
i 

 

INELASTIC NEUTRON SCATTERING AND 

COMPUTER SIMULATIONS OF SUPERIONIC 
AND LASER HOST MATERIALS 

 

By 

PRABHATASREE GOEL 

Enrolment No. PHYS012008014 

Bhabha Atomic Research Centre, Mumbai, India 

A thesis submitted to the  

 Board of Studies in Physical Sciences 

In partial fulfillment of requirements   

For the Degree of 

DOCTOR OF PHILOSOPHY 

Of 

HOMI BHABHA NATIONAL INSTITUTE 

 

 

 

 

August 2014 



ii 

 

HOMI BHABHA NATIONAL INSTITUTE 
 

Recommendation of the Viva Voce Board 
 

As members of the Viva Voce Board, we certify that we have read the dissertation prepared 
by Smt. Prabhatasree Goel entitled “Inelastic Neutron Scattering and Computer Simulations 

of Superionic and Laser Host Materials” and recommended that it may be accepted as 
fulfilling the dissertation requirement for the Degree of Doctor of Philosophy, 

 

_________________________________________________________Date: 13th May, 2015 
Chairman- Prof. S. L. Chaplot 

 
 
_________________________________________________________Date: 13th May, 2015 

Guide-  Prof. R. Mittal 
 

 
_________________________________________________________Date: 13th May, 2015 
External Examiner- Prof. Priya Mahadevan 

 
 

_________________________________________________________Date: 13th May, 2015 
Member-1:    Prof. S. M. Sharma  
 

 
_________________________________________________________Date13th May,  2015 

Member-2:   Prof. A. K. Arora 
 
 

Final approval and acceptance of this dissertation is contingent up on the candidate’s 
submission of the final copies of the dissertation to HBNI.  

 
I hereby certify that I have read this dissertation prepared under my direction and 
recommend that it may be accepted as fulfilling the dissertation requirement.  

 
 

Date: 13/05/2015 

 

Place: Mumbai 

                                           Guide: R. Mittal 



iii 

 

STATEMENT BY AUTHOR 

 

This  dissertation  has  been  submitted  in  partial  fulfillment  of  requirements  for  an 

advanced degree  at Homi Bhabha National  Institute  (HBNI)  and  is deposited  in  the 

Library to be made available to borrowers under rules of the HBNI.  

Brief quotations  from  this  dissertation  are  allowable  without  special  permission, 

provided  that accurate acknowledgement of source  is made. Requests for permission for  

extended quotation  from  or  reproduction  of  this manuscript  in whole  or  in  part may be 

granted by the Competent Authority of HBNI when in his or her judgment the proposed use 

of  the material  is  in  the  interests of  scholarship.  In all other instances, however, 

permission must be obtained from the author.  

 

                   

                   (Prabhatasree Goel) 

 

 

 

 

 



iv 

 

 

 

DECLARATION 

 

I, hereby declare that the investigation presented in the thesis has been carried out by me.  

Whenever contributions of others are involved, every efforts is made to indicate this clearly 

with due reference to the literature and acknowledge of collaborative research and 

discussions. The work is original and has not been submitted earlier as a whole or in part for 

a degree / diploma at this or any other Institution / University.   

                                                                              

                                                                 

                                     (Prabhatasree Goel) 

 

 

 

 



v 

 

Declaration 

I, hereby certify that the queries raised by the examiners of the  thesis have been 

incorporated as suggested. 

 

 

 

                                                                                                                                      R.Mittal 

                                                                                                                                      (Guide)  

 



vi 

 

List of Publications: 

 

[1] Superionic behavior of lithium oxide Li2O: A lattice dynamics and molecular dynamics    

      study      

      Prabhatasree Goel, Narayani Choudhury and S. L. Chaplot  

       Phys. Rev. B70, 174307, (2004). 

[2] Fast ion diffusion, superionic conductivity and phase transitions of the nuclear materials 

UO2 and Li2O 

     Prabhatasree Goel, N. Choudhury and S. L. Chaplot  

     J. Phys.: Condensed. Matter 19, 386239 (2007). 

[3] Atomistic modeling of the vibrational and thermodynamic properties of uranium dioxide, 

UO2 

     Prabhatasree Goel, N. Choudhury and S. L. Chaplot 

     J. Nucl. Materials 377, 438 (2008). 

[4] Lattice dynamics of strontium tungstate 

     Prabhatasree Goel, R. Mittal, S.L.Chaplot and A. K. Tyagi 

      Pramana 71, 1135 (2008) 

[5] Fast ion diffusion, superionic conductivity and phase transitions of the nuclear materials 

UO2 and Li2O    

     Prabhatasree Goel, Choudhury N. and S. L. Chaplot  

     Trans. Indian Inst. Of Metals 62, 141 (2009)  



vii 

 

[6] Lattice dynamics and Born instability in yttrium aluminum garnet, Y3Al5O12 

     Prabhatasree Goel, R .Mittal, N. Choudhury and S. L. Chaplot  

     J. Phys. Condensed Matt. 22, 065401 (2010). 

[7] Inelastic neutron scattering and theoretical studies on strontium tungstate, SrWO4 

      Prabhatasree Goel, R. Mittal, M. K. Gupta, Mala N. Rao, S. L. Chaplot, S. Rols,  

      A. K. Tyagi and Z. Petr   

      Chin. J. of Phys. 49, 308 (2011). 

[8] Phonon instability and mechanism of superionic conduction in Li2O 

      M. K. Gupta, Prabhatasree Goel, R. Mittal, N. Choudhury and S. L. Chaplot 

      Phys. Rev. B 85, 184304 (2012). 

 [9] Phonons, Lithium Diffusion and Thermodynamics of LiMPO4 (M=Mn, Fe)  

      Prabhatasree Goel, M. K. Gupta, R. Mittal,  S. Rols, S. J. Patwe, S. N. Achary,  

A. K. Tyagi and S. L. Chaplot  

     J. Mater. Chem. A 2, 14729 (2014) 

[10] Inelastic Neutron Scattering Studies of Phonon Spectra and Simulations in Tungstates,  

       AWO4 (A = Ba, Sr, Ca and Pb) 

       Prabhatasree Goel, M. K. Gupta, R. Mittal, S. Rols, S. N. Achary, A. K.Tyagi and  

       S. L.  Chaplot  

       Phys. Rev. B 91, 094304 (2015) 

Note: The thesis will be based on 2,3,4,5,6,7 and parts of papers 8,9 and 10. The parts 

involving DFT calculations in papers 8,9 and 10, presented in these papers are not included. 



viii 

 

 

 Conference Papers: 

[1] Molecular Dynamics simulations of strontium and barium Tunstate  

      Prabhatasree Goel, R. Mittal and S. L. Chaplot 

      AIP Conf. Proc. 1313, 328 (2010) 

[2] Inelastic neutron scattering, Lattice dynamics and high pressure stability of LuVO4 

     Prabhatasree Goel, R. Mittal, S. L. Chaplot and C. K. Loong       

     AIP conf. Proc. 1349, 141 (2011) 

[3]  Dynamics of Plutonium dioxide 

      Prabhatasree Goel, R. Mittal and S. L. Chaplot 

      AIP Conf. Proc. 1447, 79 (2012) 

[4] High pressure phase transitions in barium tungstate  

     Prabhatasree Goel, R. Mittal and S. L. Chaplot 

     J. Phys.: Conf. Series, 377, 012094 (2012) 

 

 

 

 

 



ix 

 

 

 

 

 

 

Dedicated 

To 

My Beloved Parents 

“Thanthaiyum Thayum Munnari Deivam” 

 

 (Who taught me that knowledge is a virtue,  

which is never lost) 

 



x 

 

Acknowledgements 

 

I would like to extend my sincere gratitude to Dr. S. L. Chaplot, Director, Physics 

Group, BARC for his guidance and critical assesment. I wish to thank Dr. R. Mittal, my 

guide, for his constant support, suggestions, keen interest, advice and monitoring of my 

progress. Many thanks are due to Dr. Narayani Choudhury, who gave some invaluable 

advice during my formative years. I would like to thank Mr. Mayank Gupta, my co-author 

in several papers for various fruitful discussions on topics very relevant to my work. I thank 

Dr. (Smt.) Mala N. Rao, Dr. S. K. Mishra, and all my colleagues and friends, who have 

extended help graciously on several occasions.  

I thank my collaborators, Dr. S. Rols (ILL, Grenoble), Dr. C. K. Loong (ANL, USA), 

Dr. A. K. Tyagi, Dr. S. N. Achary (BARC) and Dr. Z. Petr (Russian Academy of Sciences).  

My work would not have been possible without the unflinching support of my family. 

I wish to extend my heartfelt thanks to my husband, Shri. Vikas Goel. He has been a pillar 

of support, his critical suggestions and observations have enhanced the quality of my work. 

My daughter Tanya and son Aditya have been my inspiration, the smile on their faces made 

all the hard work enjoyable. I extend my special thanks to my in- laws, Shri. H. C. Goel, and 

Smt. Veena Goel. I wish to thank my loving sister, Ms. Anupama Raghu for her constant 

encouragement, for boosting my morale whenever I felt lost or forlorn. Finally, I wish to 

thank my parents, Shri. K. T. Narasimhan and Smt. Radha Narasimhan for their blessings, 

unconditional love and unwavering confidence in me. What I am today is due to them.  



xi 

 

 

 CONTENTS PAGE NO. 

 SYNOPSIS  xv 

 LIST OF FIGURES   xxv 

 LIST OF TABLES xxxiv 

CHAPTER 1 THEORY AND EXPERIMENTAL TECHNIQUES   1 

1.1 Introduction   1 

1.2 Lattice Dynamics and Thermodynamic Properties of Solids   3 

 1.2.1 Theoretical Formalisms   3 

 1.2.2 Thermodynamic Properties of Solids   9 

1.3 Computational Techniques 13 

1.4 Theory of Inelastic Neutron Scattering 16 

 1.4.1 Inelastic Neutron Scattering from Single Crystals: Phonon 

Dispersion  Relations 

17 

 1.4.2 Inelastic Neutron Scattering from Powder samples: Phonon 

Density of States 

19 

1.5 Experimental Techniques for Inelastic Neutron Scattering 21 

 1.5.1 Triple Axis Spectrometer (TAS) 22 

 1.5.2 Time of Flight Technique (TOF) 24 

1.6 Molecular Dynamics Simulation 25 

1.7 Motivation 30 

 References 31 

   

CHAPTER 2 PHONONS, DIFFUSION AND SUPERIONIC BEHAVIOR IN 

NUCLEAR OXIDES AND BATTERY MATERIALS 

33 

2.1 Introduction 33 

2.2 Nuclear Oxides 34 

 2.2.1 Theoretical Details 37 



xii 

 

 2.2.2 Li2O 39 

  2.2.2.1 Results and Discussions 39 

   2.2.2.1a Phonon dispersion and density of 

states 

39 

   2.2.2.1b Diffusion of Li, snapshots of lithium 

movement 

43 

   2.2.2.1c Phonons in superionic regime 48 

   2.2.2.1d Temperature variation of elastic 

constants and energy profile for Li 

movement 

51 

 2.2.3 UO2 53 

  2.2.3.1 Results and discussions 53 

   2.2.3.1a Phonon Spectra and thermodynamic 

properties of UO2 

53 

   2.2.3.1b Diffusion and fast-ion phase 58 

2.3 Phonons, Lithium Diffusion and Thermodynamics of LiMPO4 

(M=Mn, Fe)  

61 

 2.3.1 Introduction 61 

 2.3.2 Experimental details 64 

 2.3.3 Computational details 65 

 2.3.4 Results and discussions 66 

  2.3.4.1 Phonon density of states 66 

  2.3.4.2 Thermal expansion, diffusion coefficient and 

pair correlation function 

70 

 2.4 Conclusions 74 

  References 78 

 

 



xiii 

 

CHAPTER 3 LATTICE DYNAMICS AND BORN INSTABILITY IN 

YTTRIUM ALUMINUM GARNET (YAG), Y3A15O12 AND 

RARE EATH DOPED ALUMINUM GARNETS 

 87 

3.1 Introduction  87 

3.2 Theoretical Calculations  89 

3.3 Results and discussions  91 

 3.3.1 Crystal structure and elastic constants of YAG  91 

 3.3.2 Long wavelength phonon frequencies of YAG  93 

 3.3.3 Phonon density of states and thermodynamic properties of 

YAG 

101 

 3.3.4 High pressure structure of YAG 105 

 3.3.5 Phonons and Born instability in rare-earth garnets 111 

3.4 Conclusions 113 

 References 115 

   

CHAPTER 4 INELASTIC NEUTRON SCATTERING STUDIES OF 

PHONON SPECTRA AND SIMULATIONS IN TUNGSTATES, 

AWO4 (A = BA, SR, CA AND PB) AND LUVO4 

120 

4.1 Introduction 120 

4.2 Inelastic neutron studies of phonon spectra and simulations in 

tungstates 

121 

 4.2.1 Experimental details 122 

 4.2.2 Theoretical Formalism 123 

 4.2.3 Results and Discussions 124 

4.3 Inelastic neutron scattering, lattice dynamics and high pressure 

stability of LuVO4 

134 

 4.3.1 Introduction 134 

 4.3.2 Experimental and theoretical details 135 



xiv 

 

 4.3.3 Results and discussions 135 

  4.3.3.1 Phonon density of states 135 

  4.2.3.2 High pressure phase transition in LuVO4 137 

4.4 Conclusions 138 

 References 140 

   

CHAPTER  5 NEUTRON INSTRUMENTATION FOCUSSING 

MONOCHROMATOR FOR TRIPLE AXIS 

SPECTROMETER, DHRUVA  

144 

5.1 Motivation 144 

5.2 Mechanical treatment of the perfect single crystals 145 

5.3 Alignment of the copper crystals 148 

 References 152 

   

CHAPTER  6 SUMMARY AND FUTURE DIRECTION 153 

6.1 Summary 153 

6.2 Future Direction 156 

 



xv 

 

 

 

Homi Bhabha National Institute 

Ph.D. Programme  

1. Name of the Canditate : Prabhatasree Goel   

2. Name of the constitutent Institution : Bhabha Atomic Research centre  

3. Enrolment No. : PHYS01200804014 

4. Title of the thesis :  Inelastic Neutron Scattering and Computer Simulations of     

                                        Superionic and Laser Host Materials  

5. Board of studies : Physical Sciences 

SYNOPSIS 

The study of atomic motions in a crystalline solid has always been a subject of 

interest. The knowledge of the average positions of atoms can explain a large number of 

electronic properties, material hardness, optical properties to name a few. However, 

macroscopic material properties like specific heat, thermal expansion, phase transitions and 

thermal conductivity have their origin in the vibrations of atoms in solids. Therefore it is 

important to describe the dynamics of the crystal lattice. These motions are not random; 

rather they are determined by the forces that atoms exert on each other. The collective 

motions of atoms in solids form travelling waves (called lattice vibrations), which are 

quantized in terms of “phonons”. Developing suitable lattice dynamics models in 
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conjunction with inelastic neutron scattering experiments is highly desirable to characterise 

various types of solids. This is the essence of the subject of lattice dynamics.  

On the experimental front, lattice vibrations are studied using myriad of techniques; 

namely, Raman Spectroscopy, infrared absorption (IR), Brillouin scattering, inelastic x-ray 

and neutron scattering. Raman and IR techniques provide direct measurements of only 

selected long wavelength phonons through one-phonon processes. On the other hand, 

inelastic x-ray and neutron scattering facilitate measurements of the phonons in the entire 

Brillouin zone, thereby enabling the study of phonon dispersion relations and density of 

states.  

Owing to practical limitations, experimental studies at high temperatures and 

pressures may often be limited. In such cases, it is imperative that there is capability of 

predicting material properties under these extreme conditions. For this purpose, accurate 

theoretical models for exploring the entire spectrum of thermal vibrations of crystals using 

lattice dynamical methods are necessary. The usefulness of these models depends on their 

ability to explain the microscopic dynamical properties, which includes crystal structure, 

equation of state, phonon dispersion relations, and density of states. The data obtained from 

experimental techniques are used to test and validate the models of interatomic potentials. 

Once validated successfully, these models may further be used to predict the thermodynamic 

properties at high temperatures and pressures. This acquired knowledge would help other 

researchers working to utilize these materials in technological applications.  
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The author has developed models of interatomic potentials for several technologically 

useful compounds. These potentials have been used to compute the structural and dyna mical 

properties under varying conditions. Using the interatomic potentials developed, molecular 

dynamics simulations were carried out to understand diffusion with increasing temperature 

and response of compound to compression. To augment the theoretical results, the author 

has also carried out inelastic neutron scattering experiments on single crystal and powder 

samples at Dhruva reactor, Trombay (India). With the help of collaborators, phonon density 

of states has been measured at other international neutron scattering instruments at Institut 

Laue Langevin, France and at Intense Pulsed Neutron Source, IPNS (USA). The author has 

also contributed in some instrument development work under neutron scattering programme 

at Dhruva reactor. 

The thesis consists of six chapters. The motivation for studying the various 

compounds, details of the work done and the significance of the results obtained are given 

below in the brief description of various chapters.  

Chapter 1 describes the theory of lattice dynamics and molecular dynamics 

simulations. The technique of inelastic neutron scattering has been described and 

basics of lattice dynamics and computation of thermodynamic properties of a solid 

have been explained.  Lattice dynamical calculations of phonons may be carried out using 

either a quantum-mechanical ab-initio approach or an atomistic approach involving 

semiempirical interatomic potentials. This work pertains mainly to the latter approach. For 

small motions of atoms about their equilibrium positions, the atomic dynamics determined 
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in the harmonic approximation is entirely specified by the second derivatives of the crystal 

potential. The symmetry of the crystal is the constraint which should be consistent with the 

model developed. The lattice dynamical calculations have been exploited to derive the high 

temperature thermodynamic properties and high pressure behavior of solids. The formulated 

interatomic potentials were further used to understand the time evolution of the compounds 

at different temperature and pressure using molecular dynamics simulations. Inelastic 

neutron scattering is best suited to study the phonon behavior of solids. The wavelength of 

the thermal neutrons is comparable to the interatomic distances in a crystal, and energies are 

also of the same order as the energy of the quantized lattice vibrations. The relation of the 

phonon frequencies with wave vector in a crystal is a complex one, and is called the phonon 

dispersion relation. On the other hand the overall frequency distribution of all the phonons 

in a crystal is given by the phonon density of states. Single crystals provide information of 

the phonon dispersion relation while polycrystalline samples give information of the phonon 

density of states. The experimental measurements given in this thesis has been carried out 

on steady state reactors as well as pulsed sources.  

Chapter 2 describes our studies on superionic nuclear oxides and battery materials. 

Superionic conduction in fluorite-structured (UO2 and anti- fluorite Li2O) oxides have 

applications in energy storage, conversion and in nuclear industry. Fast ion conductors exhibit 

high ionic conductivity, whilst in solid condition, and belong to the class of superionics, which 

allow macroscopic movement of ions through their structure. This behavior is characterized by 

the rapid diffusion of a significant fraction of one of the constituent species (Li in case of Li2O 
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and O in case of UO2) within an essentially rigid framework formed by the other species. We 

report a cumulative study of these oxides in its normal as well as superionic phase using both 

lattice dynamical and molecular dynamical calculations. Lattice dynamical calculations have 

been done using a shell model in the quasi-harmonic approximation. We have calculated the 

equilibrium structure, phonon frequencies, the elastic constants, phase transitions and the 

specific heat, which are in excellent agreement with the available experimental data. We also 

predict the pressure variation of the phonon dispersion and the equation of state. The res ults 

obtained for the diffusion constant and the thermal amplitude of diffusing atoms are in very 

good agreement with experimental observations. The pair correlation functions, bond angle 

distribution and snapshots of the positions of lithium atoms over a range of time-steps, provide 

a microscopic picture of the local structure indicating that as in other fluorites, in case of Li2O, 

the lithium ions diffuse via an interstitial mechanism but the distortions due to this movement 

are small.  The calculated transition temperature of UO2 is 2300 K, which compares well with 

experimental value of about 2600 K, while in case of Li2O, the values are 1000 K and 1200 K 

respectively. At the transition temperature, diffusing atoms’s diffusion coefficient is 

comparable to that of a liquid and is in the order of 10-9 m2/s. The possible role of phonon in 

initiation of diffusion has also been studied in Li2O. It is found that in the superionic regime 

lithium atoms may exhibit macroscopic movement along (100) direction. It can be seen that 

microscopic modeling or simulation is found to play a pivotal role in understanding the 

conduction processes at high temperatures in crystals.  
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        Lithium transition metal phospho-olivines are useful electrode materials, owing to their 

stability, high safety, low cost and cyclability.  Recently phonon studies and thermodynamics 

of LiMPO4 (M=Mn, Fe) has been carried out to understand the microscopic picture of Li sub-

lattice.  The inelastic neutron scattering measurements at ambient conditions are in good 

agreement with the calculated phonon spectra using a potential model, thus validating the 

accuracy of the model parameters. Molecular dynamics simulations indicate large mean 

square displacement of Li as compared to other constituent atoms. The computed pair-

correlations between various atom pairs show that there is local disorder occurring in the 

lithium sub-lattice with increasing temperature, while other pairs show minimal changes.  

The results find the two compounds to be thermally stable up to high temperatures, which is 

a desirable trait for its battery applications.  

Chapter 3 deals with the detailed study of the lattice dynamics and high pressure 

behavior (Born instability) of aluminum-based synthetic garnets  (YAG) (Y3Al5O12, 

Yb3Al5O12, Lu3Al5O12). Yttrium Aluminum Garnet (Y3Al5O12) and rare earth doped garnets 

are important solid-state laser host materials. Nd doped YAG has wide spread use in 

commercial, medical, military and industrial applications. Lattice dynamics calculations of 

various microscopic and macroscopic vibrational and thermodynamic properties of YAG,  as a 

function of pressure upto 100 GPa and temperature upto 1500K has been carried out. Garnet 

has a complex structure with several interconnected dodecahedrons, octahedrons and 

tetrahedrons. Unlike other aluminosilicate garnets, there are no distinct features to distinguish 

between intramolecular and intermolecular vibrations of the crystal. At ambient pressure, low 
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energy phonons involving mainly the vibrations of yttrium atoms play a primary role in the 

manifestations of elastic and thermodynamic behavior. The aluminum atoms in tetrahedral 

and octahedral coordination are found to be dynamically distinct. Garnet’s stability can be 

discerned from the response of its phonon frequencies to increasing pressure. The dynamics of 

both octahedral and tetrahedral aluminum atoms undergo radical changes under compression 

which have an important bearing on their high pressure and temperature properties.  At 100 

GPa, these garnets develop a large phonon band gap (90-110 meV) and its microscopic and 

macroscopic physical properties are found to be profoundly different from that at ambient 

pressure phase.  There are significant changes in the high pressure thermal expansion and 

specific heat. The mode Gruneisen parameters show significant changes in the low energy 

range with pressure.  The studies show that the YAG structure becomes mechanically unstable 

around P = 108 GPa due to the violation of the Born stability criteria. Although this does not 

rule out thermodynamic crossover to a lower free energy phase at lower pressure, this places 

an upper bound of P = 110 GPa for the mechanical stability of YAG. Other garnets studied 

exhibit similar behavior. 

