to crystal transition. Bulk amorphous Si also exhibits similar

polymorphism though the reversibility is very much dependent on kinetics. This

preferred crystallization in a particular phase (PH) is explained in terms of phe-

nomenological nucleation and growth process, parameters for which were obtained

from ab-initio calculations [109]. Gibb’s free energy change, ∆ G and the critical

radii, rd for nucleation have been compared for both PH phase and β-Sn phase as

a function of pressure. At ambient pressure crystallization to PH phase requires

higher ∆ G as compared to that for β-Sn phase. Under high pressures ∆ G

required for crystallization to PH phase decreases more rapidly as compared to

β-Sn phase and beyond 14 GPa ∆ G for PH phase becomes lower than that for

β-Sn phase. This is the first report on reversible amorphous to crystal transition

in any elemental solid.

Chapter 5 describes the x-ray diffraction, Raman scattering and IR absorp-

tion measurements on reduced graphene oxide (RGO) under pressure. Our high

pressure XRD and IR absorption measurements on RGO establish it to be highly

stable and recoverable structure under pressure cycling. Our measurements reveal

two-step compressional behavior along normal to RGO sheets (along ‘c’ axis)[110].

It exhibits, first a large compression of about 17 % up to 1 GPa, followed by ∼

3 % expansion attributed to pressure induced insertion of pressure transmitting

medium. At much higher pressure behavior of RGO is found to be similar to that

of graphite. Despite pressure induced intercalation, the lattice structure of RGO

remains intact; though the long range ordering along (002) direction decreases

above 15 GPa and it reverts on released pressure. Careful line shape analysis of

the (100) diffraction peak suggests the presence of puckered regions in RGO lay-
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ers. The puckering angle distribution is found to reduce with pressure, suggesting

flattening of the RGO layers. The IR measurements suggest that this could be

due to changes in bonding characters of RGO under high pressures. Supported

by IR measurements we have also shown irreversible reduction in puckering angle

and flattening of RGO sheets.

Chapter 6 describes our findings about the pure and Ti-doped multiferroic

BiMn2O5. In case of pure BiMn2O5, we have found anisotropic compressional

behavior along different crystallographic axis and iso-structural phase transition

above 10 GPa [111]. The changes along c axis show anomalous behavior across

phase transition. The high pressure deviation of lattice parameters from ambient

isothermal lattice equation of state is found to be analogous to the low tempera-

ture behavior explained in terms of magnetoelastic effects. However, under high

pressures it has been explained in terms of electronic changes as obtained from

ab − initio calculations. Below the phase transition, Mn-O framework appears

to follow the coordination sphere around Bi3+ cation which is in agreement with

the earlier reports. The reduced role of lone pair at Bi3+ cation is also evident as

the Bi-O bond length tends to become uniform at lower pressures. Beyond phase

transition the Mn3+ pyramid becomes relatively more regular as O-Mn-O angle

approaches 90◦ /180◦. The Mn4+ octrahedral unit is found to be relatively more

rigid structural unit in this system which remains almost unaffected by the phase

transition. The dominant role of rigid Mn-O framework beyond phase transi-

tion also explains the anomalous behavior of c lattice parameter. Bader charge

analysis suggests that the partial charge transfer from Bi3+ cation to Mn3+ cation

could be the cause of this phase transition. Subtle atomic displacements observed

across the phase transition might have further implications in the magnetic be-

havior and hence the multiferroicity of this system at higher pressures. To get

some insight about the role of magnetic interactions into the observed phase tran-

sition in pure BiMn2O5, high pressure x-ray diffraction measurement were also

performed on Ti-doped sample. These measurements suggest an adverse role of
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Mn- Mn exchange interaction on the high pressure iso-structural phase transition

observed in BiMn2O5.

Chapter 7 gives the details of high pressure measurements performed on Re-

laxors Ba(FeNb)O3 (BFN) and Sr(FeNb)O3 (SFN). Relaxors exhibit phase transi-

tions from quasi cubic to monoclinic to rhombohedral structure. Since structural

changes in these transitions are very subtle, these transitions have been inferred

by analyzing width of certain diffraction peaks mainly affected by the transitions.

For BFN, relative changes in FWHM of sample diffraction peaks viz. (222) and

(200) have been compared with the FWHM of pressure marker peaks. Above 10

GPa, splitting in (222) peak is found to be higher than (200) peak, suggesting

the high pressure phase to be monoclinic. Similarly, above 43 GPa decrease in

FWHM suggests the monoclinic phase to be transforming to more symmetric

rhombohedral or cubic phase. On release of pressure FWHM reverts back to

ambient value indicating reversibility of phase transformations. Relaxor, SFN

also exhibits similar behavior. These transitions are similar to what is obtained

across morphotropic phase boundary (MPB) appearing due to phase transition in

compositional phase diagram. Earlier reports have shown that in compositional

phase diagram, the apparent continuous phase transitions though the MPB region

corresponds to very high electromechanical response which is due to symmetry-

allowed polarization rotation. Our high pressure measurements on relaxor which

is already at a composition close to MPB provides further tenability of MPB and

hence the electromechanical response.

Chapter 8 explains the high pressure x-ray diffraction measurements on 6H

perovskites viz. Ba3ScIr2O9, Ba3YIr2O9 and Ba3YRu2O9. These measurements

were performed using membrane based DAC in order to closely monitor the struc-

tural changes in very fine pressure intervals of ∼ 0.1 GPa. All of these perovskites

remain stable in their ambient hexagonal structure up to highest measured pres-

sure (∼ 35 GPa). Though, ‘c’ lattice parameter is found to be less compressible

as compared to the ‘a’ lattice parameter in all the three systems. This anisotropic
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compressibility along different crystallographic axis is explained in terms of dif-

ferent compressional behavior of octahedrons in these systems.

At the end, various analytical techniques used for experimental data analysis

have been briefly described in the form of Appendices.
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Methodology

2.1 Introduction

Static high pressure measurements are basically performed to study the proper-

ties of materials by subjecting them to high pressures by mechanical means 1.

Diamond being the hardest known material, can withstand very large stresses

and can be used for attaining extreme pressures. Owing to this reason, diamond

anvil cells (DAC) are the most commonly used device for in− situ high pressure

investigations in a pressure range of about a few Mbars. Since the invention of

DAC in 1958 by Lippincott et al. [112] it has come a long way with improved

ergonomic designs and maximum achievable pressures and the process of improve-

ment is still going on. Maximum pressure that has been achieved using DAC so

far is ∼ 6.4 Mbar [113] which is about twice the pressure at the core of earth.

Complemented with laser heating, it is now possible to simulate thermodynamic

conditions nearly equivalent to that at planetary interiors in laboratory. As di-

amonds are transparent in optical as well as hard x-ray region, DACs are being

used for a variety of measurements viz. X-ray diffraction, x-ray inelastic scatter-

ing, extended x-ray absorption fine structure (EXAFS), x-ray magnetic circular

1High pressures can also be generated through shock waves, but that method is used in
dynamic high pressure technique which is not relevant in present context
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dichroic (XMCD) measurements, Raman scattering, Infra-red (IR) absorption

etc. With the help of designer diamond anvils, high pressure transport and di-

elecric measurements are also possible these days. Different kinds of DACs and

various experiments that can be performed using it have been nicely reviewed

is several review articles and books [114, 2, 115, 116, 117, 118, 119, 120, 121], a

glimpse of which is given here.

Though different measurements require separate arrangements at the experi-

mental station, the basic elements of sample and cell preparation for high pressure

measurements are essentially the same. Most common and important components

for carrying out high pressure measurements using DACs are the diamond anvils,

diamond supports (seats), the gasket material, the type of DAC and the loading

mechanism, pressure transmitting medium and pressure markers. The diamond

anvil is a brilliant cut diamond, usually used for jewelry, however, with flattened

tip which is called culet of the anvil. DAC is basically made of two diamond

anvils which are pressed against each other by various mechanical methods. The

diamond culets have to be carefully aligned so that these are parallel to each other

with coincident center. For preparing sample chamber, a metal sheet, generally

made of tungsten, rhenium or inconal steel is indented by the diamond culets

and a small hole is drilled in the center of the indented portion. For high pres-

sure measurements sample is filled in this hole along with pressure transmitting

medium and pressure marker. Typical sample volume inside DAC is of the order

of a few pico-liters. A schematic diagram of high pressure measurements using

DAC is shown in figure 2.1.

2.2 Designs of DACs

Depending on the mechanical method used for applying pressure on diamonds,

experimental method to be used for high pressure measurements and the pressure

range to be investigated, there are several designs of DACs, some of them are
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Figure 2.1: Schematic diagram of high pressure measurements

listed below.

i NBS or Piermarini-Block cell: These were the first DACs and were de-

veloped by Piermarini and Block [122]. The main body of the DAC consists

of a rectangular plate 15×6 cm of about 2 cm in thickness, made of 4340

or Vascomax 300 steel, with suitable apertures near one end for the station-

ary and movable pistons. Force is produced by compressing Belleville spring

washers by turns of the screw. The applied load is magnified by a factor of

2 on being transmitted via the lever-arm system to the pressure plate which

bears against the extended end of the movable piston. The stationary dia-

mond mount can be translated for centering purposes by three symmetrically

situated (120◦ apart) adjusting screws, and is locked in position by two pulling

screws, once centered. The hemispherical mount on the movable piston can

be tilted in its socket by adjusting screws to secure parallel alignment of the

diamond anvil flats, as determined by the optical interference fringe pattern.

The high pressure range that can be achieved in this type of DAC was of the

order of ∼ 50 GPa.

ii Mao-Bell cell: These were the modified version of NBS cell and introduced
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by Mao and Bell [123] at the Geophysical Laboratory in Washington. Like

the Piermarini-Block cell, this type of DACs also has Belleville spring-loaded

lever-arm mechanism for generating the thrust, but it has a long (60 → 70

cm) detachable pistoncylinder assembly. The anvil centering and alignment

are accomplished by translating and tilting the two hardened steel (RC 60)

or tungsten carbide rockers (half cylinders) in their troughs. The more gen-

erously proportioned body and the lever-arm system facilitate generation of

larger force, and the long piston-cylinder assembly combined with the tung-

sten carbide mounts ensures excellent alignment of the diamonds. These

DACs have been used to achieve a pressure range of the order of ∼ 100 GPa

(1 Mbar).

iii Syassen-Holzapfel cell: These type of DACs were developed by Huber,

Syassen and Holzapfel. The thrust for compressing the anvils is generated

by a thread and knee mechanism. Two threaded rods connecting the front

and back sides of the brackets are synchronously turned by a simple gear-

set wrench, pulling the lower ends of the brackets together. Consequently,

the upper ends of the brackets compress the moving piston and generate the

pressure. Because of the long piston and good fit combined with the thrust

acting strictly parallel to the axis of the instrument, these DACs have excel-

lent alignment stability. The pressure range achievable in these DACs is also

of the order of ∼ 50 GPa.

iv Merrill-Bessett cell: These are a very compactly designed DACs developed

by Merrill and Bassett. Instead of lever-arm, it has three screws which pull the

two platens together when tightened, carrying the diamond anvils with them.

Owing to its compact size, these DACs are particularly useful for single-crystal

x-ray diffraction studies, for it can be mounted on an x-ray goniometer head.

Suitably shaped Be supports, press-fitted into the steel platens, provide wide-

angle access to the incoming and diffracted x-rays beam. Applying pressure in
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these DACs is a bit tricky as all the three screws has to be tightened precisely

equally as even a small error of a few microns can misalign the diamond qulets.

v ETH cell: These are also compact DACs with a modified design as it uses

four screws to apply compression thrust, two left handed and two right-

handed. By tightening the screws the force is transmitted through the steel

body of the cell through the Be plate to the diamonds-anvils.The alignment

of diamonds during compression is ensured by the four guide pins. These

were developed by Allan, Miletich and Angel [124]. These DACs have mecha-

nisms for adjusting the two anvils so that they are exactly parallel and aligned

on-axis with each other. Being compact is size and mountable on x-ray go-

niometer head, these DACs can also be used for single crystal diffraction

measurements.

vi Boehler-Almax cell (plate DAC): These are another type of compact DAC

based on the novel design of Renhard Boehler. These DACs use conical di-

amond anvils which provide large conical apertures without the drawback of

obstructing materials for the incoming and outgoing beams. In the Boehler-

Almax Plate DAC two kinematically mounted steel plates are elastically de-

flected with the use of a driving gearbox. Based on the lever principle, a small

symmetrical deflection of the plates is enough to bring into near-contact the

diamond anvils and hence generate the required pressures in the sample space.

The conical anvils are supported by tungsten carbide seats which helps in cir-

cumventing the need for Be plates and avoiding of usual halo coming due

to diffraction from Be window. With tungsten carbide backing plates, these

DACs can also be used for carrying out high pressure experiments at high

temperatures with laser heating set-up. These DACs can be used for high

pressure measurements in Mbar region.

vii Symmetric cell: These are the compact DACs which utilizes both the ad-

vantages of piston cylinder and screw based DACs. These have symmetric
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conical opening for both incoming and diffracted beam providing full diffrac-

tion rings. Like Boehler-Almax cell, tungsten carbide backing plates with

conical opening are used as diamond anvil seats. These DACs can achieve

pressures as high as 300 GPa (3 Mbar).

viii Panoramic cell: These DACs are modified form of symmetric cell where

the DAC is extended in one side to provide very large opening in lateral

direction. These have been developed for specific kind of measurements under

high pressures i. e. Radial diffraction measurements.

ix Membrane cell: These DACs use altogether different method of applying

pressure. It has a thin membrane of two edge welded annular disks which

is assembled in a casing for the DAC. The pressure is applied by inflating

the membrane within the casing which intern squeezes the diamond anvils

against each other. These DACs are used for monitoring high pressure behav-

ior in very small pressure steps (0.1 GPa) and especially useful at synchrotron

sources as it can be remotely handled.

Besides these DACs, various researchers across the world have developed their

own designs for specific purpose for example novel cubic diamond anvil cell with

large sample volume and multidirectional optics [125] which is useful for high

pressure sample synthesis, non-magnetic miniature panoramic cell [126] used for

low temperature magnetic measurements.

All these cells have some or the other advantages and/or disadvantages. Where

Mao-Bell is very handy and sturdy, it does not have symmetrical opening in both

the sides of DAC which limits its utilization for high pressure single crystal diffrac-

tion measurements. All the screw based DACs though provide large opening in

both the sides but demand utmost care while increasing pressure. In Boehler-

Almax cell, increasing pressure is easy due to gearbox but the sample loading

is difficult particularly with fluid pressure transmitting medium with high evap-

oration rate. So, researchers use different types of DACs depending on their

32



2.2. Designs of DACs

experimental requirements and ease of carrying out high pressure measurements.

Some the DAC types are shown in figure 2.2.

Figure 2.2: Different types of DACs (a)NBS or Piermarini Block cell (b)Mao Bell
cell (c)Syassen-Holzapfel cell (d)Membrane cell (e)Boehler-Almax cell (f)Merrill-
Bessett cell (g)Cross cell (h)Symmetric cell (i)Panoramic cell (j)ETH cell

Besides, the type of DAC, the shape of diamond anvil is also important. The

mechanical thrust which is applied by various mechanisms discussed above is

transmitted to sample through diamonds. As pressure is force per unit area, the

pressure at sample is decided by the applied load and the size ratio of diamond

base and culet. For achieving higher pressures this ratio should be large, however

it cannot be arbitrarily large. The shape of diamond should be such that it can

withstand large stresses. As the cost of diamonds increases nonlinearly with the
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size the shape should also be such that it could accommodate maximum base

to culet diameter ratio with minimum size. Typical shapes of diamonds are,

modified brilliant cut, Drukker standard cut and Boehler-Almax cut as shown in

figure 2.3.

Figure 2.3: Different shapes of diamond anvils being used in DACs [127]

Again, the seats on which these diamond anvils are mounted are also decided

based on experimental requirements. Generally tungsten carbide (WC) seats are

used for diffraction as well as spectroscopic measurements owing to its remarkable

mechanical strength. However, with round or slotted aperture, it provides limited

angular range for data collection. For wide angle x-ray diffraction data collection,

cubic Boron Nitride (cBN) or Beryllium seats are used which are transparent to x-

rays. For single crystal measurements diamond seats or Boehler-Almax seats with

conical diamonds are used. The technology of DACs has been nicely explained

by D. J. Dunstan and I. L. Spain in the references [115] and [128].
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2.3 Practical aspects of high pressure measure-

ments using DAC

Even after carefully deciding the type of DAC, the diamond shape and seats, the

success of high pressure experiments is not ensured as any mistake at any stage

of diamond cell alignment, preparation of sample chamber, sample loading and

applying mechanical pressure can lead to diamond failure for diamonds being also

brittle besides being hard. As the sample volume is very small, sample loading

is also a bit demanding. So, one has to be careful at each stage of high pressure

experiment starting from diamond anvil selection to finally the measurements.

There are some thumb rules for high pressure measurements viz. the diameters

of diamond tips have to have an accuracy of ∼ 1%, the parallelism of the culet flat

with the diamond table should be within ∼0.1◦, the parallelism between the two

diamond anvils of DAC should be better than 0.05◦. The culet size of diamond

decides the maximum achievable pressure in DAC e. g. diamonds of culet size

>500 µm can be used for pressures up to 20 GPa whereas for pressures up to 100

GPa (1 Mbar) one would need diamonds of culet size of about 250 to 300 µm. For

achieving further higher pressure diamonds should be bevelled or double bevelled.

So culet size of diamond should be decided as per the requirement. A relation

between maximum achievable pressure (Pmax) and diamond culet diameter (d)

is given as

Pmax(GPa) =
12.5

(d(mm))2
(2.1)

The maximum pressure used in experiments should be somewhat lower than this,

such as 0.8 Pmax to ensure safety of the diamond anvils. Cell preparation with

small culet sized diamond anvils are difficult and should be avoided unless the

high pressure experiments are required to be done in Mbar region. The hole size

in the gasket should not exceed half of culet diameter, better ≤1/3; pre-indent

gasket to at least half of target pressure; decide indentation thickness based of
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the pressure range to be studied for example for pressures up to 20 GPa the

gasket thickness can be 50 to 60 µm whereas for pressure up to 100 GPa, the

gasket thickness should be about 25 to 30 µm. Further details about selection of

diamonds, gasket material, pressure marker, pressure transmitting media, DAC

type for specific experiments etc. and other the nitty-gritty of high pressure

measurements are nicely described by M. Eremets in his book, “High pressure

experimental methods” [121].

2.4 Overview of high pressure techniques

As mentioned earlier, diamonds being transparent in both optical and x-rays re-

gion, various experimental methods used for the investigations of material prop-

erties can be and have been implemented with DACs for in-situ studies. Among

these, x-ray diffraction and Raman scattering measurements are the most com-

mon methods. Other common experimental methods are infrared spectroscopy,

Brillouin scattering, Mössbauer spectroscopy, absorption and reflectance studies.

X-ray diffraction provides information about the long range ordering and mi-

croscopic structure of materials at atomic level. Raman and Brillouin scattering

provide information about the dynamics of the materials. Both these are inelastic

scattering processes of light with vibrational quantas of solids, however are very

different. Brillouin scattering denominates the scattering of photons from low-

frequency phonons (acoustic), while for Raman scattering photons are scattered

by interaction with vibrational and rotational transitions in the bonds between

first-order neighbouring atoms (optical phonons). Therefore the two techniques

provide very different information about the sample: Raman spectroscopy is used

to determine the molecular structure, while Brillouin scattering measures prop-

erties on a larger scale, such as the elastic properties. An important feature of

Brillouin scattering is the sensitivity to anisotropy of even cubic crystals where

the dielectric constant is scalar and Raman and IR absorption are also isotropic.
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This technique is also used for obtaining information about elastic and relaxation

properties of viscoelastic liquids and amorphous materials. However unlike Ra-

man scattering measurements, high pressure Brillouin scattering measurements

are rather tricky and complicated which is the reason behind relatively less num-

ber of reports pertaining to this technique. This is because intensity of the scat-

tered light is very small: IBrill/IRayleigh∼ 10−8 and the shift in frequency of the

scattered light is extremely small , ∼ 1 cm−1. Infrared spectroscopy is another

complimentary technique for studying vibrational properties of materials. Under

high pressures, these spectroscopic techniques combined with x-ray diffraction,

provide vital information about the structural evolution with pressure.

Absorption and reflectance spectra of a substance give direct information

about its energy spectrum. Absorption measurements are carried out to gain

insight into the evolution of electronic structure with pressure and are gener-

ally performed on optical band gap materials whereas reflectance studies provide

information about the dielectric constant and conductivity of materials. These

measurements are particularly important for studies of one of the typical high-

pressure problems: dielectric-metal transitions.

Mössbauer spectroscopy is used to detect subtle changes in the chemical en-

vironment of the nucleus including oxidation state changes, the effect of different

ligands on a particular atom and the magnetic environment of the sample. How-

ever, it is limited by the need for a suitable gamma-ray source. Usually this

consists of a radioactive parent that decays to the desired isotope. For example

the source for 57Fe consists of 57Co which decays by electron capture to an excited

state of 57Fe. Third-generation synchrotron radiation also serves as an alterna-

tive Mössbauer source with many superior features, such as high brilliance, high

directionality, and energy selectivity [129]. Generally this technique is used for

studying materials containing iron.This technique is especially useful in the field

of geology for identifying the composition of iron-containing specimens including

meteors and moon rocks.
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High pressure studies have also been extended to EXAFS which is a power-

ful tool for probing element-specific local structural changes. However, there are

a number of challenges associated with conducting EXAFS studies in a DAC.

Typically 2.5-mm-thick single-crystal diamonds are opaque to the low-energy ab-

sorption edges. A major difficulty also comes from the strong Bragg reflections

from the single crystal diamond anvils, which produce distortions on the EXAFS

spectra in terms of diamond glitches and reduce the data quality. This issue has

been addressed using nanocrystalline diamond anvils [130]. Using perforated dia-

monds the utilization of EXAFS technique can be further extended to low-energy

absorption edge elements.

Besides these diffraction and spectroscopic measurements transport measure-

ments such as resistance measurements are also performed on samples inside

DAC. For these measurements the DAC is assembled with stainless steel gasket,

Au wire leads and mylar embedded Al2O3 (alumina) pressure medium. The use

of a mylar sheet prevents the alumina layer from sticking to the anvil in the pre-

compacting stage of Al2O3 and also reduces the pressure gradients in the final

assembly [131].

All these measurements mentioned above can be performed with conventional

DACs without much modification. But with specialised arrangements in DAC,

various other measurements can also be performed inside DAC viz. magnetic

susceptibility, electron paramagnetic resonance (EPR) and nuclear magnetic res-

onance (NMR) etc. For high pressure magnetic studies non-magnetic DACs,

generally made of non-magnetic Cu-Be alloy are used. Since sample volume is

very small inside DAC, only strong changes of magnetic susceptibility χ may be

detected such as transition from the paramagnetic to the ferromagnetic state or

transition from the paramagnetic to the superconductive state. For magnetic sus-

ceptibility χ measurements in DACs two methods have been established. One:

direct method of measurement of changes in the magnetic moment; two: an in-

ductance method where changes of magnetic field are detected by inducing elec-
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tromotive forces (e.m.f.). For the first method, a very sensitive magnetometer is

needed to detect very small changes of the magnetic flux. A flux change ∆φ ≈

10−15 Wb can be detected using the superconducting quantum interference de-

vice (SQUID). This method is very sensitive, but is complicated and needs very

careful superconductive shielding of stray fields and connectors of coils with the

SQUID. In case of second method two coils are used around the diamond anvil

viz. primary coil and detection coil. A primary coil produces an alternating

magnetic field with produces an e. m. f. at the detection coil. At magnetic

transition in the sample inside DAC, this e. m. f. is affected and can be used

to detect the transition. X-ray magnetic circular dichroism (XMCD) is another

technique which is used for magnetic studies in DAC. This technique is about

recording a difference spectrum of two x-ray absorption spectra (XAS) taken

in a magnetic field, one taken with left circularly polarized light, and one with

right circularly polarized light. By closely analyzing the difference in the XMCD

spectrum, information can be obtained on the magnetic properties of materials.

Electron paramagnetic resonance (EPR) spectroscopy is very powerful method

which gives information about interaction of paramagnetic ions with a crystalline

field, and about mechanisms of exchange between spin and lattice systems. In

an EPR experiment a stationary magnetic field produces the splitting of energy

levels and transitions are caused by application of a perpendicular alternating

magnetic field. Usually the sample is placed in a resonator in the position of

maximum magnetic or electric field and the magnetic field is tuned. Changes

in the Qfactor of the resonator are recorded. For EPR experiments under high

pressures, non-magnetic cells are needed and an appropriate resonator has to

be built. Again due to small sample volume these measurements are difficult.

Different types of resonator have been tested in high pressure experiments. One

of these is the sapphire support below diamond anvils which is used as resonators

(after sakai and pifer 1985). Nuclear magnetic resonance (NMR) spectroscopy

is similar to electron spin resonance but the magnetic moment of nuclei is three
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orders of magnitude less than of electrons. Consequently nuclear energy levels are

split more finely in a magnetic field and characteristic transitions are in the range

of radio wave frequencies , ∼100 MHz at magnetic field ∼ 5-10 T. Several NMR

studies in hydrostatic cells up to 2 GPa have been nicely reviewed by Brinkmann

[132] and Ando and Webb [133]. For NMR studies in DAC the sensitivity of NMR

measurements has to be appropriate due to small sample size. Ulug et al [134]

and Lee [135] extended NMR technique for DAC with hairpin resonators which

are essentially a single turn coil of copper sheet, placed just around a diamond

and connected directly with a chip capacitor.

2.5 Experimental methods used in present the-

sis

I have primarily used three experimental techniques viz. x-ray diffraction, Ra-

man scattering measurements and IR absorption for the investigations presented

in this thesis. All the measurements were in-situ and were performed in the static

hydrostatic conditions using diamond anvil cell (DAC). Methodologies adopted

for carrying out these measurements are described in the following sub-sections.

I have mostly used Mao-Bell type cell for x-ray diffraction and Raman scattering

measurements. For high pressure IR absorption measurements, I used ETH cell

with CVD grown diamonds. For high pressure low Z material, reduced graphene

oxide, I used symmetric DAC with perforated diamonds to reduce Compton scat-

tering background.

2.5.1 X-ray diffraction

It is a most widely used non-destructive analytical technique in the structural

investigations of materials which directly probes the momentum space of elec-

tronic distribution in real space. This information about the momentum space
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is used to back calculate the atomic structure of the system being studied. The

phenomenon of x-ray diffraction by crystals was discovered in 1912 by Max von

Laue. It is basically based on elastic scattered x-rays from matter. Due to the

wave nature of x-rays, the scattered x-rays from a sample can interfere with each

other such that the intensity distribution is determined by the wavelength and

the incident angle of the x-rays and the atomic arrangement of the sample struc-

ture, particularly the long-range order of crystalline structures. The diffraction

condition is given by

k.Ĝ =
1

2
G (2.2)

where G is reciprocal lattice vector corresponding to real space long range or-

dering and represents a set of planes. The expression of the space distribution

of the scattered x-rays is referred to as an x-ray diffraction pattern. Under high

pressures, it provides a means for definitive identification of transformations in

crystalline materials, amorphous solids, determination of atomic positions in a

crystal or radial distribution functions in a glass, and yields precise unit cell and

equation of state data for crystalline solids as a function of pressure. Over its

hundred-year history of development, x-ray diffraction techniques have evolved

into many specialized areas, each of these has its specialized instruments, samples

of interests, theory, and practice. Since it a very old and well established technique

and several books have been written on this technique, the detailed description

of this technique is being avoided here. The two important variants or x-ray

diffraction are angle dispersive and energy dispersive x-ray diffraction. In angle

dispersive x-ray diffraction (ADXRD), monochromatic x-rays are diffracted from

the sample and diffraction intensity is collected as a function angle whereas in

energy dispersive x-ray diffraction (EDXRD) a white beam of x-rays falls on sam-

ple and diffraction data is energy analysed at a fixed angle. Earlier these variants

were used to be setup at laboratory based rotating anode x-ray generator where

characteristic x-rays from the anode material were selected for ADXRD and the
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Bremsstrahlung radiation were used for EDXRD measurements. As diamonds

exhibit appreciable attenuation below 10 KeV, mostly Molybdenum drum were

used as anode material for high pressure measurements providing monochromatic

x-rays of λ=0.71069 Å. With the advent of 3rd generation synchrotron sources

providing wide spectrum of high brilliance x-rays in hard region, these variants

of x-ray diffraction are now being implemented at synchrotron sources. With

these intense x-rays of intensity, about three orders of magnitude higher than

laboratory based sources; one can now perform x-ray diffraction on even low Z

materials. A highly collimated intense beam of x-rays from these sources has

also improved the resolution of diffraction data. These features of synchrotron

based x-ray diffraction set up easily fulfil the requirements of high pressure mea-

surements in DAC. The development of both the ADXRD and EDXRD variants

of x-ray diffraction at beam line BL-11 of Indian synchrotron source, INDUS-2

is described in chapter 3 of this thesis. The EDXRD set up is especially useful

for diffraction measurements in highly constrained environments such as in high

pressure cell and for kinetics studies as data collection is online and quite fast.