Chapter 4 deals with the inelastic neutron scattering studies, lattice dynamics and 

molecular dynamics simulations on alkaline earth tungstates and vanadates (AWO4: 

A=Sr, Pb, Ba, Ca and LuVO4). Alkaline–earth tungstates are important for their scientific 

and technological applications. These compounds find their use in solid- state scintillators and 

optoelectronic devices. Alkaline-earth tungstates exhibit an interesting phase diagram with 

respect to pressure. These compounds are found to undergo pressure-driven phase transitions 
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around 10 GPa, from tetragonal scheelite structure to monoclinic fergusonite structure. 

Transferable interatomic potentials have been formulated and validated by the measured 

inelastic neutron scattering data on all the 5 above said compounds. Phonon dispersion 

relation of low energy acoustic branches of SrWO4 have been measured along (100) and (001) 

using TAS, Dhruva. The evolution of these compounds with increasing pressure has been 

studied using molecular dynamics simulations. In our calculations there is no evident volume 

discontinuity at the scheelite to fergusonite transformation. The pair correlation between 

various atoms has been computed. These studies indicate that in SrWO4 pressure induced 

amorphization occurs at about 36 GPa, at 40 GPa in PbWO4, 32 GPa in CaWO4 and 47 GPa in 

BaWO4. These results are in excellent agreement with reported amorphizaiton at 45 GPa in 

BaWO4 and around 40 GPa in CaWO4. The intratetrahedral bond angle distribution O-W-O in 

BaWO4 shows that until amorphization there is no change in the WO4 tetrahedra, beyond it 

changes. The pair correlation functions show that there are subtle changes in the arrangement 

of the AO8 polyhedra with increasing pressure. However, the WO4 tetrahedra remain 

unperturbed with increasing pressure until amorphization occurs. On amorphization, WO4 

tetrahedra deforms, W’s coordination increases, while AO8 polyhedra shows considerable 

distortion.  

Inelastic neutron scattering, lattice dynamics calculations and relative high pressure 

stability of LuVO4 has been studied. At ambient conditions this compound crystallizes in a 

body-centred tetragonal unit cell of zircon phase (space group I41/amd). A transferable 

interatomic potential has been developed to study the lattice dynamics and model the 
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experimentally obtained phonon density of states in LuVO4. The parameters of the theoretical 

interatomic potential have been fitted with respect to experimentally available Raman and 

infrared frequencies and equilibrium structure. The stability of the zircon structure at ambient 

temperature with increasing pressure has been studied. Zircon phase goes into a scheelite 

phase (I41/a) at around 8 GPa which is in excellent agreement with reported value of 7.9 GPa.  

Apart from the above said research works, the author has also contributed to cer tain 

instrumentation activities in the neutron scattering progamme at Dhruva reactor, Trombay. 

Chapter 5 describes these activities briefly. The author was involved in the assembling of 

a monchromator setup with vertical and horizontal focusing for the Triple Axis 

Spectrometer at Dhruva, Trombay. For the purpose of the monochromator assembly, as 

acquired perfect single crystals of copper were pressure treated to increase their mosaic 

spread to up to abour 0.5. These crystals were then subsequently mounted o n the assembly 

and aligned to give good intensity.  

The summary and prelude to the future directions based on this thesis work is 

given in Chapter 6. The gist of this thesis is that a combination of lattice dynamics 

calculations, molecular dynamics simulations and inelastic neutron scattering measurements 

can be successfully utilized to study phonons in solids and their manifestations in 

macroscopic properties like specific heat, thermal expansion, diffusion and equation of state. 

The calculations have greatly aided the planning and execution of the various experimental 

measurements. The interatomic potentials have been used to understand the behavior of 

phonons at extreme conditions and the role of phonons in anamolous behavior of solids like 
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superionic conductors at elevated temperatures. The calculations enabled to understand the 

microscopic picture of the dynamics in various solids leading to the manifestations of 

several unique properties. The experience gained from the study of superionic conductors 

and their behavior with temperature will be of immense help in understanding the physics of 

several technologically useful battery materials, wherein the phenomena of diffusion plays 

an important role. The experience gained while working on instrument development would 

be worthwhile during future endeavors.  
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Chapter 1  

 

Theory and experimental techniques 

1.1 INTRODUCTION 

 

Periodic arrangement of atoms distinguishes crystalline solids from other states of 

matter. Historically, crystal lattices were always assumed to be completely rigid, atomic 

displacements away from the equilibrium positions were not envisaged. Although, a 

completely rigid lattice violates the uncertainty principle, it st ill could explain a wide 

range of solid-state properties, like electronic structure, nature and strength of chemical 

bonding, to name a few. The underlying reason was that internal energy of a solid U is a 

sum of Es and Ev, where Es is the electronic ground state energy (static) of the fixed 

lattice, while Ev is the additional energy (vibrational) due to lattice motion. Since 

generally, Es >> Ev, many properties satisfactorily understood by simply neglecting the 

vibrational contribution [1].  

Now, classically it is known that when a system of particles in a stable 

equilibrium is disturbed, it performs certain vibrations, such that every particle remains in 

the neighborhood of its equilibrium position. Hence, in order to study solids at 

microscopic level, one needs to know the average positions and dynamics of atoms. Many 

important physical properties like phase transitions, thermal expansion, specific heat and 

thermal conductivity have their origin in the dynamics of atoms [2-5]. Vibrational modes 



Chapter 1: Theory and experimental techniques 

 2 

of a crystal are called phonons. In other words, phonons are quanta of lattice vibrations. 

The phonons are characterized by three parameters, namely, their wave vector, energy 

and polarization vector. The polarization vector defines the relative atomic vibrations 

along three orthogonal directions. These atomic motions are not random, and are 

determined by the forces that atoms exert on each other. This energy-wavelength relation 

of the thermal motions of the atoms is the essence of lattice dynamics.  

 

Experimental studies of lattice vibration include techniques like Raman 

spectroscopy, infrared absorption, inelastic neutron scattering (INS), inelastic X-ray 

scattering, etc. Raman and infrared (IR) spectroscopy are complementary to neutron 

scattering. INS and complementary techniques such as Raman and infrared (IR) 

spectroscopy provide some of the most valuable tools in assessing models of material 

properties. Inelastic neutron and inelastic X-ray scattering [6,7] can directly probe the 

phonons in the entire Brillouin zone, whereas optical techniques probe only the the long 

wavelength optically active phonons.  

Experimental studies at high pressures and temperatures are often limited and 

accurate models for theoretical studies of various materials are of utmost importance.  

Applicability of an interatomic model for a given substance is solely dependent on its 

ability to successfully explain a variety of microscopic dynamical properties, crystal 

structure, equation of state etc [1,8]. The data obtained from neutron scattering and 

optical experiments are used to test and validate models of interatomic potentials [1,8], 

which in turn could be used to predict thermodynamic properties at high pressures and 

temperatures.  

A combination of lattice dynamical calculation, molecular dynamics calculation 

and neutron inelastic scattering is used to study phonons in a variety of oxides. The 
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experiments provide valuable information about the phonon dispersion relation and 

density of states, while the models enable microscopic interpretation of the experimental 

data. The materials studied are useful nuclear oxides, superionic oxides, battery materials 

and laser host materials. 

This chapter has been organized as follows:  The theoretical formalism of lattice 

dynamics and thermodynamic properties of a solid are given in section 1.2.  The details 

about the computational techniques are put forth in section 1.3. Formalism and 

computational details of molecular dynamics is described in section 1.4. Theory and 

details about the experimental techniques for inelastic neutron scattering are described in 

sections 1.4 and 1.5, respectively. Section 1.6 deals with details of molecular dynamics 

simulations and finally section 1.7 explains the motivation for carrying out these studies.  

 

 

1.2 LATTICE DYNAMICS AND 

THERMODYNAMIC PROPERTIES OF 

SOLIDS 

 

1.2.1 Theoretical formalisms 

 

Born-Oppenheimer or adiabatic approximation is the basis for the formalism of 

lattice dynamics. As nuclei are several thousand times heavier than electrons, they follow 

nuclear motion adiabatically. Hence, electrons essentially contribute an additional 



Chapter 1: Theory and experimental techniques 

 4 

effective potential for nuclear motion. Therefore, lattice vibrations are associated only 

with nuclear motion.   In this Chapter only summary of the mathematical formalism for a 

perfect crystal is described. A complete account of the formal theory of lattice dynamics 

can be found in literature [2-4]. For small displacements of the atoms u
l

k

 
 
 

 about their 

equilibrium positions r
l

k

 
 
 

(where, l denotes the lth unit cell (l = 1, 2,….N) and k is the kth  

type of atom (k=1,2,…..n) within the unit cell), the crystal potential energy can be written 

as a Taylor expansion. The expansion is retained only up to the second derivative in the 

so called harmonic approximation,  as follows: 

 

                                                      0 1 2                                                       (1.1) 

 

where 

 

 0
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k
 
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  
r  
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lk

o

l
u

l k
u

k










 
  

     
 

  
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k k
 




   

    
   

   
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2

2
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    
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   
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' '

' '1

' '2 lk l k

l l l l
u u

k k k k
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 


     

      
     

  

 

where the suffices  and  denote Cartesian coordinates. 

In the equilibrium configuration, the force on every atom must vanish. This lead 

to the result 

0
l

k

 

 
 

   for every  k, l 

Hence  1 0   

Thus in the harmonic approximation 

 

 
'

0

lk l k '

l l ' l l1
u u

k k ' k k '2
  

 

     
          

     
  (1.2) 

Accordingly, the equation of motion of the (lk)th atom  becomes 

 

 k

l 'k '

.. l l l ' l '
m u u

k k k ' k '
  



     
       

     
  (1.3) 

 

From (1.3) it is clear that  
l l '

k k '


 
  

 
 is the negative of the force exerted on atom 

(lk) in the  direction due to unit displacement of the atom (l 'k ')  in the    direction. The 

quantity -   is referred to as the force constant.  
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The crystal periodicity suggests that the solutions of eq (1.3) must be such that the 

displacements of atoms in different unit cells must be same apart from phase factor. The 

equations of motion (1.3) are solved by assuming wave like solutions of the type  

 

 
l l

u U (k | )exp{i( . ( )t}
k k

 

   
    

   
q q r q       (1.4) 

Here q is the wave vector and (q), the angular frequency associated with the wave. 

Substituting (1.4) in (1.3) 

 
2

k

k '

m ( )U (k | ) D U (k ' | )
kk '

q
q q q  



 
   

 
  (1.5) 

where, mk is the mass and 
l

k
r
 
 
 

 the position coordinate of the kth atom.   

Here, the dynamical matrix  D
kk '



 
 
 

q
 is given by  

 

 

l '

l l ' l ' l
D exp{i( .[ ])}

kk ' k k ' k ' k
 

       
         

       


q
q r r  (1.6) 

  

The 3n coupled equations of motion are obtained. As stated earlier, the adiabatic 

approximation is assumed wherein the electrons adiabatically follow the nuclear 

vibrations and provide an effective nuclear potential. However, this does not imply that 

the atoms are rigid during vibrations.  The electric field set up by the displacements of the 

ions is modified by their electronic polarizibility which in turn modifies the force on them 

and affects the phonon frequencies. This may be described by a shell model [3,5], in 
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which each ion is regarded to be composed of a rigid or non-polarizable core and a 

charged shell with effective charges X (k) and Y(k) respectively. The core and shell are 

connected by a harmonic spring constant K(k).  Thus, the shell can be displaced relative 

to the core causing a dipole, which in turn leads to a proper description of dielectric 

behavior of the crystals. One can calculate the dynamical matrices between the pairs, 

core-core, core-shell, shell-core and shell-shell, denoted as DCC, DCS, DSC and DSS.  We 

then have the following equations involving the displacement vectors associated with the 

core (U) and polarization (W).  

 

 
2 CC CSm U D U D W    (1.7) 

                                                 
SC SS0 D U D W                                                 (1.8) 

Eliminating W, we get 

 

 
2 CC CS SS 1 SCm U [D {D (D ) D }]U      (1.9) 

 

and one obtains the dynamical matrix 

 

 
CC CS SS 1 SCD D D (D ) D   (1.10) 

 

            For simplicity, the short-range forces between atoms are included only between 

the shells. The frequencies of the normal modes and eigenvectors are determined by 

diagonalizing the dynamical matrix through a solution of the secular equat ion  
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2

k kk 'det | m ( ) D | 0
kk '

q
q  

 
     

 
                                                   (1.11)                      

             Solving eq (1.11) 3n eigen values are obtained which are 2( )j q , (j=1,2,…,3n). 

Because, the dynamical matrix is Hermitian, the eigen frequencies are real and its eigen 

vectors may be chosen as orthonormal. The components of the eigen vectors j( ) q  

determine the pattern of displacement of the atoms in a particular mode of vibration.  

The displacements of the atoms in one of these normal modes, labeled by (qj), 

correspond to a wave like displacement of atoms and are given by 

 

 
l l

u (k | j)exp{i( . }P
k k j

 

     
      

     

q
q q r  (1.12) 

where,  P
j

 
 
 

q
 is the normal coordinate and (k | j) q  is the normalized eigenvector of the 

normal mode (qj), where j runs from 1 to 3n and is used to distinguish between the 3n 

normal modes at q. Corresponding to every direction in q-space, there are 3n curves 

=j(q),  (j=1,2,…3n). Such curves are called phonon dispersion relations. The index j, 

which distinguishes the various frequencies corresponding to the propagation vector, 

characterizes various branches of the dispersion relation. Though, some of these branches 

are degenerate because of symmetry, in general they are distinct. The form of dispersion 

relation depends on the crystal structure as well as on the nature of the interatomic forces. 

However, a cyclic crystal always has three zero frequency modes at q=0, which 

correspond to lateral translation of the crystal along three mutually perpendicular 

directions. These three branches are referred to as acoustic branches. The remaining (3n-

3) branches have finite frequencies at  q=0,  which are labeled as optic branches. 
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The centre to the lattice-dynamical problem therefore is to calculate the dynamical 

matrix, which is usually done by constructing a suitable model for the force constants or 

by using a suitable crystal potential. Corresponding to the 3n degrees of freedo m for any 

wave vector q, there are 3n eigenvectors each having 3n components. Group-theoretical 

analysis at various high-symmetry points and directions in the Brillouin zone are used to 

derive the symmetry vectors for block diagonalization of the dynamical matrix. This 

allows the classification of the phonon modes into different irreducible representations 

enabling direct comparison with single crystal Raman, infrared and neutron data.  

The phonon density of states is defined by the equation 

  

 
' '

j j p

j jpBZ

g( ) D ( ( ))d D ( ( d        q q q)) q  (1.13) 

 

where    D    is    a    normalization   constant   such   that   g()d = 1; that is, g()d is 

the ratio  of the   number   of  eigen states  in  the  frequency  interval  (,  + d) to the 

total number of eigenstates. ‘p’ is  the  mesh index characterizing q in the discretized 

irreducible Brillouin  zone  and  dqp  provides   the   weighting   factor corresponding  to  

the  volume of  pth mesh in  q-space. 

 

1.2.2 Thermodynamic Properties of solids 

 

The formalism discussed in the previous section calculated phonon energies in the 

harmonic approximation. But this approximation [3-5] does not allow for thermal 

expansion, hence cannot account for the increase in specific heat beyond the value 3NkB 
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with increasing temperature, multiphonon process etc. The number of phonons excited in 

thermal equilibrium at any temperature is given by Bose-Einstein distribution     

  

                                   n()
B

1

exp( /k T) 1

 
 

  
 

  

At high temperatures, j( ) q   << kBT, the number of phonons in a given state is 

directly proportional to the temperature and inversely proportional to their energy. 

Anharmonic effects are relatively small at low temperature. These effects become more 

important at high temperatures. This change at high temperatures affects physical 

properties of the crystal.  In the quasiharmonic approximation [3-5], (where, the 

vibrations of atoms at any finite temperature are assumed to be harmonic about their 

mean positions appropriate to the corresponding temperature), the thermodynamic 

properties of a crystal are based on the averages of energies associated with the 3nN 

vibrations corresponding to the number of degrees of freedom of the n atomic 

constituents in the N unit cells of the crystal.  

Using statistical thermodynamics any thermodynamic quantity can be obtained 

from the partition function, Z, which when evaluated in terms of the eigen energies is 

defined as. 

                                                                  

                                          

j

j

B

jB

B

( )
exp{ }

(V) k T
Z exp( )

( )k T
1 exp{ }

k T

 




 



q

q

q
                                              (1.15) 
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where  is the potential energy of the crystal. The free energy at constant volume, F (the 

Helmholtz free energy), is obtained from: 

 

         
B B

B

1
F k T ln Z (V) { k T ln[1 exp( )]}g( )d

2 k T

 
        

                          (1.16) 

and,  

        

B
B

B

B

( )
k TdF

S k { ln[1 exp( )] }g( )d
dT k T

[exp( ) 1]
k T



 
       




                                (1.17) 

The  energy, E of the crystal  with volume V is 

  

    vib

dF
E F T (V) E

dT
                                          (1.18)                               

 

where  (V) is the static lattice energy and Evib,  the vibrational energy at temperature T.  

 

 vib

1
E {n( ) } g( )d

2
                         (1.19)  

 

where n() is the population factor given by  

 

                                                    

B

1
n( )

exp( /k T) 1
 

 
                                                      (1.20) 

 

The specific heat  Cv(T) is given by 
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B

B

( )
k T

2

v B
( )

B k T 2

dE e
C (T) k ( ) g( )d

dT k T
(e 1)






   



  (1.21) 

The calculated phonon density of states can be used to compute the specific heat.  

While lattice dynamical calculations yield CV, the specific heat at constant volume, 

experimental heat capacity data correspond to CP, the specific heat at constant pressure.  

The difference CP-CV is given by, 

                                                      
2

p v vC (T) C (T) [ (T)] BVT                                              (1.22) 

 

Where, V is the volume thermal expansion and B is the bulk modulus defined as 

dP
B V

dV
  . 

The volume thermal expansion coefficient in the quasiharmonic approximation is 

given by 

                            
1

( )V i Vi

i

C T
BV

                                                  (1.23) 

where i is the mode Grüneisen parameter of the phonons in state  i(=qj, which refers to 

the j
th

 phonon mode at wavevector q), which is given by 

                                               i
i

ln

lnV


  


                                                             (1.24) 

Calculation of thermal expansion in the above fashion is applicable when explicit 

anharmonicity of phonons is not very significant, and the thermal expansion arises mainly 

from the implicit anharmonicity, i.e., the change of phonon frequencies with volume.  The 

higher order contribution to thermal expansion arising from variation of bulk modulus 
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with volume [9,10] is also included. These results have three main applications. Firstly, 

they enable us to understand the observed thermodynamic properties of the solids, 

facilitating the development of models to explain the quantitative details of experimental 

observations. Secondly, the results can be used as a predictive tool for calculating the 

thermodynamic properties of materials within extreme environments that cannot be 

reproduced in the laboratory. Thirdly, we can use these results to understand crystal 

stability and phase transitions.. The procedure is found satisfactory in thermal expansion 

calculations of Li2O, UO2, LiFePO4, LiMnPO4, Y3Al5O12 etc.  

 

1.3 COMPUTATIONAL TECHNIQUES 

 

Lattice dynamics can be studied by a variety of methods. One approach involves 

fitting of empirical values of force-constants between various pairs of atoms to available 

experimental data. This approach is ideally suited only for simple solids, where the 

effective interactions between atoms are of short range, which are negligible beyond the 

first, second or third neighbors. Such an approach becomes cumbersome for large 

compounds with several atoms.  As we need to calculate the anharmonic properties, 

thermal expansion, equation of state etc., an approach based on force constants would not 

be useful.  The most significant part involved in lattice dynamical calculations is the 

setting up of the “dynamical matrix” which depends on the derivatives of the crystal 

potential (force-constants).  An uniform prescription for calculating the crystal potential 

and its derivatives for various crystals would be the ideal scenario. The other approach 

involves using either a quantum-mechanical ab-initio approach [11,12] or an atomistic 

approach involving semiempirical interatomic potentials. Ab- initio density- functional 
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calculations are now used frequently. Because of the structural complexity of compounds 

studied for the thesis work, involving a large number of atoms in the unit cell, an 

atomistic approach involving interatomic potentials is still very useful for studying high 

pressure–high temperature properties. In this thesis, atomistic approach has been used to 

study the vibrational properties of the compounds studied. The form of potentials used 

[13] for the calculations are:  

 

                               

2

6

o

e Z(k)Z(k ') br C
V(r) { }{ } a exp{ }

4 r R(k) R(k ') r


  

 
                          (1.25) 

 

where r is the separation between the atoms of a type k and k’, Z(k) and R(k) are 

empirical charge and radius  parameter of the atom type k, 1/(4  o) = 9 x 109 Nm2 /Coul2, 

a=1822 eV, b=12.364. The last term in eq.(1.25) is applied only between certain atoms. 

The polarisibility of certain atoms has been introduced in the framework of the shell 

model. 

  The above potential function is used for the lattice dynamical calculations of 

Li2O, UO2, LiFePO4, LiMnPO4 (Chapter 2), garnets (Chapter 3), tungstates and vanadates 

(Chapter 4).  

As a further improvement, a covalent potential (Morse potential)[3,13] is also 

included between certain atoms.  

 

                                 
2

oV(r) Dexp[ n(r r ) /(2r)]                                                  (1.26) 
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where, n, D and ro are the empirical parameters of the potential. This potential has been 

used to characterize WO4 bonds in tungstates, VO4 bonds in vanadates and PO4 bonds in 

olivines.  

The parameters of the potential are determined using the conditions of the 

structural and dynamic equilibrium of the crysta l. This procedure [14] has been very 

successful in the case of several compounds as discussed later in various Chapters of this 

thesis. Structural constraints used are that at T=0 the free energy is minimized with 

respect to the lattice  parameters and the atomic positions of the crystal at zero pressure, 

and the structure is  close to that determined by the diffraction experiments. The dynamic 

equilibrium requires that the calculated phonon frequencies have real values for all the 

wave vectors in the Brillouin zone. The parameters of potentials should also reproduce 

various other available experimental data, namely, elastic constants, optical phonon 

frequencies or the range of phonon spectrum, etc.  At high pressures, the crystal structures 

are obtained by minimization of the free energy with respect to the lattice parameters and 

the atomic positions. The equilibrium structure thus obtained is used in lattice-dynamics 

calculations.  

The aim of this work is the development of an interatomic potential which gives 

good description of the experimental data with the minimum number of adjustable 

parameters.  These models have been fruitfully used to determine vibrational excitations 

and properties in the solids,  such as: (i) the frequency  of phonons as a function of the 

wave vector (i.e. the phonon dispersion relation), (ii) the pattern of displacement of atoms 

during various modes (polarization vector of the phonons), (iii) the frequency distribution 

of phonons, (iv) the thermodynamic properties of the solid  such as the equation of state, 

specific heat, free energies, etc. and (vi) the variation of phonon frequencies due to 

pressure, temperature, etc.  
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The software DISPR [15] has been used to carry out these calculations.  