However this variant produces low resolution diffraction data which is limited by

the detector resolution which is about 2 %. For high resolution diffraction data,

ADXRD is used. This beamline was used for some of the diffraction measure-

ments presented in this thesis.

For high pressure x-ray diffraction measurements the samples is loaded inside

DAC along with pressure transmitting medium and the pressure marker like in

all other high pressure measurements. However, there are some important points

that need to be considered while performing x-ray diffraction experiments using

DAC. The x-ray beam size should be smaller than the gasket hole size otherwise

diffraction peaks from gasket material will contaminate the diffraction pattern

from the sample. Generally the diffraction beam lines at synchrotron are equipped

with the focusing arrangement which can reduce beam size at sample. Otherwise a

pinhole should be used before the DAC to reduce the beam size. In case of focused
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x-rays, one should avoid very tight focusing as it increases divergence of x-rays.

Generally with 2D imaging plate detector with ∼ 100 µm pixels the divergence

of incident x-rays should be less than ∼ 5 mrad. For ADXRD measurements the

monochromaticity of x-rays should be of the order of ∼ 10−4. Since the diamond

seat provide limited opening for collection of diffraction data, one should opt for

high energy x-rays, greater than 20 KeV in order to collect large Q range data.

High energy x-rays will also have lower attenuation from diamonds. However,

incoherent Compton scattering form the diamonds increase with energy. So,

with high energy x-ray beam one should avoid using thick diamonds (∼ 2.5 mm)

and go for thinner diamonds (∼1.5 mm). Using perforated diamond would be

even better.

All the x-ray diffraction measurements carried out for the materials studied in

this thesis were performed at Indian and international synchrotron sources with

ADXRD variant. Standard elemental metals with known equation of state such as

gold and copper were used as pressure marker. The pressures were estimated by

these shifts in the diffraction peaks from these metals. For some measurements,

Ruby chip was used as pressure calibrant and the shift in its fluorescence peak was

used to estimate pressure inside DAC. All the high pressure measurements were

performed with liquid pressure transmitting medium, mostly the 4:1 methanol-

ethanol mixture. Schematic layout of x-ray diffraction measurements is shown is

figure 2.4.

The diffraction data were recorded on 2D imaging plate detector. 2D diffrac-

tion images were converted to 1D diffraction patterns using FIT2D software [136].

Finally the diffraction patterns were Le Bail and Rietveld refined to determine

the evolution of lattice constants and crystal structure as a function of pressure.

GSAS software [137, 138] was used for this purpose. Further details of the exper-

iments performed on each sample are given in the respective chapters.
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Figure 2.4: Schematic layout of angle dispersive x-ray diffraction measurements
using area detector

2.5.2 Raman scattering

It is a powerful spectroscopic technique to get information about the lattice dy-

namical properties of materials. When photons are scattered from atoms or

molecules of materials, most photons are elastically scattered (Rayleigh scat-

tering), such that the scattered photons have the same energy (frequency and

wavelength) as the incident photons. A small fraction of the scattered pho-

tons (approximately 1 in 106) are scattered by an excitation, with the scattered

photons having a frequency different from, and usually lower than, that of the

incident photons. This is due to the interaction of photons with quasiparticles

in the system such as optical phonons, magnons etc. This inelastic scattering

is known as Raman scattering. Typically, in Raman spectroscopy high intensity
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laser radiation with wavelengths in either the visible or near-infrared regions of

the spectrum is passed through a sample. If an incident light is of frequency

ω◦ illuminates a sample, the additional peaks due to scattering by phonons at

frequencies ω◦+ωph are called Stokes lines and at frequencies ω◦−ωph are called

anit-Stokes lines. Measurement of the difference between these peaks and the

laser excitation line ω◦ gives the value ±ωph, in particular the energy of optical

phonons in the centre of the Brillouin zone.

However, not all the vibrational modes can be detected using this technique.

Only some of the vibrational modes which are accompanied with the change

in polarization are Raman-active and can be detected. Photons from the laser

beam produce an oscillating polarization in the molecules, exciting them to a

virtual energy state. The oscillating polarization of the molecule can couple with

other possible polarizations of the molecule, including vibrational and electronic

excitations. If the polarization in the molecule does not couple to these other pos-

sible polarization, then it will not change the vibrational state that the molecule

started in and the scattered photon will have the same energy as the original

photon. This type of scattering is known as Rayleigh scattering. When the po-

larization in the molecules couples to a vibrational state that is higher in energy

than the state they started in, then the original photon and the scattered photon

differ in energy by the amount required to vibrationally excite the molecule. In

perturbation theory, the Raman effect corresponds to the absorption and subse-

quent emission of a photon via an intermediate quantum state of a material. The

intermediate state can be either a “real”, i.e., stationary state or a virtual state.

The details of basic theory of Raman scattering, is nicely described by D. A. Long

[139]. As phonon spectra are the characteristic feature of any material, Raman

scattering is widely used as finger printing tool for the identification of materials.

Under high pressures, this technique can be used in the study of phase transitions

viz. structural transitions, solid-liquid, magnetic, electronic etc. These studies

are important from technological as well as basic science point of view. High
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pressure Raman spectroscopy being very old and well established technique have

been described in numerous books and review articles e. g. Ferraro [140], Schiferl

et al. [141], Jayaraman [2], Hemley et al. [142] , Hemley and Porter [143], We-

instein and Zallen [144]. Recently a detailed review on Raman scattering under

high pressure has been presented by A. F. Goncharov [145]. In recent years, with

the development of narrow band holographic rejection filter (HRF), high sensitiv-

ity low noise multichannel CCD detectors and high power low band width lasers,

Raman spectroscopy technique has significantly improved and is being routinely

used even for the week scatterers.

Raman measurements in DACs have some added merits in comparison with

the atmospheric pressure conditions. Such as, diamonds being good thermal con-

ductor, the DAC serves as a good thermal sink and allows higher exciting laser

power. As sample is surrounded by pressure transmitting medium having a re-

frective index n>1 which also increases with pressure, the diffuse scattering by a

transparent sample is reduced inside DAC. However, a DAC also introduces many

more difficulties. First of all it is the twofold reduction of the signal because of

reflection of light at four diamond boundaries. More serious is overlapping of

the signal with the Raman and luminescence spectra from the diamond anvils.

To overcome these problems the optical arrangement must be properly designed,

the diamond anvils should be properly selected and the diamond luminescence

should be rejected with the aid of a pulse technique. The diamond anvil intro-

duces aberrations as a parallel plate. Therefore special corrected microobjectives

have to be selected to obtain a high-quality image. High-magnification micro-

objectives allow the laser beam to be focused to a spot about 1 µm in diameter

and the Raman signal to be collected over a wide aperture. As spontaneous Ra-

man scattering is a weak process and signal measurement from inside DAC can

be further contaminated by fluorescence background, several other variants of the

Raman spectroscopy viz. resonance Raman scattering, stimulated Raman scat-

tering, coherent Raman scattering, hyper Raman scattering, surface enhanced
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Raman scattering etc. are used for weakly scattering materials. In case of high

pressure high temperature measurements thermal black body radiation may in-

terfere with Raman signals. This issue can be overcome by using UV laser as

excitation source. As Raman shifts are very close to the excitation energy, the

thermal background can be filtered out by dispersive means.

All the high pressure Raman scattering measurements pertaining to this thesis

were performed at our indigenously developed confocal micro Raman scattering

setup configured around Jobin Yuon (HR 460) spectrograph. This spectrograph

is equipped with two pre-aligned gratings with 1200 and 2400 groves per mm

at 500 and 250 nm respectively providing the resolution of 0.015 and 0.03 nm

respectively. The spectrum is detected at liquid nitrogen cooled 1024→ 256 pixel

CCD detector. The micro confocal arrangement is made using interchangeable

infinity corrected 10x /20x objective, achromatic doublet lenses and a pinhole

providing a depth resolution of ∼ 40 µm. The schematic layout of this setup is

shown in figure 2.5. For high pressure Raman scattering measurements, sample

Motorize DAC stage 
Objective Lens Achromat

       L1
Achromat
       L2

Achromat
       L3

LN2 Cooled
     CCD

Spectrograph2 Mirror
 Beam
Steerer

Edge
Filter

Kinematic
   In-Out

CCD

Laser

Figure 2.5: Schematic layout of confocal micro Raman scattering setup [146].
Rays forming viewing system is shown in red color. During Raman measurements,
cube beam splitter is removed from the signal collection path.

preparation is similar to what was used for the x-ray diffraction measurements
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except the pressure calibrant. Whereas standard elemental metals with known

equation of state were used in case of x-ray diffraction measurements, ∼ 10 µm

size ruby chips were used as pressure marker for Raman scattering measurements.

Further details of experiments for each sample are given in the respective chapters

of the thesis.

2.5.3 IR absorption spectroscopy

As stated above, not all the vibrational modes can be detected using Raman

scattering. Additional experiments are needed to elucidate the dynamics of the

lattice such as neutron or x-ray inelastic scattering. In this regard, infrared (IR)

spectroscopy is another useful technique, complementary to Raman scattering. It

is an immense field of study of low-energy excitations in matter. Primarily it is

phonon, or vibrational spectroscopy of solids and molecules. Low-energy electron

states: impurity levels in semiconductors, inter-band transitions, cyclotron reso-

nance, superconductor gap transitions, and many other phenomena are studied

by IR spectroscopy. It covers a range of characteristic energies of vibrations of

organic molecules. It is also important in geophysics, to investigate the behaviour

and phase transitions of minerals inside earth [147, 148, 149]. Historically, inven-

tion of the DAC started from IR studies [150]. IR methods under high pressure

with hydrostatic and DAC have been nicely described by Ferraro [140], Sherman

and Wilkinson [151, 152].

The IR region, 12500 →1 cm−1, is subdivided into four regions viz. near

infrared (10000→ 4000 cm−1), middle IR (4000→400 cm−1), far IR (400→10

cm−1) and sub-millimetre (10→1 cm−1) ranges. From the experimental point of

view, spectroscopy in the IR is much more difficult than in the visible range be-

cause thermal sources are much weaker and detectors less sensitive. In contrast,

powerful laser sources and highly sensitive CCD detectors are used for Raman

studies. The DAC introduces additional limitations because of the small aperture
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and sample size. As a result, IR studies under high pressure are not numerous.

With the development of Fourier spectrometers with superior signal-to-noise ra-

tio, spectral resolution and photometric accuracy than dispersive systems, high

pressure IR spectroscopy has become relatively less difficult. Fourier spectrome-

ters with the usual thermal sources are the main instruments for IR studies. They

are also capable of operating with sample of 100→200µm diameter in a DAC. It

is interesting that there is sufficient signal through a sample of this size in the far

IR at frequencies down to ∼ 10 cm−1 at wavelengths greater than the diameter of

the hole in the gasket [153]. This is due to shortening of the wavelength inside the

anvils because of the high refractive index of diamonds (2.38 in the far IR). For

high pressure IR spectroscopic measurements, a wide-aperture miniature cells are

preferable as absorption measurements are mainly made in the limited space of

condensers and the signals are typically small. As diamonds can have their own

IR signal due to impurities, proper selection of diamonds for IR measurements

is a must. For diamonds, there is significant phonon and impurity absorption in

the range of 1000→5000 cm−1. Two-phonon absorption is strong even in pure

type II diamonds. A pair of anvils completely absorbs radiation near the 2000

cm−1 peaks making only rest of the absorption spectrum extractable from the

sample. Nitrogen impurities contained in other types of diamonds are responsi-

ble for absorption in the region near 1200 cm−1. The transmittance of diamonds

in the far-IR region is good; type I diamond can be even more transparent than

type II diamonds. Further, there are weak bands at 500 to 300 cm−1 in type I

diamonds. So for middle-IR studies diamonds must be pre-selected. Synthetic

diamonds grown by chemical vapour deposition (CVD) technique are found to be

better suited for IR spectroscopy in mid IR region.

Selection of pressure transmitting medium which are transparent in IR region

is also crucial. Alcohol-based liquids cannot be used as pressure transmitting

medium for these measurements due to presence of strong IR signal form hy-

droxyl bonds. Generally CsI, NaCl, KBr are used as pressure transmitting media
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for high pressure IR spectroscopy. Condensed gases such as argon or helium

are the best media. Similar to Raman spectroscopy, ruby chips can be used as

pressure calibrant for IR measurements also but it is relatively inconvenient be-

cause an additional visible spectrometer with an excitation laser is needed and

the DAC must be transferred between instruments. Materials with one or two

narrow bands in IR absorption measurements and which are chemically inert,

water-insoluble and undergo no phase transition at high pressures may also be

used as IR pressure gauges such as dilute solutions of ionic solids. Crystalline

quartz can also be used as IR pressure calibrant as it has few bands around 1000

cm−1 and the sharp line at 801 cm−1. Wong and Moffatt [154] proposed a new

gauge BaSO4 with symmetric SO4
2− stretching mode appearing at 983.4 cm−1.

Its position is very sensitive to pressure and provides an accuracy of 15 MPa in

pressure determination. High pressure IR absorption measurements presented

in this thesis were carried out at Bruker Vertex 80V Fourier transform infrared

(FTIR) spectrometer coupled with Hyperion 2000 microscope. Like any other

Fourier spectrometers this spectrometer is also based on Michelson interferome-

ter with one stationary and one movable mirror. The Michelson interferometer

is a common configuration for optical interferometry and was invented by Albert

Abraham Michelson. Using a beam splitter, a light source is split into two arms.

Each of those is reflected back toward the beam splitter which then combines

their amplitudes interferometrically. A review of Fourier transform Michelson

interferometry is given by Griffiths and de Haseth [155]. The schematic layout of

the spectrometer is given in figure 2.6. The IR absorption spectra were recorded

in mid IR region (600 to 5000 cm−1) with a resolution of ∼ 4 cm−1 using Globar

thermal source. Wide opening ETH type DAC with CVD diamonds was used for

these measurements. The white IR beam from Globar was focused on the sample

inside DAC using 15x Schwarzschild objective of Hyperion 2000 microsocpe. Sim-

ilar reflective objective was used at collection side. Mercury cadmium telluride

(MCT) detector was used for recording the spectra. The measurements were per-
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Figure 2.6: Schematic layout of Bruker Vertex 80V Fourier transform infrared
(FTIR) spectrometer

formed in transmission mode. Further details of the experiments are given in the

respective chapter of the thesis.
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3

Synchrotron beamline

development work

3.1 Introduction

Synchrotron radiations, having remarkable features viz. broad spectrum from

microwave to x-rays, high flux, high brilliance, pulsed time structure, polariza-

tion etc. cater the need of a wide range of experiments, especially related to the

field of condensed matter physics. Among these, structural investigations em-

ploying x-ray diffraction (XRD) technique has got the maximum thrust since the

development of synchrotron storage rings. The usage of synchrotron radiation

becomes particularly important when XRD measurements has to be performed

inside diamond anvil cell where most of the laboratory based x-ray generator

sources hardly fulfill flux requirement. This chapter gives the details of our syn-

chrotron beamline development work which is especially optimized for carrying

out x-ray diffraction measurements under high pressures.

As mentioned in the previous chapter, x-ray diffraction [156, 157] is the most

widely used technique for the investigation of structure of materials under var-

ious thermodynamics conditions viz. temperature and pressure. There are two
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variants of the x-ray diffraction technique viz. angle dispersive x-ray diffraction

(ADXRD) and energy dispersive x-ray diffraction (EDXRD)[158, 159, 160]. In

angle dispersive method, the monochromatic x-ray beam is incident on sample

and the diffraction pattern is recorded as a function of angle (θ) whereas in case

of energy dispersive method, the sample is exposed to the white x-ray beam and

the diffracted x-rays are energy analyzed at a fixed angle. Both these variants

have their merits and demerits. Though ADXRD variant, providing higher reso-

lution diffraction data, is relatively more prevalent these days since the invention

of area detectors, the EDXRD variant is yet not obsolete. EDXRD technique is

particularly useful in the situations where temporal evolution of the sample is of

relevance or the measurements require constrained geometry, such as for samples

at high pressures and/or high temperatures etc. Unlike area detectors used for

ADXRD variant where diffraction pattern can be seen only at the end of the mea-

surement, the usage of energy sensitive detector with multi-channel analyser in

EDXRD technique literally permits on-line viewing of whole diffraction pattern

while collecting data. This feature of EDXRD method makes it better suited for

the kinetics studies. Generally the EDXRD method provides data over a larger

Q(= 2θ/d) range, as here the Q range is defined by energy range of the white

synchrotron radiation and the collection angle (θ). This can provide better real

space structural resolution.

For the EDXRD method, Bragg condition re-written as

Edhklsinθ = 6.1999 (3.1)

where E is the energy of x-ray photons (in keV) satisfying the Bragg condition

for the hkl planes having inter-planer distance of dhkl (in Å) at a diffraction angle

θ [161]. The inverse relation between E and dhkl implies that if x-rays of large

energy are available then the diffraction from small d-values can be recorded; thus

resulting in larger Q range. Synchrotron being an intense source of x-rays with a
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very broad spectrum fulfills this requirement. In addition to this, several unique

experiments are possible only with EDXRD method like detecting diffraction

peaks corresponding to charge density wave (CDW) by chemically filtering the

Bragg peaks [162]. Diffraction from CDW is usually very weak and is hardly

observable in ADXRD measurements.

We have designed and developed an EDXRD beam line at BL-11 port of Indian

Synchrotron source, Indus-2. This synchrotron, situated at Raja Ramanna Centre

for Advanced technology, Indore, is designed to operate at 2.5 GeV electron

bunch energy and 300 milli-Amperes of storage current[163]. EDXRD beam line

utilizes white synchrotron radiation (SR) from a bending magnet, filtered through

200 µm thick water cooled Be window and collimated using various precision

slits. Diffracted x-rays from the sample are energy analyzed using high purity

germanium (HPGe) detector. With white SR beam from bending magnet having

reasonable intensity up to 70 keV and a wide range of 2θ angle selectivity of ±

25◦, one can record the diffraction data over a large Q range (up to 15 Å−1) at

this beamline.

Presently this beamline has been installed at bending magnet port. However

the design parameters of various components have been finalized such that it can

be easily shifted to any insertion device port in future such as wiggler or wave-

length shifter without any alteration. In that sense, this beam line is at par with

any other energy dispersive beamline installed at advanced synchrotron sources

worldwide for example 16-BM-B beamline at Advanced Photon Source (USA),

BL04B1 at SPring8 (Japan), 7T-MPW-EDD1 beamline at BESSY-II (Germany)

etc.[164, 165, 166]

To complement the utilization of this beam-line, it has also been adapted for

ADXRD measurements using Si(111) channel-cut monochromator and MAR345

area detector. The details of both the variants and various augmentations at the

beam-line are described in subsequent sections.
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3.2 Development of EDXRD beam-line

The beam line comprises water cooled Be window, 6 mm Cu beam stopper, water

cooled motorized primary slit system, evacuation port, precision slit system, ion-

ization chamber, collection slits mounted over various motorized stages, HPGe

detector and 8-axes motorized goniometric stage with the provision of alignment

of entire experimental station with respect to SR beam and sample maneuver-

ability in x, y, z, θ and χ directions. White SR beam from a bending magnet

port with a horizontal fan of 1 mrad is accepted at Be window which removes

the unwanted low energy portion (< 3 keV) of SR spectrum. It also separates

the vacuum of storage ring from that of the beamline. Water cooled primary slit

system is used to select the central collimated portion of SR beam. The beam size

is further reduced to restrict the gauge volume (diffraction volume) to the size of

sample. Diffraction data is collected with the help of HPGe detector at a fixed 2θ

angle defined by two collection slits. In addition to defining the diffraction angle,

these slits remove Compton scattered background. Design parameters of various

components and mechanical layout of EDXRD beam line are described below.

3.2.1 Design

Due to the fact that SR beam coming from bending magnet is plane polarized

in horizontal plane i.e. the plane of storage ring, the diffraction data collected in

vertical plane does not suffer from intensity loss due to polarization. However,

designing energy dispersive beam line with 2θ angular maneuverability in vertical

plane, is far more demanding from mechanical point of view especially when de-

tector is liquid nitrogen cooled. If we consider collection angle in horizontal plane

as large as 25◦, the diffraction intensity is reduced by < 20 % only. With these

considerations, the EDXRD beam line at BL-11 is designed to collect energy dis-

persive data in the horizontal plane. The key parameters which play important

role in the overall performance of beamline are the size and divergence of inci-
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dent SR beam, the geometrical resolution of collection system and the detector

resolution. First two parameters are discussed in the optical design part of this

section and other parameters are discussed in the experimental part.

3.2.1.1 Optical design

Low divergence of incident beam is one of the basic characteristics of synchrotron

radiation. It is known to vary as 1/γ where γ = (m/mo ) =1/
√

(1− β2) , β

= v/c [167]. For INDUS -2, γ is ∼ 5000 which corresponds to a divergence of

∼ 0.2 mrad. The horizontal divergence is controlled by the sweep of emitted

x-rays across the width of the first slit. For EDXRD beamline first slit, called

primary slit system, is at ∼ 16000 mm from the tangent point of the source which

means a slit opening of 3.2 mm for 0.2 mrad divergence. However, since SR beam

profile is Gaussian and high energy x-rays are more concentrated in the central

region, (i.e. around 0◦), the SR beam needs to be further cut down in order to

select central flat portion with high energy photons. With these requirements,

primary slit system for EDXRD beam line has been designed to define size of

SR beam controlled by four independent jaws [168] (fig. 3.1(a)). Vertical jaw

movement ranges from -2 mm to 15 mm whereas horizontal jaw has a movement

range of -2 mm to 30 mm. All the motions are actuated using stepper motors

with a resolution and repeatability of 1 µm. Whole slit assembly resides in UHV

compatible chamber. Slits are made from 5 mm tungsten carbide plates. Since

this is the first component of beam line all the slit blades are water cooled to take

care of the head load of SR beam which is ∼ 30W/mrad.

The size of 1 mrad (horizontal) SR beam at the primary slit is ∼ 5 mm x 18

mm out of which only 500 x 500 µm central beam is selected. It is further cut

down in order to restrict the gauge volume with the help of precision slit system

shown in fig.3.1(b). This is particularly required for high pressure experiments

employing diamond anvil cells (DAC) where the sample chamber is of the order of

150 µm or smaller. The precision slit system is based on flexure design. So there
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Figure 3.1: (a) Primary slit system; (b) precision slit system

is no sliding motion and hence no friction between mating parts, which makes the

system very accurate. Slit assembly has two identical four bar mechanisms [169].

The shape of the opening of the slit can be made either square or rectangular,

as needed, and its range is from 0×0 µm2 (completely closed) to 200 × 200 µm2,

with a resolution of 0.06 µm. Two of these slits are used to finally define the SR

beam of size less than 100 100 µm2 at the sample with vertical and horizontal

divergence < 6 µrad.

For high pressure measurements, the beam size can be further reduced with

the help of Kirkpatrick-Baez (KB) mirror system without compromising the flux

[170]. This consists of a set of two mirrors which focus the SR beam in hori-

zontal and vertical directions. We have carried out ray tracing simulations using

SHADOWUVI [171] software incorporating all the slits and KB system. Our

simulations show that a spot size of < 30 µm diameter can be achieved at the

samples with 200 µm 200 µm precision slit opening which means a flux gain

of about two orders of magnitude at sample if similar spot size were to be se-

lected using only the slits. A provision has been kept in the beamline design to

incorporate KB mirror system when it becomes available.
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3.2.1.2 Experimental station

Primary requirement in the design of experimental station is to have provision for

the alignment of sample with respect to the synchrotron beam and selectivity of

diffraction angle with an optimum resolution. Another most important thing is to

bring the sample precisely at the gauge volume. Gauge volume is the diffraction

volume defined by the incident beam and the diffracted beam (fig. 3.2).

Figure 3.2: Schematic representation of gauge volume

To meet these requirements, an eight axes goniometric sample stage has been

used. It comprises a pair of linear translational XY stages at the bottom, 2θ

rotational stage with detector arm supported by airpads, θ stage, and XYZχ

stages at the top (fig. 3.3). Bottom XY stage is used for 2θ axis alignment with

respect to synchrotron beam. θ stage, whose axis coincides with 2θ stage, is

used for sample rotation. Upper XYZ stages provide maneuverability in parallel

and perpendicular directions with respect to beam. χ stage provides rotation

about an axis perpendicular to the 2θ axis. The purpose of this stage is to have

an additional capability of carrying out single crystal Laue diffraction. All the

stages above 2θ stage are used for sample positioning at the gauge volume. Since

our precision requirements for sample allignment are quite stringent, all these
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motorized stages have translational resolution at a few micron level.

Figure 3.3: Sample stage goniometer

The 2θ stage and two precision slits mounted over detector arm are used to

define diffraction angle. The diffraction angle(2θ) can be selected in the range

of ±25◦. Liquid nitrogen cooled HPGe detector which is also mounted on the

detector arm is used for diffraction measurement. The weight of detector and slit

systems is supported by air pads which provide smooth motions of detector arm

with negligible load at 2θ stage.

60



3.2. Development of EDXRD beam-line

3.2.1.3 Mechanical layout

Mechanical layout of EDXRD beamline is shown in fig. 3.4. Fig.3.5(a) is the

photograph of the installed beamline. As described earlier the SR beam is trans-

ported to the sample through a Be window, primary and precision slit systems.

SR beam remains in vacuum (10−5 torr) till the precision slit system to minimize

the loss of x-ray intensity due to air scattering. The diffracted beam from the

sample is collected at a chosen 2θ angle with the help of HPGe detector.

Figure 3.4: Mechanical layout of EDXRD beamline

For in− situ high pressure experiments, pressure inside a DAC can be mon-

itored using an equation of state of internal pressure calibrant e. g. Au, Cu

etc. [172] Since the diffraction peaks from these often interfere with the sample

diffraction peaks, a preferred method for the pressure measurement is based on

the shift of ruby R-lines. For this a tiny (∼ 10 µm) particle of ruby is loaded

along with the powdered sample inside a DAC [123]. To facilitate the use of

ruby fluorescence method we have developed and installed a setup comprising

532 nm frequency doubled diode pumped solid state laser, microscope objective

and optical fiber coupled portable spectrometer (fig.3.5(b)).

3.2.2 Shielding

To ensure that the experimenters are not exposed to unwarranted radiation, the

synchrotron beamlines at high energy synchrotron sources are required to be
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Figure 3.5: a) EDXRD beam line; b) Off-line ruby pressure measurement setup

properly shielded. Primarily, there are two types of radiations viz. high energy

Bremsstrahlung radiation (BR) ranging from few keV to GeV; and the low en-

ergy scattered synchrotron radiation (< 25 keV). BR is mostly limited in forward

direction within 15◦ cone at scattering locations whereas low energy scattered

SR is more prominent at higher angles. Shielding requirement becomes more

stringent for white-beams especially when SR beam is taken out in air for ex-

periments. For these reasons, whole EDXRD beamline is covered by a shielding

hutch made of 3 mm Pb sheet sandwiched between 1.5 mm MS sheets [173]. BR

is locally shielded covering 15◦ cone using Pb blocks of thickness ∼ 10 cm at the

first scattering location (primary slit). One more local shielding of 10 cm thick

Pb blocks is placed at the end of beamline. The shielding hutch door is radiation

interlocked to rule out any accidental radiation exposure. In order to remotely

control and operate the beamline, all the beamline components are motorized

and automated. A scanning program is written to align the sample to the gauge

volume. This spirally scans the sample in YZ plane (perpendicular to SR beam)

and the beam transmission through the sample is monitored using Si photo diode

and Keithley picoammeter. This is especially helpful in the case of high pressure

experiments using DAC. The scan is displayed in pixilated form where each pixel

represents the intensity at a particular YZ position. Correct X position of sample

along SR beam is iteratively determined by θ scan.
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3.2.3 Automation and alignment

High radiation dose inside the experimental hutch necessitates automation of syn-

chrotron based beamlines. In order to meet this requirement and remotely control

and operate the EDXRD beamline, all the stages and slits of the beamline are

motorized and automated. A Huber 37 axis controller is used to remotely operate

all the crucial motions of beamline components viz. precision and collection slits,

positioning stages for the slits, sample stage goniometer, detector arm etc. The

four slits of primary slit are controlled by a separate controller with visual basic

(VB) interface program.

Alignment of beamline is basically putting all the components at appropriate

positions to achieve transportation of synchrotron beam to the sample position.

As maxima of hard x-rays flux lies in the central portion of vertical distribution

of synchrotron beam, the primary slit and precision slits have been aligned in

vertical direction to select the central vertical portion of white synchrotron beam

within ∼ 60 µrad (this corresponds to a slit opening of ∼ 1 mm). For x-ray

diffraction data collection inside DAC, the beam size is remotely reduced to 100

× 100 µm. One important part of alignment was to coincide the synchrotron

beam to the axis of sample stage goniometer. This was achieved using ∼ 100

µm thick cross-wire at sample position and a geometrical calculation by scanning

wire laterally at three equally separated different θ orientations around 0◦ e. g.

0◦ and ±10◦. This coincident position defines the gauge volume or the diffraction

volume. For high pressure measurements, the sample inside DAC has to be at this

coincident position of synchrotron beam and goniometer axis. To achieve this,

a scanning program is written to align the sample to the gauge volume. This

spirally scans the sample in YZ plane (perpendicular to SR beam) and the beam

transmission through the sample is monitored using Si photo diode and Keithley

picoammeter. This is especially helpful in the case of high pressure experiments

using DAC. The scan is displayed in pixilated form where each pixel represents
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the intensity at a particular YZ position. Correct X position of sample along

SR beam is again determined by similar θ scan as was used for the alignment of

goniometer axis.

3.2.4 Benchmarking

Performance of EDXRD beamline has been investigated by analyzing diffractions

patterns from various elemental metal foils and powdered sample viz. Au, Cu,

W, Ta, Zr, Mo etc. As an example, diffraction pattern of Au foil (fig. 3.6) and

thus obtained geometrical and detector resolution parameters are presented here

(table 3.1).

Figure 3.6: A powder diffraction pattern of Au foil recorded at EDXRD beamline

Characteristic x-ray fluorescent peaks from Au foil give the detector resolution

which is about 2%. Resolution of diffraction peak is the convolution of detector

and geometrical resolution which depends on the incident beam size and slit width

of collection slits.

By the differentiation of Bragg equation (eq. 3.1) under the assumption that

δE and δθ, the errors of the measurements of photon energy and Bragg angle
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Table 3.1: Energy resolutions of various diffraction and x-ray fluorescence peaks

Peak details ∆E/E
Au L1 (9.713 keV) 0.021
Au L1 (11.442 keV), Au L2 (11.584 keV) 0.026
Au (111) 0.014
Au (200) 0.013
Au (220) 0.012
Au (311) 0.011

respectively, are of a statistical nature, one obtains

δd

d
=

((
δE

E

)2

+ (cotθδθ)2

)1/2

(3.2)

where δd is the absolute precision of the inter-planer spacing measurement.

δθ is usually ∼10−4 radians or smaller. For diffraction angle θ =7.5◦, second term

in right hand side is smaller than 10−2. δE depends on two parameters viz. the

energy resolution of detector, δED, and the energy broadening of the reflection

due to the beam divergence δEθ.

δE =
(
(δED)2 + (δEθ)

2
)1/2

(3.3)

Since beam divergence is of the order of micro radians, δE is comparable to

δED. Our peak analysis of diffraction peaks show that diffraction resolution is

also ∼2% which is quite comparable to the detector resolution implying that only

limiting factor is the detector resolution. Nevertheless this is comparable to the

resolution of other EDXRD beamlines across the world.

Due to the inherent computational difficulty in the Rietveld refinement [174]

of the energy dispersive diffraction pattern it is yet not implemented in any one

of the widely used refinement softwares such as GSAS [137, 138] etc. However

the lattice parameters can be easily refined using Le Bail method [175]. We are

presenting here the Le Bail refinement of LaB6 lattice parameter (fig. 3.7) carried

out using GSAS software. The energy dispersive diffraction data of powdered
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LaB6 sample was recorded under ambient conditions. The refined value of lattice

parameter is found to be 4.153(1) Åwhich is close to the earlier reported value

(4.1527 Å) [176]. These measurements show that this beamline can be used for

structural investigations of materials and the lattice parameters can be refined

with a reasonable accuracy.

Figure 3.7: Le Bail refinement of energy dispersive diffraction pattern of LaB6

3.3 Adaption to ADXRD measurements

As mentioned in the introduction section, ADXRD variant of diffraction has

become more prevalent since the development of high brilliance third generation

synchrotron sources and the area detectors. Specialized designs of diamond anvil

cells with large openings for diffraction data collection makes this variant also

suitable for high pressure measurements. Hence, to complement the utilization of

EDXRD beamline, it has been adapted for ADXRD measurements. This has been

achieved by monochromatizing white synchrotron beam using Si (111) channel
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cut monochromator. This adaptation has been ergonomically conceived using

the existing infrastructure at the beam line which provides easy switchability

between the two variants. In order to avoid diffraction peaks from gasket material

used for high pressure measurements, a compound refractive lens (CRL) based

miro-focusing arrangement has also been incorporated at the beamline. These

CRL’s have been indigenously developed at x-ray lithography (BL-7) of INDUS-

2 synchrotron source [177].

3.3.1 Monochromatization

A channel cut monochromator is basically a block of single crystal, mostly silicon

(Si) 1, with a slot cut along a specific direction defined by the Bragg plane to

be used for monochromatization. This slot generates two parallel planes which

diffract the white beam in (+,-) mode (fig. 3.8). To tune the energy of x-rays the

channel cut monochromator is rotated about an axis coinciding with the center

of the footprint of incident white beam. This geometry allows more or less fixed

exit for the monochromatic x-rays.

Figure 3.8: Schematic layout of channel cut monochromator

We have used Si-(111) plane for monochromatization as it corresponds to the

largest structure factor providing maximum diffracted intensity. The d scacing

1Other materials such as Ge, LiF, SiO2, InSb are also used for x-ray monochromatizatoin
[178]
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of (111) planes for Si is 3.136 Å. The physical dimensions of this monochromator

has been decided based on the required energy range of monochromatic x-rays,

aperture for x-rays and the vertical shift with the white SR beam. As shown

in fig. 3.8, d and h represent the gap between the two diffracting planes and

the vertical shift between the incident white beam and the monochromatic beam

respectively. If θB is the Bragg angle corresponding to required monochromatic

energy of x-rays, the vertical shift h can be estimated as

h = 2dcos(θB) (3.4)

The lateral shift y can be estimated as

y =
h

tan(2θB)
(3.5)

For high energies of x-rays above 30 keV, the lateral shift y increases very

rapidly making is practically unfeasible. Though it can be reduced using smaller

gap d but that limits the aperture for incident x-rays. At lower side, energies

below 10 keV have exponentially large attenuation in diamond anvils. Hence the

optimum tunability of energy range has been kept between 8 to 30 keV. The

optimum length of single crystal monochromator corresponding to this energy

range turns out to be ∼ 140 mm for a gap d=5mm. The vertical shift h for this

energy range varies within ∼ 250 µm.

One issue with the channel cut monochromator is the presence of higher har-

monics. For Si (111) most prominent higher harmonic is the 3rd one. The reflec-

tivity of 1st and 3rd harmonic as estimated using XOP software are shown in fig.

3.9a. This can be avoided by detuning the second diffracting surface of channel

cut monochromator with a specialized design. However, higher harmonic is not

of a much concern for high pressure measurements at our beam line as mostly,

high energy x-rays, above 20 keV will be used for ADXRD measurements where

intensity ratio of 1st to 3rd harmonic reduces very rapidly with energy (fig. 3.9b).
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(a) (b)

Figure 3.9: a) Reflectivity of perfect Si crystal as a function of Bragg angle at
some x-ray energies. Reflectivity from Si (111) represents 1st harmonic and from
Si(333) represents 3rd harmonic at same Bragg angle. The width is due to the
dynamical diffraction and known as Darwin width; b) 1st to 3rd harmonic intensity
ratio as per synchrotron flux distribution.

One of the advantages of ADXRD variant over the EDXRD variant is the

better resolution of diffraction data. Higher resolution in the ADXRD variant

is helpful in estimation of particle size and strain broadening which are mostly

over shadowed in the EDXRD variant. As resolution of ADXRD measurements

is primarily governed by the geometrical resolution of the setup, it can be ar-

bitrary improved by increasing the sample to detector distance. Though, this

compromises intensity of diffraction data due to absorption of x-rays in air which

is more of a concern for low energy monochromatic x-rays < 10 keV. For ADXRD

setup in scanning mode, the geometrical resolution is defined by the angular step

width and the slit size used before detector; whereas for ADXRD setup with area

detector, it is decided by the pixel size of area detector. At our ADXRD adapta-

69



3. SYNCHROTRON BEAMLINE DEVELOPMENT WORK

tion we have used area detector (MAR345) with 100 µm pixel size. Generally the

detector is kept at about 200 mm from the sample resulting in the geometrical

resolution of about 0.5 mrad.

Another factor governing the resolution of ADXRD data is the spectral reso-

lution of probe x-rays. The spectral resolution of monochromatic x-rays (∆λ/λ0)

is decided by the divergence of SR source (∆src) and the Darwin width (ωD). At

Bragg angle θB it is given by the following equation.

∆λ

λ0

=
∆E

EB
= (∆src + ωD) cot θB (3.6)

The Darwin width arises due to the multiple diffraction or dynamical diffrac-

tion of x-rays in thick single crystal. The analytical expression for it, as derived

in the dynamical diffraction theory, reads as

ωD = 2.12

(
e2

mc2

)
Nλ2|F |
π sin 2θ

(
1 + cos 2θ

2

)
(3.7)

where e2/mc2 is the classical electron radius, N is the number of atoms per

unit cell. λ is the wavelength of the x-ray, 2θ is the diffraction angle and F is the

structure factor. As can be seen in fig. 3.9a, the Darwin width reduces with x-ray

energies. However, spectral resolution is dominated by the cotθB (eq. 3.6) term

which increases with energy. To improve resolution, the factor, ∆src can also be

reduced by reducing the SR beam-size using slits but this will reduce intensity of

SR beam.

Overall spectral resolution at some x-ray energies have been estimated using

SHADOW ray tracing software. Fig. 3.10 shows the results of the simulations.

These simulations were performed with fixed aperture of 500× 500µm for white

SR beam. Spectral resolutions at these energies are also tabulated in table 3.2.

Another important parameter is the Q range of diffraction data which de-

termines the resolution of real space structure of sample. Q range for ADXRD
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(a)

(b)

Figure 3.10: a) Ray tracing simulation of energy resolution at some x-ray energies;
b) ∆EBragg as a function of monochromatic x-ray energy

71



3. SYNCHROTRON BEAMLINE DEVELOPMENT WORK

Table 3.2: Overall spectral resolution as estimated using ray-tracing simulations

Monochromatic x-ray energy (keV) Spectral resolution (eV)
8 1.078
10 1.513
15 3.040
20 5.450
26 10.280
30 12.077

variant depends on the probe x-ray energy and the angular range of diffraction

data. For larger Q range, higher x-ray energy should and/or sample detector

should be reduced.

All these factors viz. probe x-rays energy, x-ray beam size, sample to detector

distance etc. needs to worked out for optimum ADXRD measurements.

3.3.2 Micro-focusing

For high pressure measurements small beam size is essential in order to avoid

gasket peaks. This can be achieved either by reducing beam size with slits or

by focusing larger beam size at sample position. First method substantially

reduces the flux whereas second methods increases beam divergence which might

compromise diffraction data quality. Nevertheless, if geometrical resolution at

experimental station is already larger compared to the beam divergence, which is

the case at ADXRD adaptation of our beam line, the issue of increased divergence

due to focusing becomes less relevant. Hence we have used second method for

reducing beam size at sample. The focusing of monochromatic x-rays can be

achieved using KB mirror system, compound refractive lens (CRL) or zone plates.

Presently we have used (CRL) for this purpose. A CRL is basically a series of

individual concave lenses arranged in a linear array in order to achieve focusing of

x-rays in the energy range of 5-40 keV. The focusing occurs at each concave lens

due to slightly lower value of refractive index than 1 for most of the materials.

The complex refractive index for x-rays is given as
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n = 1− δ − iβ (3.8)

where δ represent the materials refraction (bending of the rays) and the β is

related to the absorption. The focal length of CRL in thin lens approximation is

given as

f =
R

2Nδ
(3.9)

where R is the radius of the concave surface at the apex and N is the number of

lenses in the CRL.

The performance of CRL relies on the figure of merit (δ/β) of the material

used for fabrication of CRL. Generally low Z materials viz. Be, Li with small

β parameter are used for the fabrication of CRL. The CRL’s used at our beam

line are also fabricated in a low Z material, SU-8, a commonly used epoxy based

negative photo resist. SU-8 has comparable figure of merit with Be (fig. 3.11)

in the energy range of our interest. These have been indigenously developed at

BL-7 at INDUS-2 [179]. These CRL’s are patterned on Si wafer in several rows

of lenses with numbers of lenses N ranging from 1, 2, 5, 10, 20 to 50. The radius

of the concave surface at the apex is R = 200 µm with geometrical aperture 2R0

= 400 µm for a focal length of ∼ 1 m. The thickness d of the lenses at the apex

is 20 µm.

The focused beam size and lens to image plane distance depends on the source

size, source divergence, source to lens distance and the energy of monochromatic

x-rays to be focused. Since, the sample dimension inside diamond anvil cell is

generally of the order ∼ 100 µm in our measurements, we need to bring down

the focused spot to at least < 50 µm.The source size at bending magnet source

of INDUS-2 synchrotron source is ∼ 250 µ m. Tentative source to lens distance

at ADXRD adaptation of EDXRD beam line is roughly 19000 mm. Hence to

get a focused beam at sample < 50 µm, the lens to sample distance should be <

2000 mm. To achieve it at monochromatic x-ray energy ∼ 20 keV, which is the
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Figure 3.11: Comparision of figure of marit, δ/β of Be and SU-8 as a function of
photon energy in eV

energy mostly used by us for high pressure measurements inside diamond anvil

cell, more than 50 number of lenses will be required. A more detailed ray tracing

simulation of CRL as implemented in XOP software, with exact parameters of

INDUS-2 source and the CRL’s used at our beam line, have been performed to

estimate the focused beam size at sample. As shown in fig. 3.12, the focused

beam size at sample is estimated to be ∼ 29.3 µm.

To estimate the focused beam size at sample position, a cross wire made of 100

µm thick tungsten wire was scanned in both vertical and horizontal direction. The

intensity of transmitted x-rays was monitored using Si photo diode and Keithley

picoammeter. The horizontal and vertical beam size was found to be 44.9 and

31.8 µm respectively(fig. 3.13) which compares fairly well with the simulations

at least in vertical direction. Larger beam size in horizontal direction is due to

the larger divergence in horizontal plane.
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Figure 3.12: Simulated spatial distribution of focused monochromatic x-rays of
energy=20 keV at focal plane

(a) (b)

Figure 3.13: a) Horizontal and b) vertical spot size as obtained by wire scan at
sample position in the experimental section of ADXRD adaptation

The benefit of micro focusing is clearly evident in the diffraction pattern of

CeO2 performed with CeO2 loaded inside diamond anvil cell with sample chamber

of ∼ 100 µm. As can be seen in fig. 3.14, the gasket peaks are substantially

reduced when monochromatic x-rays are micro focused with CRL.
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Figure 3.14: Microfocusing of monochromatic x-rays using compound refractive
lenses at BL-11. ’*’ marked peaks are the diffraction peaks coming from the
gasket material.

3.3.3 Modifications at experimental station

For ADXRD adaptation at EDXRD beamline, existing infrastructure at the beam

line has been used. The channel cut Si (111) monochromator has been mounted

at the χ stage of the sample stage goniometer of experimental station (fig. 3.15).

As SR beam from bending magnetic is mostly polarized in the horizontal plane,

we have used vertical plane as the plane of diffraction for the monochromator

to avoid intensity loss due to polarization effects. The monochromatic x-rays

energy is selecting by rotating the χ stage to appropriate angle. Lead blocks of

thickness ∼ 10 cm is used to block the remnant white SR beam. For diffraction

data collection, MAR345 imaging plate 2d detector along with its motorized stage

has been installed at the end of EDXRD beam line. This detector is placed on a

separate table down the beam line. The motorized stage of detector is equipped

with ionization chamber and manual slits which is pre-aligned with the center of

2d detector. This allows easy alignment of detector with respect to the incident
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monochromatic x-rays. As mentioned in the above section, the vertical shift

of monochromatic beam from the white beam varies by about 250µm when we

change energy from 8 keV to 30 keV. This much vertical shift is easily managed

with the precision motorized stages of detector. To avoid background at the

detector from scattered x-rays, it is locally shielded in all the three directions with

lead sheets. Front side is shielded with a ∼ 3 mm thick lead sheet sandwiched

between 1.5 mm thick MS sheets. A small hole of diameter ∼ 5 mm is drilled

through this shielding to allow monochromatic x-rays.

Figure 3.15: Image of single crystal Si(111) channel cut monochromator installed
at EDXRD beamline(BL-11)

For micro-focusing the monochromatic x-rays is both horizontal and vertical

directions, two sets of CRL’s have been used.The assembly of CRL comprises two

CRL’s mounted on two manual stages perpendicular to each other (fig. 3.16a)

and pre-aligned under microscope. For remote alignment of CRL’s with respect to

monochromatic x-ray beam, this assembly is placed on a set of motorized stages

viz. x, y, θ and horizontal top χ stage. This stage assembly is again mounted on

the detector arm of the EDXRD experimental station allowing large displacement

along the beam. As focal plane of CRL shifts with monochromatic x-ray energy,
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this arrangement helps is easy adjustment of CRL position so that focal plane

can be brought at sample position when x-ray energy is changed.

(a) (b)

Figure 3.16: a) Microfocusing of monochromatic x-rays using compound refractive
lenses (CRL) at BL-11; b) Image of focused monochromatic x-rays beam at the
sample plane, captured using x-ray fluorescent camera

For sample mounting at the ADXRD adaptation, five motorized stages viz.

bottom y, z, θ, upper x, y stages have been installed. These are precision stages

with load capacity of more than 10 Kg. The diamond anvil cell is mounted

on these stages on a kinematic mount. The experimental station of ADXRD

adaptation is shown in fig. 3.17.

3.4 Other augmentations and planned additions

at beam-line

In addition to high pressure diffraction measurements, the EDXRD experimental

setup has also been adapted for grazing incidence diffraction measurements; in

both out-of plane and in-plane geometry. With the help of energy sensitive high

resolution HPGe detector, we have been able to record diffraction data from

thin films of thicknesses ranging from few nanometers to hundreds of nanometers
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Figure 3.17: Experimental station of ADXRD adaptation at EDXRD
beamline(BL-11)

[180, 181]. A high temperature stage for heating the sample upto ∼ 1200◦C has

been installed for high temperature diffraction measurements.

In future, as mentioned above, a KB mirror would be installed on this beamline

to provide smaller gauge (diffraction) volume at EDXRD setup. To incorporate

additional thermodynamic parameter along with pressure, a closed cycle refriger-

ator (CCR) cryostat and double sided laser heating setup is planned. The CCR

would provide the studies of the samples at low temperatures (∼ 10 K) whereas,

the laser heating setup will allow simultaneous high-pressure high-temperature

diffraction measurements. It must also be noted that world over optimal usage of

EDXRD beamline is facilitated through its installation at a powerful multipole

wiggler/wavelength shifter source. Likewise it is planned to have this beamline

on a wiggler/wavelength shifter source once it become available at INDUS-2.

3.5 Summery

An energy dispersive x-ray diffraction beamline has been designed, developed

and commissioned at BL-11 bending magnet port of Indian synchrotron source,
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Indus-2 [163]. The performance of this beam line has been benchmarked by mea-

suring diffraction patterns from various elemental metals and standard inorganic

powdered samples. The capabilities of the beam line have been further com-

plemented with adaptation for angle dispersive x-ray diffraction measurements

using single crystal Si (111) channel cut monochromator. The micro-focusing of

monochromatic x-rays has been achieved using indigenously developed compound

refractive lenses.
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4

Porous and Amorphous Silicon

4.1 Introduction

Over 90 % of the Earth’s crust is composed of silicate minerals, making silicon

(Si) the second most abundant element in the Earth’s crust (about 28% by mass)

after oxygen. In the universe, it is the eighth most common element by mass.

However, it very rarely occurs in the pure elemental form in nature. Under ambi-

ent conditions (atmospheric pressure and room temperature) pure Si crystallises

in diamond phase (fig. 4.1) with tetrahedral coordination. The semiconducting

behaviour of this phase is due to a band gap of 1.1 eV in its electronic band

structure. Its electronic properties can be easily manipulated by doping group

III and group V elements opening up various possiblities of device fabrication. As

it has lower band gap energy than most of the solar radiation, It also serves as an

excellent material for the fabrication of efficient solar cells. Owing to these rea-

sons Si is the most widely used material in the ever thriving electronic industry.

The basic and applied research on Si for the endeavour of technological excellence

is still going on and is not just limited to ambient diamond phase. Researchers

have also studied other forms of Si obtained either through changing morphology

e. g. Si nano-particles, Si nano-rods, porous Si (π-Si), amorphous Si (a-Si) etc
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or through changing thermodynamic conditions. It exhibits a rich phase diagram

under high pressures with higher co-ordinated denser phases up to ∼ 100 GPa,

viz. β-Sn structure at 11 GPa and then to Imma phase at 13 GPa followed by

primitive hexagonal (ph), orthorhombic (Cmca), hexagonal (hcp) and fcc phases

at 16, 38, 42 and 78 GPa respectively.

Figure 4.1: Ambient diamond structure of Silicon

π-Si was serendipitously discovered by Arthur Uhlir Jr. and Ingeborg Uhlir

[182] at the Bell Labs (U. S.) in 1956 while developing a technique for polish-

ing and shaping the surfaces of silicon and germanium and later gained much

attention from scientific freternity in late ninties of 20th century for its quantum

confinement effects. It is a form of Si that has nanoporous holes in its microstruc-

ture, rendering a large surface to volume ratio in the order of 500 m2/cm3. As

stated in the first chapter of this thesis, the motivation for carrying out high

pressure measurements on this sample was the prevailing ambiguity about its

high pressure structural behaviour. As our studies shows that pressure cycling of
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π-Si up to 30 GPa randers it to an amorphous phase which exhibits a kind of

memory effect between a crystalline and amourphous phase on subsequent pres-

sure cycles, the study on high pressure behaviour of bulk amorphous Si was also

required. These studies would ascertain whether this memory effect is perticular

to the amoarphous phase obtained by pressure cycling of π-Si or it is in gen-

eral true for any amorphous Si smaple. Further, despite emergence of crystalline

phase under pressure in earlier high pressure studies on bulk amorphous Si, re-

searchers have not paid much attention to it as those studies were mainly focused

on polyamorphism i.e. low density to high density amourhpus (LDA → HDA)

phase transition in amorphous Si.

Like polyamorphism, crystallization is also an interesting phenomenon and is

one of the most fundamental non-equilibrium phenomena universal to a variety of

materials. Crystalline phase, being a lower energy stable state, can be obtained

from amorphous phase by thermal annealing or mechanical activation. Pressure

also influences this thermally induced crystallization process. Most of the ex-

periments imply enhanced thermal stability of the amorphous phase under high

pressure, manifested as increase in the crystallization temperature with pressure.

[183, 184, 185, 186, 187] However, pressure is also known to reduce crystallization

temperature in some alloys viz., in Ti80Si80 [188] and Al-La-Ni [189]. Though

the suppression or enhancement of crystallization under high pressure has been

accounted for in terms of activation energies and diffusivity, the phenomenon is

still not fully understood. There are also reports on pressure alone bringing about

the crystallization. For example, as observed in silicon, there are several other

materials like Zr-based alloys [190] , amorphous Se [191, 192], ice [193] etc. which

crystallize under the influence of pressure alone. Density increase has been sug-

gested as the driving force for pressure induced crystallization. It is interesting

to note that observation of polyamorphous phase transition in silicon is similar

to that of ice.[193] In view of the fact that Si and ice share some common fea-

tures viz. local tetrahedral coordination under ambient conditions, denser liquid
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phase, decreasing melting temperature with pressure, it would be interesting to

investigate the crystallization of amorphous Si.

With these motivations, the experimental investigations were carried out on π-

Si as well as bulk amorphous Si. We observed preffered crystallization to primitive

hexagonal (PH) phase [29] in both the samples i.e. bulk amorphous Si and the

amorphous Si obtained from pressure cycling π-Si. This preferred crystallization

to a perticular phase has been explained in terms of phenominological nucleation

and growth process; parameters for which were obtained form density functional

theory besed first principles claculations.

4.2 Experimental details

4.2.1 π-Si

π-Si was prepared through electrolytic etching [194]. The average particle size

of the diamond structured nano-crystallites of Si embedded in porous silicon was

determined by a phenomenological three dimensional phonon confinement model

[195, 196], given in detail in Appendix A.For high pressure experiments on π-

Si the sample was loaded in a ∼150 µm hole, drilled in a pre-indented tungsten

gasket of a diamond-anvil cell (DAC). X-ray diffraction (XRD) experiments on π-

Si, were carried out at BL10XU of SPring8 synchrotron, using a x-ray beam of ∼

30 µm (diameter) and λ= 0.3085 Å. 4:1 methanol-ethanol mixture was used as a

pressure transmitting medium and pressure was estimated using ruby fluorescence

method. Raman measurements on the sample were carried out in our laboratory

using a micro-Raman set-up. The Raman modes were excited with the solid

state pumped laser of wavelength 532 nm. High pressure XRD measurements

on π-Si were carried out up to 31 GPa whereas high pressure Raman scattering

measurements were carried out up 39 GPa respectively. The retrived sample

after first pressure cycle was again subjected to two to three more pressure cycles
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in both XRD and Raman scattering measurements. To ensure the unambiguity

of results these measurements were repeated several times up to nearly same

pressure range.

4.2.2 Amorphous Silicon

The amorphous silicon used in this study was obtained from Bharat Heavy Elec-

tricals Limited (BHEL), India and was prepared by plasma enhanced chemical

vapor deposition technique. Chemical analysis showed that the sample was 99.9

% pure . The sample was also characterized by FTIR and Raman spectroscopy 1.