 

1.4 THEORY OF INELASTIC NEUTRON SCATTERING 

 

Wave- like behavior of particles beam can be used to study microscopic behavior 

of matter. Thermal neutrons have energies ~ up to 100 meV which are similar to phonon 

energies. The zero electrostatic charge on neutrons ensures that neurons do not interact 

with electrons but with the nucleus.  The spin of the neutrons can be utilized to study 

magnetic behavior of the matter. Hence, neutrons can exchange part of their energy or 

momentum with an excitation in the system. They may lose part of their energy in 

creating an excitation in the system or may gain energy by annihilation. Thus, the nature 

of the excitation can be probed by measuring the energy and momentum of the neutrons 

both before and after the scattering event from a system. Equation (1.3) gives the energy 

and momentum conservation of neutrons before and after interaction with a sample.  

                                                      i fE E ( , j)q                                                             (1.27) 

                                               i f( ) ( )   k k Q G q                                                (1.28) 

 

 

 

 

 

Fig. 1.1: Scattering of neutron by one phonon, showing scattering involving absorption 

(left) and creation (right) of a phonon [16]. 
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Where, ki, kf are incident and the scattered neutron wave vectors and Q is the wave vector 

transfer (scattering vector) associated with the scattering process. q is the wave vector of 

the excitation with energy   G is a reciprocal lattice vector, Ei, Ef are the incident 

and scattered neutron energies and   is the energy transfer to the system in the 

scattering process. The +(-) sign indicates that the excitation is absorbed(created) in the 

scattering process. Hence, the experimental technique of neutron scattering to determine 

the nature of excitations in the system involves study of the inelastic spectrum of 

scattered neutrons. In fact these properties make neutrons the unique probe to study 

phonons in the entire Brillouin zone, unlike Raman and infrared methods which probe 

phonons only near the zone centre.  

In the scattering process, the inelastic scattering cross-section is directly 

proportional to the dynamical structure factor S(Q,) (characteristic of the system), 

which  is the double Fourier transform of the space-time correlation function of the 

constituents of the system  including the phonon. Peaks in S(Q,)  correspond to these 

elementary excitations [17,18]. The measurements on single crystals give information 

about the q dependence of phonon (phonon dispersion relation), while polycrystalline 

samples provide frequency distribution of the phonons (phonon density of states g()).  

 

1.4.1 Inelastic neutron Scattering from single crystals: Phonon 

Dispersion Relations 

 

The neutron scattering structure factor [17,18] due to a one-phonon inelastic 

process is given by 
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


q
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(1.29)   

where, 

 
(1) coh

j k k

k k

. ( j,k)
F ( ) b exp{ W ( ))exp(i . k))

m

Q q
Q Q G r(


   (1.30) 

 

where  A is the normalization  constant and  bk,  mk and r(k), neutron scattering length, 

mass and the coordinate of the kth atom, respectively.   is eigen vector of excitation, 

1( )

jF (Q)  is one-phonon structure factor, exp(-Wk(Q)) is the Debye-Waller factor. Q 

and  are the momentum and energy transfer on scattering of the neutron, respectively, 

while n() is the phonon- population factor given by eq. (1.20).  

           From the expression for one-phonon coherent inelastic neutron scattering, we 

realize that neutron groups would be observed whenever the energy and momentum 

conservation are simultaneously satisfied and the group would occur corresponding to a 

certain ω and q. Hence neutron spectrometers are designed to measure Ei, Ef, φ and ψ- the 

incident neutron energy, scattered neutron energy, the scattering angle and an angle which 

defined the orientation of the single crystal sample so that ω and q corresponding to the 

centre of scattering neutron group can be determined. The upper and lower signs (eq. 

1.29) in   or  correspond to loss and gain of  the energy of the neutrons, respectively. 

The two delta functions in eq. (1.29) stand for the conservation of momentum and energy. 

This is the procedure for measurement of the phonon dispersion curves in a system. 

Longitudinal mode (q//ξ), G//q is the necessary condition, for transverse modes, q     one 

requires G q. 
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 In case of simple structures, the eigen vectors may be determined entirely from the 

symmetry of the space group. Thus the structure factors Fj(Q) may be entirely determined 

from the crystal structure. In case of complex structures, the space-group symmetry only 

classifies the phonons into a number of irreducible representations.  The number of 

phonons associated with each representation is same as that of number of symmetry 

vectors. The eigen vectors could be any linear combinations of the symmetry vectors 

associated with the irreducible representation. With the help of the interatomic model, 

eigen vectors of the individual modes can be obtained, which can be used to compute the 

individual structure factors. For the final comparison of experimentally determined 

dispersion curves with model predictions, it is crucial to know the correspondence of 

modes. As the scattered intensity is related to Q.ξ(qj,k), modes belonging to some 

representations become invisible for particular directions of Q and eventually for 

particular Brillouin zones. This aids phonon mode identification considerably. But, often 

branches simultaneously visible are so close to each other in frequency, that they require 

careful analysis, repeated measurements at many wave-vectors in the (Q,ω) space. Thus, 

favourable large neutron-scattering cross-section regions may be identified in the (Q,ω) 

space in order to plan the experiments. These techniques have been used by the author to 

study phonon dispersion relation in SrWO4 (Chapter 3).   

 

1.4.2 Inelastic neutron scattering from powder samples: 

Phonon density of states 

 

In measuring phonon dispersion relation using single crystal, Q has a definite 

orientation with respect to the reciprocal space. In the case of scattering from a powder 
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sample, different grains with different orientations occur with equal probability. Thus an 

average over all available orientations is akin to averaging over all the values of Q. Hence 

in the limit of large Q, correlations between atomic motions become small and S(Q,) 

becomes independent of Q (except for some smoothly varying Q dependent factors), one 

gets S(), the density of excitations at the frequency , weighted with the neutron 

scattering lengths. But obtaining dispersion relation over the entire Brillouin zone is not 

possible, so coherent scattering data from the powder sample is usually analyzed in the 

incoherent approximation.                                                                                                                                                                                             

 

 k

2 2
2W (Q)k(1) k

inc 2
k k

b g ( )Q 1 1
S (Q, ) e (n( ) )

2m 2 2b

 
    

 
  (1.31) 

 

where, the partial density of states gk() is given by 

 

 
2

k j
j

g ( ) | ( j,k) | ( ))d(q q q      (1.32) 

Thus, the scattered neutrons provide the information on the density of one-phonon 

states weighted by the scattering lengths and the population factor. The observed neutron-

weighted phonon density of states is a sum of the partial components of the density of 

states due to the various atoms, weighted by their scattering length squares.  

                 

 k

2
n ' k

k k

4 b
g ( ) B { }g ( )

m


    (1.33) 
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where  B is a normalization constant. Typical  weighting factors 
2

k

k

4 b

m


 for the various 

atoms in the units of barns/amu   are:  Al: 0.055; Fe: 0.201; Ca: 0.075; Li 0.196; Mn 

0.107 and O: 0.265 to name a few. 

An inelastic spectrum from a powder sample contains contribution from 

multiphonon scattering. Usually, for a broad one-phonon spectrum, multiphonon 

contributed a continuous spectrum, thereby increasing the background. The scattering 

function in the harmonic expression is, 

  
(0) (1) (n)S(Q, ) S S S     (1.34) 

Each term corresponds to scattering processes involving m phonons, and the scattering 

function has only a weak structure in the frequency domain so that the higher order terms 

(>1) usually contributes only to the background scattering. The multiphonon contribution 

to the total scattering is usually estimated in the incoherent approximation using 

Sjolander’s formalism [19] using the lattice dynamical model in which the total 

contribution is treated as a sum of the partial components of the density of states from 

various species of atoms. The experimental one-phonon spectra is obtained by subtracting 

the calculated multiphonon contribution from the experimental data. 

 

1.5 EXPERIMENTAL TECHNIQUES FOR INELASTIC 

NEUTRON SCATTERING  

 

Numerous techniques [17,18,20] have been developed to determine the change in 

energy and momentum of the scattered neutrons. But in this work, only the measurements 

using the triple-axis spectrometer and neutron time-of-flight technique are described. 
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1.5.1 Triple-Axis Spectrometer 

 

Triple-Axis Spectrometer (TAS) is the most versatile and useful instrument in the 

field of inelastic neutron scattering. One can probe almost any coordinates in energy and 

momentum space in an orderly fashion. The 3-axis correspond to the axis of rotation of 

the monchromator, the sample and the analyzer. Monochromator defines the momentum 

and magnitude of incident neutron beam. Analyzer followed by a neutron detector, 

analyses the scattered beam in a similar manner.  

Each measured intensity corresponds to an arbitrary point in the (Q, ) space. 

There are two modes of measurements on the TAS. The first one is the constant Q scan, 

in which momentum transfer is held fixed while scattered intensity is measured as a 

function of energy transfer. The second method is the constant E scan, where both k i and 

kf are held fixed, so that the kf dependence of the integrated intensity is a constant and the 

measured intensity should be proportional to S(Q, ).  

The resolution of the spectrometer can be changed by replacing the crystals and 

collimators. Fig. 1.1 shows the schematic diagram of the triple-axis spectrometer at 

Trombay, India [21]. The simplest method of analyzing the spectrum is by a 

( 2 )A A  scan of analyzer and detector combination, in which one may observe a  

neutron group at some 2 A .  
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Fig. 1.2(Upper) Layout and (Lower) schematic diagram of the triple-axis spectrometer at 

the Dhruva reactor, Trombay, India (after Ref. [2]). 

 

The monochromator used at TAS, Dhruva reactor, is a copper (111) 

monochromator and the analyzer is a pyrolytic graphite (0002) crystal.   A pyrolytic 

graphite filter is used to reduce the contribution from the second order reflection. In 

another configuration, a Be-filter is used as analyzer which transmits all neutrons below 

3.5 meV. The spectrometer covers scattering angles ranging from 10 to 100.  The 
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intensity of the scattered neutrons is measured by a BF3 gas counter. Measurements are 

made in the energy loss mode, in the constant Q, fixed Ef configuration. The elastic 

energy resolution is about 15% of the incident neutron energy. The resolution of the 

spectrometer can be changed by replacing the crystals and collimators.  

In this thesis, phonon dispersion relation has been measured in single crystal of 

SrWO4. Low energy branches have been measured along (001) and (100) directions using 

TAS at Dhruva. 

 

1.5.2 Time-of-flight technique 

 

Time of Flight (TOF) technique is based on the measurement of the time taken by a 

polychromatic neutron beam to travel from the source to the detector. An interaction with 

the sample results in either gain or loss of energy of the neutrons, as a result their 

velocities change. These changes the arrival time at the detector counter. While TAS 

deals with point wise scan, time-of- flight spectrometer detects a large (Q,) space 

volume in a single run. This is done by the simultaneous use of several detectors equipped 

with the respective TOF electronics. The change in energy and the scattering vector Qis 

obtained by measuring the flight time and the scattering angle of the neutrons from a 

beam pulsing device (chopper) to the detectors. The energy of the neutrons is fixed before 

or after the scattering process.  

Phonon density of states in LiMPO4 compounds ( M = Fe, Mn) and AWO4   (A = 

Ba, Sr, Pb and Ca) have been measured using IN4C TOF spectrometer at ILL, Grenoble, 

France. Details of the experiments are given in chapters 2 and 4 respectively 
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Fig.  1.3. Time of Flight Spectrometer IN4C at Institut Laue Langevin, Grenoble, France 

(Courtesy: www.ill.fr) 

 

 

1.6 MOLECULAR DYNAMICS SIMULATIONS 

 

Molecular Dynamics Simulation (MDS) is a computer simulation method used to 

yield information of both static and dynamical properties of a system. It is a technique in 

which trajectories of a system of interacting particles are computed numerically by 

solving their equations of motion [22-24]. The centre to this approach is to calculate the 

forces on the particles. The force may be obtained either from an interatomic potential, 

from force constants or from quantum mechanical first principles method. Hence it can be 
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classical MDS or ab- initio MDS. This thesis presents calculations using classical 

approach. 

Molecular dynamics simulations provide a method to study crystals at high 

temperature, taking into account the anharmonic interactions. Simulations involve 

characteristic parameters of temperature (T), volume (V), total number of particles (N), 

external stress (S) etc. Atomic positions and velocities at any instant of time give these 

parameters. These quantities in turn may be controlled by suitably constraining the atomic 

trajectories. Common simulations employed usually have (NVT), (NPT), (NVE) fixed. 

The technique has been used to study dynamical properties, i.e., to evaluate equilibrium 

time-correlations functions of the system. 

In these computer experiments, we are interested in the motion of the atomic units 

comprising the lattice, in other words, the time or frequency dependence of atomic 

positions or correlation. Correlation functions are related to different properties. 

Correlation, between quantities A and B is defined as,  

 

                               (1.35) 

 

Where B(t +τ) is a physical quantity B at a time t + τ and A(τ) the value of a physical 

quantity A at time τ. The correlations can be self correlations, i.e, <A(0)A(t)>, called the 

auto-correlation function and cross-correlation <A(0)B(t)> respectively. Direct transport 

coefficients like viscosity, thermal conductivity etc., are related to autocorrelation 

functions where properties like diffusion are related to cross-correlations like thermal 

diffusion. 
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In our case, the main objective is to study phonons, the appropriate quantity of 

interest is S(Q,ω). This is related to time-correlation function F(Q,t)-the intermediate 

scattering function of the density operator ρQ(t) through the relation, 

 

                                                    (1.36) 

and, 

                                                          (1.37) 

 

For an atomic system, the density operator is given by, 

 

                                                                          (1.38) 

 

where, ri(t) being the instantaneous position of the ith atom at time t and bi its scattering 

amplitude, then  

 

                                                                  (1.39)  

The above equation is used for computation of This scattering function 

has contributions from one-phonon, two-phonon and other higher order contributions 

along with interference terms. One can get at the one phonon contribution alone by 

making an expansion of the e
i(Q.ri(t)) in terms of the powers of small displacements of the 

atom from its equilibrium consideration of the lowest order term only. Then, the one 

phonon approximation of S(Q,ω) is, 
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                                                         (1.40) 

 

The velocity auto-correlation function  is related to the frequency 

distribution of the system through the relation, 

 

                                                     (1.41) 

 

The pair distribution function measures the probability of finding a pair of atoms a 

distance r apart, relative to the probability expected for a completely random distribution 

at the same density. 

 

                                          (1.42) 

 

In practice, the delta function is replaced by a function which is non-zero at small 

range of separations, and a histogram is compiled of all separations falling within such 

range. Transport coefficients are defined in terms of the response of a system to a 

perturbation. Diffusion coefficient related the particle flux to a concentration gradient. In 

this work, transport coefficient have been calculated from equilibrium correlation 

functions, by observing Einstein relations,  

                             (1.43) 

and, 
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                          (1.44) 

The model system considered in the simulation is a macro  cell consisting of N 

crystallographic unit cells. The unit cells are arranged usually so as to yield macro cell 

with almost identical dimensions along the three crystallographic directions. The state of 

each atom is determined by three coordinates of position and three components of 

velocities of the atom at any given instant of time. The collection of these coordinates and 

velocities gives a point in a phase-space. The system is initiated into a non-equilibrium 

state by either displacing the atoms by a certain but small amounts from their equilibrium 

positions or by giving certain random initial velocities to the atoms keeping the net 

momentum on the crystal to be still zero. Temperature is implicitly determined by the 

amount of total energy given to the system in the form of initial momentum or the 

positional data to the individual atoms. The position and velocities of the atom change 

from instant to instant as a result of the many body interactions in the system, subjected to 

certain interatomic potential. Equations of motion are solved to determine the state of the 

system as a function of time. Periodic boundary conditions help in the overcoming of the 

surface effects. The time step is selected such that it is nearly equal to (1/10 )th 2π/ωmax. 

Integration of the phase space information carried out over a number of time steps chosen 

suitably gives the static and dynamic correlation functions and their Fourier transform. 

Thus, it can be seen that MD simulation can be used to provide useful information on: 

i) Conventional lattice dynamical results like phonon frequencies, frequency 

distribution etc. 

ii) Phase transitions 

iii)  Superionic conductivity. 
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A MDS calculation performed in conjunction with experimental and other 

theoretical work provides useful insights in to the system studied. It helps in envisaging 

the changes occurring in a system under extreme conditions which may or may not be 

possible in a real time experiment.  The calculations presented in this thesis have been 

carried out using MOLDY [Chaplot, unpublished].  

 

1.7 Motivation 

  

This thesis work is a consolidated work on technologically important oxides. 

These oxides find several uses in industry. A basic study on their vibrational, 

thermodynamic and high pressure properties would result in understanding their 

numerous properties. This would in turn help in the improved utilization of these 

compounds in their various technological applications. The above discussed theoretical 

and experimental techniques have been employed to study the lattice dynamics, 

thermodynamic properties and response of the compounds to high pressure. Chapter 2 

discusses the studies on superionic compounds and battery materials. Chapter 3 deals 

with Yttrium based garnets, which are laser host materials. Chapter 4 concerns the studies 

on tungstates and vanadates which are also laser host compounds. Chapter 5 briefly 

describes some neutron instrumentation work in which the author was involved.  
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Chapter 2  

 

Phonons, diffusion and superionic behavior in 

nuclear oxides and battery materials    

 

2.1. INTRODUCTION 

 

UO2 and Li2O both belong to the class of superionics, which allow macroscopic 

movement of ions through their structure. Rapid diffusion of a significant fraction of one 

of the constituent species occurs within an essentially rigid framework of other species 

[1]. In UO2, it is the uranium, which forms the rigid framework while in Li2O it is the 

oxygen sub lattice, which is rigid [2,3,4]. UO2 is of technological importance owing to its 

use as a nuclear fuel [5,6,7,8,9]. Knowledge of the thermodynamic and transport 

properties of nuclear fuel at high temperatures is of great interest. Li2O finds several 

technological applications ranging from miniature light -weight high power density 

lithium ion batteries for heart pacemakers, laptop computers, etc. Owing to its high 

melting point, low volatility and high Li atom density, Li2O is considered a leading 

contender for future fusion reactors to convert energetic neutrons to usable heat and to 

breed tritium necessary to sustain D-T reactions [10,11,12]. 
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Ever increasing energy demands has always promoted research for the elusive 

perfect battery material, thus paving way for a safer, secure, sustainable energy 

alternative [13-18]. Lithium transition metal phospho-olivines [19,20,21] have emerged 

as one of the leading contenders in this race. Since the time they were proposed by Padhi 

[18,20] et al, they have been actively considered as a potential and viable alternative to 

the conventional cathode materials like LiCoO2. LiMPO4 have large theoretical capacity 

[20,21] and a large operating voltage[ 16,20]. The importance is further accentuated by 

their stability [22,23], high safety, low cost, low toxicity and cyclability. The 

electrochemical [24-27] properties of these materials determine Li intercalation and 

deintercalation[26], vital to their functioning as useful electrode materials. They in turn 

are determined by their basic structural and thermodynamic properties.  Despite enormous 

works pertaining to battery research [24-30], many aspects of their basic vibrational and 

other physical properties have not been copiously studied. In this chapter, results obtained 

on nuclear oxides and battery materials are given in sections 2.2 and 2.3 respectively. 

 

2.2 NUCLEAR OXIDES 

 

                Microscopic modeling or simulation is necessary to understand the conduction 

processes at high temperatures in these crystals. The fluorite UO2 (Li2O is an anti-

fluorite) is a face-centered cubic structure belonging to the space group O5
h (Fm3m). 

Oxygen (Lithium) atoms are in the tetrahedral sites. These compounds show a type II 

superionic transition [1,10] attaining high levels of ionic conductivity following a gradual 

and continuous disordering process within the same phase. Several theoretical [31-40] 
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and experimental [41-47] works have been reported on numerous fast ion conductors like 

Li2O, CaF2, BaF2, PbF2, SrCl2, CuI [48-51] etc. The main impetus for these studies has 

been to unravel the causes behind the process of fast ion conduction. In case of Li2O, 

further interest has been to study Li diffusion from the point of view of tritium generation 

for future fusion reactors. The significance of such studies in UO2 need not be 

exaggerated, as its high temperature studies have been motivated by its use as a nuclear 

fuel for nuclear fission reactors. The thermophysical properties of this oxide have 

important implications when assessing the issues regarding safe operation of reactors. 

These oxides behave similarly to other superionic halides. The extensive diffusion is 

characterized by a large decrease in the elastic constant C11 and specific heat anomaly at 

the transition temperature, Tc [51-57]. Neutron scattering measurements [58] indicate that 

the anionic sub lattice in UO2 becomes heavily disordered in the region of 2300 K. 

Measured elastic constants [59,60] do show a softening above 2400 K in the region where 

fast ion behavior is expected in UO2, but the variation below this temperature is already 

very large. There is a high increase in specific heat [61,62] at high temperatures in UO2. 

Li2O shows a sudden decrease in the value of the C11 elastic constant at the transition 

temperature, Tc~1200 K (the melting point is 1705 K), but there seems no drastic change 

in the specific heat [63,64]. Both these compounds comply with the general belief that 

fluorites (anti-fluorites) in general show a diffuse transition at about 0.8 Tm (Tm = melting 

point, Tm of UO2 is 3120 K). Above the transition temperature the diffusion coefficient of 

one of the constituent atom becomes comparable to that of liquids. Detailed study of the 

processes occurring in the crystal lattice at elevated temperatures is essential to 

understand the transitions. 

                The author has looked at the probable interstitial regions where lithium 

might reside while diffusing such a way that the local structure remains largely 
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unperturbed.  Extending further, using lattice and molecular dynamics, author has tried to 

determine the probable directions of diffusion of the lithium ions and the role of phonon 

and elastic instabilities. An analysis with potential model calculations has been carried 

out. The behavior of phonon modes along symmetry directions at volumes corresponding 

to superionic regime using potential model calculations has been done. The decrease in 

the elastic constants with increasing temperature has been studied. Superionic fluorites 

are found to exhibit rapid decrease in elastic constants particularly C11 and a specific heat 

anomaly around the transition temperature. But Li2O does not exhibit any specific heat 

anomaly as observed experimentally which is in agreement with our earlier computations. 

Finally author has tried to figure out easy direction of movement of the Li ion which is 

crucial in understanding diffusion mechanism in a given system. In this work the author 

has tried to deduce the most probable direction of movement by studying the energy 

profile for Li movement along various high symmetry directions.  This does not rule out 

lithium’s diffusion in other directions, but simply indicates one of the easy directions of 

diffusion. The study of the high temperature behavior and their implications could play a 

pivotal role in understanding and improving the myriad technological applications of this 

immensely useful oxide. 

               The present study is aimed at formulating a suitable interatomic potential to 

explain the vibrational properties of the oxides in concurrence with the available 

experimental data.. The main objectives of the present study are: (i) to determine a 

suitable interatomic potential model to calculate the phonon spectrum, specific heat, other 

thermodynamic and elastic properties, which would be in good agreement with the 

various experimental observations; (ii) to carry out molecular dynamics simulations using 

the parameters obtained from the lattice dynamics calculations to elucidate diffusion 

behavior and the thermodynamic properties of the oxides at elevated temperatures, and 
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(iii) to study the possiblilty phonons in the initiation of diffusion, i.e, to understand in 

particular any phonon mode triggering the phenomenon of sub-lattice melting. Also, 

author has studied the easy direction of diffusion of the lithium atoms. 