X-ray structure factor (S(q)) of amorphous Si at ambient conditions was found to

be consistent with tetrahedral coordination. High pressure angle dispersive x-ray

diffraction experiments were carried out at the XRD1 beamline of the Elettra

synchrotron source using x-rays of wavelength λ = 0.6825 Å. Two dimensional

x-ray diffraction patterns were collected on a MAR345 imaging plate system, cali-

brated with the help of CeO2. Amorphous silicon and a small amount of Cu (used

as a pressure marker) were loaded into a 100 µm hole drilled in a pre-indented

(40 µm thickness) tungsten gasket of a diamond anvil cell (DAC). For these ex-

periments 4:1 methanol, ethanol mixture was used as a pressure transmitting

medium. The pressure was determined by using the well known equation of state

of copper [197]. These experiments were carried out upto pressures of ∼ 45 GPa.

One set of experiments was also carried out upto 23 GPa at BL10XU beamline

of the SPring8 synchrotron (λ=0.30838 Å). In this experiment the pressure was

measured using the shifts in the ruby fluorescence lines. Two dimensional images

collected on the imaging plates were converted to one dimensional diffraction

profiles using FIT2D software [136]. Pair distribution function (pdf) analyses

[198, 199] of amorphous phases have been carried out using RAD software [200].

The brief details of pdf analysis is given in Appendix B. Emerging high pressure

1Ambient condition FTIR and Raman spectra indicated that it had some hydrogen and
oxygen impurities.
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crystalline phases were determined by fitting the diffraction data with the help

of the GSAS software [137]. In addition to ADXRD experiments, high pressure

Raman scattering experiments were also carried out on a-Si up to 22 GPa. The

Raman spectra were collected in the backscattering geometry using the same in-

house micro-Raman system. The Raman modes were excited using the 532 nm

laser light from a solid state laser. Simliar to the case of π-Si, high pressure XRD

and Raman measurements were also repeated several times with two to thress

pressure cycles in each run. The the rate of pressure release was also varried in

different pressure cycles to see the role of kinetics.

4.3 Results and discussion

4.3.1 π-Si

On increase of pressure, Raman results, shown in fig. 4.2, confirm vanishing of

Raman active peak of cubic phase of π-Si beyond 18 GPa. For example, at 23

GPa essentially a flat background is observed. These result are very similar to the

results published earlier [36]. However, our x-ray diffraction results, given in fig.

4.3, show that π-Si does not become amorphous at least up to ∼ 36 GPa. Instead

it transforms to a 8-coordinated ph phase at ∼ 20 GPa. At this pressure the most

intense [100] and [101] diffraction peaks of the ph phase are clearly visible. These

observations are similar to those of Tolbert et al [201].

The coexistence of the diamond as well as the ph phase of π-Si may be at-

tributed to the first order nature of the phase transition as well as to the inho-

mogeneous distribution of local stresses in the sample, aided by pores etc. In ref.

[36], this crystal to crystal phase transition could have been missed due to lack

of x-ray diffraction data close to the transition pressure 2. Non-observability of

Raman mode beyond 18 GPa is also misleading as ph phase does not have any

2 in ref. [36] x-ray differaction measurements were performed in energy dispersive mode and
that too were carried out up to ∼ 15 GPa only
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Figure 4.2: The Raman spectra of π-Si at different pressures. At ambient pressure
the Raman peak of the diamond phase can be seen at 519.54 cm−1

optical phonon and can be easily confused with an amorphous phase. A small

difference in the pressure of transformation from that of Tolbert et al [201] may be

understandable in terms of different topology of nano-particles. We may also note

that in molecular dynamic (MD) simulations for bulk Si, cubic diamond phase

has been shown to transform to the ph phase on abrupt pressure increase [202].

It is also known that β-Sn phase becomes inaccessible when Si is compressed at

low temperatures ( < 100 K) [47]. These facts suggest that in its field of stability

even though β-Sn phase is a lower energy state (as compared to ph phase), there

exists a low barrier path between cubic diamond and ph phase. In static high
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pressure experiments on bulk Si under ambient temperature, β-Sn phase is real-

ized due to sufficient relaxation time and thermal energy to overcome the barrier.

In case of nano-particles, because of absence of interior/intrisic defects and sub-

stantial energy contribution due to surface modification resulting from structural

changes, high barrier paths become inaccessible. Our experimental observation

is also supported by our first principle calculations (described in the later section

of this chapter) which show instability of β-Sn phase in nano-clusters of Si.

Our Raman results (fig. 4.2) do not show the presence of a high density

amorphous phase on subjecting the cubic diamond phase of porous silicon to

higher pressures, unlike in earlier studies [36] . It is worth noting that if there

is a significant amorphous content in the free standing porous silicon samples

[203, 204, 205] then the signatures of a high density amorphous phase in the

Raman spectrum at high pressures can be mistaken to be due to amorphization

of cubic diamond silicon [36] . However, we observed that ph phase transformed

to the HDA phase on release of pressure. The broad band centered at 392 cm−1

at ∼ 15 GPa , can be assigned to the HDA phase. On further release of pressure

the low density amorphous phase was identifiable at ∼ 4.5 GPa, characterized

by a broad hump of tetrahedral Si-Si stretching vibrations at 484 cm−1. When

this LDA phase was re-pressurized, it transformed back to the ph phase at ∼ 18

GPa, implying reversible amorphous to crystalline phase transformation under

pressure. From fig. 4.2 it is evident that even in the second pressure cycle the

LDA-ph and reverse transformation proceeds through a HDA phase. In fact when

pressure was released in the second pressure cycle coexistence of the LDA and

HDA phases was observed at ∼ 7.5 GPa. Interestingly the LDA phase obtained

on release of pressure remains stable over prolonged period of time suggesting

either this amorphous phase is kinetically preferred state [206] or energetically

preferred state in case of nano-particles. Our x-ray diffraction (XRD) results are

also in agreement with the Raman measurements. On release of pressure the

XRD pattern shows that a small fraction of the amorphous phase was observable
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Figure 4.3: The x-ray diffraction patterns of π-Si in the compression and decom-
pression cycles. The background of the empty gasketed cell was subtracted from
the diffraction patterns. The pattern at ambient pressure shows all the diffrac-
tion peaks of the cubic diamond phase of silicon. The tungsten gasket peaks have
been marked with a∗ and have also been labeled as ‘g’ The diffraction peaks of
the high pressure phase have been indexed with the ph structure. Calculated
diffraction patterns of the ph silicon phase and the gasket peaks are marked as
‘gasket (Blue)’ and ‘Ph-Si (red)’. It can be seen that the diffraction signal at 11.3
GPa in the second pressure cycle is due to the gasket peaks

at 12 GPa. On further release of pressure to ∼1 GPa all the diffraction peaks

disappear indicating complete amorphization. This is evident in second pressure

cycle diffraction data on the same sample at 11 GPa as shown in fig. 4.3 where

only gasket peaks are observable other than broad humps due to amorphous Si.
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Large contribution of gasket peaks at this pressure is due to the fact that the DAC

was intentionally moved so that x-ray beam falls close to the gasket hole edge. It

was done to determine whether x-rays are bathing sample completely or not. DAC

was again moved back to central bathing position in subsequent pressure runs in

order to minimize gasket contribution. This is also clear from drastic reduction

of (200) gasket peak intensity at ∼18 GPa (fig. 4.3). At this pressure several new

diffraction peaks could be observed which correspond to that of the ph-Si phase.

On full release of pressure the sample becomes fully amorphous again (fig.4.3).

Unfortunately due to lack of insufficient Q range and very large background,

HDA/LDA phases could not be convincingly identified in XRD measurements.

However, both XRD and Raman results confirm the pressure induced reversibility

between the amorphous and ph phases in πSi. Here we would like to mention that

no elemental solid is so far known to display this kind of memory effect between

a crystalline and an amorphous phase.

In order to investigate whether this reversible amorphous-crystal transition

is particular to nano-amorphous Si or it is in general true for size independent

amorphous Si per se, we carried out high pressure experiments on bulk amor-

phous system also, results of which are described in the subsequent section. On

subjecting the bulk amorphous Si to high pressure, it also transforms to the ph

phase, similar to nano amorphous Si. However, in this case the crystallization

takes place at a lower pressure of ∼ 15 GPa.

4.3.2 Amorphous Silicon

In agreement with the earlier studies,[44, 43] our high pressure x-ray diffraction

experiments on bulk amorphous Si, also show LDA-HDA transformation (fig.

4.4 and 4.5). This transformation is evident from pdf analyses of our ADXRD

data. At high pressure the Q range was limited (60 nm−1) and hence the long

wavelength components were dominant. Due to this we missed the finer details
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of the pair distribution function. However, we were able to see the variation in

the nearest neighbor distance (NND) which at ambient pressure is ∼ 2.32 Å. This

represents the Si-Si bond length in tetrahedral coordination. NND at different

representative pressures is given in table 4.1.

Figure 4.4: X-ray diffraction pattern of amorphous silicon at different pressures
in the first experimental run. Diffraction patterns shown above dotted line cor-
respond to released pressure runs. In this run the pressure was released in small
pressure steps

As expected the Si-Si NND first decreases with pressure but then increases

slightly above 12 GPa. Increase in the Si-Si bond distance indicates that the Si-Si
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Figure 4.5: X-ray diffraction pattern of bulk amorphous silicon at different pres-
sures in the second experimental run. Diffraction patterns shown above dotted
line correspond to released pressure runs. In this run the pressure release was
abrupt.

coordination must have increased. Hence from our pdf studies we can say that

LDA silicon transforms to HDA above ∼ 12 GPa.

Our Raman studies are in agreement with the pdf analysis (fig. 4.6 and 4.7).

The broad band centered at ∼ 480 cm−1 in the LDA phase broadens beyond 12

GPa and extends from 200 cm−1 to 700 cm−1 in the HDA phase. This observation

is similar to that of McMillan et al.[44].On further increase of pressure HDA-Si

crystallizes at ∼ 14 GPa as can be seen from the x-ray diffraction data of Figs.
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Table 4.1: Nearest neighbor distance from pair distribution analysis at difference
representative pressures

Pressure (GPa) Nearest neighbor distance (Å)
ambient 2.32

12.6 2.15
13.6 2.22

4.4 and 4.5. However, unlike earlier studies [46, 47] where the high pressure

crystalline phase was reported to be β-Sn, we found that the structure of this

crystalline phase was similar to that of primitive hexagonal (ph).

Fig. 4.8 shows Rietveld refinement of diffraction data at 16.8 GPa indicating

high pressure phase to be the ph phase. This misinterpretation of the structure

of the high pressure crystalline phase in earlier studies could be due to poorly

resolved diffraction data. Also, close resemblance of diffraction patterns of ph

and β-Sn phases over the limited 2θ range, generally available in high pressure

experiments, would have further aggravated the situation. With well resolved

diffraction data, obtained through high brilliance synchrotron sources such as

SPring8 and Elettra, and powerful structural refinement technique viz. Rietveld

refinement we have been able to correctly identify the crystalline phase as ph.

Since ph phase does not have any active Raman mode, our Raman measure-

ments also agree with this observation as we do not see any vibration mode above

the crystallization pressure. Moreover if the high pressure crystalline phase was

the β-Sn phase, we would have observed a Raman band close to ∼ 350 cm−1.

On further pressurizing the ph phase we observed (4.4) that it undergoes a phase

transformation to a mixture of Cmca and a new phase at∼ 40 GPa. Rietveld anal-

ysis shows that this phase is different from hexagonal close pack (HCP)[29, 207]

or Cmca phase observed earlier for bulk crystalline Si. However, due to poor

statistics and overlapping peaks, the structure of this new phase could not be

identified. It might be a lower symmetry structure derived from Cmca or HCP

phase and could have been stabilized because of remnant defects in the preceding
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Figure 4.6: Raman spectra of a-Si at a few representative pressures when pressure
was released in small steps. Raman spectra shown above dotted line correspond
to released pressure runs.

high pressure crystalline phases obtained from bulk amorphous silicon.

Released pressure runs are more dramatic in the sense that depending upon

the rate of release of pressure, the ph phase transforms back to the initial amor-

phous phase or undergoes several phase transformations as observed in bulk crys-

talline silicon (fig. 4.4 and 4.5). It can be seen in fig. 4.4 that if the pressure

is released slowly then the ph phase transforms to Imma phase at ∼ 12.3 GPa,

to β-Sn structure at ∼ 10 GPa and finally to R-8 phase at ∼ 5.5 GPa. Signa-

tures of R-8 are also evident in Raman spectra of a-Si in slow release run fig.4.6).
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Figure 4.7: Raman spectra of a-Si at a few pressures when pressure was released
abruptly.

The BC-8 phase, which is observed on release of pressure in bulk crystalline Si,

was not observed in our study on complete release of pressure. On fast release

of pressure from ph phase obtained in a-Si, it transforms to initial LDA phase,

as can be clearly seen in both x-ray diffraction and Raman measurements (fig.

4.5 and 4.7). It is interesting to note that similar recovery of LDA-Si has also

been observed in Si nano-particles and porous Si [201, 36]. However, there the

results were independent of the rate of release of pressure. Amorphous-Si, being a
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Figure 4.8: Rietveld refinement of diffraction pattern at 16.8 GPa showing high
pressure crystalline phase to be primitive hexagonal (ph). Additional peaks cor-
respond to Cu, the pressure calibrant and W, the gasket material.

metastable phase in bulk system under ambient conditions, can only be obtained

by kinetically trapping it upon release of high pressure that too under certain

circumstances.

On re-pressurizing the R-8 phase we observed (fig. 4.9) that it transformed

to β-Sn phase at ∼ 13 GPa which further transformed to ph phase at ∼ 19 GPa.

These results indicate that on release of pressure the ph phase, crystallized from
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amorphous silicon, exhibits a behavior similar to that of bulk crystalline silicon.

Our measurements esteblish similar high pressure behaviour of both the amor-

Figure 4.9: X-ray diffraction patterns of recycled pressure runs of the R8 phase
of silicon obtained from slow pressure release of amorphous Si.

phous phases viz. bulk amorphous Si, and the one obtained from pressure cycling

π-Si. To check whether the observed reversible amorphous-ph transition is an in-

herent property of amorphous Si or it is specific to the LDA phase obtained from

ph phase, we prepared another amorphous (LDA) Si sample from bulk crystalline

Si following pressure-temperature cycle suggested by Imai et al [47] (with β-Sn

phase as a precursor to LDA-Si). Our experiments confirm the same reversible

nature of amorphous-ph-amorphous phase transition. As this preferred crystal-
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lization to a perticular crystalline phase appears to be the inherent character of

amorphous Si, it should be explainable in terms of energatics and the basic nature

of crystallization process. To gain more insight into this observation we invoked

phenominological nucleation and growth process as described in the following

section.

4.4 Thermodynamic analysis

Our experimental observations suggest that the crystallization path from amor-

phous (HDA-Si) to ph phase may have a low activation barrier as compared to

the paths leading to other crystalline phases or VHDA phase. This phase being

energetically as well as kinetically preferred is also supported by our observation

that irrespective of the rate of pressure increase a-Si always crystallizes into the

ph phase. To explain this preferential crystallization to ph phase we present

here a thermodynamic model based on phenomenological random nucleation and

growth (RNG) process [208, 209, 210]. A reassuring aspect of this analysis is that

all the relevant parameters used in our random nucleation and growth modelings

were derived from the DFT based first principles calculations.

Crystallization of an amorphous phase is usually a first order reconstructive

phase transition involving discontinuous volume change and rigorous atomic rear-

rangements. These rearrangements require some energy to overcome the energy

barrier that the system faces in the path of transformation from amorphous to

crystalline phase. At high temperature this is provided by the thermal energy

which also facilitates diffusion of atoms. The mechanism of transformation is gen-

erally nucleation and growth instead of transformation of the system as a whole,

as nucleation of small clusters costs less energy. Nucleation can be heterogeneous

(nucleation at impurity or defect sites) or homogeneous (appearing entirely due

to thermal fluctuations).

At high pressures the diffusion of atoms is hindered because of steric con-
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straints. Also steepening of inter-atomic potentials reduces thermal fluctuations.

This should in principle deter crystallization of the amorphous phase at high pres-

sure. However, in disagreement with this hypothesis, as mentioned above, there

are several experimental reports on pressure induced crystallization of amorphous

materials. In the absence of long range diffusion, this pressure induced crystal-

lization should be achievable only in those systems where crystallization takes

place through local atomic rearrangements. Hence, only polymorphous crystal-

lization, where there is no compositional difference between parent and daughter

phases, may be feasible under high pressure. Since Si also belongs to the category

of polymorphous crystallization, the nucleation and growth model can be used to

explain pressure induced crystallization in Si. For simplicity we have considered

homogeneous nucleation.

In random nucleation and growth process, finite crystalline nuclei are formed

in the amorphous matrix as a result of thermal fluctuations. The Gibbs free

energy change for the formation of spherical crystalline nucleus in amorphous

matrix is given as

∆Gn(T, P ) =
(1/6)πd3

V c
(∆Gam→c + E) + πd2σ (4.1)

Where,∆ Gam→c is the molar free energy change for the transformation from

amorphous to crystalline phase, σ is the free energy increase for forming the

unit area on crystal-amorphous interface,Vc is the molar volume of crystalline

phase and is the elastic energy induced by the volume change during the phase

transition. E can be neglected as its effect on the free energy change during

the nucleation process is generally very small [187]. Since crystalline phase has

lower energy than the amorphous phase, the volume part i.e. first term decreases

∆ Gn whereas surface part i.e. second term which is due to the formation of

interface between crystalline nuclei and surrounding amorphous matrix, always

increases ∆ Gn . Therefore for a certain critical diameter (dc) of the nuclei, ∆
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Gn is maximum which is also known as nucleation work . This is given as

∆G∗ =
16πσ3

3(∆Gam→c/V c)2
(4.2)

Corresponding (dc) is given as

dc =
σ

(∆Gam→c/V c)
(4.3)

Only nuclei, having diameter above dc, grow subsequently and eventually the

crystallization occurs. The steady state rate of such nuclei formation is given

as[211]

Ist = I◦exp

(
−∆G∗ + ∆GD

kBT

)
(4.4)

It determines the number of supercritical clusters formed per unit time in the

unit volume of the system. Here ∆GD is the activation free energy for transfer of

a “structural unit” from the amorphous to a nucleus. The pre-exponential term

I◦ in Eq. 5.3 depends weakly only on temperature and varies between 1041 and

1043 m−3s−1 for various condensed systems [212]. It is given as

I◦ = 2N
kBT

h

(
a2σ

kBT

)1/2

(4.5)

Where N∼ 1/a3 is the number of structural (formula) units, with a mean size .

To understand the crystallization of silicon at high pressure we need to know

the nucleation work ∆G∗ , critical diameter dc and steady state nucleation rate

as a function of pressure. At pressures above 10 GPa there are three competing

phases viz. β-Sn, Imma and ph phase. Since Imma is very close to the β-Sn phase

both energetically and structurally [213], we have compared the crystallization

process from HDA phase of amorphous Si to β-Sn and ph phases only. To de-

termine some of the parameters viz. molar volumes of different amorphous and

crystalline phases used in calculating these quantities, we carried out ab-initio
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calculations on different phases of silicon. Interfacial energy per unit area , was

taken to be 0.49 J/m2 which is quite close to the solid liquid interface energy of

silicon [214]. Enthalpy at T = 0 K was used to estimate the nucleation work 3.

Figure 4.10: Equation of state obtained from first principles calculations for dif-
ferent crystalline and amorphous phases of Si.

The calculated equations of states, shown in fig.4.10 for different phases of

silicon, were used to find the molar volumes Vc and Vam as a function of pressure.

Consequent variation of critical diameters dc is shown in fig.4.11. We note that

dc decreases with pressure for both the crystallizable phases i.e., β-Sn as well as

primitive hexagonal. At ambient pressure, dc was higher for ph phase; however

at higher pressures dc for ph becomes smaller than that for the β-Sn phase.

In fig. 4.12 we have shown the nucleation work ∆G∗ required for crystalliza-

tion from amorphous to β-Sn as well as ph phase. We can see that ∆G∗ for

crystallization to the ph phase is initially higher than that required to crystal-

lize the β-Sn phase. However, similar to the behavior of dc, beyond 5 GPa it

becomes lower and at 14 GPa (experimentally observed transition pressure in

present study) it is ∼ 20 % lower than the nucleation work required for crystal-

3We have approximated the Gibbs free energy to the enthalpy at T=0 K for estimating
the nucleation work, assuming the similar qualitative behavior of both of these energies under
pressure
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Figure 4.11: Gibb’s free energy change ∆G as a function of nucleus diameter at
ambient pressure and 14 GPa

lization of β-Sn phase. This difference of nucleation work results in much higher

nucleation rate in case of crystallization to ph phase than in case of crystallization

to β-Sn phase. To compare nucleation rates in these two cases we have assumed

same exponential pre-factor I◦ and activation barrier ∆GD for both the cases.

Figure 4.12: Nucleation work (∆G∗) for crystallization from amorphous Si to
different crystalline phases of Si.

As shown in fig. 4.13, at around 14 GPa the steady state nucleation rate is

very large (about four orders of magnitude higher) in case of crystallization to
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ph phase, establishing the preferred growth of this phase.

Figure 4.13: Relative steady state nucleation rate (I/I◦) for crystallization from
amorphous Si to different crystalline phases of Si

Though this model reasonably explains the preferred crystallization to ph

phase, the very basic assumption of RNG process i.e. the infinitesimal thickness

of the interface between crystalline nuclei and amorphous matrix needs to be re-

viewed. This approximation is valid in case of crystallization from super cooled

molten state as in that case relaxation times are very small. In case of crystalliza-

tion from amorphous solids where relaxation times may be relatively larger, finite

thickness of the interface may not be avoidable. This will introduce an additional

term in Eq. 5.1 where ∆V corresponds to volume change due to crystal interface

formation [191]. This volume change depends on the size of nucleus, thickness

of interface and molar volumes of amorphous and interface region. For positive

values of ∆V (dc) , the applied pressure will enhance free-energy change ∆Gn and

hence will retard crystallization whereas its negative values will support the crys-

tallization process. The role of crystal-amorphous interface and hence the P∆V

term has been very effectively used to explain initial increase and subsequent

reduction of crystallization temperature for amorphous Se under high pressure

by F. Ye and K. Lu. [191]. However they have assumed constant interface thick-
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ness under pressure and approximated the molar volume of interface region from

the ratio of excess enthalpies of interface and amorphous region. In view of the

fact that crystallization pressure for amorphous Se is very close to the pressure

where molar volume of amorphous phase becomes lower than that of crystalline

phase, it seems that relative molar volumes of crystalline and amorphous phase

play significant role in crystallization process. The role of interface molar volume

seems to be more prominent at lower pressures where crystal-amorphous interface

has lower coordination than both crystalline and amorphous phases and hence

results in volume expansion. At high pressures where amorphous and crystalline

phases have very close densities, interface molar volume should be somewhere

in-between crystalline and amorphous phases. For further microscopic under-

standing of crystallization process in amorphous Si, extensive molecular dynamics

(MD) simulations were performed in collaboration with Shahavas [215]. A brief

summery of these simulations is given in the following section. Our classical MD

simulations of solid phase epitaxial growth (SPEG) of β-Sn phase on HDA-Si

(briefly described in next section) show intermediate Voronoi volume for the Si

atoms in interface region. This suggests that P∆V term for crystallization from

HDA-phase in Si will always be negative and enhance crystallization process in

amorphous Si under high pressure. Hence qualitative behavior would still be sim-

ilar even if we consider finite thickness of interface region. However for detailed

quantitative analysis, one needs to know correct behavior of interface thickness

and its molar volume as a function of pressure.

4.5 Crystallization kinetics of amorphous Si

As the formation of nuclei in the amorphous matrix is a thermally activated

stochastic process, achieving RNG in computer simulations is a formidable task

and computationally quite demanding. We rather studied SPEG of different

crystalline phases in amorphous matrix where initial amorphous matrix already
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contains some layers of crystalline phase which eventually over-grows the amor-

phous matrix. This extensive simulations of SPEG were carried out on called

using the DL POLY code [216] and interatomic potentials by Tersoff [217, 218]

that incorporate bond order without complex many body terms. They have been

shown to reproduce the structure of crystalline and amorphous silicon as well

as recrystallization process in amorphous Si quite well,[219] even though melting

points are somewhat overestimated. Velocity Verlet algorithm was employed to

integrate the equations of motion with Berendsen thermostat and barostat keep-

ing temperature and pressure constant. The system was equilibrated for several

nanoseconds at each temperature/pressure using a fine timestep of 1 fs. The

amorphous phase was generated by quenching liquid silicon from 3500 K at a

rate 1 K/ps and annealing at 1000 K for several million steps. A fourfold coor-

dinated continuous random network structure with a coordination defect density

less than 5% was obtained. The a-Si/(001) cubic-diamond Si system was gener-

ated by joining the amorphous sample consisting of about 983 atoms to a bulk

crystal (in diamond or β-Sn phase) consisting of about 1000 atoms, due to the

density difference between amorphous and crystalline silicon. Periodic boundary

conditions were employed in all three directions. Extensive annealing at 1000 K

allowed the interface to relax to a reasonable structure of low energy.

Our simulations of various polymorphs of silicon show that Tersoff potentials

can reproduce the structure and energy volume characteristics of the diamond and

β-Sn phases quite well (however, it cannot stabilize the simple hexagonal phase

probably since the potentials were parametrized for low pressure structures only

[218]).we prepared cubic diamond/amorphous-Si cell at 0 GPa and β-Sn/a-Si at

15 GPa. These were then equilibrated for about 1 ns at different pressures and

subjected to increasing temperatures allowing upto 5 ns at each temperature.

The procedure of Mattoni and Colombo [220] based on the calculation of a one

dimensional structure factor[221] was used to get the position of the a/c inter-

face during the transition. Measuring the densities of different regions at various
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pressures reveal that at ambient pressure amorphous has lower density (LDA)

than the cubic crystalline phase; but has a higher compressibility as consequence

of which its density crosses that of diamond close to 10 GPa. Above 15 GPa,

a-Si transforms to the higher coordinated HDA phase, in agreement with earlier

studies. To understand the effect of pressure on the growth process better, we

defined a crystallization temperature (T ∗c ) at which the simulation cell is com-

pletely transformed to a crystalline phase at the end of a 5 ns simulation; or in

other words, at which the growth velocity is 0.25 m/s.

Our simulations show that , under pressure T ∗c decreases rapidly indicating

that pressure enhances SPEG of diamond silicon in agreement with earlier studies

[222, 223]. Interestingly, close to 10 GPa, where amorphous and crystalline den-

sities become equal, reaches a minimum. The curve terminates close to a critical

pressure Pc = 15 GPa, above which the crystalline cd phase does not grow. This

pressure, in fact, marks significant phase changes in silicon. At this pressure, a-Si

transforms from LDA to HDA with substantial volume change. The cd to β-Sn

transition has been reported experimentally to be close to 15 GPa. Another im-

portant feature is the lower transition temperatures of β-Sn which indicates lower

activation energies under pressure. SPEG requires rearrangement of many bonds

at the c/a interface and in the transition from semiconducting LDA to metallic

HDA, the directionality of silicon bonds is lost which facilitates growth. In the

case of hydrogenated silicon, it has been observed that Si-Si bonds are weakened

by the presence of interstitial hydrogen and crystallization temperature of a-Si

with hydrogen impurity is substantially lowered [224].

Though SPEG from amorphous to crystalline ph phase could not be per-

formed, but If the observed trend of decreasing transition temperature to crys-

talline phase continues, higher pressure ph phase will have still lower T ∗c , ap-

proaching room temperatures, which may explain the room temperature pressure

induced crystallization to ph phase in a-Si.
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4.6 First principles simulations on Si nano-clusters

To gain further insights, particularly in context of transformation of ph phase (

obtained from π-Si) to LDA on release of pressure, several first principles calcu-

lations were also carried out on Si nano clusters in collaboration with Shanavas

[215]. DFT calculations were used to optimize ionic positions of small silicon clus-

ters of approximately ∼110 atoms and diameter ∼1.4 nm. Structural relaxations

were performed within Generalized Gradient Approximation (GGA) [225, 226] us-

ing Projector Augmented Wave (PAW) [227] method as implemented in Vienna

ab-initio simulation package (VASP) [228, 229] starting from spherical clusters.

An energy cutoff of 400 eV with gamma point sampling was used to find the low-

est energy configurations of clusters in a 20 Åsupercell. The amorphous structure

was generated by heating cubic silicon cluster to 1500 K and quenching it. Molec-

ular Dynamics simulations were then carried out for 0.3 ps at 300 K to equilibrate

the cluster and was then subsequently optimized at 0 K. The resultant cluster

had almost the same volume as the diamond structure.

The structures of the different phases of silicon, obtained after structural op-

timization, are shown in fig. 4.14. Our results, indicate that for these small

clusters, amorphous phase has lower energy than even the cubic diamond struc-

ture (difference in Energy/atom = 67.9 meV). We found that the β-Sn structure

does not stabilize in small clusters whereas diamond and simple hexagonal struc-

tures are retained under structural optimization. These calculations suggest that

in case of nano-clusters, the cubic diamond phase is actually a metastable state as

compared to relatively more stable LDA phase and hence emergence of this phase

on release of pressure is basically kinetics independent. These calculations also

explain the non-observability of the β-Sn phase in π-Si. A similar size dependent

structural transformations has been observed recently in silver [230].
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Figure 4.14: Color online) Clusters of different structures of silicon as simulated
by first-principles calculations. (a) The diamond cluster has the lowest energy
among the stable crystal clusters. (b) β-Sn becomes disordered upon relaxation
but retains somewhat higher coordination. (c) Primitive hexagonal phase forms
a more compact cluster although with a higher energy. (d) The amorphous struc-
ture has almost the same volume as the diamond structure but has the lowest
energy

4.7 Conclusions

In conclusion, this is the first observation of a pressure induced reversible amorphous-

crystalline transformation in an elemental solid and should encourage further ex-

perimental as well as theoretical studies. π-Si does not amorphize on compression

and instead it undergoes a crystalline transformation and the amorphous phase

arises only on decompression. Moreover, our studies show that irrespective of

the method of preparation or size of amorphous Si, it always transforms to the

primitive hexagonal phase under compression. On further higher compression,

this ph phase transforms to a mixture of Cmca and a new phase phase at ∼ 40

108



4.7. Conclusions

GPa. The preferred crystallization of a-Si to ph phase in the pressure region

where other crystalline phases of Si viz., β-Sn and Imma are also stable, has been

explained in terms of thermodynamical model based on random nucleation and

growth process. Parameters for the thermodynamic analysis were derived from

the first principles calculations.
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5

Reduced Graphene Oxide

5.1 Introduction

Technically, graphene is a virtually two-dimensional mono-atomic thick layer of

sp2 hybridized carbon atoms in the form of an infinitely large sheet (fig. 5.1). De-

spite its very simple structure, it exhibits interesting exotic properties viz. nearly

ballistic transport phenomenon along the sheet, remarkable strength (nearly 100

times stronger than steel), high chemical reactivity, high optical opacity for an

atomic monolayer, optical non-linear Kerr effect with coefficient ∼107 cm2W−1

which is almost nine orders of magnitude larger than that of bulk dielectrics,

saturable absorption etc. For these reasons theoretical descriptions of graphene’s

composition, structure and properties, were calculated decades earlier, before its

actual synthesis through exfoliation from pristine graphite in 2004 [50, 51]. The

ballistic transport property of graphene is due to its unusual low-energy electronic

structure that features electron and hole conical bands meeting each other at the

Dirac point which is qualitatively different from more common quadratic massive

bands [231]. Due to this reason, its charge carriers mimic relativistic particles and

are more easily described with the Dirac equation rather than the Schrödinger

equation. The relativistic effect arises due to their interaction with the periodic
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potential of graphene’s honeycomb lattice which gives rise to new quasiparticles

that at low energies E are accurately described by the (2+1)-dimensional Dirac

equation with an effective speed of light vF≈ 106 m1s1. These quasiparticles,

called massless Dirac fermions, can be seen as electrons that have lost their rest

mass m◦ or as neutrinos that acquired the electron charge e. This relativistic-like

description of electron waves on honeycomb lattices has been known theoreti-

cally for many years and the experimental discovery of graphene provides a way

to probe quantum electrodynamics (QED) phenomena by measuring graphene’s

electronic properties [48].

Figure 5.1: Pristine graphene sheet

The stability of graphene is due to a tightly packed, periodic array of carbon

atoms and an sp2 orbital hybridization - a combination of orbitals px and py that

constitute the σ-bond. Graphene has three σ-bonds and one π-bond providing it

high mechanical strength. The breaking strength of graphene has been reported

to be about 40 N/m [59]. Owing to its excellent mechanical properties, Zhou et al.

have even demonstrated its application in fabrication of very efficient miniaturized

graphene-based electrostatic audio transducer [58].Its quasi hydrostatic and non-
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hydrostatic compressional investigations up to 50 GPa have rendered it to be

most healable structures under large stresses [60].

The excellent electrical, optical and mechanical properties of graphene have

driven the search to find methods for its large-scale production, but established

procedures (such as mechanical exfoliation or chemical vapour deposition) are

not ideal for the manufacture of processable graphene sheets. An alternative

method is the reduction of graphene oxide (GO), a material that shares the same

atomically thin structural framework as graphene, but bears oxygen-containing

functional groups [57]. The chemical derivation of GO provides a high yield of

covalently functionalized, atomically thin carbon sheets which is then reduced to

obtain reduced graphene oxide (RGO). Although chemical reduction of close-to-

insulating GO can increase its electrical conductivity by up to 4 orders of magni-

tude, conductivity of RGO still lags behind that of pristine graphene by a factor of

10-100. Researchers have attributed this inferior electrical performance of RGO

to the presence of residual functional groups remaining after reduction.[232]

These residual functional groups might also have some implications on the

mechanical strength of RGO. Another interesting aspect would be to investi-

gate the effect of remnant oxygen functional group on the expansion behavior of

RGO, analogous to what has been reported recently in graphite oxide under high

pressure.[65, 66] With these motivations we have carried out high pressure x-ray

diffraction (XRD) and infrared (IR) absorption measurements on RGO up to 20

GPa. Consistent with earlier reports on graphite [61], RGO exhibits anisotropic

compressional behavior. Our observations show that the compression along nor-

mal to RGO planes is an interesting process; large compression at low pressures

followed by pressure induced intercalation of pressure transmitting medium be-

tween the layers resulting in pressure-induced expansion perpendicular to the

RGO planes. The observed expansion is relatively smaller than that in graphite

oxide [65]. At still higher pressure, the behavior of RGO is found to be similar

to that of graphite except that we did not observe any phase transition up to
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the highest measured pressure. Besides, the XRD data also suggests local, out-

of-plane distortions in the RGO layers with apparently puckered regions under

ambient conditions which get flattened under pressure. The flattened RGO lay-

ers remain stable on release of pressure whereas other high pressure changes are

found to be reversible in nature.

5.2 Experimental details

GO was prepared using Hummers method[54, 233]. In brief, SE800 (Stratimin

exfoliated graphite, exfoliated at 800◦C was sonicated in acetone for 1 hour and

then dried. The SE800 particles were then immersed in Conc.H2SO4 (46 mL)

and KMnO4 (6g) was added slowly in small amounts while the temperature

was maintained between 0 and 50◦C using ice bath. After complete addition

of KMnO4, the mixture was heated to 370◦C and kept at this temperature for

about 30 min. Distilled water (92mL) was then slowly added to this mixture.

The temperature of the mixture was raised to 950◦C and this temperature was

maintained for about 45 min. This mixture was further diluted with 280 ml of

distilled water and later 20 ml of 30% H2O2 was added. The mixture left for 5

min. resulted in the yellowish precipitation of graphitic oxide. The precipitate

was filtered and washed with 5% HCl until the filtrate was free from sulphate

ions. Before reduction, the GO sample was dried under vacuum for 5 days. The

RGO was prepared by heating the GO in vacuum at 500◦C for 30 minutes as

discussed in Ref. [234]. Further details of preparation and its characterizations

at ambient conditions were as in [235].

High pressure XRD measurements up to 20.3 GPa were carried out on the

RGO at PETRA III extreme condition beamline (ECB P2.2) [236] employing

0.4828 Å x-rays. Carbon, a low Z material, has low x-ray scattering cross-section

and hence we used a symmetric type diamond anvil cell (DAC) with perforated

diamond anvils [237] for high pressure measurements. This reduced the relative
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contribution of Compton scattering from diamond anvils to the background, en-

hancing signal to background ratio. A small flake of sample (∼ 30 µm thick and

∼ 50 µm in diameter) was loaded inside a 100 µm hole of Re gasket (pre-indented

to ∼ 60 µm) along with 4:1 methanol: ethanol mixture as pressure transmitting

medium and a ∼ 20 µm ruby ball for in-situ pressure measurement. The 2D

diffraction images were recorded on Perkin Elmer flat panel detector and con-

verted to 1D diffraction patterns using FIT2D software.[238] Shifts in the Ruby

R-lines were monitored using MAYA2000 spectrometer.[239] High pressure IR ab-

sorption measurements were carried out with Bruker Vertex 80V vacuum Fourier

transform infrared (FTIR) spectrometer configured with the Globar as IR source

and KBr beam splitter. Powdered RGO sample mixed with CsI dilutant was

loaded inside a ∼ 150 µm hole of a pre-indented tungsten gasket along with a

tiny ruby chip used for pressure determination. The IR beam was focused on the

sample using a Hyperion 2000 microscope and the spectra in the 600-5000 cm−1

range were recorded in the transmission mode using liquid N2 cooled HgCdTe

(MCT) detector. For each measurement, appropriate numbers of scans were co-

added to get acceptable signal to noise ratio. So as to obtain absorbance of RGO,

reference spectra featuring the diamond anvils absorption were also collected un-

der similar conditions.

5.3 Results and Discussion

5.3.1 X-ray diffraction measurements

Stacked diffraction patterns of RGO at a few representative pressures are shown

in Fig. 5.2. A broad peak at lower 2θ (∼ 8◦) corresponds to interlayer ordering

which is similar to the (002) peak of graphite. At ambient conditions the d value

for this peak is 3.66Å(c=7.32Å) which is ∼ 0.3 Å larger than that of graphite

(3.35Å). This increased interlayer spacing could be due the left over residual
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oxygen functional groups after reduction. Reported d values for the GO are

much higher, ranging from 7.8 Åto 12 Å, depending on the concentration of

attached functional groups and intercalation by water molecules.[54, 240] Hence

the observed d value for (002) peak in our study also corroborates the success of

reduction process. A second peak appears at d ∼ 2.1 Å, similar to (100) peak of

graphite, implying in-plane hexagonal ordering of carbon atoms. This diffraction

peak is narrower than (002) peak due to different dimensionality of the sample

in these mutually orthogonal directions.

The width of the (002) peak can be used to determine average number of RGO

layers. Using Scherrer formula [241], the size of the RGO particles along (002)

direction is ∼ 14 Å implying about four RGO layers. Average dimension along

(100) direction is estimated to be ∼ 60 Å. Under high pressures the (100) peak

shows very little shift, suggesting ultra low compressibility along this direction,

also consistent with the known results of graphite.[61] The pressure dependence of

(002) peak, however, is interesting. Below 1 GPa, a large shift to higher angles is

observed. At 1 GPa the interlayer spacing becomes 3.05 Å(c=6.1Å) which means

a large compression of ∼ 17%. The peak then shifts to lower angles up to 2.7

GPa indicating lattice expansion along this direction. Even though the observed

expansion is relatively small (from c= 6.1 to 6.3 Åi.e. about ∼3 %), this obser-

vation is in agreement with the earlier reports on pressure-induced insertion of

liquid alcohols into graphite oxide structures. For graphite oxide, Talyzin et al.

have shown ∼ 40 % expansion at ∼ 0.8 GPa.[65] For RGO, the relatively smaller

expansion can be attributed to lower concentration of oxygen functional groups

attached to the layers as compared to graphite oxide. On further increase in pres-

sure, the peak shifts to larger angles and asymptotically approaches the critical

interlayer spacing for graphite structure (2.8 Å) at 20.3 GPa. Its relative intensity

as compared to (100) peak diminishes at higher pressures which, however, revert

on release of pressure. These results are suggestive of loss of long range ordering

along (002) direction in RGO at higher pressures and its remarkable ability to
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Figure 5.2: Stacked diffraction patterns of RGO at a few representative pressures.
The blue dotted line is an aid to eye to follow position of (002) peak.

recover on the release of pressure.

The (100) peak is generally not observed in the ambient XRD characteriza-

tion of chemically derived GO or RGO samples as it is mostly carried out in

Bragg-Brentano geometry (reflection mode) using Cu Kα source. Due to the

preferred orientation of (002) planes (also referred as (001) plane for graphene

sheets) parallel to the basal plane of sample, [240] the relative intensity of (100)
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peak is substantially reduced owing to its perpendicular orientational relationship

with respect to (002) peak. In Debye Scherrer geometry (transmission mode) the

(100) peak becomes observable. Since XRD measurements employing a DAC

are generally performed in transmission mode as in the present case, this peak is

clearly observed. To further ascertain the correctness of (100) peak identification,

we have carried our azimuthal integration of the diffraction image for these two

peaks. Azimuthal integration of diffraction image, as incorporated in FIT2D soft-

ware, [238] is basically mapping of polar coordinate system on a two-dimensional

Euclidean space which is equivalent to unfolding the diffraction ring in order to

present it as a line with x - axis as azimuthal angle. The y axis represents radial

distance from the centre. Thus obtained images were then integrated along y

axis at each pixel in order to obtain azimuthal contribution of diffraction rings

to the intensity. As shown in fig. 5.3, the two peaks clearly show an almost per-

pendicular orientational relationship. Generally in powder XRD measurements

this information is lost due to 4π integration. However, due to the inherent tex-

tured nature of the RGO sample, the relationship could be established in this

case implying correctness of the peak identification.

Fig. 5.4 shows the values of ‘a’ and ‘c’ lattice parameters of RGO at different

pressures, as determined from (100) peak and (002) peaks respectively. These are

also compared to the experimental results on graphite, as obtained by Syassen

et al. [61] Above 2.7 GPa the ‘c’ lattice parameter of RGO matches closely with

that of graphite. The ‘a’ lattice parameter which actually represents the C-C

bond distance, also exhibits very small linear compressibility, similar to that of

graphite.

Fitting the observed values of lattice parameters to one dimensional analog

of the Murnaghan equation [242] yields inverse linear compressibility (β◦) as 30.7

GPa along c axis and 1542 GPa along a axis. It has been compared with β◦ of

graphite in Table 5.1.

The ambient value of ‘a’ lattice parameter of RGO is found to be about 2
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Figure 5.3: a) Diffraction image of RGO as recorded on a 2D detector; b) Az-
imuthal integration of (002) and (100) peak of RGO in order to view diffraction
peaks along azimuthal angle; c) Normalized vertical integration of azimuthally
integrated diffraction rings as shown in (b) The blue column represents the region
of the detector masked by support structure for the direct beam mask.

(a) (b) (c)

Figure 5.4: a) Lattice parameter ‘a’ as a function of pressure; b) Lattice parameter
‘c’ as a function of pressure. Error bars are within the symbol size for observed
values; c) Unit cell volume as a function of pressure. Comparative results on
graphite are from ref. [61]. Error bars are within the symbol size of observed
values.

% lower than that of graphite. From the earlier measured variation of a lattice

parameter of graphite [61], this much compression should have occurred beyond

20 GPa. Since in-plane structure of graphite and RGO are essentially the same,

the considerable deviation in lattice parameter from that of the ideal honeycomb
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Table 5.1: First and second order axial compression coefficients of RGO. β−1
◦ is

the linear compressibility at zero pressure and β′ is pressure derivative of β.

Lattice parameter β◦(GPa) β′ Description
c 30.7 12.08 RGO:present study

35.7 10.8 Graphite [61]
a 1542 200 RGO:present study

1250 1 Graphite [61]

structured stacked graphene layers could be due to the presence of puckered re-

gions. Recently, using high resolution transmission electron microscopy (TEM),

Gomez-Navarro et al.[232] have shown complex atomic structure of the RGO lay-

ers. It was shown that the layers comprise of defect free graphene pockets over

a few nanometers inter-dispersed with defect areas. The graphene regions in the

vicinity of the defects have been shown to be highly distorted in out-of-plane

direction. The local inclination angle of the membrane is found to be as large as

25◦ resulting in about 10% reduction in projected lattice spacing. Based on these

observations, we hypothesize that the presence of puckered graphene regions in

RGO are responsible for the observed deviation from ideal ‘a’ lattice parameter.

This is also consistent with the presence of sp3 hybridized carbon atoms bonded

to oxygen functional groups which distort the sp2 hybridized planer structure.

In case of GO the concentration of sp3 hybridized carbon atoms is so large that

most recent models of GO have rejected the lattice based model and focused

more on non-stoichiometric amorphous alternative.[243] In case of RGO we still

presume the validity of the lattice based model with locally distorted puckered

regions. Due to puckering, the ‘a’ lattice parameter observed in XRD measure-

ments is basically a projection of actual C-C bond distance. In the hexagonal

diamond structure where all the carbon atoms are sp3 hybridized with inter-layer

C-C bonding, this puckering can be easily visualized. For RGO, schematic rep-

resentations of pristine planer and puckered structures are shown in inset of fig.

5.5b. Though in case of GO/RGO the sp3 hybridization is with oxygen functional

groups, the topological features of carbon layers near sp3 bonded carbon atoms
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should essentially be the similar.

As RGO comprises mostly of defect free graphene regions, we can assume a

normal distribution of puckered regions in RGO with mean puckering angle equal

to zero - corresponding to flat graphene layer. The (100) diffraction peak would

then be weighted sum of diffraction peaks from all the puckered regions. The

weightage factor for each puckered region can be written as

wi =
1

σ
√

2π
exp

(
−ψ2

i

2σ2

)
(5.1)

where ψi is the puckering angle and is the standard deviation in puckering

angle. The diffraction peak intensity from such puckered regions can also be

assumed to have a Gaussian profile given as

Ii(θ) = Aexp

(
−(2θ − 2θi)

2

2σ′2

)
(5.2)

where σ′ is the standard deviation of peak profile, primarily arising due to

instrumental broadening, strain broadening and particle size broadening. A is

the height of diffraction peak which depends on the structure factor. θi is the

Bragg angle corresponding to each puckered region and is given as

θi = sin−1

(
λ

2di

)
(5.3)

where λ is the wavelength of x-rays used for diffraction and di is the (100)

inter layer spacing given as

di =

√
3

2
acos(ψi) (5.4)

Final expression from peak profile turns out to be

I(θ) =
∑
i

wiIi (5.5)
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or

I(θ) =
∑
i
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√
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)
exp

(
−ψ2

i

2σ2

)
exp

(
−(2θ − 2sin−1(λ

√
3acosψi))

2/2σ′2
)
(5.6)

Since di value corresponding to each puckered region will have slightly different

value due to different puckering angle, the peak shape would become asymmetric.

The shape of (100) peak observed in our measurements is in fact asymmetric

which validates our hypothesis. We fitted the peak profile at each pressure with

the peak shape generated using Eq. 5.6. The observed and fitted peak profiles

at ambient and highest measured pressure are shown in fig. 5.5a. Our analysis

shows a systematic decrease in the standard deviation of puckering angle from

15.6◦ to 10.4◦ (fig.5.5b). This implies flattening of distorted RGO regions. On

release of pressure the σ remains same as 10.4◦ indicating the flattening of RGO

planes to be irreversible in nature.

(a) (b)

Figure 5.5: a) (100) peak fitting at ambient and highest measured pressures. b)
Change of standard deviation of puckering angle as a function of pressure. Inset
shows schematic representations of pristine and puckered graphene sheet.

5.3.2 IR absorption measurements

The IR absorption measurements on RGO show reversible changes in the absorp-

tion spectrum (fig. 5.6 ). Even though absorption peaks are broad, these can be
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assigned to different functional groups as has been reported earlier.[244] Fig. 5.7

shows a typical peak fitting of absorption spectrum at ambient conditions which

was extended to each pressure in order to monitor their shifts as a function of

pressure (fig. 5.8). Whereas all the absorption bands are found to be blue shift-

ing under pressure, the OH stretching band in 3100 to 3600 cm−1 region shows

red shift as a function of pressure, indicating existence of hydrogen bond and its

subsequent strengthening under pressure.[245] On release of pressure it reverts

back to its initial value.

Figure 5.6: IR absorbance spectra as a function of pressure. Various modes
labelled ‘a’ to ‘g’ are (a) alkoxy, (b) epoxy, (c) carboxy groups, (d) aromatic C=C
stretch, (e) O-H stretch and (f) ,(g) C-H stretch respectively. (i) corresponds to
-C≡C- stretch. Assignment of the mode indicated by (h) is ambiguous.

Studies of GO as function of increasing temperature by Baskey et al [234]

showed formation of zero gap semiconductor with interconnected graphene layers

through oxygen atoms. With the heat treatment, the absorbed water molecules

evaporate and hydroxyl group attached to the GO sheets, attach to the backside

of epoxy group resulting in formation of interlayer C-O-C bonds. In our high
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pressure room temperature experiments, the molecules may not have sufficient

thermal energy to undergo chemical reactions, nevertheless, the high compression

can bring RGO layers close enough for hydrogen bond formation. In fact, our

XRD measurements show the interlayer spacing approaching to critical gap of

2.8Åat high pressures.

Figure 5.7: Peak-fitting of IR absorption spectrum of RGO at ambient conditions.

Close to 13.3 GPa, the peaks corresponding to C-H stretch, appearing at

2990 and 3070 cm−1, become sharper and clearly discernible. These peaks also

exhibit red shift at further higher pressures. In low wavenumber IR absorption

region there are absorption bands corresponding to oxygen functional groups

such as alkoxy, epoxy, carboxy at ∼ 1066, 1180 and 1444 cm−1 respectively. An

absorption band related to C=C aromatic stretching mode also appears at ∼

1566 cm−1 which is a characteristic of sp2 hybridization. Compared to alkoxy,

epoxy and carboxy groups, the relative absorbance of this peak appears to be

increasing under high pressures which on release, reverts back to initial value.

Some additional absorption bands have also been observed at 2300 and 2646 cm−1.
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5.3. Results and Discussion

Figure 5.8: Pressure induced shifts of assigned IR absorption bands of RGO.
Lines are aid to eye.

These bands appear above 4.4 GPa and their intensity increases progressively with

pressure. On release of pressure these bands disappear below 4.6 GPa. The band

at 2300 cm−1 is due to stretching of triply bonded carbon atoms. The mode near

∼ 2700 cm−1 can be the second order mode involving phonons near the K-point

in the Brillouin zone, as also seen in Raman scattering. This mode has not been

reported so far in the IR absorption spectrum of graphene. All changes in IR

spectrum are reversible.

Unlike pristine graphite system where pressure brings about a change from

sp2 to sp3 hybridization, making the system more saturated, RGO appears to re-

main unsaturated. Rather, the observed changes in IR spectra suggest increased

electronic density in the carbon layers. This could be due to interlayer hydro-

gen bonding and/or reduction in RGO induced by high pressures. This inference

is also consistent with our XRD measurements where puckered regions in RGO

have been shown to flatten under high pressures as sp2 hybridization prefers

125



5. REDUCED GRAPHENE OXIDE

planer structure. The irreversibility of reduced puckering in diffraction measure-

ments could be due to presence of polar pressure transmitting medium which has

higher affinity for oxygen functional groups. This medium cannot be used for IR

measurements of RGO as it also has strong IR signatures in the region of interest

for RGO. As at high pressure CsI becomes transparent, the IR spectra shows

wiggles due to interference generated of IR beam from parallel diamond culets of

DAC, a general feature in high pressure IR absorption experiments. [246, 247]

5.4 Conclusions

Our high pressure XRD and IR absorption measurements on RGO establish it to

be highly stable and recoverable structure under pressure cycling, similar to a few

layers of graphene.[60] The compression along ‘c’ axis appears to be an interesting

process, first a large compression of about 17 % up to 1 GPa, followed by ∼ 3

% expansion attributed to pressure induced insertion of pressure transmitting

medium. At much higher pressure behavior of RGO is found to be similar to that

of graphite. Despite pressure induced intercalation, the lattice structure of RGO

remains intact; though the long range ordering along (002) direction decreases

above 15 GPa and it reverts on released pressure. Careful line shape analysis

of the (100) diffraction peak suggests the presence of puckered regions in RGO

layers, in agreement with the recent high resolution TEM results. The puckering

angle distribution is found to reduce with pressure, suggesting flattening of the

RGO layers. The IR measurements suggest that this could be due to changes in

bonding characters of RGO under high pressures. These high pressure changes

would have implications on electronic properties of RGO and should encourage

such studies, along with ab-initio calculations.
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6

Multiferroic BiMn2O5

6.1 Introduction

Materials exhibiting simultaneous existence of more than one kind of ferroicity

are termed as multiferroic materials. The primary order parameter corresponding

to ferroicity can be ferromagnetism, ferroelectricity, ferroelasticity, ferrotoroidic-

ity etc. These materials are also referred to as exotic materials owing to their

enormous technological implications, especially those exhibiting strong coupling

between multiple ferroicities. In fact, many researchers in the field consider ma-

terials as multiferroics only if they exhibit coupling between the order parame-

ters. Among these, most studied multiferroic materials are those having simul-

taneous ferromagnetism and ferroelectricity and often the term ‘multiferroics’

refers to these materials. Ferromagnetism is basically described as a sponta-

neous and switchable magnetization that arises through the quantum mechanical

phenomenon of exchange interaction whereas ferroelectricity corresponds to a

spontaneous and switchable electrical polarization that is manifested in the form

of cooperative atomic displacements. The main thrust behind the extensive re-

search on these materials is probably the possibility of realization of high-density

memory devices as coupling between different degrees of freedom enables one
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to control spontaneous magnetization (polarization) by an applied electric field

(magnetic field) [81]. It might hold the future for the ultimate memory devices

[248]. Other potential applications can be magnetic field sensors, electrically tun-

able microwave devices such as filters, oscillators and phase shifters (in which the

ferri-, ferro- or antiferro-magnetic resonance is tuned electrically instead of mag-

netically [249]), novel spintronic devices such as tunnel magnetoresistance (TMR)

sensors [81], spin valves with electric field tunable functions etc.

Even though researchers are extensively searching for multiferroic materials

with strong magneto-electric coupling, there are only a few materials that are

both ferroelectric and ferromagnetic [250] that too with weak magneto-electric

interaction. This is because of the primary requirement of partially filled d shells

for magnetic ordering whereas most ferroelectrics are transition metal oxides, in

which transition ions have empty d shells which makes these two ordered states

mutually exclusive. Nevertheless, multiferroic materials do exist. The simul-

taneous ordered states in these materials have been explained to have different

origin such as due to lone pair, due to improper geometric ferroelectricity, charge

ordering, due to magnetically driven ferroelectricity etc. Typical multiferroics

belong to the group of the perovskite transition metal oxides, rare-earth mangan-

ites and ferrites (e.g. TbMnO3, HoMn2O5, LuFe2O4). Other examples are the

bismuth compounds BiFeO3 and BiMn2O5, and non-oxides such as BaNiF4 and

spinel chalcogenides, e.g. ZnCr2Se4. The origin of multiferroicity and its future

prospects have been nicely described in several review articles [251, 252, 253].