 

2.2.1 Theoretical Details 

The calculations have been carried out in the quasiharmonic [65] approximation 

using the interatomic potentials consisting of Coulomb and short-range Born-Mayer type 

interaction terms as described equation (1.25) in chapter 1. The model parameters (charge 

Z and radius R) are ZLi = 0.75e, RLi = 0.129 nm, RO = 0.175 nm, shell charge YO = -2.0  

and shell constant is 6500 eV/nm-2 . In case of UO2, ZU = 2.9e, RU = 0.21 nm, RO = 0.175 

nm, shell charge is -2 and shell constant is 11000  eV/nm-2. 

Group theoretical symmetry analysis was undertaken to classify the phonon modes 

belonging to various representations. Because of the selection rules only phonon modes 

belonging to certain group theoretical representations are active in typical single crystal 

Raman, infrared and inelastic neutron scattering measurements. These selection rules are 

governed by the symmetry of the system and the scattering geometry employed. The 

theoretical scheme for the derivation of the symmetry vectors is based on irreducible 

multiplier representations [66] and construction of symmetry adapted vectors, which are 

used for block diagonalizing the dynamical matrix [67]. These permit the assignment of 

the phonon modes belonging to various representations. For fluorites, group theoretical 

analysis provides a classification of the frequencies at zone center (Г-point) and the high 

symmetry directions (,  and ), into the following representations: 

 Г: 2T1u + T2g , where T1u and T2g phonon modes are triply degenerate 

(00ζ):  21 + 2 + 33   
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(ζζ0):  31 + 22 + 3 + 34 

(ζζζ):  3 1  + 33  

where, the Λ3 and Δ3 phonon modes are doubly degenerate. Based on the crystal 

symmetry, Li2O is expected to have one infrared active mode (T1u) and one Raman active 

optical mode (T2g). The classifications of the phonon modes into different irreducible 

representations enable direct comparison with single crystal Raman, infrared and neutron 

data.  

The phonon frequencies, the elastic constants, the specific heat and the equation of 

state at ambient conditions have been calculated. The phonon dispersion at high pressure 

up to 100 GPa have also been computed. The dispersion corresponding to volumes 

corresponding to superionic regime has also been computed in Li2O to understand the 

role of phonons in the initiation of fast ion conduction. The most probable direction of 

movement of Li has been elucidated by studying the energy profile along various high-

symmetry directions. These results have been compared with the available experimental 

data wherever available.  

Molecular dynamics simulations have been successfully used to study the process 

of diffusion in these compounds, changes occurring in the lattice at microscopic level, the 

mechanism of diffusion by observing the snapshots of Li movement in the superionic 

regime. The technique has been used to look for decrease in elastic constants, C11 in 

particular, which is a characteristic feature of superionic compounds.  The possibility of 

role of phonons as a precursor to fast ion diffusion has been studied. The easy direction of 

vacancy assisted lithium movement in the superionic regime has been investigated by 

studying the energy profile for lithium movement along different high-symmetry 

directions.  
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2.2.2 Li2O 

2.2.2.1   Results and Discussion 

2.2.2.1a Phonon dispersion and density of states          

               

 

 

 

 

 

 

 

 

 

 

 

 

          

Fig.2.1. Phonon dispersion relation in Li2O, at (a) 0 GPa, (b) 50 GPa and (c) 100 GPa. 

Solid symbols are experimental results from neutron scattering [46]. 

The calculated values of the lattice parameter, bulk modulus and elastic constants 

compare well with the experimentally obtained data as presented in Table 2.1. From the 

phonon dispersion relation along [110], we can obtain the value of C11-C12 for cubic 
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systems, which is in good agreement with its corresponding experimental value. Since C12 

is derived indirectly using the values of C11 and (C11-C12), it appears to be overestimated, 

as compared to the experimental results [42]. The calculated phonon dispersion relation in 

lithium oxide is given in Fig. 2.1 at three different pressures. It shows that the agreement 

of the calculations with the single crystal neutron [46], Raman and infrared data [47] is 

excellent.     

Table 2.1: Comparison between calculated and experimental lattice [2] parameters and 

elastic constants [42] at ambient conditions. The numbers in the parenthesis are the 

errors in the last significant digit. 

Physical Quantity Experimental Calculated 

Lattice parameter (nm) 0.460 (1) 0.461 

Bulk Modulus 81.7(62) 103 

C11 (GPa) 202 .0 (55) 213 

C44 (GPa) 58.7 (8) 52 

C12 (GPa) 21.5 (66) 56 

C11 – C12 (GPa) 180.5 (86) 157 

Anisotropy factor  

(2C44/(C11-C12)) 

0.65 (5) 0.66 

 

With the increase in pressure, our calculations do not indicate any softening of the 

phonon modes. In general, all the frequencies have hardened with pressure; especially 

phonons in the energy interval between 50 and 75 meV at P = 50 GPa show a shift of 

about 25 meV towards the higher end, while the topmost branch shifts by only about 15 

meV. With further increase in pressure to 100 GPa, the above frequencies harden further 
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by 15 meV. The calculated values of the lattice parameter, bulk modulus and elastic 

constants of the compounds compare well with the experimentally obtained data as 

presented in Table 2.1. From the phonon dispersion relation along [110], we can obtain 

the value of C11-C12 for cubic systems, which is in good agreement with its corresponding 

experimental value. Since C12 is derived indirectly using the values of C11 and (C11-C12), 

it appears to be overestimated, as compared to the experimental results [42].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.2: Phonon density of states along with partial density of states of lithium and 

oxygen at different pressure 

  

 



Chapter 2: Phonons and fast ion conduction…….. 

42 

 

 

 

 

 

 

 

 

 

 

 

          

 

 

 

Fig. 2.3: (a) Specific heat at constant pressure compared with experimental data [42,44] 

(circles and triangles). (b) The equation of state for Li2O. 

These observations are further substantiated from the total density of states, and 

the partial densities for Li and O atoms in Fig. 2.2. The energy span at P = 0 GPa is 

between 0-90 meV, at P = 50 GPa, it is up to 120 meV, while at P = 100 GPa it spans up 

to 135 meV.  As can be seen from the figure, the peak around 50 meV at P = 0 GPa has 

shifted to higher energy with pressure increase, while the peak around 20 meV is more or 

less undisturbed. From the partial densities, we can conclude that the oxygen contribution 

is much greater on the lower energy end, which remains unperturbed by pressure changes, 

suggesting its greater stability compared to lithium. At P = 0 GPa, lithium ion’s 

contributions lie mainly in the interval 45-75 meV, likewise oxygen atom’s contribution 
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lies mainly in the interval 0 and 60 meV.  There is a contribution from both atoms at 90 

meV. At P = 50 GPa, lithium atoms contribute between 75-120 meV while oxygen atoms 

contribute up to 120 meV.  At 100 GPa, lithium contributes mainly between 85-135 meV, 

while oxygen contributes till 135 meV. At all the three pressures, the lowest peak for both 

the atoms is practically indistinguishable. 

The calculated specific heat, CP(T), has been compared with the available 

experimental data [42,44] in Fig. 2.3(a). The comparison is very good up to about 1100 K 

beyond which the fast ion behavior sets in and the slope of the experimental data is much 

greater compared to calculations. 

This is expected owing to the quasi-harmonic approximation in lattice dynamics 

calculations. The equation of state, i.e., the variation of the volume of the primitive cell 

with pressure, is given in Fig. 2.3(b), however experimental data for the same is 

unavailable for comparison. There is a smooth decrease in volume with increase in 

pressure. Li2O undergoes a first order transition to cottunite structure, according to our 

calculations it is not driven by dynamical instabilities [43b]. 

 

2.2.2.1b Diffusion of Lithium, snapshots of lithium movement 

The diffusion coefficient of lithium ion has been compared with experimental [45] data in 

Fig 2.4.  The experimental [45] transition temperature of the normal to fast ion phase is 

about 1200 K at zero pressure whereas the calculated value lies at about 1000 K, which is 

in good agreement.  The application of a static pressure of 5 GPa increases Tc only 

marginally by 200 K to about 1200 K. 
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Fig. 2.4: Diffusion coefficient of Li and its variation with temperature and pressure as 

obtained from molecular dynamics simulations. Solid circles are experimental [45] 

results at ambient pressure. 

         The thermal amplitude of lithium atom is compared with experimental 

results [2] in Fig 2.5(a), which is in very good agreement. The change in the slope of the 

plot at the superionic transistion, which is seen in the experiment, is brought out clearly. 

The variation of the volume of the unit cell with temperature, as obtained from molecular 

dynamics simulations is plotted in Fig. 2.5 (b), which shows a good agreement with 

experiment [42]. The implicit thermal expansion calculated from quasiharmonic lattice 

dynamics arising from the volume dependence of phonon frequencies is also plotted, 

which accounts for only a part of the observed thermal expansion.  
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Fig. 2.5: (a) Calculated (open circles) thermal amplitude of lithium as a function of 

temperature at ambient pressure in comparison with experiment [2] (solid circles). (b) 

Variation of lattice volume with temperature at ambient pressure with experiment [42]. 

Full line is derived from quasiharmonic lattice dynamics calculations. 

The disturbances in the crystal structure accompanying the superionic transition 

are limited to the lithium sub lattice. This conclusion is further strengthened by the pair 

correlation functions of Li-Li, Li-O and O-O in Fig 2.6(a). But it is also noteworthy to 

mention that the disturbances in the lithium sub lattice occur gradually as seen from the 

broadening in the pair correlation functions of Li-Li with increasing temperature. On 
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similar lines, we can understand the angle distribution of Li-O-Li bond in Fig. 2.6 (b), 

which again shows no drastic changes near the fast ion transition. This reiterates the 

notion that the disturbances occurring in the lattice are highly localized and the local 

environment is only moderately disturbed. 

 

 

                          

 

 

 

 

 

 

 

 

 

 

          

  

 

 

 

Fig. 2.6 (a) Pair correlation functions of LI-Li, Li-O and O-O and (b) angle correlation 

function of LI-O-Li bond angle in Li2O at different temperatures and ambient pressure as 

obtained from MD simulations.  
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Fig. 2.7: Snapshots of the movement of  given lithium atoms (a) atom A and (b) atom B in 

a duration of 10 ps in the XY and YZ planes at 1250 K at ambient pressure. The values in 

the x-axis are actually multiples of lattice parameter at 1250 K. 

 

The oxygen sub lattice remains unperturbed as seen from the plots in Fig. 2.6. The 

position – time plots of certain Li atoms, for a time duration of 10 picoseconds at 1250 K 

in XY and YZ planes are given in Fig 2.7. The Li atom A at an initial position (the 

positions are actually multiples of the lattice parameter) of (1.25,1.25,1.25) moves to a 

second position (1.25,1.25,1.75) with a jump time of approximately 0.065 picoseconds, 
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residence time being more than 3.3 picoseconds at the initial position. It then moves to 

the third position of (1.25,0.75,1.25).  The residence time at the second position is 3.9 

picoseconds.  Before moving to the third position, it undergoes some transit zig- zag 

motion in the octahedral region surrounding the coordinate (1.25,1.65,1.5).On the other 

hand atom B starts at an initial coordinate of (3.75,0.75,1.75) and then moves to the 

second position (3.75,1.25,1.75) in the time duration for which these atoms were tracked. 

These results indicate that the lithium atoms jump from one tetrahedral position to 

another, passing the octahedral interstitial regions during transit; at any given instant the 

probability of an atom sitting in the octahedral position is rather small.  

Similar results have been reported for CuI [39,40], where ionic density 

distribution shows no or very little occupation of the octahedral sites with increase in 

temperature. Average potential energy curves obtained for CuI [39] depicts that energy is 

a minimum at the tetrahedral sites and rises rapidly as the octahedral site is approached. 

The lithium atoms essentially move from one tetrahedral position to another randomly, 

yet maintaining the local order and structure to a great degree. 

 

2.2.2.1c.  Phonons in superionic regime 

Having ascertained the process of fast ion difusion the author has looked at the 

changes occurring in the phonon dispersion in the superionic regime. The phonon 

dispersion using the potential model at lattice parameters corresponding to ambient (a = 

4.60 Å) and superionic (a = 4.90 Å) regime are shown in Fig.2.8. As expected the phonon 

frequencies along all the three direction are found to soften with increase of volume. The 

softening is found to be small for all the modes except for the lowest transverse acoustic 

(TA) branch along [110] at zone boundary.  
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  The eigen vector of TA mode has been plotted (Fig. 2.9) corresponding to 

the unit cell parameter of a= 4.88 Å. Lithium atoms in the alternate layers move opposite 

to each other along [001] while oxygen’s are at rest. The easy direction for lithium 

movement is along [001] (as discussed below). Hence increasing the temperature could 

lead to migration of lithium ions from one site to another vacant site along [001] 

direction, which can easily be visualized from the figure.  

 

 

 

 

 

 

 

 

 

Fig. 2.8: Phonon dispersion using quasiharmonic approximation at a = 4.6 and 4.9 Å 

(full black and red dashed lines). These values of the lattice parametes were obtained 

from MD simulations. Phonon energies shown below E = 0 have imaginary values 

indication unstable modes.  

Fig. 2.10 gives the change in the transverse acoustic frequency with increasing 

lattice parameter, using potential model calculations. The lowest TA mode along [110] at 

zone boundary is found to soften sharply at volume in the superionic regime. At the 

superionic transition, some of the lithiums might just have sufficient energy to move from 

their ideal positions and start diffusing. It is possible that the softening of these modes 
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might be the precursor to the process of diffusion.  Fracchia [32] et al have also reported 

softening of zone boundary mode along [001] in Li2O.  

 

 

 

 

 

 

 

 

 

Fig. 2.9: Motion of individual atoms for zone boundary TA mode along the [110] 

direction at a = 4.88 Å. The lengths of arrows are related to displacement of the atoms. 

The absence of an arrow on an atoms indicates that the atom is at rest. b is perpendicular 

to the plane. O= red (dark gray) spheres, Li = blue (medium gray) spheres.  

 

 

 

 

 

 

 

 

Fig. 2.10: Softening of zone boundary TA phonon along [110].  The equilibrium a 

parameter is 4.6 Å. 
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2.2.2.1(d). Temperature variation of elastic constants and energy profile 

for Li-movement 

Molecular dynamics (MD) technique is used to calculate the effect of temperature 

on the elastic properties. It is found that increasing temperature results in significant 

change in the acoustic phonon frequencies which in turn brings a change in the elastic 

properties. The calculations are found to be in good comparison (Fig. 2.11) with the 

reported experimental data. C11 shows maximum softening which is one of the 

characteristic features of a superionic compound. The change in C12 is marginal while C44 

remains almost constant with temperature increase. The gradual change in C44 and C12 

with increasing temperature is brought out better in the molecular dynamics simulation 

and is in good agreement with experimental findings. With increasing temperature most 

of the phonon modes shift towards lower energy. The details of dependence of elastic 

constants on temperature could play a pivotal role in understanding the role and uses of 

lithium oxide as blanket material for tritium production in fusion reactors. 

The movement of atoms in a material depends on the interatomic bonding, 

temperature, microstructure, size and type of atoms moving. Energy profile for lithium 

movement has been calculated by creating a vacancy and moving a lithium atom from its 

initial lattice site towards the vacant lattice site along a given high symmetry direction, 

namely [001], [110] and [111] directions in a 10×10×10 supercell, and monitoring the 

change in the total crystal potential. The charge neutrality of the super cell has been 

maintained in the complete process. This enables us to identify the easy direction for Li 

motion towards vacancy at different temperatures.  The profiles of the energy changes are 

shown in fig. 2.12. The calculated energies for movement of Li atom along [001], [110] 
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and [111] directions are 0.3(0.0), 9.4(6.3) and 2.0(1.8) eV respectively at unit cell volume 

corresponding to 4.60 and 4.88 Å. It can be seen that the most favorable direction for 

lithium movement is along [001] direction.  With increase in temperature, the increased 

availability of defects and vacancies could lead to a simultaneous movement of several 

lithium ions towards their nearest vacant site. This cooperative phenomenon could lead to 

a macroscopic effect of diffusion which is observed in Li2O above superionic 

temperature. But this does not rule out lithium’s motion along a combination of other 

directions. 

 

 

 

 

 

 

 

 

 

Fig. 2.11: Softening of elastic constants with increasing temperature compared with 

reported experimental results [42,2]. The open, half-filled symbols correspond to the 

calculated values using MD and LD formalism, while solid symbols denote the reported 

experimental results. 
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Fig. 2.12: Energy profile for lithium ion movement along high-symmetry directions. 

Calculations were carried out using a 10 x 10 x 10 supercell corresponding to lattice 

parameter values of 4.606 and 4.88 Å. 

 

2.2.3 UO2 

2.2.3.1 Results and Discussions 

2.2.3.1(a)  Phonon spectra and thermodynamic properties of UO2 

                      The calculated values of the lattice parameter, bulk modulus, and elastic 

constants compare well with the experimentally obtained data [52,53] as given in Table 2. 

2. The average Grueneisen contant, Γi for all the phonons in uranium oxide is 1.55 and 

they agree well with available experimental data [68].   

The phonon dispersion relation in UO2 at various pressures, is shown in Fig. 2.13, 

along the various high symmetry directions. The computed dispersion at P = 0 GPa is in 
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excellent agreement with available inelastic neutron scattering experimental data [69]. 

The phonon frequencies are found to harden progressively with increasing pressure. With 

increase in pressure, our calculations do not indicate any softening of the phonon modes. 

Theoretical studies reveal a free energy crossover at 70 GPa [70]. 

 

Table 2.2: Comparison between calculated and experimental lattice [1,59] parameters and 

elastic constants at ambient conditions.  

Physical Quantity Experimental Calculated 

Lattice parameter (nm) 0.5470 (1) 0.546 

Bulk Modulus (GPa) 207 181 

C11 (GPa) 389(5) 387 

C44 (GPa) 60(3) 66 

C12 (GPa) 119(7) 77 

Anisotropy factor   

(2C44/(C11-C12)) 

0.426 0.444 

   

Our calculations suggest that it is not driven by dynamic instability but arises due to 

lower volume of the high-pressure cottunite phase. At P = 0 GPa, the highest phonon 

branch is seen at about 70 meV, which shifts up to 80 meV at P = 50 and further to 80 

meV at P = 100 GPa. The energy spread between the acoustic modes is greater at higher 

pressures. The gap between the lowest optic mode and the highest acoustic mode 

increases with increasing pressure at the zone boundary.  The total and partial densities of 

UO2 are given in Fig. 2.14. The observations of phonon dispersion picture are further 

substantiated by this figure.  
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Fig. 2.13: Calculated (full lines) phonon dispersion relation in UO2 at P = 0, 50 and 100 

GPa. The P = 0 GPa calculated dispersion relations are compared with reported (solid 

circles) experimental data of Dolling et al [69]. 

The energy span at P = 0 GPa is between 0 and 70 meV, at P=50 GPa it is up to 

80 meV, while at P=100 GPa it spans up to 90 meV. The peaks in the phonon spectra 

progressively harden with increase of pressure. The partial densities of states of the 

oxygen  atoms show that they contribute almost throughout the range mainly from 20 to 

70 meV at lowest pressure, between 40 to 80 meV at 50 GPa and between 50 to 90 meV 

at 100 GPa. Uranium atoms’s predominant contribution is limited to the lower energy 
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range up to 25 meV and its position remains unchanged with pressure, indicating its much 

higher stability as compared to the oxygen atoms. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.14 Phonon density of states at P = 0, 50 and 100 GPa along with the partial 

density of states for uranium and oxygen. 

Fig. 2.15a gives the computed specific heat CP(T) compared to reported data 

[60,71]. Quasiharmonic lattice dynamics calculations significantly underestimate the 

observed specific heat (full line in Fig. 3a). Taking into account the thermal expansion 

values obtained from molecular dynamics simulations and temperature variation of bulk 

modulus, fairly accurate description of the CP-CV corrections are obtained. The computed 
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specific heat at high temperature after incorporating these corrections (open circles in Fig. 

3a) are in good agreement with experiments [60] and reported molecular dynamics 

simulations of Yakub et al [71].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.15(a) Calculated specific heat at constant pressure. Quasiharmaonic lattice 

dynamics calculations (full line) significantly underestimate the observed CP(T) (solid 

circles). Taking into account thermal expansion obtained from MDS and temperature 

variation of bulk modulus, a fairly accurate description of CP(T) has been obtained (open 

circles). (b) Equation of state of UO2. 

There are various factors like disordering of the oxygen sub-lattice, electronic 

excitations, valence- conduction band transitions, etc. which play a significant role in the 

anomalous increase in the specific heat which sets in even before the fast-ion transition. 
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Defects do not contribute significantly over the 0-1600 K temperature range reported in 

this study, but divalent Frenkel defects are the predominant form of atomic disorder [72]. 

The equation-of-state is shown in fig. 2.15(b), however, experimental data for the same is 

unavailable for comparison. There is a smooth decrease in volume with increase in 

pressure. 

 

2.2.3.1(b) Diffusion and fast-ion transition 

 

 

  

 

 

 

 

 

 

Fig. 2.16 Oxygen atom’s diffusion coefficient, D and its variation with temperature 

obtained from MD simulations in comparison with those reported by Yakub [71] et al. 

The diffusion coefficient of the oxygen ion has been computed as depicted in Fig. 

2.16. High temperature data of the diffusion constant of oxygen in UO2 is unavailable for 

comparison. Our molecular dynamics calculations suggest that the superionic phase sets 

around 2300 K, results have been compared and are found to be in good agreement with 

those of Yakub et al [71]. The signature of a  superionic transition is found indirectly in 

the enthalpy studies on UO2, since direct measurements are made difficult with high 
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temperatures involved [73-76]. It is found to undergo a bredig transition (involving jump 

in specific heat across the normal to superionic phase transition) at about 2610 K. The 

diffusion coefficient is comparable to that of a liquid in the superionic phase.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.17 (a) Calculated (MDS) thermal amplitude of oxygen<u2>1/2 as a function of 

temperature (open circles) at ambient pressire amd comparison with experiment [5] 

(solid circles). (b) Variation of lattice volume with temperature compared with 

experimental (solid circles) and reported MDS (solid stars, Yakub et al and open circles, 

this work) 

Calculations of the thermal amplitude using molecular dynamics simulations 

(open circles) have been compared with experimental results [5] and reported calculations 

[71] in fig. 2.17a, and are in good agreement. The change in the slope of the plot at the  
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Fig. 2.18(a) Pair correlation functions of U-U, U-O and O-O and (b) angle-

correlation function of O-U-O bond angle in UO2 at different temperatures and at 

ambient pressure.  

superionic transition (T~2300 K) is seen clearly. The thermal expansion of the unit cell 

obtained from the MD simulations, which includes anharmomic effects is plotted in fig. 

2.17b, agrees well with experiment. In case of the reported experiment [5], the various 
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data points correspond to different crystals and different instruments.The information on 

the nearest neighbour distances can be obtained from the radial pair correlation functions. 

The pair correlation of the UO2 lattice at different temperature from T = 300 K (room 

temperature) to superionic state at T = 2550 K is plotted in Fig. 2.18(a).  