BiMn2O5 belongs to the category of improper multiferroics with mixed valency

of Mn atoms. At room temperature it crystallizes in orthorhombic symmetry

with the space group Pbam (No. 55) and Z=4. The Mn4+ ions (4f sites) are

octahedrally coordinated to oxygen atoms and form edge-shared infinite chain

along the c axis. The Mn3+ ions (4h sites) are coordinated to five oxygen atoms

located at the vertices of a distorted tetragonal pyramid and these from a dimer

which links the octahedral chains (figure 6.1).
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Figure 6.1: Crystal structure of BiMn2O5

The Bi atoms are eight fold coordinated to oxygen atoms in the form of bi-

capped trigonal prisms. Oxygen atoms are present at four different sites in these

set of compounds viz. O1 at 4e (0,0,z), O2 at 4g (x,y,0), O3 at 4h (x,y, 1/2)

and O4 at8i (x,y,z) sites. In the unit cell, the structural configuration of the

Mn4+O6 octahedra and Mn3+O5 pyramids forbids simultaneous satisfaction of

all nearest-neighbor Mn-O-Mn superexchange interactions.[69, 70, 85] resulting

in frustrated spin interactions. Below 40 K it exhibits magnetic ordering and

simultaneous emergence of ferroelectric behavior arising due to slight atomic dis-

placements breaking the inversion symmetry due to strengthening (weakening)

of the satisfied (frustrated) interactions.[69, 70, 85, 254]. Previous reports on

RMn2O5 compounds (R3+ Mn3+Mn4+O5
2−, where R is a rare earth atom, Y or

Bi) have also highlighted the occurrence of multiple nearly degenerate magnetic

ground states in these complex compounds, making them highly susceptible to

perturbations, such as applied magnetic field and hydrostatic pressure etc. at low

temperature which are strongly dependent on the rare earth element present in

the RMn2O5 [90, 69, 91, 72].

As pressure affects the inter-atomic distances, it can modify the magnetic/electronic

interactions. In the recent ambient temperature high pressure investigations on

BiMn2O5 , Grzechnik et al.grzechnik-2010 have shown no structural phase tran-
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sition up to 8.5 GPa; however slight change in fractional coordinates have been

reported. They have shown that the Mn-O frameworks in isomorphous RMn2O5

compounds are not rigid at high pressures, but rather adapt to the behavior of

the R atoms. The BiO8 polyhedron is shown to be largely distorted initially in

comparison to the other RO8 polyhedra in the rare earth bearing compounds due

to the non-bonding electron lone pair on the Bi3+ cation. Further, they have

shown that long Bi-O distances decrease while the short ones are constant or

even become slightly longer. This indicates increasing uniformity of the oxygen

atoms surrounding the Bi3+ cation and decreasing activity of their lone pair.

The height of the tetragonal pyramid around Mn3+ atom has also been shown

to decrease slightly with pressure. From their bond valence analysis they have

suggested pressure induced charge transfer between the two Mn sites which has

already been postulated to explain the phase transition at low temperatures. It

would be interesting to investigate high pressure behavior of BiMn2O5 to further

higher pressures since beyond certain pressure reduced lone pair effect at Bi3+

cation and strong Coulomb repulsion in Mn-O frameworks might bring about

some structural transition. With these motivations we have carried out high

pressure investigations on BiMn2O5 using powder x-ray diffraction and Raman

scattering techniques; as well as first principles calculations. Our experimental

measurements show pressure induced reversible iso-structural phase transition in

BiMn2O5 beyond 10 GPa. Our first principles calculations on BiMn2O5 are also

consistent with these experimental observations.

In order to check whether there is any role of magnetic interactions among

Mn atoms in this observed phase transition, we have also performed high pressure

x-ray diffraction measurements on doped BiMn2O5 sample with varying concen-

tration of non-magnetic dopant, Ti. If high pressure structural behavior of un-

doped BiMn2O5 has some role of magnetic interactions, it should be suppressed

in the Ti substituted system. On the contrary, we observed rather progressively

enhanced anisotropic compression in Ti doped BiMn2O5 samples under high pres-
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sure. This is suggestive of an adverse role of Mn-Mn exchange interaction on the

high pressure iso-structural phase transition observed in BiMn2O5.

6.2 Study on pure BiMn2O5 sample

6.2.1 Experimental details

Polycrystalline bulk BiMn2O5 multiferroic sample was synthesized using conven-

tional solid-state reaction technique. The stoichiometric amounts of Bi2O3 and

MnO powders of 99.99% purity were mixed thoroughly and pre-calcinated for 12

h at 800◦C. These were ground again and calcinated at 820◦C for 24 h. Finally,

the samples were ground to fine powder, pressed into pellet forms and sintered at

840◦C for 24 h. This heat treatment procedure was repeated three times to get

the better homogeneity in the samples. Room temperature high pressure powder

x-ray diffraction experiments were carried out up to 28.8 GPa on XRD1 beamline

at Elettra synchrotron source with λ= 0.68882 Å (Proposal number: 20095382).

Two dimensional x-ray diffraction patterns were collected on a MAR345 imaging

plate, calibrated with the help of CeO2. Powdered sample of BiMn2O5 and a

small amount of fine gold (Au) powder (used as a pressure marker) were loaded

into a ∼ 150 µm hole drilled in a pre-indented (40 µm thickness) tungsten gasket

of a diamond anvil cell (DAC).[2] For these experiments, 4:1 methanol-ethanol

mixture was used as a pressure transmitting medium. The pressure was deter-

mined using well known equation of state of Au.[172] Two dimensional images

collected on the imaging plate were converted to one dimensional diffraction pro-

files using FIT2D software.[238] GSAS software [137, 138] was used for Rietveld

refinement [174] of BiMn2O5 structure at high pressures. High pressure Raman

scattering measurements were carried out in our laboratory based confocal micro

Raman setup configured around HORIBA Jobin Yvon spectrometer. 532 nm fre-

quency doubled diode pumped solid state ND:YAG laser was used as an excitation
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source. All the measurements were made in a backscattering configuration. The

scattered light was analyzed by the single grating spectrometer equipped with a

liquid nitrogencooled CCD detector. Ruby chip of size less than 10 µm was used

for in-situ pressure calibration. Again, 4:1 methanol-ethanol mixture was used

as a pressure transmitting medium. The Raman scattering measurements were

carried out up to 20 GPa.

6.2.2 Computational details

First principles calculations were performed on BiMn2O5 based on density func-

tional theory (DFT) [5] and generalized-gradient approximation (GGA)[255] us-

ing the projected augmented wave method [227, 256] as implemented in the

Vienna ab-initio simulation package (VASP).[257, 258, 259] The orthorhombic

structure of BiMn2O5 (4 formula units, 32 atoms) was optimized at different

volumes using a 4x4x4 Monkhorst-Pack k-point mesh. [260] Bi 5d, 6s and 6p

electrons, Mn 3p, 3d and 4s electrons and oxygen 2p electrons were considered

as valence states. Plane wave basis set was chosen with 600 eV as energy cut-off

which ensured the convergence of Hellman-Feynman forces. In the structural re-

laxation calculations the largest force component was less than 10−3 eV/Å. In

order to get electronic charge on different atoms, Bader charge analysis based on

zero flux surface of charge density [261, 262, 263] was performed on each relaxed

structure at different volumes.

6.2.3 Results and discussion

6.2.3.1 X-ray diffraction

Stacked diffraction patterns at a few representative pressures are shown in figure

6.2. The Rietveld refinement of ambient pressure diffraction pattern (see figure

6.3(a)) confirms the well known paraelectric phase of BiMn2O5 with Pbam crys-

tallographic space group (No. 55) and Z=4. The a,b,c lattice parameters are
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found to be 7.5350(1) Å, 8.5206(1) Å and 5.7496(1) Å respectively which are

within 0.01 Å of earlier reported values [264].

Figure 6.2: Stacked x-ray diffraction patterns at a few representative pressures.
Diffraction peaks marked with ‘*’ and ‘+’ symbols correspond to the pressure
marker, gold and the gasket material tungsten respectively.

(a) (b)

Figure 6.3: Rietveld refinement of diffraction data at (a) ambient pressure and
(b) 12.3 GPa

Le Bail refinement of lattice parameters at subsequent pressures shows largest

compressibility along a axis as compared to b and c axes (figure 6.4(a)) whereas,
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the b and c lattice parameters show comparable compressibility at lower pres-

sures. Above 10 GPa, the c lattice parameter is found to exhibit anomalous

behavior with pressure. It slightly increases till 15 GPa and then starts decreas-

ing again though very slowly. It is also evident in the figure 6.4(b) where b/c is

shown to first increase from 1.482 to 1.485 till 10 GPa and then decrease relatively

sharply to 1.466 at 28.8 GPa. Unlike to the behavior of c lattice parameter, the a

lattice parameter shows enhanced compressibility beyond 10 GPa. The b lattice

parameter apparently does not exhibit any unusual behavior beyond 10 GPa. To

clearly visualize the change in behavior of different axes, we have estimated devi-

ation from the second order Birch Murnaghan (BM) equation of state [265] fitted

for each lattice parameter up to a pressure below phase transition (10 GPa). The

deviations from the fitted equation of state are shown in figure 6.4(c).

(a) (b) (c)

Figure 6.4: (a) Variation of lattice parameters a , b and c with pressure; (b)
b/c versus pressure; (c) Deviation ofa , b and c lattice parameters from second
order Birch-Murnaghan equation of state (B◦’=4) fitted for each lattice parameter
below phase transition.

Interestingly, these changes in a and c lattice parameters of BiMn2O5 are

analogous to its low temperature behavior below 40◦K observed by Granado et.

al.[89], which were explained in terms of magnetoelastic effects due to short range

spin correlations. The large contraction along a axis was shown to be due to

anti-ferromagnetic alignment along a axis below Tn(40◦K) in order to enhance

Mn4+-Mn3+-Mn3+-Mn4+ super-exchange interaction. In our study, the anoma-

lous behavior of c lattice parameter and enhanced compressibility of a lattice
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parameter result in a slight slope change in the pressure-volume curve (figure

6.5(a)) which is suggestive of a second order phase transition. This is also clear

from the changes in ∂V/∂P with pressure (figure 6.5(b)). However, the Rietveld

refinement of diffraction pattern at higher pressure (12.3 GPa) still confirms the

Pbam spacegroup (figure 6.3(b)). This indicates that the transformed phase is

iso-structural to the ambient phase and this transformation is brought about by

the atomic displacements within the unit cell allowed by the ambient space group

symmetry. With the similarity of space group and subtle slope change in the

pressure-volume behavior, one might easily overlook this phase transition. In

fact, in one of the recent high pressure works, Laura et al [266] have concluded no

phase transition in BiMn2O5 even up to 35 GPa. However, a closer look reveals

subtle behavioral changes the lattice parameters in their investigations too, which

are similar to our investigations.

The ambient pressure bulk module of the initial and the high pressure phases

obtained from second order BM equation of state (B◦’=4) are 145(1) GPa and

167(1) GPa respectively. If all the data points up to 28.8 GPa are used for fitting

BM equation of state, the bulk modulus is 134(2) GPa which is in close agreement

with the earlier reported value (138(2) GPa).[264, 266]

(a) (b)

Figure 6.5: (a) normalized volume with pressure. The fitted second order Birch-
Murnaghan equation of state (Bo’=4) is also shown. (b) ∂V/∂P versus pressure.
Fitted curve is an aid to eye.

In x-ray diffraction measurements, though lattice constants could be deter-
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mined precisely, the fractional coordinates of different atoms especially oxygen

atoms could not be refined satisfactorily due to the presence of relatively higher

Z atoms viz. Bi and Mn and the poor statistics. On release of pressure, sys-

tem reverts back to initial lattice parameters showing reversibility of the phase

transition.

6.2.3.2 Raman scattering

Our Raman measurements do not show any dramatic change across the pressure

of phase transition (fig. 6.6). All the Raman active modes respond gradually to

pressure however Raman peak position at 610 cm−1 and 655 cm−1 show larger

shifts as compared to Raman peaks at 194 cm−1 and 212 cm−1 . These modes at

610 cm−1 and 655 cm−1 correspond to the stretching of Mn-O bonds. Their larger

relative stiffing suggests increasing Mn-O bond strength. Raman active modes

appearing at 194 cm−1 and 212 cm−1 are due to Mn-O-Mn bending vibrations.

Earlier low temperature Raman investigations [267] have shown anomalous be-

havior of these modes close to ∼ 65 K and attributed it to spin-phonon coupling

in paramagnetic phase region expecting strong magnetic correlations. In our high

pressure investigations, no such anomalous behavior has been observed. On re-

lease of pressure the Raman peaks retrace back the increasing-pressure behavior.

6.2.3.3 First principles calculations

To have further understanding of this iso-structural transition, we carried out

DFT based first principles calculations on BiMn2O5 at different volumes. Our cal-

culations also confirm the existence of iso-structural phase transition in BiMn2O5.

However, it happens at around 20 GPa which is understandable since the GGA

DFT calculations always overestimates the volume and hence the transition pressure.[268].

As shown in fig. 6.7(a), the b/c ratio gradually increases from 1.528, at

ambient pressure, to 1.536 at 9.5 GPa followed by a plateau up to ∼ 17.3 GPa.

This is suggestive of relatively larger compressibility along c axis than along b
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Figure 6.6: (a) Stacked Raman spectra at different representative pressures; (b)
high pressure behavior of high energy Raman active modes

(a) (b)

Figure 6.7: a) Calculated lattice parameters as a function of pressure, b) calcu-
lated b/c as a function of pressure

axis upto ∼ 9.5 GPa. The flat region in b/c ratio between 9.5 to 17.3 GPa

indicates comparable rate change of both lattice parameters, as can be seen in

Fig. 6.7(a) . Around 20 GPa the b/c ratio drops rapidly down to 1.528 and

decreases further at higher pressures. This behavioral change of b/c ratio is also

concomitant with large contraction along a axis (fig. 6.7(a) ) implying some sort
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of internal changes in atomic fractional co-ordinates in the unit cell. This large

compression of a lattice parameter, anomalous behavior of c lattice parameter

and subsequent non-monotonous behavior of b/c across phase transition obtained

in our calculations are found to be qualitatively similar to that observed in the

experiments. It is worth mentioning here that the computations were performed

in spin un-polarized state. Thus our investigations imply insignificant role of

magnetic interactions in the observed phase transition.

For subtle structural changes viz. in atomic positions, a detailed analysis of

thus obtained relaxed structures at different pressure was performed. Our analysis

shows that the fractional coordinate of Mn4+ atoms with octahedral coordination

does not change significantly whereas Mn3+ atoms and O1 atoms undergo sig-

nificant changes in the fractional coordinates. The fraction coordinates of Bi3+,

O2, O3 and O4 atoms have a little variation with pressure. Calculated bond

lengths with oxygen anions around Bi3+, Mn4+ and Mn3+ cations as a function

of pressure are shown in fig. 6.8(a) .

(a) (b)

Figure 6.8: a) Calculated Bi-O, Mn4+-O and Mn3+-O bond lengths versus pres-
sure. Bi atom is bonded with eight oxygen atoms with four sets of two equal
bonds. Mn4+ is bonded with six oxygen atoms with three sets of two equal
bonds. Mn3+ is bonded with five oxygen atoms with two sets of two equal bonds
and one of different bond length, b) Calculated O-Mn-O bond angles in distorted
Mn4+ octahedon and Mn3+ tetragonal pyramid.

It can be seen in the figure that the Mn4+-O bond lengths decreases mono-

tonically with pressure exhibiting no significant behavioral change across phase
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transition. However, Bi3+-O and Mn3+-O bond lengths show clearly identifiable

changes. Except the set of two longest Bi-O bonds, all other six Bi3+-O bond

lengths seams to become uniform below phase transition. At phase transiton

pressure (20.4 GPa) all the six bonds are within 0.01 Å whereas at ambient pres-

sure they were spread in 0.1 Å wide band. Overall spread of all the eight bonds

and also reduced. Beyond phase transition the Bi-O bond lengths start showing

variation again. The increasing uniformity of Bi3+-O bond lengths below phase

transition is consistent with decreasing role of the lone pair at Bi atom reported

earlier.[264, 269] The Mn3+-O bond lengths also show dramatic changes across

phase transition. As shown in fig. 6.8(a) , the Mn3+-O basel bond lengths, which

are higher than 1.85 Å, become very close at phase transition whereas the Mn3+-

O apical bond length (close to 1.75Å) slightly increases and does not change much

beyond phase transition.

Calculated bond angles in Mn4+ and Mn3+ polyhedra are shown in fig. 6.8(b).

Whereas O-Mn-O bond angles show quite small changes in Mn4+ octahedral, the

O-Mn-O bond angles in Mn3+ pyramid become either close to 180◦ or 90◦ beyond

20.4 GPa. This suggests relatively improved regularity of Mn3+ pyramid above

the phase transition. This dramatic alteration in the shape of Mn3+ polyhedron

is mainly attributed to large change in the O1-O1 distance along c axis (∼ 0.3Å)

which progressively increases as a function of pressure and shows sudden jump

at phase transition pressure (figure 6.9 ). The other oxygen atoms in the base

plane of Mn3+ pyramid come slightly closer beyond phase transition. We have

also calculated the polyhedral volumes around Bi3+, Mn4+ and Mn3+ cations.

As shown in figure 6.10, the Mn4+O6 and Bi3+O8 are the least and the most

compressible polyhedra in BiMn2O5 structure respectively. The compressibility

of Mn3+O5 polyhedron is found to be comparable to that of Mn4+O6 at pressures

below phase transition. However it increases a bit at the phase transition. The

behavior of polyhedral volume around Mn4+ does not have any abrupt changes

across phase transition. Over all bulk modulus and the bulk moduli of different
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polyhedra are listed in table 6.1 and compared with earlier reports.

Figure 6.9: O1-O1 distance in the basel plane of distorted Mn3+ tetragonal pyra-
mid

This detailed structural analysis suggests that the earlier hypothesis of non-

rigidity of Mn-O frameworks in isomorphous RMn2O5 and their adaption to the

behavior of the coordination spheres around R atom is valid below the phase

transition only. Within Mn-O framework, the Mn4+O6 octahedra is found to be

more rigid as compared to Mn3+O5 pyramid and the adaption to R atom coordi-

nation mainly occurs in Mn3+O5 pyramid. The deformation of Mn3+ pyramid at

lower pressures is also consistent with earlier measurements. This adaption to Bi

coordination is not because of its rigidity since Bi polyhedron is found to be hav-

ing least bulk modulus among others. Rather, it should be due of the electronic

properties of Bi atom. Beyond phase transition the relatively rigid Mn-O frame-

work appears to have started playing dominant role in the structural behavior

with pressure. Since crystallographic c lattice parameter comprises infinite chain
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Figure 6.10: Calculated polyhedral volume around Bi3+, Mn4+ and Mn3+ cations
as a function of pressure. The pressure-volume behavior of unit cell is shown in
the figure.

of edge shared Mn4+ octahedral units, this also explains the anomalous behavior

of c lattice parameter which becomes least compressible beyond phase transition.

Since, despite the fact that no magnetic interactions have been considered in

our calculations we are getting qualitatively similar behavior in both experiments

and calculations, we presume the observed transition to have electronic origin

rather than magnetic. In order to look for the reason of this transition, we

have done Bader charge analysis of the charge densities obtained from the first

principles calculations. Bader charge is the charge around an atom computed

integrating the charge density within the volume around atom which is defined

by the zero flux surfaces to divide atoms. A zero flux surface is a 2-D surface on

which the charge density is a minimum perpendicular to the surface. Computed

charge densities in ab, bc and ca planes are shown in fig. 6.11.
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Table 6.1: Ambient pressure bulk modulus of the unit cell and different polyhedra
around Bi3+, Mn4+ and Mn3+ cations obtained from fitting second order Birch-
Murnaghan equation of state. Experimental bulk modulus B◦ is also shown here
and compared with earlier reports.

Structural
Unit

B◦ (GPa)
from our
calcula-
tions

B◦ (GPa) from our experiments B◦ from
[264]

Fitting
data up to
10 GPa

Fitting
data up to
28.8 GPa

Unit cell 166.8(2) 145(1) 134(2) 138(2)
BiO8 134.8(2) - - -
Mn4+O6 233.9(2) - - -
Mn3+O5 218.7(2) - - -

Figure 6.11: Iso-surface (0.3) of charge densities calculated form first principles
calculations in ab, bc and ac planes. Blue colored balls represent Bi atom whereas
purple and red balls represent Mn and O atoms respectively.

The charge at the atom is obtained by subtracting the Bader charge from

the number of valance electrons considered for that particular atom in the DFT

calculations. Our Bader charge analysis shows that the positive charge at Bi3+

cation increases by ∼ 0.1e from 1.9632e at ambient pressure to 2.0675e at 31.3

GPa. On the other hand the positive charge on Mn3+ cation decreases by ∼ 0.1e

above 20.4 GPa. Initial atomic charge at Mn3+ was 1.6311e which comes down

to 1.5320e at 31.3 GPa. Atomic charge on Mn4+ cation is ∼ 1.56e and is found

to remain within statistical variation with pressure. Charge on oxygen atoms
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Table 6.2: Atomic charge densities at Bi and Mn atoms at a few representative
pressures

Pressure
(GPa)

Atomic charge (e) from Bader charge analysis

Bi Mn4+ Mn3+

0 1.9632 1.5701 1.6311
5.973 1.9882 1.5663 1.6318
11.261 2.0058 1.5656 1.621
15.153 2.0147 1.5664 1.6203
20.356 2.0139 1.5609 1.5436
26.383 2.0503 1.5659 1.5419
31.325 2.0675 1.5531 1.532

also does not show any significant changes however charge difference on O1 and

O4 atoms forming the base of Mn3+ pyramid increases by 0.02e- beyond phase

transition which was earlier within 0.005e-. The atomic charge at various atoms

at a few representative pressures is given in table 6.2.

Our Bader charge analysis shows a partial electronic charge transfer of ∼ 0.1e

from Bi3+ cation to Mn3+. This increased electron density around Mn3+ cation

should have increased the repulsive Coulombic interaction of Mn atom with the

ligand oxygen atoms. This could be the probable reason for the increased rigidity

of Mn3+O5 pyramids and the subsequent iso-structural phase transition. Under

high pressures it is very likely to get charge redistribution among various anions

and cations which in turn causes atomic displacements. Though the observed

transition under high pressure seems to have electronic origin, its implications

on the magnetic behavior of BiMn2O5 could not be ascertained as the subtle

atomic displacements may also modify its magnetic behavior. Especially the in-

direct Mn4+-O-Mn3+-O-Mn4+ super-exchange interaction (J2) which competes

with the direct Mn4+-O-Mn4+ (J1) and whose relative strength is related to the

concerned Mn4+-O-Mn4+ distances.[270] In case of BiMn2O5 the Mn4+-O2 dis-

tance is larger than any other member of the RMn2O5 series resulting in dominant

J2 interaction and hence the commensurate magnetic structure at low temper-
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ature characterized by propagation vector k=(1/2,0,1/2). As we have observed,

under high pressures, different Mn-O distances vary in different manner which

might affect these interactions. This study motivates further investigations on

the magnetic behavior this system as a function of pressure.

6.3 Study on Ti-doped BiMn2O5 samples

At room temperature BiMn2O5, being magnetically frustrated system, does not

exhibit any magnetic ordering. Due to this reason, any magnetic measurement

under high pressure would be inconclusive. However, the role of magnetic inter-

actions in the observed iso-structural phase transition can be studied by doping

BiMn2O5 with a non-magnetic atom at Mn sites. This will reduce magnetic

interactions among Mn atoms. Earlier investigations have shown that the Ti

replacement vanishes the ferroleetric transition of BiMn2O5 at ∼ 35 K and grad-

ually suppresses the antiferromagnetic ordering at ∼ 39 K.[271] This is because

of the increased Mn-Mn distance due to formation of Mn4+-O-Ti4+ octahedral

chains along c axis (fig. 6.1) and hence reduced Mn-Mn exchange interaction.

With these motivations we have also performed high pressure x-ray diffraction

measurements on Ti doped BiMn2O5 samples with progressively varying concen-

tration of Ti atoms.

6.3.1 Experimental details

High pressure x-ray diffraction measurements were performed on three doped

samples viz. BiMn1.8Ti0.2O5, BiMn1.7Ti0.3O5 and BiMn1.5Ti0.5O5. The details

of sample preparation is given in ref. [271]. The samples were synthesized us-

ing conventional solid-state reaction technique. The stoichiometric amounts of

Bi2O3 , MnO, and TiO2 powders of 99.99 % purity were mixed thoroughly and

pre-calcinated for 12 h at 800◦C . These were ground again and calcinated at

820◦C for 24 h. Finally, the samples were ground to fine powder, pressed into
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Table 6.3: Ambient pressure lattice parameters of Ti doped BiMn2O5 samples

Sample a(Å) b(Å) c(Å)
BiMn1.8Ti0.2O5 7.5754 8.5344 5.7877
BiMn1.7Ti0.3O5 7.5760 8.5354 5.7991
BiMn1.5Ti0.5O5 7.5986 8.5382 5.8331

pellet forms, and sintered at 840◦C for 24 h. This heat-treatment procedure was

repeated three times to get the better homogeneity in the samples. Again, high

pressure powder x-ray diffraction experiments were carried out up to ∼ 30 GPa

on XRD1 beamline at Elettra synchrotron source with λ= 0.68882 Å (Proposal

number: 20095382). Two dimensional x-ray diffraction patterns were collected on

a MAR345 imaging plate, calibrated with the help of CeO2. Powdered samples

of Ti doped BiMn2−xTixO5 and a small amount of fine gold (Au) powder were

loaded into a ∼ 150 µm hole drilled in a pre-indented (40 µm thickness) tungsten

gasket of a DAC. Similar to pure BiMn2O5, 4:1 methanol-ethanol mixture was

used as a pressure transmitting medium. The pressure was determined using well

known equation of state of Au.[172] Data analysis were carried out in the same

manner as described above for pure BiMn2O5.

6.3.2 Results and discussion

Rietveld analysis of ambient pressure diffraction patterns of all the three doped

samples confirm the orthorhombic structure with crystallographic space group

Pbam (No. 55) and Z=4. Ambient pressure lattice parameters for these samples

are given in table 6.3.

As can be seen in the table 6.3, the lattice constants increase progressively with

increasing concentration of Ti atoms. The effect of Ti doping is more prominent

along a and c axis which is consistent with earlier studies. Earlier x-ray absorp-

tion spectrum (XAS) studies on these samples at Ti L-edge clearly indicate the

substitution of Ti4+ ions at Mn4+ sites [271]. As ionic radius of Ti 4+ cations is

larger than that of Mn4+ cations, the volume of TiO6 octahedron will be larger
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than MnO6. Hence the substitution of Ti4+ cations at Mn4+ cations, which from

edge shared octahedral chains along c axis, would cause the observed changes.

Under high pressures, these samples also exhibit anomalous change in the pressure

(a) (b)

(c) (d)

Figure 6.12: High pressure behavior of a) c lattice parameter, b) c lattice pa-
rameter, c) c lattice parameter and d) b/c ratio. Here x represents the doping
concentration of Ti atoms in BiMn2−xTixO5 samples

evolution of c axis at ∼ 12 GPa which is suggestive of similar iso-structural phase

transition in these samples also as observed in case of pure BiMn2O5 sample. As

can be seen in the figure 6.12 all the three doped sample exhibit expansion along

c axis above 12 GPa and this effect is more pronounced for highest doped sample

BiMn1.5Ti0.5O5. This also results in the behavioral change of b/c ratio above ∼

12 GPa (fig. 6.12(d)). The compressibility of doped samples along a and b axis

is found to be increasing with doping concentration of Ti samples.
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6.3. Study on Ti-doped BiMn2O5 samples

Figure 6.13: Unit cell volume vs pressure plot of Ti doped BiMn2−xTixO5 samples
where x represents the doping concentration

These changes in crystallographic axis also manifests in the unit cell volume

vs pressure plot (Fig. 6.13). At lower pressure below 12 GPa the pressure-volume

slope is nearly same for all the three doped samples suggesting comparable com-

pressibility of TiO6 and MnO6 octahedra. However, at stated above, unite cell

volumes for doped samples are higher than that of un-doped BiMn2O5 sample.