Gradual disordering of the oxygen sub-lattice can be seen with increasing 

temperature. In the U-U correlation, we can see that there are very little changes in the 

peak positions. The plots at various temperatures almost overlap completely. We can 

conclude that the U-U order is almost untouched by the growing thermal disturbances. In 

case of U-O, little but subtle changes can be seen with increase in temperature. But the 

maximum changes are seen in the O-O pair correlation, the peaks broaden with 

temperature increase and at highest temperature investigated, the probability of finding an 

oxygen atom is nonzero at any point beyond a minimum distance. Similarly, the angle-

correlation changes in the O-U-O reveal more fluctuations and a broader character as 

temperature is raised.  From the above discussion we can conclude that the disturbances 

in the crystal lattice accompanying the superionic transition are limited to the oxygen sub-

lattice alone. 

 

2.3 PHONONS, LITHIUM DIFFUSION AND 

THERMODYNAMICS OF LIMPO4 (M=MN, FE)  

 

2.3.1 INTRODUCTION 

Ever increasing energy demands has always promoted research for the elusive 

perfect battery material, thus paving way for a safer, secure, sustainable energy 
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alternative [13-18]. Lithium transition metal phospho-olivines [19,20,21] have emerged 

as one of the leading contenders in this race. Since the time they were proposed by Padhi 

[18,20] et al, they have been actively considered as a potential and viable alternative to 

the conventional cathode materials like LiCoO2. LiMPO4 have large theoretical capacity 

[20,21] and a large operating voltage [16,20] . The importance is further accentuated by 

their stability [22,23], high safety, low cost, low toxicity and cyclability. The 

electrochemical [24-27] properties of these materials determine Li intercalation and 

deintercalation [26], vital to their functioning as useful electrode materials. They in turn 

are determined by their basic structural and thermodynamic properties.  Despite enormous 

works pertaining to battery research [24-30], many aspects of their basic vibrational and 

other physical properties have not been copiously studied. Studies on delithiated [77-81] 

LiMPO4, solid solutions have been done to explore methods to increase conductivity in 

these compounds [77-85] . There have been several first principle studies of their 

electronic properties [85-100a], Li diffusion [91-96], easy direction of lithium diffusion 

[97-100], inelastic neutron scattering on unmixed and disordered Li0.6FePO4 [101], 

magnetic behavior, theoretical studies on their vibrational properties and a few Raman, 

infrared studies on zone centre phonon modes [102-106].  

   At ambient conditions, these compounds crystallize in olivine type (Fig. 2.19) 

orthorhombic Pnma [107] space group analogous to mineral Triphylite structure. LiMPO4 

are paramagnets above their Neel temperatures. In case of LiFePO4 [108-110], below TN= 

50 K, Fe2+ spins align collinear with b-axis, while in LiMnPO4 [111,112], Mn2+ spins 

align along a-axis below TN = 34 K.  The structure comprises of discrete PO4 tetrahdera 

and highly distorted oxygen octahedra about lithium and transition metal ion, M. The PO4 

tetrahdra are irregular, with two significantly different sets of O-O distances.  
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Fig.2.19 Structure of LiMPO4 (M=Mn, Fe) (orthorhombic Pnma space group) derived 

from xcrysden software at T = 0 K. Key; Li: Red spheres, M=Mn or Fe: Yellow spheres, 

P: Green spheres, O: Blue spheres. 

A rich collection of studies on these compounds relating to its technological 

applications are available in literature.  But low electronic conductivity and low lithium 

diffusivity plague [113], the effective use of these compounds as battery materials. There 

have been several studies on methods [114-127], to overcome these limitations. There are 

reports on super-valence ion doping in Li-site, doping in M-site, nanocomposite 

LiFePO4/carbon powder, thermal treatment and carbon coating to improve upon its poor 

lithium transport in solid-state. There are studies to determine the preferable directions of 

Li diffusion, quantitative values of DLi (diffusion coefficient) [81,122], in LiFePO4 using, 

muon spectroscopy [94,95], as well as first principles method. The chemical diffusion 

coefficient of Li has been studied using galvanostatic intermittent titration techniquene 

[122-124]. Atomistic studies on the role of defects in Li transport have been studied 

[125]. Effect of non-stoichiometry, strain and doping on Li diffusion [126,127] in both 

LifePO4 and LiMnPO4 [81] has also been extensively studied. Carbon coating of LiMPO4 
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[115] and vacancies [97] in the lattice are found to increase the conductivity of these 

compounds.  

Our interest in this study has been to understand the dynamics of these compounds 

and plausible role of phonons in triggering the lithium ion movement. In this work the 

author has studied phonons in the entire Brillouin zone, diffusion of lithium and 

microscopic picture of the disturbances occurring in the lattice with increasing 

temperature.   Inelastic neutron scattering measurements of the phonon density of states 

has been reported for the first time and its calculation using shell model. The model 

calculations are in good agreement with the inelastic neutron scattering data. This allowed 

testing of our model, which is used to explore the possibility of Li diffusion using 

molecular dynamics simulations.  

 

2.3.2 EXPERIMENTAL DETAILS  

Polycrystalline samples of LiMnPO4 and LiFePO4 were synthesized by the solid 

state reaction of appropriate reactants. LiMnPO4 was synthesized from the stoichiometric 

ratio of NH4MnPO4.H2O and Li2CO3 in argon atmosphere at 750 °C. NH4MnPO4.H2O 

was prepared by precipitation from MnCl2 solutions using aqueous ammonia. LiFePO4 

was synthesized by the reaction between Li2CO3, Fe2O3 and NH4H2PO4 and glucose at 

700 °C in flowing N2 atmosphere. Glucose was used as reagent for reducing Fe3+ to Fe2+.  

 The inelastic neutron scattering measurements of the phonon density of states in 

the polycrystalline samples of LiMPO4 (M=Mn,Fe)  has been performed using the IN4C 

time of flight spectrometer at the Institut Laue-Langevin (ILL), in Grenoble, France. 

About 10 grams of polycrystalline samples were used in thin aluminum foil. Sample 

thickness was about 2 mm. The measurements at 300 K were performed in the neutron-
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energy gain mode with incident neutron energy of 14.2 meV (2.4 Å).  The elastic energy 

resolution is 0.5 meV. The energy resolution of the instrument varies from a minimum of 

0.5 meV to 10% of the energy transfer.  The detector bank covered scattering angles from 

10° to 110°. The signal is corrected for the contributions from the empty cell and suitably 

averaged over the angular range using the available software package at ILL.  A standard 

vanadium sample was used to calibrate the detectors.  

 

2.3.3  COMPUTATIONAL DETAILS 

 The lattice dynamics calculations has been performed using empirical potential as 

described in equation (1.25) and (1.26) in chapter 1 .Our empirical calculations have been 

carried using interatomic potentials consisting of Coulomb and short-range Born-Mayer 

type interaction terms.  The term Cij =100 eVÅ6 accounts for the van der Waals 

interaction between O-O pairs. The effective charge Z(k) and radii R(k) parameters used 

in our calculations are Z(Li)= 1.0 , Z(Fe/Mn)= 1.869  Z(P)= -3.581.6, Z(O)= -1.6125 , 

R(Li)= 1. 35 Å,  R(Fe)= 1.88 Å,  R(Mn)= 1.91 Å ,  R(P)=  1.20,and R(O)= 1.65 Å. The 

polarizability of the oxygen atoms is introduced in the framework of the shell model [67]. 

The shell charge and shell core force constants for oxygen atoms are −2.00 and 60 eV/Å2 

respectively. The parameters of the potentials satisfy the conditions of static and dynamic 

equilibrium.  

 Classical molecular dynamics calculations have been carried out to understand the 

diffusion of lithium ions with increasing temperature. The interatomic potential 

parameters are the same as those obtained from our lattice dynamics simulations except 

that the oxygen polarizability was not included. The evolution of the super cell consisting 

of 7056 ions (4a × 7b × 9c) has been carried out in the NPT ensemble. The mean-square 
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displacements of atoms and pair correlation between pairs of atoms have been calculated 

using the simulations. 

 

2.3.4 RESULTS AND DISCUSSION 

2.3.4.1 Phonon Density of States 

  The measured neutron inelastic scattering spectra at room temperature with 

incident neutron energy of 14.2 meV are shown in Fig.2.20. The geometrical constraints 

of the instruments have allowed collecting the data from about 1 to 7 Å-1. We find that for 

data summed over 1 to 7 Å-1 the phonon spectra of both the LiMPO4 (M=Mn, Fe) consist 

of a strong peak between 0 and 8 meV.  The Raman and infrared measurements do not 

indicate zone-centre optic modes at such low energies [102-104]. In order to understand 

the origin of the peak, experimental data were grouped in two different regimes namely, 

high Q (4 to 7 Å-1) and low Q (1 to 4 Å-1) respectively.  We find that for high Q data the 

intensity of the low energy excitations between 0 and 5 meV have decreased strongly, 

while low Q data indicate substantial increase in intensity of the same peak. The magnetic 

signal is expected [67] to be more pronounced at low Q, and decrease strongly at high 

Q, following the magnetic form factor.  

 Further S(Q,E) plots for  LiMPO4 (M=Mn, Fe)  are shown in Fig. 2.21. As 

mentioned above both the compounds have antiferromagnetic ordering below 50 K.  The 

Fe [108-110]  and Mn [111,112] compounds show antiferromagnetic ordering below 52 K 

and 35 K respectively. Strong intensity at 300 K around 5 meV in LiFePO4 is due to 

paramagnetic scattering of the compounds.  In case of LiMnPO4 paramagnetic scattering 

is below 3 meV.  The magnetic scattering is seen (Fig. 2.21) as a broad quasi elastic like 

signal centered around 0 meV in the S(Q,E). 
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Fig. 2.20  The experimental neutron inelastic scattering spectra of LiMPO4 (M=Mn, Fe) 

at 300 K. For better visibility the low Q and high Q spectra are shifted along the y-axis by 

0.005 meV-1 and 0.01 meV-1 respectively.  

 

 

 

 

 

 

 

 

 

 

Fig. 2.21 The experimental S(Q,E) plots for LiMPO4 (M=Mn, Fe) at 300 K.  
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Fig. 2.22 The comparison of the calculated and experimental neutron inelastic scattering 

spectra for LiMPO4 (M=Mn, Fe) at ambient pressure at 300 K. The ab-initio as well as 

potential model calculations are carried out at 0 K. The multi-phonon contribution 

calculated using the Sjolander formalism [128(b)] has been subtracted from the 

experimental data. The experimental spectra comprises of magnetic and phonon 

contribution, while computed results pertain to phonon contribution alone.The calculated 

spectra have been convoluted with a Gaussian of FWHM of 0.5 meV to 10% of the energy 

transfer in order to describe the effect of energy resolution in the experiment. 

There are already experimental data [109,111] on the presence of magnetic 

excitations below the Neel temperatures, where energy of such excitations is around 5 

meV in LiFePO4; and below 3 meV in LiMnPO4. Hence we can consider the lowest 

energy peaks in these compounds at 300 K to be due to paramagnetic scattering. 

Fig. 2.22 gives the neutron weighted density of states of the powder samples in LiFePO4 

and LiMnPO4 in comparison with the calculated model potential results. The multiphonon 

spectra have been calculated using the Sjolander 128[b] formalism and subtracted from 

the experimental data. The phonon spectrum extends up to 150 meV. The experimental 

spectrum consists of several peaks at 25, 55, 75 and 120 meV.  No modes are observed 

for energies between 85 and 105 meV.  The general characteristics of the experimental 
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features are well reproduced by the calculations.  The parital contribution of the 

constituent atoms to the total phonon density of states in the two olivines computed using 

model calculations is shown in Fig. 2.23.  We find that Fe/Mn ions contribute largely 

below 40 meV, while Li being lighter contributes up to 75 meV. The density found 

beyond 105 meV is only due to the stretching modes of the PO4 polyhedra. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.23 The calculated partial densities of states in LiMPO4 (M=Mn,Fe) using potential 

model. 
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2.3.4.2 Thermal Expansion, Diffusion Coefficient and Pair Correlation 

Function  

 Molecular dynamics simulations have been carried out using a supercell of 7056 

atoms to study its evolution with increasing temperature. The system has been allowed to 

evolve for 80 picoseconds at each temperature. The thermal expansion of LiMPO4 

(M=Mn,Fe)  has been calculated using model potentials in the quasiharmonic 

approximation and molecular dynamics simulations. The results have been compared 

with available experimental data [79,102 (a)] in Fig. 2.24.  

 

 

 

 

 

 

 

 

Fig. 2.24 Comparison between the experimental [79,102(a)] and calculated volume 

thermal expansion of LiMPO4 (M=Mn, Fe). The dashed and full lines correspond to 

classical lattice dynamics (LD) and molecular dynamics (MD) calculations respectively.  

 There is a slight deviation between the calculated and experimental thermal 

expansion for LiFePO4. The quasiharmonic calculations agree very well with the 

molecular dynamics simulations, suggesting that there are not very explicit temperature 

effects in the lattice with increasing temperature. But we did not notice any perceivable 

diffusion (comparable to that of liquids, i.e of the order of 10-9 m2/s) of lithium from our 
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results, which indicates that diffusion coefficient is well below 10-10 m2/s, beyond the 

scope of our molecular dynamics simulations.  At 300 K, the galvanostatic and 

potentiostatic [122-124] intermittent titration of the most diffusing member has yielded 

values between 10-14 and 10-18 m2/s for diffusion of lithium (DLi) ions in solid solution of 

LixFePO4 and Li1-xFePO4 (X < 0.02), respectively.  GITT, electrochemical impedance 

spectroscopy (EIS) and cyclic voltammetry (CV) have been carried out to obtain DLi 

[122-124] in thin films of LiFePO4, these values are also in the order of 10-14 m2/s. Self 

diffusion coefficient of Li+ at 300 K measured using Mossbauer, muon-spin relaxation 

[94,95] is 3.6 x 10-14 m2/s in LiFePO4. 

Experimental visualization [97,98] of lithium diffusion has been reported in 

delithiated Li0.6FePO4. The diffusion of the constituent atoms in LiMPO4 (M=Mn,Fe) was 

monitored in our molecular dynamics simulations. As expected lithium exhibits 

maximum mean square displacement as seen in Fig. 2.25 in both the compounds, which is 

very good agreement with Zhang et al [100] and Islam et al [125]. 

Yang et al have carried out ab-initio molecular dynamics study [99] to understand 

Li diffusion mechanism in LiFePO4. The authors find that there is no macroscopic 

diffusion till 2000 K, beyond 2000 K Li diffuses in a curvaceous path, thermal vibration 

of trapped Li ions is quite anisotropic with a preferred direction towards face-shared 

tetrahedral Li sites. The authors also discuss about another possibility of Li ion migration 

involving the formation of Li-Fe antisite defect. It has been concluded that Li diffusion in 

LiFePO4 is far more complex than suggested by previous researchers [91-100].  This 

concludes that these compounds in the pure form cannot be considered to belong to the 

family of superionic conductors [1].  The coefficient of diffusion of lithium in these 

compounds is reported to be around 10-12 m2/s, about three orders lower than that of a 

liquid   (10-9 m2/s), which is the typical value for a superionic conductor. The various 
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experimentally reported values of DLi in the literature are found to be several orders of 

magnitude lesser than reported calculated values. The experimentally measured DLi falls 

in the range of 10-17 to 10-11 m2/s, which is the range suitable for a cathode material, 

hence finds extensive use in rechargeable batteries. 

 

 

 

 

 

 

 

 

Fig.2.25 Mean-Squared Displacement of constituent atoms in LiFePO4 and LiMnPO4 

with increasing temperature using molecular dynamics simulations. 

 The pair correlations between two atoms indicate the probability of finding a 

given type of atom with respect to the atom considered. Fig. 2.26 and show the pair 

correlation between various ion pairs in both the compounds at different temperatures. 

The correlation between Li ions shows some noticeable changes with increasing 

temperatures; at 1100 K there are some subtle changes in the atomic arrangement of 

lithium .This shows that with increase in temperature, there are readjustments occurring  

continuously in the Li-sub-lattice. In case of correlations between Fe-P, Li-P and Li-Fe 

there are very small changes indicating that the positions of these atoms have not changed 

with respect to each other. There are some small changes in the correlations between Fe-

O, P-P, Li-O, Fe-Fe and O-O. The P-O correlations are virtually undisturbed with 

increase in temperature, suggesting that PO4 unit remains rigid, but there are some 
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discernable changes in the orientations of the PO4 polyhedra, particularly with respect to 

Li-sublattice.  The correlations between Li-O show discernable changes at 1100 K as 

against the room temperature results.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.26  Pair correlation function of different pairs of atoms in the olivines at various 

temperatures; 300K - Solid line ; 1100 K- dashed line. 

              These results are in agreement with those of Zhang et al [100]. The behavior of 

the two olivines is similar with increase in temperature. Nevertheless the disturbance in 
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the lattice appears to be very little and does not suggest large scale diffusion in case of 

both the compounds. The presence of well defined correlation peaks at higher 

temperature, of the various pair points out to the fact that the compounds are stable and 

increased disturbances in lithium sub-lattice is a local effect and does not bring about any 

drastic change to the overall lattice.  

 

2.4 CONCLUSIONS 

 

            Shell model potentials have been successfully used to study the phonon properties 

of lithium oxide, uranium oxide and battery materials.  The interatomic potential is able to 

reproduce the elastic constants, bulk modulus, equilibrium lattice constant, and phonon 

frequencies, which are in good agreement with the reported data.  The potential has been 

used to understand the novel properties exhibited by each of these oxides. Possible role of 

phonons in the triggering of fast ion diffusion in these compounds has been investigated. 

The microscopic picture of the lattice under such extreme conditions as sublattice melting 

has been studied. In case of battery materials, the formulated interatomic potential has 

been validated by inelastic neutron scattering measurements of the phonon density of 

states. 

In case of Li2O, the calculated phonon dispersion relation is in very good 

agreement with the reported neutron and light scattering data. There appears no phonon 

softening even up to high pressures of 100 GPa.  Partial densities of state of lithium and 

oxygen atoms show that they contribute almost in the whole energy span up to 100 meV. 

There is a greater contribution of lithium in the higher energy side as compared to 

oxygen, which contributes more on the lower end.  This may be explained with regards to 
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their size and mass.  The calculated specific heat is in good agreement up to about 1100 K 

but shows a slower rise as compared to the experimental data when the superionic 

behavior sets in. Small deviations between the calculation and the experiment, begins to 

occur even at lower temperature which could be due to some defect generation in the 

lattice prior to the superionic phase. The diffusion coefficient calculated for lithium ion 

shows a transition to fast ion phase at around 1000 K whereas in experiment, it is seen to 

occur around 1200 K. At the transition temperature, lithium atom’s diffusion coefficient 

is comparable to that of a liquid and is in the order of 10-9 m2/s.  Application of static 

pressure of 5 GPa only brings about a marginal change in the transition temperature.  The 

pair correlation functions for Li-Li, Li-O and O-O and the angle distribution for Li-O-Li 

bring out the following inferences.  The pair correlations for Li-Li just show a gradual 

broadening with increase in temperature from 300 K to 1250 K. The distortions in the 

lattice due to fast ion diffusion are highly localized, and the local environment remains 

unchanged to a great extent.  These results indicate to a jump diffusion model in which 

the lithium ions move from one tetrahedral site to another tetrahedral site via octahedral 

interstitial sites. But nonetheless, they do not occupy any of these octahedral sites. The 

jump time of the lithium atoms at temperatures above the transition is very small, 

compared to their residence time at any given symmetry position. As a result, the lattice 

seems more or less undisturbed. Though there is a considerable movement of lithium 

atoms, author could not discern any rule governing their movements from one tetrahedral 

region to another.  

Using the abovesaid potential, the behavior of lithium oxide at the onset of 

superionic transition has been investigated. It is found that around the fast ion transition 

temperature, zone boundary TA phonon mode along [110] become unstable. This 

softening of the phonon could be a precursor to dynamical instability. This observation is 
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corroborated by the eigenvector of this mode, and could be one of the factors leading to 

diffusion of lithium ions.  The decrease in elastic constants with increasing temperature, 

which is one of the characteristic features exhibited by these fast ion conductors has also 

been studied. Finally author is able to relate the phonon softening with the ease of lithium 

movement at elevated temperature along [001] as against the other two high symmetry 

directions considered. These studies would throw better light and aid in improving the 

utilization of the oxide in its numerous technological applications.  

In case of UO2, the calculated phonon dispersion relation is in very good 

agreement with the reported neutron scattering data.  There is no phonon softening in 

UO2 even up to high pressures of 100 GPa.  Partial densities of state of uranium and 

oxygen atoms show that they contribute almost in the whole energy span up to 75 meV. 

There is a greater contribution of oxygen in the higher energy side as compared to 

uranium, which contributes more on the lower end.  This may be explained with regards 

to their size and mass.  The calculated specific heat is in good agreement up to about 1200 

K but shows a slower rise as compared to the experimental data beyond which several 

other factors like crystal field effects, electronic transitions, defect formation etc start to 

play role. The diffusion coefficient calculated for oxygen ion shows a transition to the 

fast-ion phase at around 2300 K whereas in experiment, it is seen to occur around 2670 K. 

At the transition temperature, oxygen atom’s diffusion coefficient is comparable to that of 

a liquid and is in the order of 10-9 m2/s.    The pair correlation functions for U-U, U-O and 

O-O and the angle distribution for O-U-O bring out the following inferences.  The pair 

correlations for O-O just show a gradual broadening with increase in temperature from 

300 K to 2550 K. The distortions in the lattice due to fast-ion diffusion are highly 

localized, and the local environment remains unchanged to a great extent.   As a result, 

the lattice seems more or less undisturbed.   
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A combination of inelastic neutron scattering, model lattice dynamics and 

molecular dynamics simulations calculations has been successfully used to understand the 

phonon dynamics and high temperature behavior in LiFePO4 and LiMnPO4. The 

measured phonon density of states is in excellent agreement with our theoretical 

calculations. Our molecular dynamics simulations suggest that diffusion coefficient of 

lithium is less than 10-10 m2/s in pure compounds, which is in agreement with reported 

results. Although lithium has maximum mean square displacement, it does not show any 

macroscopic diffusion, akin to a liquid. The pair correlation also suggest that there are 

subtle changes and disturbances occurring in the Li sub lattice, while PO4 remains 

structurally unaffected even up to the highest temperatures studied. Our calculations find 

the compounds to be thermally stable beyond 1000 K. Our exhaustive studies on their 

vibrational and thermodynamical properties will be useful in improving the utilization of 

LiMPO4 (M=Mn,Fe)  in  numerous technological applications.  
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Chapter 3 

Lattice dynamics and Born instability in Yttrium 

Aluminum Garnet (YAG), Y3A15O12 and Rare 

Eath Doped Aluminum Garnets 

3.1 INTRODUCTION 

Yttrium Aluminum Garnet (Y3Al5O12) is an important solid-state laser host [1,2]
 

material. Nd doped YAG has wide spread use in commercial, medical, military and 

industrial applications. A combination of ideal spectroscopic properties of the rare-earth 

ions in YAG crystal, low thermal expansion, high-optical transparency, low acoustic loss, 

high threshold for optical damage, hardness, stability against chemical and mechanical 

changes make it the most widely used laser material [3-10]. They are hard, stable, isotropic 

and their large thermal conductivities permit laser operation at high power levels. Being 

one of the most creep resistant [9] oxides, it finds application in high-temperature ceramic 

composites [11]. Various doped YAG materials have been proposed as optical pressure 

sensors upto very high pressures of the order of 180 GPa [12,13]. Garnets find use as 

geobarometers [14,15], form a part of mantle transition region in the pressure range 

between 10-25 GPa [16,17]. Rare earth Yb3Al5O12 garnet is a synthetic insulator, plays an 

important role as host crystals for near-infrared soli-state lasers [36]. Lu3Al5O12 doped with 

Ce
3+

 is a promising scintillator material with high density and a fast response time [36].  

  Owing to its numerous practical applications, a thorough understanding of the 

vibrational properties and high-temperature, high-pressure behavior becomes vital. Several 
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studies with the aim of understanding the influence of defects due to doping have already 

been carried out [18-26]. Better understanding of the parent compound would throw 

insights into the changes occurring in the solid-state properties of the crystal on doping. 

This information would further help in improving the usefulness of the doped YAG systems 

that find varied technological applications. Various workers have reported experimental X-

ray and neutron diffraction [27-29], Brillouin scattering and ultrasonic studies [30,31],  

Raman [32] and infrared spectroscopy [5,30-33],   measurements of the specific heat [34] 

and thermal expansion [35] of YAG. Theoretical studies of the electronic structure of pure 

garnets [3,8,10], and symmetry based studies on the vibrational properties of several rare-

earth garnets [36-41] have also been reported.  

The behavior of garnets under pressure has always been a subject of interest. 

Many garnets like Fe-rich YIG [42], Gallium Garnet (GGG) [28] etc are found to undergo 

pressure induced amorphization. But experimental studies indicate that YAG based 

materials are stable under fairly high pressures as high as 180 GPa [12].  It is found to be 

thermally stable up to high temperatures [34,35] as well. Pressure induced amorphization 

has been studied in a number of model systems like α–quartz, ice etc and it has been 

observed that the onset of pressure induced amorphization coincides with zone boundary 

phonon softening and elastic instabilities [43,44].  

A comprehensive lattice dynamics study of pristine YAG, aimed at understanding 

its vibrational spectra, elasticity and thermodynamical properties at high pressure and 

temperature has been scarce. This work reports an extensive study on the structure, 

vibrational and thermodynamic properties of YAG, in detail and elastic stability of rare-

earth garnets. The author has calculated the pressure dependence of phonon frequencies in 

the whole Brillouin Zone. Such extensive calculations of the phonon dispersion relation in 

the various symmetry directions, phonon density of states and thermodynamic properties of 
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YAG has not been reported till now.  All reported ab initio works [45-56] on various garnet 

structured materials, including YAG, have mainly been restricted to structural and 

electronic properties. There are only a few studies [49,53-56] on phonons and due to the 

complex structures involved, these workers report calculations of only the long wavelength 

phonons, i.e., at the zone centre. There is no reported high pressure ab initio studies on the 

dynamics and elastic properties of YAG. This work is an effort to understand the basic 

phonon related properties in pure YAG.                 

Microscopic understanding of the thermodynamic, high-pressure properties of these 

garnets is essential for the quantitative understanding of its variety of properties. Accurate 

characterization of the structural, vibrational and thermodynamic properties is essential for 

understanding the physics involving these garnets. These studies are fairly involved as these 

garnets have complex crystal structures with a large number of atoms in the primitive cell. 

The crystal structure has been calculated along with the elastic constants, and density of 

states. Thermodynamic properties including the equation of state, specific heat and thermal 

expansion have also been computed. The aim in the study has been to model the ambient 

phase, extrapolate the model calculations to high pressure and temperature, search for 

dynamical instabilities, and understand the changes occurring in the bonding with 

increasing pressure and temperature. The response the of the various Raman active 

frequencies to pressure has been elucidated.  

 

3.2.  THEORETICAL CALCULATIONS 

The general garnet crystal has a chemical formula A3B’2B”3O12, space group Ia3d 

[27] as shown in Fig.3.1. The cubic cell contains eight formula units with the metal ions 

occupying different symmetry sites. The structure can be viewed as interconnected 
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dodecahedrons (at the A site), octahedrons (at the B’ site) and tetrahedrons (at the B” site) 

with shared O atoms at the corners of the polyhedra.  Each oxygen atom is a member of two 

dodecahedra, one octahedron and one tetrahedron. There are three main classes of synthetic 

garnets based on the atomic species at the B” sites. They are the aluminum garnets, iron 

garnet and gallium garnets. In case of YAG, the B’ and B” sites are both occupied by the 

same element (aluminum) in different valence states. These have a complex structure with 

80 atoms/primitive cell.  

Lattice dynamics calculations of the equation of state and vibrational properties may 

be undertaken using either a quantum-mechanical ab initio approach or an atomistic 

approach involving semi empirical interatomic potential. Owing to the structural 

complexity of garnets (80 atoms/primitive cell), the author has used an atomistic approach.    

The interatomic potential consists of Coulombic and short-ranged Born Mayer type 

interactions along with a  van der Waals interaction term (only between the oxygen atoms) 

as explained in equation (1.25) in chapter 1. The parameters used in this study have been 

adjusted to satisfy the conditions of static and dynamical equilibrium.  The effective charge 

and radius parameters used in the calculations are given in Table 3.1.         

 

                                                                              YAG - Y3Al5O12 

 

 

 

 

 

                     

Fig. 3.1.  Polyhedral representations of the crystal structure of YAG. 
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The van der Waals interaction terms have been introduced only between the oxygen 

atoms with C=100 eVÅ
6
.  The polarizability [60,61] of the oxygen atoms has been 

introduced in the framework of the shell model with the shell charge Y(O)= -2.00 and shell-

core force constant K(O)=110 eVÅ
-2

. 

The equilibrium crystal structure of YAG has been calculated by minimizing the 

Gibbs free energy at T=0 K with respect to the lattice parameters and the atomic 

positions. Since the structural energy minimization was done at T=0 K, the vibrational 

contribution was not included to derive the structure as a function of pressure. A small 

contribution expected from the quantum mechanical zero-point vibrations has been 

ignored. The good agreement between calculated and experimental pressure variation of 

Raman modes up to 20 GPa and equation of state up to 100 GPa (as discussed later) 

indicates that our model is valid at high pressures. 

Table 3.1:  Model parameters ( Al (1) and  Al(2) are in the octahedral and tetrahedral 

positions respectively). 

 Al (1) Al (2) O Y 

Z 1.7 2.556 -1.5475 2.5 

R(Å) 1.3 1.05 1.89 2.0 

 

 

 3.3  RESULTS AND DISCUSSIONS  

3.3.1 Crystal structure and elastic constants of YAG 

 The computed garnet crystal structure is found to be in unison with experimental 

findings [27]. The calculated lattice constant and the fractional coordinates are found to be 

in good agreement with reported data as can be seen from Table 3.2. The elastic constants 
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have been calculated from the slopes of the acoustic phonon branches, and bulk modulus 

has been calculated analytically using the elastic constant values. The pressure derivative 

'B  has been obtained numerically using the values of bulk modulus at different pressures. 

Numerical values of elastic constants for a cubic crystal are determined by the 

values of acoustic mode frequencies near zone center along <100>, <110> crystallographic 

directions. Along <100> the longitudinal acoustic mode yields C11, while the transverse 

mode gives C44. The value 0.5(C11-C12) is given by the transverse mode along <110> (with 

polarization along <1 10> direction). The calculated elastic constants and bulk modulus are 

found to be comparable with reported values as shown in Table 3.3 [30,31,3,8].  C11 is the 

largest while C12 and C44 are comparable as is generally found in most cubic crystals. The 

variation of elastic constants with pressure is plotted in Fig. 3.2.  C11 and C12 vary linearly 

with pressure while C44 remains almost unchanged. Bulk modulus at 100 GPa is 556 GPa, 

which is about thrice its value at ambient pressure, so it becomes very hard compared to the 

ambient phase.  

Stablity of a lattice is central to understanding its structural response to change in 

physical conditions. Born criteria deals with systematic study of crystal stability in the 

unstressed conditions. The criteria are namely, C11+2C12>0; C44>0 and C11-C12>0, where 

Cij are the conventional elastic constants [62a,b,c,]. There are several definitions for 

elastic constants at high pressure. For cubic crystals the relevant elastic constants under 

hydrostatic pressure that define the Born stability criteria are c11 = C11–P, c12 = C12+P and 

c44=C44-P, where C11, C12 and C44 are the elastic constant values derived from the slopes 

of the acoustic phonon branches. For cubic crystals, under hydrostatic loading, the 

mechanical Born stability criteria [62] leads to c11+2c12>0, c11-c12>0 and c44>0. For the 

system to be mechanically stable, all these three conditions given above must be 
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simultaneously satisfied. The Born stability criteria that is violated in the present case is 

that the parameter c44 = C44 –P should be positive. This implies that the crystal loses its 

resistance to shear deformation. This violation is found in the calculation at P above 108 

GPa. Although C44 itself remains positive, the value of the pressure derivative of the 

elastic constant C44 is less than 1 as per our calculations; as a result the parameter c44 = 

C44 –P, is very close to zero at 100 GPa and becomes negative beyond 108 GPa. Fig. 3.2 

gives c11, c12 and c44 for YAG under pressure; it can be see that c44 becomes negative 

around 108 GPa. Reported experimental [12] energy dispersive X-ray diffraction data 

suggests that long range crystalline order is lost beyond 100 GPa in Sm-doped YAG.  

The pressure derivates of the computed elastic constants have been compared in 

Table 3.4 with those reported by Saunders [29] (calculated using a atomistic model) et al 

and with experimental (ultrasonic wave velocity measurements up to 0.15 GPa) results of 

Yogurtcu [31] et al. Our calculations are in good agreement with experimental values as 

well as with the previous calculations by Saunders et al (those obtained with 90% 

ionicity). 

3.3.2 Long wavelength phonon frequencies of YAG 

Corresponding to the 80 atoms in the garnet primitive cell, a total of 240 phonon 

modes occur at every wave vector.  Group theoretical symmetry analysis was undertaken 

to classify the phonon modes belonging to various representations.  Because of the 

selection rules only phonon modes belonging to certain group theoretical representations 

are active in typical single crystal Raman, infrared and inelastic neutron scattering 

measurements. These selection rules are governed by the symmetry of the system and the 

scattering geometry employed. The theoretical scheme for the derivation of the symmetry 

vectors is based on Irreducible Multiplier Representations [63-65] involving construction 
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of symmetry adapted vectors, which are used for block diagonalizing the dynamical 

matrix. This enables the assignment of the phonon modes belonging to various 

representations, and direct comparison with observed single crystal Raman and infrared 

data. 

Table 3.2: Comparison of calculated (ambient as well as high pressure) structural 

parameters and average bond lengths with reported experimental and ab initio data 

under ambient conditions. For the space group  Ia3d, the  Y, Al(1), Al(2), and O atoms 

are located at  Wyckoff positions 24(c)(0, 0.25, 0.125), 24(d) (0, 0, 0), 16(a) (0.375, 0, 

0.25) and 96(h) (u,v,w) respectively. 

 P (GPa) 

0  

Experimental 

[27]
 

(ambient) 

 

0 

 (ab-initio 

[3,8,9]) 

0 

 

50  

 

110 

   

Lattice 

parameter, 

a (Å) 

12.0   

 

11.904 11.96  

 

11.24 

 

10.78 

u 0.9694  0.96 0.959 0.959 

v 0.0512  0.047 0.054 0.056 

w 0.15  0.16 0.159 0.157 

Y-O (Å) 2.3675 2.37 2.36 2.24 2.15 

Al(1)-O , 

Al(2)-O (Å) 

1.937, 1.761 

 

1.94, 1.76 

1.94, 1.76 

1.94,1.52  

1.85, 1.48 
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Table 3.3: Comparison of elastic and Gruneisen parameter data. B and  B’ are the bulk 

modulus and  its pressure derivative respectively.                       

 Experimental  

Calculated (This 

work) 

Calculated (ab initio 

[3,8]) 

C11(GPa) 328 [a], 339 [b] 329  

C12(GPa)   106 [a], 114 [b] 103  

C44(GPa)                 114 [a], 116 [b] 90  

B   (GPa)         185 [b], 189 [c], 220 [d] 178 220.7 

'B
   

  -   4.1 4.12 

γ
th

 1.43 [a] 1.45  

  [a] : Reference 31;        [b]:  Reference  30;        [c]:  Reference  33;        [d]:  Reference  5. 

Table 3.4: Comparison of our results with those of Saunders [29] et al and with reported 

experiment [31]. (a: 90% ionicity;   b: 100% iconicity) 

 Lattice 

Parameter 

(Å) 

C11 

(GPa) 

C12 

(GPa) 

C44 

(GPa) 

B 

(GPa) 

γth γ
el
 ∂C11/∂P ∂C12/∂P  ∂C44/∂P  ∂B/∂P 

Saunders 

[a] et al 

11.93 325 102.7 103 177 0.9 0.73 6.3 2.5 0.19 3.76 

Saunders 

[b] et al 

11.93 401 127 127 218 0.9 0.73 6.3 2.5 0.19 3.75 

Yogurtcu 

[31] et al  

12.0 328 106 114 180 1.43 0.727 6.31 3.51 0.62 4.42 

This 

work 

11.96 329 103 90 178 1.45 1.1 4.6 3.4 0.16 3.8 
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Fig. 3.2.  Pressure dependence of elastic constants and bulk modulus of YAG. For cubic 

crystals the relevant elastic constants under hydrostatic pressure that define the Born 

stability criteria are c11 = C11–P, c12 = C12+P and c44=C44-P, where C11, C12 and C44 are 

the elastic constant values derived from the slopes of the acoustic phonon branches. 

At the zone center, the phonon modes are classified into the following irreducible 

representations: 
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1g 2g 2u 1u g 2g 1g u 1u 2u: 3A 5A 5A 5A 8E 14T 14T 10E 18T 16T           

 The 3A1g, 8Eg and 14T2g are Raman active while 18T1u modes are infrared active. 

The E modes are doubly degenerate while the T modes are triply degenerate. These 

modes have been experimentally [5,32]  measured and they compare (Table 3.5) very 

well with our calculated values. However, there are no ab initio calculations of the long-

wavelength phonons for comparison. The calculated phonon frequencies with mode 

assignments are compared with the available Raman and infrared data [5,32] in Fig. 3.3. 

Hurrell [32] et al have measured 15 of the IR modes using near-normal reflection method. 

Hofmeister [5] et al have measured all the modes through a combination of reflection and 

absorption spectroscopy. The static εo, and high-frequency ε∞, dielectric constants are 

related to the infrared frequencies through the Lyddane Sachs-Teller (LST) relation: 

2( )
( )

( )

i o

i
i

LO

TO

 

 
                                                                                   (1)                                           

The experimental value for YAG is 3.2 (Ref [5] and references therein); value 

calculated by Hurrell [32] et al using their measured frequencies is 3.96, while the one 

calculated by Hofmeister is 3.27. Our calculated value is 3.46. There appears to be no band 

gaps in the frequency spectrum. Both the experimental studies as well as the calculations 

support this observation. This is against the general trend found in aluminosilicate garnets 

[14,15], which show a band gap in the 650-800 cm
-1

 frequency range.  The low energy 

modes are in very good agreement with experimental data. However, at the higher 

frequency region, the calculated values seem to be slightly different from experimental 

data. Our results are closer to Hofmeister [5] with a deviation of about 5%. As discussed 

above the Born instability criteria are related to the acoustic phonons at low frequencies 

only and so would not be affected. This would marginally affect the calculation of various  
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Fig.3.3. Phonon frequencies at zone centre compared with available experimental optical 

data [5,32].      

thermodynamic properties (given below) like specific heat at high temperatures only. The 

group theoretical classification in the three symmetry directions is as given below: 

[010]:  29∑1+ 29∑ 2+ 29∑ 3+ 29∑ 4+ 124∑5 
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[111]:  40Λ1 + 40 Λ2  + 160 Λ3 

[110]:  59Δ1 + 59Δ2 + 61Δ3 + 61Δ4                             

Table 3.5: Comparison between experimental [41] and calculated Raman active 

frequencies. 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    ωi (exp) ωi (cal) (γi)exp (γi)cal 

T2g 145 137 2.4 2.1 

 220 214 1.6 2.0 

 243 239 1.8 1.1 

 261 254 1.1 1.4 

 295 289 1.5 1.0 

 372 353 1.6 0.8 

 406 386 1.0 1.1 

 - 477  0.4 

 438 499 0.8 0.5 

 545 594 0.8 0.6 

 - 661  0.4 

 691 705 1.4 0.8 

 718 738 1.3 0.8 

 857 886 1.0 0.5 

E2g 163 161 0.7 0.6 

 310 261 1.6 1.3 

 340 360 1.5 0.9 

 402 386 1.1 1.0 

 536 545 0.7 0.4 

 - 633  0.3 

 712 736 1.1 0.6 

 754 803 1.3 0.7 

A1g 370 387 0.8 1.1 

 559 569 0.8 0.5 

 783 776 0.9 0.5 



Chapter 3:  Lattice dynamics and Born instability in YAG……… 

100 

 

The calculated phonon dispersion relations in the high symmetry directions in the 

low energy range up to 20 meV, at P = 0 and 100 GPa, are shown in Fig. 3.4. It can be 

seen that many branches have hardened with pressure. There are no significant changes in 

any of the branches which might indicate a definite softening in any of the low energy 

branches. There is also no optic mode softening. 

The calculated pressure dependence of phonon spectra, at ambient pressure, is used 

for the calculation of the Grüneisen parameter Γ(E), averaged for all phonons of energy E. 

The variation in the values of the Gruneisen values for all the modes is shown in Fig. 3.5. . 

 

 

 

 

 

 

                                                     

 

 

 

 

 

 

Fig.3.4. Phonon dispersion relation along the three high symmetry directions in the 

low energy range up to 20 meV at P = 0 and 100 GPa. 

The energy of the modes can be divided into three groups, group I between 0 and 30 meV, 

group II corresponding to modes between 30 and 60 meV and group III for the modes > 60 
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the modes below 30 meV exhibit high values of Γ, with an average around 1.5; the average 

Γ of group II is around 1 and that of group III is 0.5. 

 

 

 

 

 

          

   

 

 

Fig.3.5. Variation in the calculated mode Gruneisen parameters at various pressures. meV.  

3.3.3 Phonon density of states, partial density of states and 

thermodynamic properties of YAG 

The calculated total and partial phonon density of states are shown in Fig. 3.6.  Solid 

line gives the density of states at ambient conditions.  The dynamical contributions from the 

various species reveal seperations in their spectral range. Yttrium atom contributes solely in 

the low energy region between 0 to 40 meV, with a miniscule contribution around 50 meV. 

Aluminum atoms with different co-ordinations contribute differently. Aluminum in the 

octahedral coordination contributes mainly between 30 to 70 meV, while the one in 

tetrahedral coordination contributes almost in the entire energy range, with a greater 

contribution on the higher energy end between 80 and 120 meV. Oxygen atoms contribute 

in the whole region from 0 to 120 meV. While the Al-O tetrahedral bond length is 1.76 Å, 

the Al-O octahedral bond length is 1.9 Å. These give rise to differences in their bonding 
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characteristics and vibrational spectra. Modes in the intermediate region are owing to a 

complex combination of vibrations involving all the polyhedra of Al and Y.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.6. Total and partial phonon densities of state in YAG at P=0, 50 and 100 GPa 
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The computed one-phonon density of states, have been used for the calculation of 

volume-dependent thermal expansion coefficient, specific heat and other thermodynamic 

properties. The calculated thermal expansion coefficient and specific heat has been shown 

in Fig. 3.7(a) and (b) respectively. Calculated specific is in excellent agreement reported 

with experimental data [34] as given in Fig 3.7(b). The difference 

2

p v vC (T) C (T) ( [ (T)] BVT)      becomes significant at high temperatures and is about 

5% in YAG. 

 Thermal expansion of a crystal arises from the anharmonicity of interatomic 

binding forces. A measure of anharmonicity [31] is given by a parameter called γ
thermal

 

which is given as: 

γ
thermal

= βVB
s
/CP                                                                                                          (2) 

where, V is the atomic volume, B
s
 is the adiabatic bulk modulus, β and CP are the volume 

thermal expansion coefficient and specific heat at room temperature. Our calculations yield 

a value of 1.45 for γ
thermal

, which is in excellent agreement with reported [31] value of 1.43. 

The response of the crystal volume to temperature has been compared with experimental 

data [35] in Fig. 3.8. 

The calculations have been done in the quasiharmonic approximation. The agreement 

is very good up to high temperatures of 1500 K (melting point for YAG is 2213 K).  

Thus, the percentage relative volume expansion is in excellent agreement with the 

reported experimental findings. 
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Fig. 3.7. (a) Calculated volume thermal expansion coefficient (αv) at different pressures. (b) 

Calculated specific heat at ambient condition in comparison with reported experimental 

(Konings et al) data [34]. Calculated specific heat at different high pressure has also been 

plotted for comparison. The inset gives the low temperature specific heat at various 

pressures. (c). Correction, CP-CV due to implicit effects at various pressures. 
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.  

 

 

 

 

Fig. 3.8. Thermal expansion of YAG in comparison with reported experimental ( Geller et 

al) data [35] 

3.3.4. High pressure studies on YAG 

The behavior of the 25 Raman modes (3A1g + 8 Eg + 14 T2g) under pressure have been 

studied and compared with reported data in Fig. 3.9. Majority of the experimental 

Gruneisen parameters vary between 0.6-1.7 while the calculated values lie between 0.5-

1.7. Only the lowest T2g mode at 145 cm
-1

 has an experimental Gruneisen value of 2.4 

whose corresponding calculated value is 2.1. The narrow range of these values show that 

the vibrational anharmonicity is similar for most optical phonons in the system. 

 Structural response of the garnet to increase in pressure has been derived as in Fig 

3.10. YAG is reported to be a stable system [28] and is supposed to retain its cubic phase 

even beyond 100 GPa [28,12]. The equation of state in YAG has been compared in   

Fig.3. 9 with reported [28] data from synchrotron XRD experiments on Nd doped YAG. 

Doping in rare earth garnets is generally of the order of 1%. Elastic constants are 

observed to have negligible dependence on such small doping levels [28b]. Hence C44 of 

doped YAG [27] would be very close to that of pure YAG. The values of Bo and 'B
 



Chapter 3:  Lattice dynamics and Born instability in YAG……… 

106 

 

obtained from reported data using Birch-Murughan equation are 383 GPa and 1.77 GPa. 

These values are very different from the ones obtained by other experimental reported 

data and our calculations.  Experimental [28] equation of state suggests that a 

compression of ~23% is obtained at 100 GPa, while at the same pressure the compression 

is 25% as per our calculations. 

 

 

 

 

 

 

 

 

 

Fig. 3.9. Pressure dependence of Raman modes in comparison with reported data. 

Open symbols are calculated values, while solid symbols [41] are reported 

experimental  (Aravantidis et al) values. 