Above 12 GPa pressure-volume data points for all the samples merge together.

Despite expansion along c axis this merger of P-V data points suggests dominant

role of compression along a and b axis. As c axis shows expansion above 12 GPa,

these changes cannot be attributed to compression of TiO6 octahedra. These ob-

servations might be resulting either due to change in the compressional behavior

of other polyhedra (Bi3+O8, Mn3+O5) above 12 GPa or due to reduced magnetic

interactions among Mn atoms. As observed in case of undoped BiMn2O5 sam-

ple, there might also be a charge transfer between Bi3+ and Mn3+ ions in these

samples . Though these measurements are inconclusive about the exact origin of

observed anomalies, nevertheless, enhanced anisotropic compressibility along dif-

ferent crystallographic axis in doped samples clearly indicates some adverse role
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of magnetic interactions among Mn atoms in the iso-structural phase transition

in pure BiMn2O5 sample.

6.4 Conclusions

Our high pressure experimental investigations and first principles calculations

suggest reversible iso-structural phase transition in multiferroic BiMn2O5. The

changes along c axis show anomalous behavior across phase transition. Below

the phase transition, Mn-O framework appears to follow the coordination sphere

around Bi3+ cation which is in agreement with the earlier reports. The reduced

role of lone pair at Bi3+ cation is also evident as the Bi-O bond length tends

to become uniform at lower pressures. Beyond phase transition the Mn3+ pyra-

mid becomes relatively more regular as O-Mn-O angle approaches 90◦/180◦. The

Mn4+ octahedral unit is found to be relatively more rigid structural unit in this

system which remains almost unaffected by the phase transition. The dominant

role of rigid Mn-O framework beyond phase transition also explains the anoma-

lous behavior of c lattice parameter. Bader charge analysis suggests that the

partial charge transfer from Bi3+ cation to Mn3+ cation could be the cause of this

phase transition. Subtle atomic displacements observed across the phase tran-

sition might have further implications in the magnetic behavior and hence the

multiferroicity of this system at higher pressures.

Our high pressure x-ray diffraction studies on Ti doped BiMn2−xTixO5 also

exhibit iso-structural phase transition above 12 GPa similar to the one observed

in undoped BiMn2O5. However, anisotropic compressional behavior is found to

be more enhanced in the doped case. Particularly, the anomalous behavior of

c which progressively enhances as the dopant concentration. For highest doped

sample BiMn1.5Ti0.5O5, an anomalous lattice expansion along c axis has been

observed above 12 GPa; whereas the a b lattice parameter has been found to be

more compressible as compared to BiMn2O5. As doping with Ti reduces the mag-
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netic interactions among Mn ions, the observed changes are suggestive of having

adverse magnetic implications in the observed iso-structural phase transition.
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7

Relaxor ferroelectric materials

7.1 Introduction

A ferroelectric phase change represents a special class of structural phase tran-

sitions denoted by the appearance of a spontaneous polarization, switchable by

electric field. Above the Curie point, the approaching transition is often, though

not always, signaled by a diverging differential dielectric response or permittiv-

ity ε, which close to Tc varies with temperature in an approximate Curie-Weiss

manner ε = C/(T − T◦), where T◦ is the Curie-Weiss temperature which is equal

to the Curie temperature Tc only for the case of a continuous transition. The

phase which transforms to the ferroelectric form at Tc is often termed para elec-

tric. Unlike ferromagnetic transitions, where mechanical coupling are not very

significant (magnetostrictive effects are usually measured in part per million), fer-

roelectric transitions are generally associated with large electromechanical strain

(often 1 % or larger) with loss of inversion symmetry as an essential feature of

these transitions.

Since the discovery of this phenomenon in Rochelle salt (NaKC4H4O6.4H2O)

by Valasek in 1920 [272], the search of materials with strong electromechani-

cal (piezoelectric) response is continuing till date. This is because of the enor-
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mous potentialities of these materials from technological applications point of

view such as ultrasonic and medical applications, telecommunications, acoustic

sensors, transducers, micro-electro-mechanical systems(MEMS), actuators etc.

[273, 274]. These materials have also attracted much attention of scientific fra-

ternity from the basic physics point of view. In the beginning when Rochelle salt

was the only material exhibiting spontaneous switchable electric polarization, for

over a decade, the plausible theoretical explanations were primarily focused on

the dipolar interactions between the constituent water molecules of crystallites.

As any small deviation from the correct chemical composition of Rochelle salt

seemed to destroy the phenomenon completely, it was also thought to be an ex-

tremely delicate and complicated phenomenon which is difficult to be described

by any simple microscopic models. However, after the discovery of ferroelec-

tricity in simple crystalline systems such as barium titanate (BaTiO3) ceramic

[275] with perovskite lattice structure, the hydrogen based hypothesis of ferro-

electricity was abandoned. Interestingly, these simple ABO3 type compounds are

now the largest single class of all ferroelectrics made up from basic BO6 building

blocks. The structural simplicity of these compounds served as a model system

for gaining fundamental understating of ferroelectricity and gave rise to various

theoretical explorations. Earlier, the origin of ferroelectricity is these compounds

was assumed to be the long-range dipolar forces which (via the Lorentz local

effective field) tended to destabilize the high-symmetry configuration favored by

the local forces[276]. This explanation became the basic model for displacive

transitions and met with considerable success. Anderson [277] and Cochran [278]

suggested that the theory of ferroelectricity should be casted within the frame-

work of lattice dynamics and describe displacive lattice instability in terms of

‘soft’ modes. Another approach was based on the order-disorder model where

high temperature paraelectric phase was considered to be more symmetric cubic

phase with random distortions along eight cubic diagonals, and low tempera-

ture ferroelectric phase was considered to have ordered distortions giving rise to

152



7.1. Introduction

average polarization along either [100] or [110] or [111] directions [279].

The macroscopic theory of ferroelectricity, solely focusing on thermodynamic

concepts, was perfected by Ginzburg [280, 281] and Devonshire [282]. Though

it suffers the limitations in terms of basic microscopic understanding of the phe-

nomenon, it is valuable for its ability to relate with the macroscopic measurables

and to include with ease, the changes of external constraints such as stress etc. As

ferroelectricity involves strains of about 1% or larger for most of the ferroelectric

materials, the basic idea in the development of macroscopic theory was to write a

free energy as an expansion in powers of polarization and strain and to determine

the parameters involved such as dielectric stiffness (reciprocal permittivity), by

associating them with measurables.

Despite the immense success of these theoretical formulations, the origin of

ferroelectric behavior in the perovskite compounds was still unclear as similar

but chemically different perovskites display very different ferroelectric behav-

ior. Thanks to the enormous progress in computational methods such as density

functional theory (DFT) based first principles calculations and computational

capabilities which enabled further theoretical explorations with more focus on

electronic origin of ferroelectricity. Through electronic-structure calculations on

classic examples of ferroelectric perovskites, BaTiO3 and PbTiO3, Cohen had

shown that the ferroelectric behavior of perovskites, besides being very sensitive

to chemistry, defects, electrical boundary conditions and pressure, arises from a

delicate balance between long-range Coulomb forces (which favor the ferroelec-

tric state) and short-range repulsions (which favor the non-polar cubic structures)

[283]. The hybridization between the titanium 3d states and the oxygen 2p states

was shown to be essential for ferroelectricity in these compounds.

The search for materials with high electromechanical response is not just

limited to pure ABO3 compounds, but has been extended to mixed composition

perovskites AB’1−xB”xO3 too. Relaxor ferroelectrics (relaxors) belongs to this

category and form a special class among ferroelectric materials, characterized
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Table 7.1: Difference in properties of normal and relaxor ferroelectric perovskites

Property Normal Relaxor
Dielectric temperature
dependence K=K(T)

Sharp 1st or 2nd order
transition about Curie
temperature (Tc)

Broad-diffuse phase tran-
sition about Curie max-
ima (Tmax)

Dielectric temperature
and frequency depen-
dence K=K(T,ω)

Weak frequency depen-
dence

Strong frequency depen-
dence

Dielectric behavior in
paraelectric range (>Tc)

Follow Curie-Weis law:
1/K = C/(T − Tc)

Follow Curie-Weis square
law: 1/K = 1/Kmax +
(T − Tmax)2/2Kmaxδ

2

Remnant polarization ,
(PR)

Strong remnant polariza-
tion (PR)

Weak remnant polariza-
tion

Scattering of light Strong anisotropy (bire-
fringent, ∆n)

Very weak anisotropy to
light (pseudo-cubic)

Diffraction of x-rays Line splitting owing to
spontaneous deformation
from paraelectric → fer-
roelectric phase

No discernible x-ray line
splitting giving a pseudo-
cubic structure

by the diffuse phase transition and dielectric dispersion. The difference in the

properties of normal and relaxor ferroelectric perovskites are given in table 7.1.

As overview of relaxor ferroelectrics can be seen in references [94] and [284].

Though, complete understanding of diffused and dispersive phase transition

in relaxors is still lacking, the common perception about the microscopic origin

of this behavior is attributed to the nano-polar regions. Random lattice disorder

produced by chemical substitution in ABO3 perovskites can lead to the forma-

tion of dipolar impurities and defects that have profound influence on the static

and dynamic properties of these materials. Because of the high polarizability of

the ABO3 host lattice associated with the soft ferroelectric mode, dipolar enti-

ties polarize regions around them forming polar nano/micro-domains whose size

is determined by the temperature-dependent correlation length, rc of the host.

When these dipolar entities posses more than one equivalent orientation, they

may undergo dielectric relaxation in an applied ac field. At higher concentrations
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of disorder, the polar domains can interact leading to more complex relaxational

behavior with distributions of relaxation times and hence causing diffused phase

transition. The relaxational properties of compositionally disordered ABO3 per-

ovskites has been nicely reviewed by Samara [95].

Another important feature of these materials is that these exhibit giant piezo-

electric response, higher than normal ferroelectric materials especially when B’-

B” composition is at morphotropic phase boundary. A morphotropic phase

boundary is defined as a phase boundary in the compositional phase diagram

of mixed composition perovskites which separates tetragonal and rhombohe-

dral phases. The realization of tetragonal or rhombohedral structure depends

on the richness of one of the B site atoms either B’ or B”. Ceramic solid so-

lutions of PbZr1−xTixO3 (PZT) with compositions x'0.50 are well-known for

their extraordinarily large piezoelectric responses. Similar behavior and fea-

tures are also present in a number of related lead-based strongly-piezolelectric

single crystals, such as Pb(Mg1/3Nb2/3)1−xTixO3, Pb(Zn1/3Nb2/3)1−xTixO3 and

Pb(Sn1/2Nb1/2)1−xTixO3 with piezoelectric coefficients of about 2500 pm V−1

[99].

From synchrotron x-ray and neutron diffraction measurements Noheda et al.

and various other researchers [99, 98, 285, 286] have attributed this behavior to

the intermediate monoclinic phases (Cm and/or Cc) which is suggested to have

shallow potential well for polarization rotation from rhombohedral [111] direction

to tetragonal [001] direction. This gives rise to large piezoelectric response in these

materials. This interpretation is also supported by the theoretical calculations by

Fu and Cohen [287] on BaTiO3 where they have shown strong electro-mechanical

response in the rhombohedral crystals under an electric field oriented along the

[001] axis leading to polarization rotation within the planes defined by [001] and

[111] which is precisely the monoclinic plane of PZT. Recently Wu and Cohen

[288] have also observed pressure-induced anomalous phase transition sequence

from tetragonal → monoclinic → rhombohedral → cubic phase, concomitant
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with colossal enhancement of piezoelectricity in their theoretical investigations

on PbTiO3. They have shown that morphotropic phase boundaries and giant

piezoelectric effects do not require intrinsic disorder as believed earlier.

It is worth mentioning here that the effect of chemical substitution, large elec-

tric field and high pressure have been found to produce similar effects in relaxors.

Most of the earlier investigations of relaxors have been carried out primarily

through their chemical composition or temperature dependent behavior. How-

ever, after high pressure investigations on relaxors by Samara et al. [289, 290]

and Yasuda et al.[291] and their emphasis on pressure being an important and

cleaner variable, a few more high pressure investigations on lead based relaxors

have appeared [292, 293, 96]. In this context, It would be interesting to extend

the high pressure investigations to lead free relaxors and compare with lead based

relaxors. Several lead free mixed composition perovskites have been reported to

exhibit relaxor behavior and giant dielectric constant (εr ≈ 104−105) over a wide

temperature range [294, 295, 296]. These materials serve as a potential non-toxic

alternative to commonly used lead based ferroelectric/ piezoelectric materials.

With these motivations we have carried out high pressure x-ray diffraction and

Raman scattering measurements on relaxor ferroelectric materials BaFe0.5Nb0.5O3

(BFN) and SrFe0.5Nb0.5O3 (SFN). The experimental details and results are de-

scribed in subsequent sections.

7.2 Experimental details

The BFN and SFN samples used for high pressure investigations in this thesis

were the same as used by Saha et al [294, 296] in their respective dielectric

studies of these materials. The samples were prepared using solid-state reaction

technique with powdered stoichiometric mixture of BaCO3/SrCO3 , Fe2O3 and

Nb2O5. Further details of sample preparation can be seen in references [294] and

[296].
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7.2.1 X-ray diffraction measurements

The high pressure x-ray diffraction measurements were carried out at XRD1

beamline at Elettra synchrotron source using monochromatic x-rays of λ=0.6812

Å employing piston-cylinder based Mao-bell type of diamond anvil cell (DAC).

The sample was loaded in ∼ 150 µm hole drilled in∼ 250 µm thick tungsten gasket

pre-indented to ∼ 40 µm. Cu was used as pressure marker and 4:1 methanol-

ethanol mixture was used as pressure transmitting medium. Diffraction images

were recorded at MAR345 imaging plate detector. The 2D diffraction images were

converted to 1D diffraction patterns using FIT2D software [136] which were then

refined with Lebail and Rietveld methods as implemented in GSAS [297, 138].

Pressure was determined using well known equation of state of Cu by monitoring

shifts in the diffraction peaks of Cu. High pressure x-ray diffraction measurements

on BFN and SFN were performed up to ∼ 56 and ∼ 49.5 GPa respectively.

7.2.2 Raman scattering measurements

High pressure Raman scattering measurements were carried out only on BFN

sample up to ∼ 59.5 GPa at our indigenously developed confocal micro-Raman

setup [146], configured around Jobin Yuon (HR 460) spectrograph. The Raman

modes were excited with the solid state laser of wavelength 532 nm. These mea-

surements were also performed using Mao-bell DAC. The high pressure cell was

prepared in the same manner as was used for x-ray diffraction measurements

except that small Ruby chip of size ∼ 10-20 µm was used as pressure callibrant

instead of Cu. The shift in Ruby fluorescence was used to measure pressure inside

DAC.
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7.3 Results and discussion

7.3.1 BaFe0.5Nb0.5O3

7.3.1.1 X-ray diffraction

Rietveld refinement of ambient pressure diffraction pattern shows that, like other

relaxors, BFN also crystallizes in pseudo-cubic structure with average symmetry

of space group, Pm3̄m (fig. 7.1). Ambient lattice parameter was determined to

be a=4.0504(1)Å. The Debye-Waller factor was refined to estimate the extant

of local disorder, however it was found to be well within the detection limits of

powder diffraction measurements.

Figure 7.1: Pseudo-cubic perovskite structure of BaFe0.5Nb0.5O3

Prima facie x-ray diffraction patterns do not show any qualitative change as

a function of pressure, giving an impression of no phase transition even up to the

highest measured pressure. Stacked diffraction patterns at a few representative

pressures are shown in fig. 7.2. However, a closer look at the patterns reveals

large non-homogeneous broadening of a few diffraction peaks from sample as can

be seen in fig. 7.3. This anomalous broadening can not be attributed to micro-

strain broadening due to quasi-hydrostatic environment inside DAC as the same
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is not reflected in the peak width of Cu (111) peak (fig. 7.3). These changes in

the width of diffraction peaks of sample are indicative of some subtle changes in

the crystalline symmetry.

Figure 7.2: Stacked diffraction patterns of BaFe0.5Nb0.5O3 at a few representative
pressures

Earlier reports have shown low temperature phase transitions to low symme-

try phases in different lead based ferroelectrics/ relaxors viz. monoclinic (Cm and

Cc), tetragonal (P4mm), rhombohedral (R3m and R3c) phases etc. [287, 285, 98].
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(a) (b)

Figure 7.3: Surface plot of diffraction peaks of: a) Pressure marker, Cu (111)
peak and sample (200) peak; b)sample (311) and (222) peaks as a function of
pressure

The Phase transitions to rhombohedral, tetragonal or monoclinic phases in these

compounds can be understood by observing (200) and (222) diffraction peaks. If

there is a splitting of the (200) peak into 3 peaks and (222) peak splits into four

peaks then the new phase is monoclinic. However, if the (200) peak splits into two

peaks and the (222) peak does not split then the high pressure phase is a tetrag-

onal phase. In case of rhombohedral phase (222) peak will split in two peaks.

In order to see whether the observed high pressure inhomogeneous broadening of

differaction peaks in our study are associated with similar phase transitions with

pressure, we have analysed peak broadening of these peaks. Quantitative extent

of change in full width at half maximum (FWHM) of sample (200) and (222)

peaks as a function of pressure are compared with that of Cu (111) in fig. 7.4. It

appears that the increase in FWHM can indeed be explained by splitting of (200)

and (222) diffraction peaks due to transformation to a low symmetry phases.

Above ∼ 43 GPa, FWHM starts decreasing indicating that the low symmetry

phase is transforming to a more symmetric phase. Similar to lead based relaxors,

these transitions may be from ambient cubic to monoclinic and monoclinic to-

rhombohedral phase.

From relative change in FWHM, as compared with the FWHM of pressure
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Figure 7.4: Comparision of full width at half maximum (FWHM) of pressure
marker Cu (111) peak and sample (200) and (222) peaks

marker peak, it can be stated that splitting in (222) peak is higher than (200)

peak above ∼ 12 GPa suggesting that the high pressure phase may be monoclinic.

Similarly, above 43 GPa decrease in FWHM suggests that the monoclinic phase

may be transforming to more symmetric rhombohedral or cubic phase. To gain

more insight into these subtle structural changes, detailed analysis have been

performed for all the high pressure x-ray difraction patterns. Various structural

models viz. cubic (Pm3̄m), tetragonal (P4mm), monoclinic (Cm), rhombohedral

(R3m and R3c)) reported earlier for these type of mixed comosition perovskites,

were tried for Rietveld refinement.

Our Rietveld analysis shows that the entire pressure range can be subdevided

into three regions viz. a) ambient to ∼ 9 GPa where cubic (Pm3̄m) structure ap-

pears to be the best fitting model, b) 9 to ∼ 13.5 GPa where tetragonal (P4mm)

structure appears to be the best fitting model and c) 13.5 to ∼ 56 GPa where
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Figure 7.5: Orientational relationship between cubic/tetragonal and monoclinic
(Cm) phase in the ab plane

monoclinic (Cm) phase appears to be the best fitting model. The tetragonal

phase can be imagined as the elongated cubic phase along one of the crystallo-

graphic axis whereas monoclinic Cm phase has a unit cell formed by (110) and

(11̄0) diagonals of cubic/tetragonal phase as new crystallographic a and b axis

where as c axis of cubic/tetragonal phase becomes c axis of monoclinc phase. The

monoclinic distortion is defined by β angle between a and c axis. The orienta-

tional relationship between cubic/tetragonal and monoclinic phase is depicted in

fig. 7.5.

Beyond ∼ 9 GPa tetragonal distortion starts emerging and the elongations

along one of the crystallographic axis increases to about 0.4% at ∼ 13.5 GPa (fig.

7.6). As typical ferroelastics exhibit strain of 0.5→ 3 %, this can be considered as

a pressure induced ferroelastic strain in the average structure of BFN, though this

is quite small as compared to ∼ 1 % c/a ferroelastic strain in BaTiO3 or about
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Figure 7.6: Evolution of lattice parameter as a function of pressure with tetrag-
onal distortion emerging above ∼ 9 GPa

∼ 6 % c/a ferroelastic strain in PbTiO3 [283]. Cohen has attributed the large

ferroelastic strain in PbTiO3 to the i) strong hybridization of Pb 6s and O 2p

states which is absent between Ba 5p and O 2p states and ii) the small ionic radius

of Pb2+ cations as compared to Ba2+ cations [283]. He has also shown strong

volume dependence of soft-mode potential surface in PbTiO3 with disappearance

of multiple-well structure which was consistent with loss of ferroelectricity at high

pressures. In relaxors, as the ferroelectricity is explained in terms of nano-polar

regions with no observable signature of ferroelastic strain in the average structure,

this observation is tempting to conclude enhancement in ferroelecticity of BFN

under pressure, however may not be correct as diffraction method is not very

sensitive to local structures. Raman scattering which is relatively more sensitive

to local structure might give more insight in this regard.

Above 13.5 GPa, Rietveld refinement of diffraction patterns with cubic/tetragonal
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phases becomes poor because of inhomogeneous peak broadening of sample peaks.

This becomes more discernible at higher pressures. In this pressure region, refine-

ment with monoclinic Cm phase appears better which brings down the refinement

parameter Rp to about 3 %. Fig. 7.7 shows Rietveld refinement of diffraction

pattern at ∼ 30 GPa with the three structures and clearly indicates the best

fitting with monoclinic phase.

The monoclinic distortion (β angle) in the average structure of BFN as a

function of pressure is shown in fig. 7.9. The plot can be clearly subdivided into

three regions. Below 13.5 GPa, there is no monoclinic distortion. Between 13.5

and ∼ 43 GPa the β angle increases monotonously from 90◦ to ∼ 90.9◦. Beyond

43 GPa, it remains more or less constant. Interestingly, in this region the a and b

lattice parameters also become more or less equal. This may be an indicative of

onset of rhombohedral symmetry though, due to large peak broadening owing to

large micro-strains in this pressure region, Rietveld refinement could not converge

with rhombohedral structural model.

The diffraction patterns of released pressure runs of BFN suggest reversibility

of the observed high pressure phase transitions.

The pressure -volume plot (fig. 7.8) does not show any discontinuity in the

entire pressure range explored. If we fit Birch-Murnaghan equation of state to the

pressure-volume data in the entire range it gives a bulk modulus and its pressure

derivative as K = 192.16 GPa and 2.08 respectively.

In summery, the x-ray diffraction measurements suggests structural transi-

tions from pseudo cubic→ tetragonal→ monoclinic→ rhombohedral structures.

Interestingly, these high pressure phase transitions are similar to the one observed

by Wu and Cohen for PbTiO3 [288]. In their theoretical study, Wu et al. have

shown that the emergence of intermediate monoclinic phase was responsible for

the colossal enhancement of piezoelectricity in PbTiO3. As BFN also exhibits

emergence of same monoclinic Cm phase under high pressures, it might also

exhibit colossal enhancement of piezoelectricity under pressure.
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Figure 7.7: Rietveld refinement of diffraction pattens at ∼ 15 GPa with a) cubic
(Pm3̄m) structure b) tetragonal tetragonal (P4mmm) structure and c) mono-
clinic monoclinic (Cm) structure

7.3.1.2 Raman scattering

Stacked Raman spectra at a few representative pressures are shown in fig. 7.10

and 7.11 while increasing and decreasing pressure respectively. Raman spectra
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Figure 7.8: Unit cell volume of BFN per formula unit as a function of pressure

Figure 7.9: Evolution of The monoclinic distortion (β angle) as a function of
pressure.

166



7.3. Results and discussion

of BFN at ambient pressure is found to be similar with of lead based relaxors

reported earlier [292, 293, 96] however, with shifted peak positions. The Raman

band in the frequency range 200 to 500 cm−1 is due to vibrations involving the

B-cation displacement and tilts of the BO6 octahedra. Broad peaks in the region

700 to 900 cm−1 corresponds to the stretching mode of BO6 octahedra. Fig.

7.12 shows the evolution of Raman peak position as a function of pressure. The

changes in spectral features appears to be consistant with the x-ray diffraction

measurements and can be devided in three regions (fig. 7.12).

Figure 7.10: Stacked Raman spectrum of BaFe0.5Nb0.5O3 while increasing pres-
sure. The arrow marks indicate the observed changes in Raman spectrum

High pressure evolution of the Raman spectra of BFN clearly shows a few

prominent features viz. i) disappearance of the band in 200 to 400 cm−1 region

above 15.8 GPa corresponding to displacement of B cation in the BO6 octahe-

dron; ii)gradual intensity reversal and low wavenumber peak in 700 to 900 cm−1

region and eventual merger of the two peaks; iii) emergence of sharp Raman peak

at ∼ 480 cm−1 above 35 GPa which separates out from BO6 tilt mode at sub-
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Figure 7.11: Stacked Raman spectrum of BaFe0.5Nb0.5O3 while decreasing pres-
sure. The arrow marks indicate the observed changes in Raman spectrum

sequent higher pressures as can be seen at 47.5 GPa and 59.5 GPa in fig. 7.10;

iv) consistent with x-ray diffraction measurements, all the changes observed in

the Raman spectra of BFN under high pressures, are found to be reversible in

character.

The loss of intensity in spectral range 200 to 400 cm−1 have been earlier

considered as direct signature to evidence the polar changes on the B site related

to the restoring of the cation towards the center of the octahedron [292] resulting

in loss of ferroelectricity. In relaxors the polarization arises due to local distortions

in the average pseudo cubic phase. In this respect the suppression in the intensity

in this region at high pressure seems obvious as high pressures would increase the

role of short range repulsive forces. However, x-ray diffraction measurements show

average tetragonal distortions above 9 GPa indicating that the average tetragonal

distortions of BFN may have different origin than polar tetragonal distortions.
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Figure 7.12: Raman peak position with pressure plot for BaFe0.5Nb0.5O3

The two broad peaks in the high frequency range (700 to 900 cm−1 may be

associated with two types of octahedron at B site viz. FeO6 and NbO6. As the

stretching mode frequency depends on the B site cation and should be inversely

proportional atomic number of B cation, we presume that the the lower frequency

mode corresponds to NbO6 octahedra whereas the high frequency mode corre-

sponds to FeO6 octahedra. Under high pressures, the low frequency mode shows

gradual suppression in intensity and eventual merger with high frequency mode.

This is suggestive of either increasing disorder at Nb sites or symmetrization of

Fe-O and Nb-O stretching energies due to dominant role of short range repul-

sive forces at high pressures. The latter explanation seems more plausible as

high pressure x-ray diffraction measurements also exhibit changes in long range

average structures.

The most interesting feature of Raman spectra of BFN is the emergence of

sharp band at ∼ 480 cm−1 above 35 GPa. Earlier high pressure investigations on
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lead based relaxors have attributed this mode to the long range rhombohedral

symmetry [293]. This observation is consistant with our speculation of transfor-

mation of BFN to rhombohedral structure above 43 GPa in our x-ray diffraction

measurements. The onset of this transition should have occured at lower pres-

sures and hence could be captured by Raman scattering before reflecting in x-ray

diffraction pattern for it being more sensitive to local structural changes.

7.3.2 SrFe0.5Nb0.5O3

7.3.2.1 X-ray diffraction

Stacked diffraction patterns of SFN at a few representative pressures are shown

in fig. 7.13. Ambient pressure diffraction pattern of SFN was found to be qualita-

tively different from that of BFN. The pattern could not be Rietveld refined with

pseudo cubic (Pm3̄m) phase. As mentioned earlier the sample used for present

high pressure study was the same as was used by Saha et al [296], we tried to

fit the monoclinic phase they have mentioned in their article but that too could

not give acceptable Rietveld refinement. Various other structures, reported ear-

lier for relaxors and /or ferroelectrics viz. tetragonal (P4mm), monoclinic (Cm),

rhombohedral (R3m and R3c)) etc., were also tried but none of the single phases

could fit the observed pattern.