At ambient conditions, there is no band gap in the phonon density of states of 

YAG as seen in Fig. 3.6. The density of states of various atoms at P = 50 and 100 GPa 

have been plotted in Fig.3.6. With increasing pressure, the low frequency density of 

states of the Y atom is significantly reduced and the peaks are shifted to higher 

energies. There is a shift of about 15-20 meV at P = 50 GPa as compared with P=0 
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GPa. The YO8 polyhedra experiences maximum compression between 0 and 50 GPa, 

thereafter it seems that the polyhedra are not as much compressible. Therefore the Y-

PDOS does not change much between 50 and 100 GPa. The partial density of states of 

Al, in both octahedral and tetrahedral sites is also significantly altered at high 

pressure, and they seem to change continuously between 0 and 100 GPa. The O-

PDOS also changes considerably with pressure, the peak around 40 meV reduces and 

the peak beyond 80 meV gains intensity with increasing pressure. The total density of 

states show a band gap between 90-100 meV at P=50 GPa while the gap widens 

further upto 110 meV at 100 GPa. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3.10. Equation of state of YAG (calculated results (full line) compared to reported 

experimental (Hua et al) data [28]
 
(solid circles)).  

      

The pressure dependence of mode Gruneisen parameters under different pressure has 

been plotted along with those at 0 GPa in Fig. 3.5. At 50 GPa, the average value between 

0-30 meV is 0.5, between 30-60 meV it is 1 and beyond 60 most of the modes have a 
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value around 0.5. At 100 GPa, the average value for modes between 0-30 meV is -0.25, 

between 30-60 meV, the average value is around 0, while for modes > 60 meV the 

average value is around 0.75.  

We can deduce that the maximum change seems to have occurred in the lowest values 

energy modes below 30 meV, with some perceptible changes occurring in the highest 

energy modes. These modes mainly correspond to the YO8 modes, and to the AlO4 

polyhedra. Thus this figure helps us to understand the microscopic scenario at these 

pressures. These changes in the vibrational spectra have an important bearing on its high 

pressure and high temperature properties. Our studies indicate significant atomic 

rearrangements in the AlO6 and AlO4 polyhedra, as well as the YO8 dodecahedra. The 

opening of the phonon band gap between 90-110 meV at 100 GPa is due to the Al(2)-O 

stretching vibrations shifting to higher energies.  

Table 3.2 gives the structural parameters and the bond lengths at various pressures. 

The average bond lengths of the Y-O, Al(1)-O and Al(2)-O bonds have changed with 

increasing pressure. There are subtle readjustments and reorientations of the various 

polyhedral units. 

 The volume dependent thermal expansion coefficient, specific heat and the 

correction, CP-CV of YAG at high pressures have also been computed and compared with 

ambient phase values in Fig. 3.7. The ambient phase has the maximum thermal expansion 

coefficient. The correction, CP-CV (due to volume dependent anharmonic effects) is 

maximum for the ambient phase, and it decreases with increasing pressures. Thus, the 

specific heat decreases with increasing pressure. At lower temperatures below 100 K, the 

ambient phase has a higher specific heat, almost 1.5 times compared to that at 100 GPa. 
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These results are consistent with the variations observed in the values of the mode 

Gruneisen constants. 

In this work, we have provided an atomic level understanding of the macroscopic 

vibrational and thermodynamic properties of high pressure YAG, which have not been 

studied in detail earlier. Our studies indicate that YAG structure is mechanically unstable 

at high pressures, due to violations of the Born stability criteria.  Aluminosilicate garnets 

which are principal components of earth’s mantle, are known to transform into an oxide 

phase along with chemical decomposition typically around 25-30 GPa [16].  Due to large 

kinetic hindrances, such a transformation has not been observed in YAG. Various 

previous works indicate that YAG may persist metastably  up to high pressures of 180 

GPa [12], while some of its diffraction peak [12] vanish between 100 -150 GPa [12]. The 

exact transition has not been observed experimentally so far, although high pressure 

diffraction experiments [12] indicate a disordered phase above P=100 GPa.  

Our theoretical calculations indicate that various polyhedral units contribute 

differently in different pressure regimes in YAG. There are significant changes in the 

phonon density of states with increasing pressure. Significant atomic rearrangements take 

place in the different polyhedral units as can be seen from their bond lengths and bond 

angles. While at ambient pressure, the YO8 dodecahedra strongly influences the elastic 

and thermodynamic properties, at higher pressures, the YO8, AlO6 and AlO4 polyhedra 

continuously deform with pressure giving rise to important manifestations in their elastic, 

vibrational and thermodynamic properties. We do not observe optical phonon softening 

upto fairly high pressures like 100 GPa. YAG however becomes mechanically unstable 

around 108 GPa (section 3.3.1) due to violation of the Born stability criteria. The c44 

elastic constant involving a transverse acoustic phonon becomes soft under hydrostatic 
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loading of 108 GPa and the structure becomes elastically unstable. This pressure is an 

upper bound for YAG retaining even a metastable garnet phase and a certain structural 

phase transition is indicated above this pressure although free energy crossover to a 

thermodynamically favorable phase at a lower pressure is not ruled out.  

Under high pressures and temperatures, it is expected that cubic YAG would 

decompose into 3YAlO3 + Al2O3. Due to the large volume collapse of the perovskite 

structure, which is typically around 20% lower than the garnet volume, the PdV term 

would lower the free energy of the perovskite phase. The perovskite phase could thus 

remain the favored high pressure phase due to its dense atomic packing. However, due to 

the intrinsic complexity in dealing with chemical decomposition involved in this 

transition, theoretical studies of the exact pressure for such a garnet to perovskite 

crossover have not been undertaken for YAG.  

High pressure YAG is significantly harder than the ambient phase (the bulk 

modulus at 100 GPa is thrice its value at P= 0 GPa), garnet to perovskite transition would 

involve further substantial increase of the bulk moldulus. The garnet GGG under dynamic 

compression has yielded a novel incompressible oxide phase with hardness greater than 

diamond [17]; perhaps similar phases with unusual hardness may be realized in YAG.  

Our studies further indicate that the mechanical instability of YAG at high 

pressure is accompanied by large vibrational anharmonicity and changes in the mode 

Gruneisen parameters. The ambient phase mode Gruneisen values are all positive, while 

with increasing pressure many of the low energy modes (< 30 meV) show negative values 

and some of the high energy modes (> 60 meV) show sharp increase. The middle range 

remains more or less unchanged. The calculated partial density of states (Fig. 3.6) shows 

that Y and Al(2) atoms mainly contribution below 30 meV and above 60 meV 

respectively. The negative Γ values of low energy modes results in a lower value of 
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overall positive thermal expansion coefficient, which in turn gives rise to a lower specific 

heat with increasing pressure. 

 

3.3.5  Phonons and Born instability in Rare-earth Garnets 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.11. Zone-centre phonon frequencies, open circles are this calculation and solid 

circles are experimental [36] data. 
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Rare-earth Yb3Al5O12 and Lu3Al5O12 behave similarly to YAG. They have the 

same crystal structure and have 80 atoms in the unit cell. Fig. 3.11 gives the phonon 

frequencies at the zone center in comparison with available data.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.12. Born instability in Yb3Al5O12 and Lu3Al5O12. Here, c11 = C11-P, c12 = C12 + P 

and c44 = C44-P, where C11, C12 and C44 are the elastic constant values derived from 

slopes of the acoustic phonon branches. 
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The calculated phonon frequencies are in very good agreement with available 

experimental data. Similar to YAG, these compounds also exhibit Born instability as can 

be seen from Fig. 3.12.  Both the compounds violate the stability criteria above 100 GPa.   

 

3.4  CONCLUSIONS  

The author has reported detailed lattice dynamical calculations for the garnet 

YAG using a shell model. The calculated structure, elastic constants, phonon frequencies, 

specific heat, thermal expansion and equation of state of the ambient phase are in good 

agreement with available experimental data. At 100 GPa, YAG develops a large phonon 

band gap (90-110 meV) and its microscopic and macroscopic physical properties are 

found to be profoundly different from that at ambient pressure phase. The detailed high 

pressure studies conclude that YAG is mechanically unstable beyond 108 GPa, due to the 

violation of the Born stability criteria. Yb aluminium garnet and Lu aluminum garnet 

exhibit similar behavior. High pressure x-ray diffraction measurements report occurrence 

of a disordered phase between 100-150 GPa, and our studies suggest that these may 

perhaps be due to elastic instabilities.     

Pressure induced amorphization has been observed in GGG and YIG. However, 

the cubic garnet structure is found to be stable in YAG upto significantly higher pressures  

and these studies reveal that upto 100 GPa there are no dynamical instabilities in YAG. 

Our results are in agreement with experimental studies
 
which have suggested that YAG 

undergoes a phase change to a disordered metastable phase between 100-150 GPa. The 

observed high pressure phase beyond 100 GPa has not been clearly understood. The 

disordered phase perhaps occurs due to the large kinetic barriers for decomposition into 

the expected perovskite structure at high pressure. 
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       Yttrium aluminum garnet, YAG and rare earth Yb3Al5O12, Lu3Al5O12 under ambient 

conditions, shows differences with the previous calculations on aluminosilicates garnets, 

namely there is no gap in the vibrational spectrum as seen in them. The Al atoms in 

tetrahedral and octahedral coordinations are dynamically distinct with aluminum in the 

tetrahedral coordination contributing between 90 and 120 meV. Yttrium atoms contribute 

mainly in the low energy range, while intermediate energy states are due to a combination 

of movements of all the atoms. YAG is found to be thermally stable in the temperature 

range (up to 1500 K) studied. Gruneisen constants of the low energy modes (< 30 meV) 

show great variation with increasing pressure, going from positive at 0 GPa to negative at 

100 GPa. These modes become softer with pressure increase. The modes beyond 30 meV 

do not change much with changing pressure, excepting some modes which change 

drastically with ascending values of pressure. Thus, our results may have important 

implications for the proposed technological applications of YAG based materials as 

pressure sensors over a wide range of pressure. 

Although author has employed an atomistic approach, the model is in good 

agreement with experiments and reported ab initio works. Furthermore the present work 

helps to understand the dynamical characteristics associated with the high pressure 

disordering and pressure induced amorphization.  These aspects have not been clearly 

understood earlier. These results have important implications for use of YAG as pressure 

sensors in the high pressure regime. The shell model successfully gives a fair and 

comprehensive description of the dynamics and various thermodynamic properties at high 

temperatures and pressures which are otherwise difficult to access experimentally. Our 

studies are able to interpret complex high pressure data of YAG. This model has been 

successfully used to study rare-earth garnets and their elastic stability. It can be further 

used to study other similar garnets.  
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Chapter 4 

Inelastic Neutron Scattering Studies of Phonon 

Spectra and Simulations in Tungstates, AWO4  

(A = Ba, Sr, Ca and Pb) and LuVO4 

 

4.1 INTRODUCTION 

  

  Compounds of the form MWO4 (M = Mn, Cu, Ba, Sr etc) are studied [1-11] 

extensively for their interesting properties and usefulness. This thesis reports lattice 

vibrational studies on AWO4 type tungstates with A = Ba, Sr, Ca and Pb, which are 

important for their scientific and technological applications [12-18]. These compounds in 

nano or bulk state find applications in solid- state scintillators [16-19], optoelectronic 

devices, solid state laser applications etc as well as in understanding of geological 

aspects. They also form a part of oxide ceramic composites useful for cryogenic 

detectors. These possible applications have motivated extensive interest in understanding 

the fundamental physical properties [20-31] of the AWO4 tungstates. Rare-earth 

vanadates RVO4, phosphates and arsenates whose crystal structure is the tetragonal 

zircon-type [29] with space group I41/amd have received much attention in modern laser 

physics and non-linear optics. When doped with suitable ions, these vanadates serve as 

excellent host material for laser application.  These materials have been employed as 
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model systems for the investigation of polymorphism among ABO4 type compounds. 

Sections 4.2 and 4.3 report studies done on tungstates and vanadates respectively. 

 

4.2 Inelastic Neutron Scattering Studies of 

Phonon Spectra and Simulations in 

Tungstates 

 The compounds under normal conditions crystallize in the tetragonal scheelite [28] 

structure (CaWO4 mineral structure). The scheelite structure (space group 88, Z = 4) 

adopted by AWO4 has a body centered unit cell, with A atoms occupying S4 symmetry 

while the sixteen oxygen atoms occupy C1 sites. Each W is surrounded by four equivalent 

oxygen atoms in a tetrahedral symmetry and A is surrounded by eight oxygen atoms. 

Along a-axis the WO4 units are directly aligned whereas along the c-axis, AO8 

dodecahedra are interspersed between two WO4 tetrahedra. Hence, different arrangement 

of hard WO4 tetrahedra along the c and a-axis accounts for the difference in 

compressibility of the two unit-cell axes.  These compounds exhibit a rich phase diagram 

with respect to change in pressure and temperature [23]. Several experimental and 

theoretical efforts have been undertaken to obtain understanding of the phase diagram of 

the compounds [20-27], which still remains elusive. Extensive Raman [27,28,29] and 

infrared [30] scattering techniques have been used to study the zone centre phonon modes 

in several of these tungstates. Experimental studies using angle dispersive X-ray 

diffraction (ADXRD), x-ray absorption near edge structure measurements (XANES) have 

observed that upon compression at high pressures AWO4 undergoes a scheelite to 
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fergusonite phase transition at room temperature.  This transformation is a displacive in 

nature [23].  The β angle of the high pressure monoclinic cell of the fergusonite phase is 

only a little different from 90º. Upon further compression the compounds change into 

denser monoclinic and orthorhombic phases, before amorphizing.  In the meanwhile, 

experiments like Raman scattering suggest [27-29] that there is a possibility of a 

reconstructive, first order transition to P21/n phase which coexists with the fergusonite 

phase. But this competing phase is kinetically hindered. 

 The author reports a complete and comparative details of the inelastic scattering 

experiments and theoretical studies on a series of tungstates as AWO4 (A = Ba, Sr, Ca and 

Pb).  The measurement of phonons density of states is carried out by using neutron 

inelastic scattering. The transferable interatomic potential has been developed and further 

used in molecular dynamics studies to understand the mechanism of pressure driven 

phase changes of AWO4 (M = Ba, Ca, Sr and Pb). The author has looked at the changes 

occurring in the lattice under increasing pressure. The simulations have enabled us to 

understand the behavior of various polyhedra under compression.   

 

4.2.1 Experimental details 

Polycrystalline samples of the AWO4 (A= Ba, Sr and Ca) were prepared by solid 

state reaction of appropriate amounts of alkaline earth carbonate (ACO3) and WO3. 

PbWO4 was prepared by heating the precipitates obtained from Pb(NO3)2 and (NH4)2WO4 

solutions. The phonon density of states measurements of all AWO4 (A= Ba, Sra, Ca, Pb) 

were performed in the neutron-energy gain mode with incident neutron energy of 14.2 

meV. The data were taken over the scattering angle 10
o
 to 113

o
. The signal is corrected 

for the contributions from the empty cell and suitably averaged over the angular range 
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using the available software package at ILL. The incoherent approximation [32,33]
 
was 

used in the data analysis. The data were suitably averaged over the angular range of 

scattering using the available software package at ILL to obtain the neutron-cross-section 

weighted phonon density of states. The multiphonon contribution has been calculated 

using the Sjolander [34]
 
formalism and subtracted from the experimental data. 

 

4.2.2 Theoretical Formalism  

 We have used a transferable interatomic potential to study the vibrational 

properties of the tungstates using lattice dynamics calculations. An interatomic potential 

as described in equation (1.25) consisting of short range and Coulombic terms is used. 

The radii parameters for M atoms are rCa = 2.06 Å, rBa = 2.4 Å, r Pb = 2.25 Å and rSr = 2 Å 

respectively. The van der Waals interaction between O-O pairs is 80 eVÅ
6
. The 

parameters of the WO4 stretching potential described in equation (1.26), are D = 3.2 eV, 

ro = 1.75 Å and n = 26.2 Å
-1

. The polarizibility of the oxygen and alkali earth atoms has 

been considered in the framework of shell model with shell charge and shell core force 

constants for oxygen atoms as −2.0 and 50 eV/Å
2
 and for alkaline atoms as 3.0 and 50 

eV/Å
2 

respectively.  

Molecular dynamics (MD) simulations have been carried out using the model 

parameters obtained from the lattice dynamics calculations.  A super cell consisting of 

8×8×4 unit cells (6144 atoms) has been used to study the response of the compounds on 

compression.  Rigid ion model has been used in the MD simulations. Calculations have 

been carried out from ambient pressure to around 50 GPa at room temperature. Equation 

of state has been integrated for about 1400 picoseconds using a timestep of 0.002 

picoseconds.  
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4.2.3 Results and Discussion 

The neutron inelastic scattering experiments have been performed using powder 

samples of the AWO4 (M = Ba, Sr, Ca and Pb) at ambient conditions. The measurements 

have been carried out on the time of flight (TOF) instrument IN4C, ILL, Grenoble.  

The measured phonon density of states of the four tungstates in comparison with 

potential model calculations is given in Fig. 4.1. The potential model calculations results 

are in good agreement with the inelastic neutron data. This has allowed validation of our 

model, which is further used to explore the phase stability of the compounds using 

molecular dynamics simulations as discussed below. The measured spectra show that 

phonons occur in two distinct regions in these compounds. The first region extends from 

0 to 60 meV, while there is another region between 90-120 meV. The higher energy 

component corresponds to the internal vibrations of the WO4 tetrahedra.  

The calculated partial phonon densities of each atom of AWO4 compounds are 

given in Fig. 4.2. It can be seen that the contribution from the A atoms extends up to 20 

meV. The contribution of Pb atom is at the lowest energy while that of Ca at the highest 

energy. This is in commensurate with their relative atomic mass. The contribution from 

W atoms is confined within 20 meV, with a very small contribution up to 60 mev. There 

is another contribution above 90 meV in the band between 90-110 meV from W atoms. In 

case of oxygen, contribution is in the complete range 0-60 meV and in the band between 

90 to 110 meV. The partial phonon densities ascertain that the contribution above 90 meV 

in the measured spectra is from the internal stretching modes of the W-O tetrahedra.  
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Fig. 4.1   Neutron inelastic scattering data of the phonon density of states in AWO4 (A = 

Ba, Ca, Sr and Pb) compared with shell model calculations. 

 

 

 

 

 

 

 

 

              Fig. 4.2.  Calculated partial phonon density of states in all the three compounds 
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Fig. 4.3. Calculated phonon dispersion in SrWO4 along with measured phonon branches 

along [100] and [001] directions in single crystal of SrWO4 using TAS, Dhruva, India. 

Solid symbols are the measured phonons. The full, dashed and dotted lines are the 

calculated phonon branches belonging to different representations as carried out by the 

author. 
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Phonon dispersion relation in single crystal of SrWO4 has been measured along 

[100] and [001] directions. Only the low energy acoustic modes have been measured. The 

calculated phonon dispersion along with measured phonon branches in the [100] and 

[001] directions is given in Fig. 4.3. The measurements have been carried out using TAS, 

Dhruva. The agreement between the measured and calculated phonon dispersion is good. 

 

 

 

 

 

 

 

 

 

Fig.4. 4 Experimental and computed (using potential model) specific heat in AWO4 (A = 

Ba, Sr, Ca and Pb). The experimental data for CaWO4 is from Ref. [35].  

The group theoretical distribution of phonons along high symmetry [001] and [100] 

directions is as follows: 

Λ (001): 8 Λ1 + 8 Λ2 + 10 Λ3 (Λ3 is doubly degenerate) 

Σ (100): 18 Σ1 + 18 Σ2  

The symmetry vectors obtained through detailed group theoretical analysis along the two 

high symmetry directions and the zone centre point were employed to classify the phonon 

frequencies obtained into their irreducible representations. 
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Fig. 4.5. Calculated (using potential model) and experimental equation of state of AWO4 

(A = Ba, Ca, Sr and Pb). V and Vo are the unit cell volume at high and ambient pressure 

respectively.  ‘a’, ‘b’ and ‘c’ correspond to the experimental  data from references [13], 

[24] and [27] . The full and dash lines correspond to calculations at T=300 K and 0 K 

respectively.  

The computed density of states has been used to determine the specific heat 

capacity of the four oxides as shown in Fig. 4.4. The available data on CaWO4 [35] has 

been compared and is found to be in very good agreement with our calculated data.  

Using the interatomic potential developed, we have studied the pressure evolution of the 

tungstates.  Fig. 4.5 gives the equation of state of the four compounds. These compounds 

are found to undergo initial transformation from scheelite (I41/a) to fergusonite (I2/a). 

According to experimental XANES [23,24] and ADXRD [23,24] studies, it is now well 

known that BaWO4 transforms from scheelite to fergusonite phase at 7.5 GPa, PbWO4 
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transforms at 9 GPa, CaWO4 undergoes the above said transition at 11 GPa, and SrWO4 

at 10 GPa. 

The pressure driven transition to fergusonite phase is of displacive in nature, it is 

known to be a second order phase transition with almost no discernable volume 

discontinuity. The change in the β angle is only feeble; change in the ‘b’ lattice 

parameters is also negligible. This change is not evident from our MD calculations.  

In our molecular dynamics calculations we can see that there is a discontinuity in the 

pressure-volume curve (Fig. 4.4), which suggests a change in phase. In case of CaWO4, 

this change is seen around 30 GPa, around 34 GPa in SrWO4, in case of PbWO4 it is 

around 38 GPa while in case of BaWO4 it is around 45 GPa.  Detailed studies were done 

to understand this sudden change in the equation of state. Fig. 4.5 gives the structural 

arrangement of the different polygons at different pressures (in BaWO4) as obtained from 

our computations.  At P = 0 GPa, the atoms are arranged in the scheelite structure, A atom 

is in AO8 coordination while W is in tetrahedral WO4 coordination. Regions B and C are 

identified to depict the coordination of A and W atoms. As pressure is increased, at 43 

GPa, there is no visible change in the structural arrangement of the various polygons. 

There is no change in the coordination around A and W atoms. Beyond 45 GPa, there is a 

volume drop in BaWO4. This observation coincides with the volume discontinuity 

observed around 45 GPa in BaWO4 in Fig.4.5. The structure at 47 GPa shows several 

obvious changes as compared to earlier structures. In region C, it can be seen that A 

atoms are no longer in perfect bisdisphenoids, instead it is now seen in a highly distorted 

polygon. In region B, W atoms show significant changes, the co-ordination number has 

increased. Most of the WO4 tetrahedra have changed in to distorted WO6.   
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Fig. 4.6.  The structure of BaWO4 super cell evolving under pressure.  Regions B and C 

are marked to depict and understand the change in coordination around A and W atoms. 

(c-axis is perpendicular to the plane of the paper) 

Further credence to this observation is obtained from the O-W-O bond 

angle distribution given in Fig.4.7. At ambient pressure, all WO4 tetrahedra are regular 

with O-W-O angle equal to 109°.  At 43 GPa, WO4 tetrahedra are still regular. But on 

amorphization, the increase in coordination has resulted in the change in the bond angle. 