Interestingly, a closer look at the diffraction pattern shows that all the sample

peaks have doublets at their respective peak positions which gives an impression

of macroscopic heterogeneity of more than one phases of sample. If we try two

pseudo cubic phases with lattice parameter off by about 0.1 Å, it very well fits

the diffraction pattern except a peak at ∼ 8.27◦ (d=4.72 Å). This peak cannot be

considered as any extinct peak which might have gained intensity due to change

in fractional coordinates of constituent atoms as pseudo cubic phase does not

have any peak position in this region.

From Rietveld refinement, this peak has been indexed as the (101) peak of
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Figure 7.13: Stacked diffraction patterns of SrFe0.5Nb0.5O3 at a few representative
pressures

I4/m phase which is a super-lattice structure of cubic phase. This super lattice

can be obtained by considering face diagonals (110) and (1-10) of ab plane as

new a and b axis and cell doubling along (001) crystallographic axis (fig. 7.14).

However this peak gains intensity only when Fe and Nb ions are put in ordered

manner instead of the disordered one, generally considered for the relaxors. Ear-
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Figure 7.14: Ordered super lattice I4/m crystal structure of SrFe0.5Nb0.5O3

lier, similar phase but with monoclinic distortion has been found in lead based

relaxor Pb(Ti0.48Zr0.52)O3 and considered to be arising from antiferrodistortive

phase transition involving antiphase tilts of the oxygen octahedra [285].

Another important observation is that unlike other diffraction peaks of SFN,

this peak does not form doublet which suggests that only one of the components

of macroscopic heterogeneous SFN sample is crystallized in this ordered super

lattice I4/m structure (hereafter referred as SFN2). The other component can

still be considered with pseudo cubic phase.

Similar to BFN, SFN diffraction peaks corresponding to pseudo cubic phase

(hereafter referred as SFN1), also exhibit broadening with increasing pressure

which is larger than as expected from quasi-hydrostatic environment. So instead

of pseudo cubic phase, low symmetry P4mm was used for Rietveld refinement.

The Rietveld refinement of diffraction pattern with two phases of SFN sample
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Figure 7.15: Rietveld refinement of diffraction pattern of SrFe0.5Nb0.5O3 sam-
ple. The refinement was done with two different phases of SrFe0.5Nb0.5O3 viz.
tetragonal P4mm and super-lattice tetragonal I4/m phase.

viz. I4/m and P4mm is shown in fig. 7.15. Thus obtained lattice parameters

are shown in fig. 7.16.

(a) (b)

Figure 7.16: Lattice parameters of the two phases of heterogeneous SrFe0.5Nb0.5O3

sample viz. a) SFN1 and b) SFN2. SFN1 represents the tetragonal P4mm phase
whereas SFN2 represents the tetragonal super lattice I4/m phase.

Ambient pressure lattice parameters are found to be a=3.9696(5) Åand c=3.9772(5)

Åfor SFN1 and a=5.7657(5) Åand c=8.1645(4) Åfor SFN2 component. As can

be seen in fig. 7.167.16a, at ambient pressure, the lattice parameter of SFN1
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Figure 7.17: Unit cell volumes of the two cubic phases of SrFe0.5Nb0.5O3 as a
function of pressure. The lines have been added as an aid to eye.

component exhibits close to cubic symmetry as both a and c lattice parameters

are very close initially. Above ∼ 3 GPa, the c/a ratio gradually starts increasing

form 1 to ∼1.025 at ∼30 GPa. Above 30 GPa c/a remains more or less constant.

This is suggestive of similar phase transformations in SFN1 as observed in case

of BFN. However, when Rietveld refinement was tried with monoclinic Cm phase

it did not converge. This could be due to large peak broadening which has re-

sulted due to convoluted effect of quasi-hydrostatic stresses and peak splitting.

The change in lattice parameter behavior with pressure is also evident in pressure

versus volume plot of SFN1 phase at ∼ 30 GPa as can be seen in fig. 7.17.

The lattice parameters and c/a ratio of SFN2 phase exhibits drastic changes.

Initially it remains more or less constant at ∼1.416 up to ∼10 GPa. Then it

starts decreasing and reaches to ∼1.395 at ∼ 20 GPa. Above 20 GPa it abruptly

increases from 1.395 to 1.439 (∼ 3.1%) and remains same up to the highest mea-

sured pressure. Using orientational relationship between the I4/m and Pm3̄m

structures, the c/a ratio should be equal to
√

2. Hence at ambient pressure the

SFN2 phase also shows approximately cubic symmetry and due to long range

ordering of Fe and Nb cations the symmetry changed to tetragonal I4/m. Under
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pressure, the decrease in c/a ratio suggests B site octahedron distortion in the

ab plane. This could be due to different type of cations viz. Fe and Nb and

their valencies which would have resulted in uneven octahedral compressibility

at different B cation lattice sites. Above 20 GPa the abrupt increase could have

resulted due to relaxation of anisotropic compressive strain through tilting of oc-

tahedrons. However, it could not be verified through Rietveld refinement in high

pressure range due to relatively poor scattering cross-section of oxygen atoms as

compared to high Z Sr, Nb and Fe atoms.

7.4 Conclusions

Our high pressure x-ray diffraction and Raman scattering measurements on BFN

establish a phase transition sequence from pseudo cubic to tetragonal to mono-

clinic to rhombohedral structures. As this transition sequence is similar to the

one observed in PbTiO3 by Wu and Cohen[288], BFN might also exhibit colossal

piezoelectric effect in its monoclinic phase as was observed for PbTiO3.

The x-ray diffraction measurement on SFN reveals existence of macroscopic

heterogeneity with two phases under ambient conditions viz. i) pseudo cubic

phase as observed in other relaxors with substitutional disorder among Fe and

Nb cations and ii) a super-lattice ordered phase, I4/m with ordered sublattice

of Fe and Nb cations. The high pressure behaviour of the second phase shows

interesting behavior above 20 GPa with abrupt change in c/a ratio which needs

to be addressed through other experimental and theoretical methods.
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8

6H perovskites

8.1 Introduction

ABO3 oxides, are termed as perovskites for having structure, similar to that

of perovskite mineral (calcium titanium oxide) named after Russian mineralogist

Lev Perovski (1792-1856). Here A is a relatively larger cation (usually an alkaline

earth or lanthanide) and B is a transition metal. These transition-metal oxides

have been extensively studied from both technological as well as basic physics

point of view as these exhibit interesting novel properties; for example high -

Tc superconductivity in copper-oxides, the colossal magnetoresistance effect in

manganese oxides, multiferroic phenomena etc.

The physical properties of ABO3 oxides are normally determined by the na-

ture of B-site cation and different linkages of BO6 octahedra [298]. Generally,

these oxides are structured as a closed-packed stacking of AO3 layers and the

filling of subsequent octahedral sites by B site ions. The stacking sequence of

these layers is known to depend on cationic radii ratio, rA/rB, the electrostatic

Madelung energy, the character of the B − O and A− O bonds and any B − B

bonding via partially filled d shells at the B cations [102]. The difference in the

stacking sequence changes the way of linkage of BO6 octahedra viz. i) the corner-
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sharing BO6 in the ideal cubic perovskite (3C: three-layer and cubic) with abc...

sequence; ii) the face-sharing BO6 in 2H-perovskite (2H: two-layer and hexagonal)

with ab... sequence and iii) mixed linkages between the corner and face-sharing

in various inter-growth structures (fig. 8.1) [299].

(a) (b)

(c)

Figure 8.1: Typical perovskite structures a) corner-shared cubic perovskite; b)
face-shared 2H perovskite; c) mixed corner- and face-shared 6H perovskite

Recently, the 6H-perovskites, Ba3MM ′
2O9 (M=alkali metals, alkaline earth

elements, 3d transition metals, lanthanides; M ′= magnetic transition elements)

with hexagonal structure of space group symmetry P63/mmc and belonging to

the third category of mixed linkages mentioned above, have been identified as
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geometrically frustrated systems and potentially suitable materials for observing

quantum spin liquid (QSL)-type behavior [300, 106]. For example Ba3CuSb2O9

(S = 1/2) with 6H-perovskite structure was suggested to be in the QSL ground

state [301]. High pressure hexagonal (P63mc, 6H-B) and cubic (Fm3̄m, 3C)

phases of Ba3NiSb2O9 have also been suggested to be in the 2D and 3D QSL

ground states respectively [302]. A QSL is a ground state where strong quantum-

mechanical fluctuations prevent a phase transition towards conventional magnetic

order and make the spin ensemble to remain in a liquid like state [303]. Much of

the interest in materials exhibiting QSL state is due to the Anderson’s proposed

theory that described high temperature superconductivity in terms of a disordered

spin-liquid state [304]. Generally it arises in geometrically frustrated magnetic

systems with special geometries like triangular, kagome, pyrochlore, garnet, etc.

[305]. 6H perovskites having hexagonal symmetry of M ′
2O9 octahedral dimers

fulfills this requirement. In these compounds, the stacking sequence of AO3 layers

is abacbc... and M and M ′ ions occupy the corner-sharing octahedral sites (MO6)

and the face-sharing octahedral ones (M ′
2O9 dimer), respectively.

Iridates such as Ba3MIr2O9 (M=Sc, Y) belonging to the category of 6H per-

ovskites are also known to be spin-orbit driven Mott insulators [306]. Generally

in the case of 3d based oxides on-site Coulomb interaction (U) and crystal field

splitting are the driving interactions and a small spin-orbit coupling (SOC) is

considered as perturbation. Large U drives them to Mott-insulating state, how-

ever, in case of iridates U is expected to be much smaller because of the extended

nature of the 5d orbitals. Despite that, the Mott insulating behavior in these

compounds arises due to comparable U and SOC. Recently these compounds

have been shown to exhibit unconventional magnetism at low temperature which

has been suggested to be probably due to subtle changes in structural details

(such as rotation/tilt of IrO6 octahedra) with temperature[306]. Another 6H per-

ovskite Ba3NaRu2O9 have been shown to undergo structural transition to P2/c

space group at 210 K suggesting charge ordering between Ru5+ and Ru6+ cations
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through splitting of the Ru5.5+
2 O9 dimers into two symmetry inequivalent units

[307]. This charge ordered state has been shown to be a model system providing

new insight into the electronic properties which emerge between the molecular

and solid states.

These exotic properties of 6H pervskites with structural implications as men-

tioned above make them interesting compounds for further investigations espe-

cially employing high pressure technique. As perovskites have densely packed

crystal structure, applying these materials to high pressures can be an effective

mean to explore new perovskites that are not formed under ambient pressure

and have unknown physical properties. Pressure can change the structural ar-

rangement of perovskites based on large A cation such as Ba2+ where struc-

tures are based on hexagonal stacking of AO3 layers. High pressures would also

increase the electrostatic repulsion between cations forming M2O9 octahedral

dimer, destabilizing the ambient structure. Further, as reported earlier, high

pressures reduce tolerance factor, t=(rA + rx)/
√

2(rB + rx) owing to relatively

larger A-O bond length compressibility, a series of poly-types in which the pro-

portion of cubic stacking increases, may be observed with pressure [308]. With

these motivations high pressure x-ray diffraction measurements have been per-

formed on three 6H perovskites viz. Ba3MIr2O9 (M=Sc, Y) and Ba3YRu2O9.

Earlier structural and magnetic investigations on these compounds have estab-

lished P63/mmc space group symmetry under ambient conditions with strong

anti-ferromegnetic interactions between Ir/Ru cations forming face-shared octa-

hedral dimers [309, 310, 311, 312].

8.2 Experimental details

High pressure x-ray diffraction measurements on these 6H perovskites were per-

formed up to ∼ 35 GPa employing piston-cylinder based Mao-bell type of di-

amond anvil cell (DAC). For Ba3YRu2O9 and Ba3ScIr2O9 the measurements
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were carried out at XRD1 beamline at Elettra synchrotron source (Italy) using

monochromatic x-rays of λ=0.68881 Å. In these measurements, membrane adap-

tion of DAC was used for remotely controlling the pressure inside DAC and closely

monitoring the structural evolution of the sample in the pressure steps of < ∼ 0.1

GPa. The sample was loaded in ∼ 150 µm hole drilled in∼ 250 µm thick tungsten

gasket pre-indented to ∼ 40 µm. A few specs of fine gold (Au) powder was used

as pressure marker and 4:1 methanol-ethanol mixture was used as pressure trans-

mitting medium. Diffraction images were recorded at 2M Pilatus detector from

Dectris. The x-ray diffraction measurements on Ba3YIr2O9 were performed at

angle dispersive adaption of EDXRD beam line (BL-11) at INDUS-2 synchrotron

source, Indore (India). The sample chamber was prepared in tungsten gasket in

the same manner, however for increasing pressure conventional lever mechanism

was used. Again fine Au powder was used as pressure calibrant. The 2D diffrac-

tion images were converted to 1D diffraction patterns using FIT2D software [136]

which were then refined with Lebail and Rietveld methods as implemented in

GSAS [297, 138]. Pressure was determined using well known equation of state of

Au [172] by monitoring shifts in the diffraction peaks of Au.

8.3 Results and discussion

Rietveld refinement of ambient condition diffraction patterns of all the three sam-

ples confirm the hexagonal structure (space group P63/mmc fig. 8.1c). Ambient

lattice parameters of all the three 6H perovskites studied are given in table 8.1.

Comparing ambient lattice parameters of the three compounds show proportion-

ality of lattice parameters with ionic radii of M and M ′ cations in Ba3MM ′
2O9

perovskites which is consistent with earlier reports[313]. Structural evolution of

each 6H perovskite with pressure is given in following sub sections.
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Table 8.1: Ambient lattice parameters of the 6H perovskites investigated

Sample Lattice parameters (Å)
a c

Ba3YRu2O9 5.8872(8) 14.5109(1)
Ba3YIr2O9 5.8849(1) 14.6209(8)
Ba3ScIr2O9 5.7921(1) 14.3765(5)

8.3.1 Ba3YRu2O9

Rietveld refinement of the diffraction patterns of Ba3YRu2O9 at high pressures

shows stability of ambient 6H perovskite structure up to the highest measured

pressure i. e. 33 GPa. Fig. 8.2 shows the evolution of thus obtained compressive

behavior of lattice parameters and the unit cell volume as a function of pressure.

The c/a ratio shows progressively increasing trend with pressure (fig. 8.2c). This

is indicative of an anisotropic compressive behavior of Ba3YRu2O9 with lower

compressibility along c axis. As 6H perovskite structure has face shared M ′
2O9

octahedral dimer along c axis, it is very likely that this anisotropic compressive

behavior could be due to strong Coulomb repulsion between M ′ −M ′ cations.

8.3.2 Ba3YIr2O9

Similar to Ba3YRu2O9, Ba3YIr2O9 also does not exhibit any structural transi-

tion up to the highest measured pressure (∼ 42.8 GPa) and anisotropic compres-

sive behavior as indicated through the progressively increasing trend of c/a ratio

(fig.8.3c). However, it shows sudden drop in c/a ratio at around 20 GPa, though,

quite small change from ∼ 2.5097 to 2.5052. The compressive behavior along c

axis (fig. 8.3b) also shows anomalous low compressibility between ∼ 8 to ∼ 18

GPa, just before the sudden drop in c/a ratio. This is suggestive of some short

of structural or electronic relaxation at ∼ 20 GPa through either small atomic

displacements which are allowed by the symmetry of the 6H perovskite structure

or charge transfer respectively. This inference is quite obvious as high pressures
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(a) (b)

(c) (d)

Figure 8.2: Pressure evolution of lattice parameters and unit cell volume of
Ba3YRu2O9 a) a/ao; b) c/co; c) c/a; d) V/Vo

are well known to give rise to steric constraints leading to mechanical instability.

As only difference in the chemistry of this system as compared to Ba3YRu2O9

is the replacement of 4d Ru cation by 5d Ir cation, the behavioral differences in

these two systems should be attributed to the Ir cations. These changes in the

behavior of c axis have relatively less significant effect on the overall compressive

behavior of unit cell volume as can be seen in fig. 8.3d.

8.3.3 Ba3ScIr2O9

Ba3ScIr2O9 also shows no structural transition up to ∼29 GPa and anisotropic

compressibility along different crystallographic axis as shown in fig. 8.4. The pro-

gressively increasing trend in the c/a ratio indicates lower compressibility along c

axis. Unlike Ba3YIr2O9, Ba3ScIr2O9 does not show any anomalous behavior with
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(a) (b)

(c) (d)

Figure 8.3: Pressure evolution of lattice parameters and unit cell volume of
Ba3YIr2O9 a) a/ao; b) c/co; c) c/a; d) V/Vo

pressure which implies relatively lower role of steric constraints in this compound

as compared to the former one. This could be attributed to the ionic size of the

M cations which is smaller for Sc. Ionic size of Y3+ cation is reported to be 0.9

Å whereas ionic size of Sc 3+ is 0.745 Å.

8.3.4 Comparison

Fig. 8.5 shows the comparative high pressure behavior of all the three 6H

perovskites studied. As can be seen in fig. 8.5a, The a lattice parameter of

Ba3ScIr2O9 is lowest whereas it is comparable for Ba3YRu2O9 and Ba3YIr2O9.

This suggests that the effect of substituting M cation is more significantly re-

flected in ‘a′ lattice parameter. This can be readily understood as MO6 octa-

hedron form layers in the ab plane connected through M ′
2O9 octahedral dimers
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(a) (b)

(c) (d)

Figure 8.4: Pressure evolution of lattice parameters and unit cell volume of
Ba3ScIr2O9 a) a/ao; b) c/co; c) c/a; d) V/Vo

along c axis (fig. 8.1c).

The value of c lattice parameter, however, exhibits strong dependence on

both M and M ′ cations. It is found to be highest for Ba3YIr2O9 and lowest for

Ba3ScIr2O9 whereas intermediate for Ba3YRu2O9. This is suggestive of smaller

volume of Ru2O9 dimer than Ir2O9. The polyhedral volume of ScO6 is any way

smaller that that of YO6 owing to smaller cationic radii of Sc as compared to Y.

Earlier reports have shown that for 6H perovskites with 3+ valent M cations,

M ′ cations exhibit mixed valency of 4+ and 5+ [309, 310, 311, 312]. All the

three 6H perovskites studied in this thesis belong to this class. If we compare

ionic radii of Ru4+/Ru5+ and Ir4+/Ir5+ cations, they are comparable. Despite

that, the Ru2O9 exhibit lower volume. This could be due to smaller on site

Coulomb interaction of Ir cations being a 5d element as compared to Ru cations
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(a) (b)

(c) (d)

Figure 8.5: Comparision of pressure evolution of lattice parameters a) a (Å); b)
a/a0; c) c(Å) and d) c/co of the three 6H perovskites studied viz. Ba3YRu2O9,
Ba3YIr2O9 and Ba3ScIr2O9

which is a 4d element.

The comparison of c/a ratio of all the three 6H perovskites shows nearly

comparable values for Ba3ScIr2O9 and Ba3YIr2O9 (2.485) whereas it is lower

for Ba3YRu2O9 (2.465). As mentioned earlier also, under high pressure all the

three 6H perovskites exhibit lower compressibility along c axis (fig. 8.6). The

slope of c/a ratio increase is highest for Ba3YIr2O9 and lowest for Ba3ScIr2O9.

This is mostly due to high pressure behavior of c lattice parameter as a lattice

parameter exhibits nearly comparable compressibility for all the three perovskites

(fig. 8.5b). The behavior of c/a ratio as a function of pressure suggests that Ir2O9

dimer has lower compressibility than Ru2O9 dimer. Despite this, the lowest slop

of c/a ratio increase in case of Ba3ScIr2O9 can be explained if we consider higher
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8.3. Results and discussion

Figure 8.6: Comparision of pressure evolution of c/a ratio of the three 6H per-
ovskites studied viz. Ba3YRu2O9, Ba3YIr2O9 and Ba3ScIr2O9

compressibility of ScO6 octahedra than YO6 octahedra.

(a) (b)

Figure 8.7: Comparision of pressure evolution of unit cell volume a) V (Å3) and
b) V/V0 of the three 6H perovskites studied viz. Ba3YRu2O9, Ba3YIr2O9 and
Ba3ScIr2O9

Fig. 8.7 compares the pressure evolution of unit cell volumes of all the three

samples. Fig. 8.7b shows that all the three 6H perovskites exhibit nearly compa-

rable overall compressibility of unit cell. The Bulk modulus (Bo) and its pressure

derivative (B′o) as obtained from fitting third order Birch-Murnaghan equation of
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8. 6H PEROVSKITES

Table 8.2: Bulk modulus (Bo in GPa) and its pressure derivative (B′o) of 6H
perovskite samples

Sample Bo(GPa) B′o
Ba3YRu2O9 117.23 5.62
Ba3YIr2O9 124.76 5.84
Ba3ScIr2O9 123.6 5.65

state [265] to the pressure-volume data are given in table 8.2

8.4 Conclusions

High pressure x-ray diffraction measurements establish stability of ambient 6H

perovskite phase (space group P63/mmc) up to∼ 30 GPa for all the three samples

viz. Ba3YRu2O9, Ba3YIr2O9 and Ba3ScIr2O9. These measurements also establish

anisotropic axial compressibility in all the three compounds with relatively lower

compressibility along c axis than the a axis. This anisotropic compressional

behavior can be attributed to relatively lower compressibility of M ′
2O9 octahedral

dimers along c axis which contain nearly penta-valent Ir/Ru cations. The pressure

evolution of c/a ratio for Ba3YIr2O9 exhibit sudden drop at ∼ 20 GPa which

could be due to subtle structural or electronic relaxation. Other two samples do

no exhibit any anomaly in the high pressure behavior of lattice parameters.

As, based on empirical relations of ionic radii, subjecting these compounds

to high pressures was expected to bring about structural transformation to cubic

phase, these observations suggest that the empirical relations of cationic radii

may not be sufficient to describe high pressure structural stability in these com-

pounds. As pressure alone could not bring about the transformation to cubic

phase, whereas earlier investigations have shown transformation to cubic phase

under high pressure and high temperature experiments, this study also elucidates

the thermal character of the transformation.
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Appendix A

Particle size determination using

phonon confinement model

The average particle size of the diamond structured nano-crystallites of silicon

embedded in porous silicon was determined by a phenomenological three dimen-

sional phonon confinement model [195, 196]. For nano-crystals, the momentum

conservation is no longer valid since the optical phonons are localized. It allows

optical phonons of q 6= 0 to contribute to the Raman scattering. Therefore the

first order Raman intensity I ′(ω, L) for the quantum dot like structures having

three-dimensional confinement is given by

I ′(ω, L) ∝
∫ 1

0

exp(−q2L2/4a2)(
(ω − ω(q))2 + (Γ

2
)2
)d3q (A.1)

Where ω(q) represents the phonon dispersion curve for the optical branch of

the crystalline system and a is the lattice constant. Γ is the natural line width

and L is the quantum confinement diameter. For crystalline Si, The dispersion

relation was taken to be (q) = ω(1 − 0.18q2) which fits experimental dispersion

curve [314]. Raman frequency ω and lattice constant a were taken to be 520 cm−1

and 5.43Årespectively. Assuming Gaussian distribution of particle size given by

N(L) ∼= [exp(−(L − Lo)
2/2σ2)] where σ is standard deviation and Lo is mean
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APPENDIX A. PARTICLE SIZE DETERMINATION USING
PHONON CONFINEMENT MODEL

Figure A.1: Observed first order Raman peak of nanocrystalline-Si and calculated
Raman peak profile for different average particle size

particle size, the final intensity of first-order Raman scattering was calculated

using following equation:

I(ω) ∝
∫ L2

L1

N(L)I ′(ω, L)dL (A.2)

As shown in the fig. A.1 , best fit for the observed Raman peak was obtained

for average particle size Lo=4 nm with standard deviation σ =2 nm.
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Appendix B

Pair distribution function

analysis

Pair distribution function (PDF) analysis is a widely used technique for charac-

terizing the atomic-scale structure of materials of limited structural coherence. It

was first applied on liquids and glasses [315]. Recently, it has been extended to

crystals with intrinsic disorder and nano-sized particles [199, 316]. The technique

is based on the fact that any condensed material acts as a diffraction grating

when irradiated with x-rays (x-ray powder diffraction) producing a diffraction

pattern that is a Fourier transform of the distribution of the distinct atomic pair

distances in that grating. Therefore, by collecting an x-ray diffraction (XRD)

pattern and Fourier transforming it, the distribution of the atomic pair distances

in any condensed material can be obtained. In an atomic PDF, that distribution

appears as a sequence of peaks starting at the shortest and continuing up to the

longest distinct atomic pair distance a material shows. The area under the PDF

peaks are proportional to the number of atomic pairs occurring at the respective

distances.

Reduced atomic PDF, G(r), gives the number of atoms in a spherical shell of
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unit thickness at a distance r from a reference atom as follows:

G(r) = 4πr[ρ(r)− ρo] (B.1)

where ρ(r) and ρo are the local and average atomic number densities, respec-

tively, and r is the radial distance. As defined, G(r) is a one-dimensional function

that oscillates around zero and shows positive peaks at distances separating pairs

of atoms, i.e. where the local atomic density exceeds the average. The negative

valleys in G(r) correspond to real space vectors lacking atoms at either of their

ends. G(r) is obtained as the Fourier transform of the experimentally observable

total structure function, S(Q), i.e.

G(r) = (2/π)

∫ Qmax

Q=0

Q[S(Q)− 1]sin(Qr)dQ (B.2)

where Q is the magnitude of the wave vector (Q = 4πsinθ/λ), 2θ is the angle

between the incoming and outgoing x-rays, and λ is the wavelength of the x-rays

used. Structure function, S(Q) is related to the coherent part of the diffraction

pattern, Icoh.(Q), as follows:

S(Q) = 1 +
[
Icoh.(Q)−

∑
ci|fi(Q)|2

]
/|
∑

cifi(Q)|2 (B.3)

where ci and fi(Q) are the atomic concentration and x-ray scattering factor,

respectively, for the atomic species of type i. For a material comprising n atomic

species, a single diffraction experiment yields a total atomic distribution function,

G(r), which is a weighted sum of n(n+ 1)/2 partial PDFs, G(rij), i.e.

G(r) =
∑
i,j

wijGij(r) (B.4)

Here wij are weighting factors depending on the concentration and scattering

power of the atomic species and is given as
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wij = cicjfi(Q)fj(Q)/
∑

[cifi(Q)]2 (B.5)

For PDF analysis of amorphous Si sample, RAD software [200] was used. This

software takes raw XRD data and reduces it to an atomic pair/radial distribution

function (PDF/RDF) using the above mentioned formulations. The XRD data

of amorphous Si was extracted from the x-ray diffraction patterns by subtracting

the incoherent background coming from Compton scattering of diamond anvils.

The sharp peaks coming from gasket and pressure marker were also removed. As

the high pressure measurements were performed using diamond anvil cell, the

diffraction data was limited up to 60 nm−1 due to restricted geometry.
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Figure B.1: Pair distribution function of amorphous Si at some representative
pressures

The PDF of amorphous Si at a few representative pressures are shown in fig.

B.1. Due to limited Q range in the XRD data, the PDF is mostly dominated

by long wavelength components. Because of this, exact coordination at nearest

neighbor distance (NND) could not be deduced. However, NND clearly indicates

a sudden increase at 13.6 GPa which implies an increase of coordination. This is
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suggestive of low density amorphous (LDA) to high density amorphous (HDA)

transition in amorphous Si at this pressure. Above this pressure, the diffrac-

tion patterns were mostly dominated by crystalline peaks indicating substantial

crystallization of high density amorphous phase.
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