Majority of the O-W-O angle is around 90º which corresponds to an octahedral 

arrangement. Not all the W’s have attained a coordination of 6;  hence, distortment of the 

tetrahedra has given rise to a range of angles for the O-W-O bond as seen in Fig. 4.7  

Similar behavior is seen in all the remaining tungstates. In order to obtain a deeper 

understanding into this volume discontinuity, we have studied the local order in the lattice 

between various atomic pairs. The pair correlations have been computed in these 

compounds with increasing pressure. Fig. 4.8 shows the pair-correlation function between 

A-W, A-O, A-A, W-W, W-O and O-O at various pressures. We find that with increasing 

pressure, there are subtle and small changes in the correlations between the different 

atomic pairs. In case of BaWO4, the correlations broaden beyond 47 GPa, as seen from 
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the plots in Fig. 4.8. This is in very good agreement with the reported value [24] of 45 

GPa for amorphization in BaWO4. In case of CaWO4, the broadening of peaks appear 

around 32 GPa, while the experiments show [28] amorphization around 40 GPa.  Our 

molecular dynamics calculations predict that in case of SrWO4, at 36 GPa the peaks in the 

calculated pair correlations broaden, implying that the discrete ordering is lost. In 

PbWO4, similar trend is observed at 40 GPa.  These observations are in tandem with the 

equation of states (Fig. 4.5) computed in each of the compounds.  

 

 

 

 

 

 

 

Fig. 4.7:  Intratetrahedral bond angle O-W-O with changing pressure in BaWO4. 

Careful investigations of the various atomic pairs reveal some interesting 

observations. In case of A-O pair distribution, we find that changes due to increase in 

pressure is seen to occur gradually, as can be seen in the inset of the Ba-O pair 

distribution. There is gradual decrease in the bond length on going from 0 GPa to 43 GPa. 

The BaO8 units are able to withstand the increased pressure with gradual rearrangements 

of the Ba-O bonds, but beyond 43 GPa, the polyhedra distorts considerably. This leads to 

the broadening of peaks, suggesting the loss of long range order. In case of WO4 

tetrahedra, there is almost no change in the bond-length (changes by about 0.015 Å) as 

pressure is increased from 0 to 43 GPa (Inset Fig. 4.8). 
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However further increase in pressure beyond a threshold of 45 GPa leads to an 

abrupt increase in the W-O bond by about 0.1 Å. Hence it can be inferred that WO4 

tetrahedra is almost immune to changes in pressure up to an upper threshold of pressure, 

whose value is different for each of the tungstate. Beyond this threshold, WO4 tetrahedra 

distort and W atom’s coordination increases.  

Our above said observations are in tandem with experimentally [24] observed 

amorphization around 45 GPa in BaWO4 and at around 40 GPa in CaWO4 [28]. The 

equation of state for various compounds has also been obtained (Fig. 4.5) from 

minimization of the enthalpy at 0 K.  Table 4.1 gives the bulk modulus and its pressure 

derivative for the four compounds in comparison with the available reported experimental 

data [24]. The values are obtained from fitting of the Birch equation of state [36] to the 

calculated equation of states. 

TABLE 4.1 : Comparison between the experimental and calculated bulk modulus (B) (in 

GPa units) and its pressure derivate (B’). The experimental values at 300 K are from Ref. 

[24]. The B values at 300 K  has been obtained using the B’ values estimated at 0 K. 

 

  BaWO4 CaWO4 SrWO4 PbWO4 

 B B’ B B’ B B’ B B’ 

Expt. (300 K) 

Calc. (0 K) 

Calc. (300 K) 

52(5) 

55.8(8) 

46.8(4) 

5(1) 

4.4(1) 

4.4 

74(7) 

80.1(5) 

62.1(4) 

5.6(9) 

4.5(1) 

4.5 

63(7) 

69.9(2) 

56.3(6) 

5.2(9) 

4.5(3) 

4.5 

66(5) 

61.7(7) 

49.8(3) 

5.6(9) 

5.1(1) 

5.1 

 

Earlier studies [23] surmise that large ratio of ionic radii (WO4/A) accommodates 

increased stresses through larger and more varied displacement from their average 
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positions. This results in the loss of translational periodicity at high-pressure. Larger the 

WO4/A ratio, lower the pressure threshold for pressure induced amorphization. This ratio 

decreases as per the following order: WO4/Ca>WO4/Sr>WO4/Pb>WO4/Ba. As per this 

notion, CaWO4 should have the lowest value of pressure for amorphization to occur, 

followed by SrWO4, PbWO4 and BaWO4 respectively. Our computed results are in full 

agreement with this expected trend.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.8 Pair correlations between various atomic pairs as obtained from molecular 

dynamics simulations. 
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4.3 Inelastic Neutron Scattering, Lattice Dynamics 

and High Pressure Stability of LuVO4 

4.3.1 Introduction 

Rare-earth vanadates RVO4, phosphates and arsenates whose crystal structure is the 

tetragonal zircon-type [29] with space group I41/amd have received much attention in 

modern laser physics and non-linear optics. When doped with suitable ions, these 

vanadates serve as excellent host material for laser application. In this each R ion is 

coordinated by 8 oxygen atoms, forming dodecahedral cages and the V ion is coordinated 

by 4 oxygen atoms, forming VO4 tetrahedra. The unit cell consists of four formula units. 

These materials have been employed as model systems for the investigation of 

polymorphism among ABO4 type compounds.  

LuVO4 has been found to transform to a pressure quenchable scheelite 

phase (I41/a) with approximately 10% reduction in volume at around 8 GPa [37]. This 

reduction is due to a more efficient polyhedral packing when the ambient phase is 

pressurized well above the equilibrium transition pressure. This section deals with studies 

on the lattice dynamics of this vanadate in the quasiharmonic approximation. The 

presence of several atoms in the unit cell (in this case the primitive cell contains two 

formula units ie, 12 atoms) justifies the use of an atomistic approach to study the 

vibrational and thermodynamic properties. The inelastic neutron scattering studies have 

been carried out on a polycrystalline sample to obtain the phonon density of states in the 

entire Brillouin zone. 
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4.3.2 Experiment and theoretical calculations 

The inelastic neutron scattering studies on a polycrystalline sample of LuVO4 was 

carried out using the High Resolution Medium Energy Chopper Spectrometer (HRMECS) 

at the intense pulsed neutron source of Argonne National laboratory (ANL), USA. It is a 

time of flight spectrometer equipped with a large detector bank covering a wide-range (-

10
0
 to 140

0
) of scattering angles. The measurements were performed in collaboration with 

Dr. C. -K. Loong, ANL, USA. 

    A shell model potential (as described in equation (1.25) chapter 1) consisting of 

Coulombic terms and short range terms has been used for the calculations of the lattice 

dynamics of these vanadates. A covalent term (equation (1.26)) is used to explain the 

stretching frequencies of the VO4 molecular unit. The radii and charge parameters for Lu, 

V and O atoms are rLu = 2.161 Å, rV = 0.953 Å, r O = 1.855 Å and ZLu = 2.971e, ZV = 

3.013e respectively. The van der Waals interaction between O-O pairs is 22 eVÅ
6
. The 

parameters of the WO4 stretching potential described in equation (1.26), are D = 1.96 eV, 

ro = 1.7 Å and n = 26.2 Å
-1

. The parameters of the potentials satisfy the conditions of 

static and dynamic equilibrium. The polarizibility of the oxygen atoms has been 

introduced in the framework of shell model.  

4.3.3 RESULTS AND DISCUSSION 

 4.3.3.1 Phonon density of states   

  The zircon structure adopted by the compound at ambient condition with two 

formula units per primitive cell, supports 36 zone-center phonon modes. Group 

theoretical considerations lead to the following vibrational representation at the Γ point 
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(zone-centre,  Γ = 2A1g + 2B1u + 4B1g + 4A1u + A2g + B2u + B2g + A2u + 5Eg + 5Eu), A and 

B modes are nondegenerate, whereas the E modes are doubly degenerate. The modes A1g, 

B1g, B2g and Eg are Raman active, while Au and Eu are infrared active.  

 

 

 

 

 

 

 

Fig. 4.9  Comparison of experimentally reported data of optically active modes with 

calculated values. Open and closed symbols correspond to the calculated and 

experimental [38,39] results. 

                The calculated phonon frequencies with mode assignments are compared with the 

available Raman and infrared data [48,49] in Fig. 4.9. The comparison between the 

experimental and calculated density of states is shown in Fig. 4.10. The peak around 40 

meV in the experimental data has been shifted to higher energies in our calculations while 

all other phonon peaks agree well.             
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Fig 4.10  Inelastic neutron scattering data in comparison with the calculated density of 

states.  

4.3.3.2 High Pressure Phase Transition in LuVO4 

Gibb’s free energy of a given crystalline phase includes contributions from 

enthalpy and vibrational entropy at a given temperature and pressure.  In our calculations, 

along with enthalpy changes, we have also taken into consideration vibrational entropy 

contribution by calculating the phonon density of states in the entire Brillouin zone. 

During phase transitions, the stability of a crystalline phase is determined by the 

minimum free energy of the competing phases.  

The Gibbs free energy of the two phases has been compared (Fig. 4.11) at 

different pressures at 300 K.   The results indicate that transition to scheelite phase occurs 

around 8 GPa, which is in excellent agreement with the reported transition pressure of 7.9 

GPa. 
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Fig. 4.11.  Free energies of competing phases in LuVO4 at 300 K. 

      The computed drop in volume is around 8% while experimental studies [37] 

indicate a drop of about 11%. In this displacive phase transition, author finds that the 

change in free energy due to volume is dominant in comparison to changes due to 

vibrational entropy.  

4.4 CONCLUSIONS 

  A combination of potential model and neutron inelastic scattering has been used 

to study the vibrational properties in the four tungstates. Molecular dynamics simulations 

have been employed to understand their evolution with increasing pressure. Inelastic 

neutron scattering experiments have been carried out to phonon dispersion in single 

crystal of SrWO4, and to measure the phonon density of states in all the four compounds. 

The calculations are in good agreement with experimentally measured data. With 

increasing pressure, tungstates undergo transition from scheelite to fergusonite phase, it is 

a second order displacive transition with no apparent volume discontinuity.  This 

transition is not evident in our calculations. But with further increase in pressure, these 
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tungstates show pressure induced loss of translational ordering, which is seen by the 

sudden drop in volume in all the four tungstates studied, using molecular dynamics 

simulations. On amorphization WO4 tetrahedra deform, the coordination of W atoms 

increases from 4. The AO8 polyhedra show considerable distortion. The calculated 

amorphization pressures for BaWO4 and CaWO4 are in agreement with the available 

experimental data. The molecular dynamics simulations facilitates in predicting the 

amorphization in SrWO4 and PbWO4 at high pressures.  

Further we have also studied lattice dynamics and high pressure studies on LuVO4. 

Our model calculations are able to explain the obtained density of states very well. Our 

calculations reproduce the pressure-driven phase transition from zircon to scheelite in 

LuVO4 with excellent accuracy. This study indicates that similar investigations on rare 

earth vanadates and arsenates would be rewarding, particularly in establishing the 

systematics of crystal-chemical aspects of the pressure-induced transition in zircon-type 

structured compounds. 
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Chapter 5 

Neutron Instrumentation 

Focussing monochromator for Triple Axis 

Spectrometer, Dhruva Reactor  

5.1 Motivation 

Single crystals consist of large number of mosaic blocks. The distribution of 

orientations of these blocks may be assumed to be Gaussian. The Full width at Half 

Maximum (FWHM) of this distribution is a measure of the mosaic spread of the 

crystal[1,2]. In general, as-grown single crystals have very small mosaic spread and, as a 

consequence, reflectivity of neutron beam from such perfect crystals is low. Neutron 

sources have low flux (10
14

 neutrons/cm
2
/sec) in comparison with x-ray sources. Hence, a 

perfect crystal is not suitable for use as a monochromator. 

 Monochromator form an integral part of a neutron spectrometer. To circumvent 

the above mentioned problem, a focusing monochromator is the preferred option for 

obtaining an increased flux on the sample. A double focusing monochromator is being 

installed on the Triple Axis Spectrometer at Dhruva. Fifteen perfect single crystals of 

copper are to be mounted on the focusing monochromator assembly. The monochromator 

assembly consists of a 3 × 5 matrix of crystal holders, where Cu single crystals need to be 
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fixed.  Perfect Cu single crystals (15 in numbers of size 35 mm  25 mm  10 mm) of 

mosaic spread ~0.1° were procured. Mosaic spread of monochromator crystals need to be 

around 0.5˚to attain perfect balance between resolution and reflectivity, in order to be 

used as focusing crystals. As acquired perfect copper single crystals (with a measured 

mosaic spread of about 0.15˚) were pressed using a hydraulic press along [111] axis in 

steps with varying load and time. The mosaic spreads of the crystals were monitored step 

wise and all crystals were pressed such that their mosaic spread is increased to or beyond 

0.5˚. These crystals were subsequently placed on the focusing monochromator assembly 

forming a matrix of 3 × 5. Each of the 15 copper crystals were aligned individually as 

well as on the assembly, which is ready to be installed at the Triple Axis Spectrometer, 

Dhruva. I was involved in the collaborative instrumentation activities related to increase 

in mosaic spread of perfect copper crystals, alignment and focusing of the 

monochromator assembly. 

5.2  Mechanical treatment of the perfect single crystals 

It has been shown previously that thermo-mechanical treatment on perfect single 

crystals of copper and germanium is fruitful in increasing their mosaic spread up to 0.3
o 

[1]. Here we present our results of mechanical treatment on nearly perfect copper crystals. 

We were able to increase the mosaic spread of perfect copper crystals by applying load 

along the [111] axis. The mosaic spread can be increased up to 0.5
o
 without affecting the 

peak reflectivity of the crystal. The mosaic spread of the crystals was measured using 

triple axis spectrometer installed inside DHRUVA reactor hall. The ray diagram of the 

experimental set up is shown in Fig. 5.1.  
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Fig:5.1 Schematic of the set up used for measuring rocking curves of the crystals 

 

 

 

 

 

Fig.5.2 Schematic for mechanical pressing of copper single crystals 
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The neutron beam from reactor core is monochromatized using a Cu (111) crystal. 

Neutron beam of wavelength 1.65Å
 
was used for the measurements. The incident beam 

has a divergence of about 1
o
. In order to see the changes in the FWHM of the rocking 

curves of perfect copper crystals during compression it is essential to reduce the 

divergence of neutron beam. The divergent beam from the monochromator crystal is 

again reflected by a perfect Ge (311) crystal. The reflected beam from the Ge (311) 

crystal has divergence of 0.15
o
. This beam is finally used for the measurements of rocking 

curves of perfect copper crystals. 

Mechanical pressure was applied on the perfect Cu single crystals (35 mm  25 

mm  10 mm) using hydraulic press as depicted pictorially in Fig. 5.2 [courtesy: 

www.ill.fr]. Load was applied along [111] axis that is perpendicular to the largest face, in 

steps with varying time. The size of the crystals is slightly large than the ram of the press 

so the copper crystals were placed between two machined stainless steel plates. This 

ensures that the load is distributed uniformly over the whole area of the crystal. Crystals 

were pressed under varying conditions of load and time. 

As mentioned earlier, usual single crystals do not have a perfect regular sequence 

of atomic planes and unit cells throughout the whole volume of the crystal. They are 

permeated by dislocations which have the effect of dividing the crystal into smaller 

regions. These individual small regions (the mosaic blocks) are perfect themselves but are 

disoriented with each other. The extent of disorientation in a perfect crystal is of only few 

minutes. Application of load along [111] axis increases the misorientation among various 

mosaic blocks of perfect copper crystal. Since the components of neutron beam reflected 

from various mosaic blocks are not coherent,  individual mosaic blocks reflect at slightly 
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different angles when the crystal is rotated around  the Bragg angle (of (111) planes, in 

our case).   Hence the width of the rocking curve, which is a plot of intensity of the 

reflected beam as a function of angle of orientation of the crystal around the Bragg angle, 

increases. This increases overall reflectivity from the crystal. FWHM of the rocking curve 

is used to determine the mosaic spread. 

 

 

 

 

 

 

 

Fig. 5.3 Double focusing monochromator to be used on TAS, Dhruva. 

5.3 Alignment of the copper crystals 

The copper crystals that were mechanically treated to increase their mosaic spread were 

fixed on the 15 single crystal holders of the focusing monochromator assembly (Fig. 5.3) 

purchased from M/S Swiss Neutronics.   
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Fig.5.4 Rocking curves of all the 15 crystals after mechanical treatment and alignment.  

 

 

 

 

 

 

 

 

 

 

 

 Fig.5.5 Rocking curves of crystals placed in the different rows. 
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Fig. 5.6 Rocking curves of the crystals after final alignment  

These crystals have a range of mosaic spread from 0.4° to 0.7°, as can be seen 

from in Fig.5.4 .The crystals with high reflectivity were placed at the centre of the 
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the neutron beam. The position of the neutron beam at the sample position is fixed. A 

mechanical jig was used to bring individual crystal at the centre of the neutron beam.  The 

incident neutron beam size was reduced such that beam fall only on one of the crystals at 

a time. The vertical tilts of each of crystal were adjusted so as to maximize the neutron 
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intensity reflected from the crystal. All the fifteen crystals were brought to the centre of 

the neutron beam and aligned individually. The rocking curve of each of the crystal in the 

three different rows is given in Fig. 5.5. The final schematic of the postions of the 

different crystals and their rocking curves are given in Fig.5.6. This set up is ready to be 

installed inside the monochromator shielding drum of the Triple Axis Spectrometer, TAS 

in Dhruva reactor.  
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Chapter 6 

 
Summary and future direction 

6.1 Summary  

 

The gist of this thesis is that a combination of lattice dynamics calculations, molecular 

dynamics simulations and inelastic neutron scattering measurements can be successful to 

study phonons in solids and their manifestations in macroscopic properties like specific heat, 

thermal expansion, diffusion and equation of state. The calculations have greatly aided the 

planning and execution of the various experimental measurements. The interatomic 

potentials have been used to understand the behavior of phonons at extreme conditions and 

the role of phonons in anamolous behavior of solids like superionic conductors at elevated 

temperatures. The calculations enabled to understand the microscopic picture of the 

dynamics of various solids leading to the manifestations of several unique properties.  

Lattice dynamics studies have been done using empirical model potentials in case of all 

the compounds studied by the author. Empirical potentials makes most sense in studying 

phonons in the entire Brillouin zone in case of  large compounds like YAG, which contain 

240 atoms in an unit cell.  First principle methods have been used to study Li2O, LiMPO4 and  

tungstates; the results of interatomic potential models are found to be in very good agreement 

with both first principle results and available experimental results. In case of superionic 

oxides and battery materials, high temperature diffusion has been studied using classical 

molecular dynamics simulations, as ab-initio molecular dynamics was not feasible. The 
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model used for the molecular dynamics was formulated using calculated and experimental 

lattice dynamics results.  

The salient features of this study are summarized below: 

 

(1)     A shell model has been successfully used to study the phonon properties of all the 

compounds studied.  The interatomic potential is able to reproduce the elastic constants, 

bulk modulus, equilibrium lattice constant, and phonon frequencies, which are in good 

agreement with the reported data. The lattice dynamical studies for various compounds 

show that differences in the phonon spectra of various compounds of the same family 

arise from both the mass and potential variations. The calculated partial density of 

states helps us in understanding the dynamical contributions arising from various 

species of atoms in a compound. 

 

(2) The measured neutron inelastic scattering data of LiMPO4 (M = Fe, Mn) and AWO4 (A 

= Sr, Ba, Pb and Ca) are in very good agreement with results of the interatomic 

potential developed. In case of SrWO4, this model has been used to plan and execute 

the measurement of phonon dispersion relation using single crystal.  

 

(3) The formulated interatomic potential has been used in the molecular dynamics 

simulations to understand the high temperature properties of the various compounds 

studied, like superionic conduction.. In case of superionic Li2O, UO2 this study is able 

to understand the microscopic pathway of diffusion. Instantaneous snapshots of the 

movement of lithium ions depict they move from one tetrahedral site to another via an 
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octahedral site, but they never occupy the octahedral site. The model has also been used 

to understand the role of phonons in the initiation of diffusion at elevated temperatures. 

Similarly, studies on LiMPO4 using neutron inelastic scattering experiments, 

potential model calculations on LiMPO4 (M=Mn, Fe) at ambient and high temperature 

help to understand the microscopic picture of Li sub-lattice. Molecular dynamics 

simulations with increasing temperature indicate large mean square displacement of Li 

as compared to other constituent atoms. The computed pair-correlations between 

various atom pairs show that there is local disorder occurring in the lithium sub-lattice 

with increasing temperature, while other pairs show minimal changes.   

 

(4) Lattice dynamics simulations have been carried out up to very high pressures in YAG, 

to understand the elastic stability of these compounds. At 100 GPa, YAG develops a 

large phonon band gap (90-110 meV) and its microscopic and macroscopic physical 

properties are found to be profoundly different from that at ambient pressure phase.  

There are significant changes in the high pressure thermal expansion and specific heat. 

The mode Gruneisen parameters show significant changes in the low energy range with 

pressure.  The studies show that the YAG structure becomes mechanically unstable 

around P = 108 GPa due to the violation of the Born stability criteria. Although this 

does not rule out thermodynamic crossover to a lower free energy phase at lower 

pressure, this places an upper bound of P = 110 GPa for the mechanical stability of 

YAG.  
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(5) Molecular dynamics studies predict that all the four tungstates amorphize at high 

pressure. This is in good agreement with available experimental observations which 

show amorphization at around 45 GPa in BaWO4 and 40 GPa in CaWO4. With increase 

in pressure, there is a gradual change in the AO8 polyhedra, while there is no apparent 

change in the WO4 tetrahedra, But on amorphization, there is an abrupt increase in the 

coordination of the W atom while the octahedra around A atom is considerably 

distorted. The pair correlation functions of the various atom pairs corroborate these 

observations.  

 

(6)     Apart from the above mentioned details, this thesis also reports the involvement of the 

author in the pressing, testing and alignment of Cu-single crystals installed on the 

focusing double crystal monochromator. This setup is to be installed on the TAS, 

Dhruva, India. 

 

 

6.2 FUTURE DIRECTION 

 

 The experience gained from the study of superionic conductors,  LiMnPO4, LiFePO4  

and their behavior with temperature will be of immense help in understanding the physics of 

several other technologically useful battery materials, wherein the phenomena of diffusion 

plays an important role. It would be worthwhile to understand the physics behind the novel 

properties exhibited by such technologically important compounds. The study of elastic 
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instabilities in Y based garnets would help in better understanding of such phenomena in 

future. Pressure induced amorphization displayed by tungstates and phase transitions found 

in vanadates has definitely increased the depth of understanding of the response of 

compounds to pressure. A combination of experimental inelastic scattering, classical and first 

principle studies would provide an enriching treasure trove of knowledge. I would like to 

carry out a combination of ab-initio, classical lattice dynamics and molecular calculations 

along with experimental work to understand superionic and high temperature behavior in 

Bi2O3, Li based garnets like Li7La3Zr2O12 and other novel compounds. My aim would be to 

understand the mechanism of diffusion, role of phonons in initiation of diffusion and find its 

signature in the vibrational spectra with temperature. Knowledge of these basic phenomena 

would definitely be useful in the effective utilization of such oxides and compounds. The 

experience gained while working on instrument development would be worthwhile during 

future endeavors.  
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