
UNDERSTANDING STRUCTURE-PROPERTY RELATIONSHIPS IN � -EUCRYPTITE

THROUGH ATOMISTIC SIMULATIONS

by

Badri Narayanan



c
 Copyright by Badri Narayanan, 2013

All Rights Reserved



A thesis submitted to the Faculty and the Board of Trustees of theColorado School

of Mines in partial ful�llment of the requirements for the degree of Doctor of Philosophy

(Materials Science).

Golden, Colorado

Date

Signed:
Badri Narayanan

Signed:
Prof. Cristian V. Ciobanu

Thesis Advisor

Signed:
Prof. Ivar E. Reimanis

Thesis Advisor

Golden, Colorado

Date

Signed:
Prof. Brian P. Gorman

Program Director, Materials Science

ii



ABSTRACT

� -eucryptite (LiAlSiO 4) has drawn widespread commercial and academic interests due

to its exotic physical properties, mainly, negative thermal expansion. The present study

employs a combination of density functional theory (DFT) calculations and atomistic sim-

ulations to identify the atomic-scale mechanisms underlyingthree intriguing phenomena in

� - eucryptite: (a) negative bulk thermal expansion (NTE), (b) radiation tolerance, and (c)

structural transformations under moderate applied pressure.

Using DFT calculations, we resolved a long-standing discrepancy in the literature con-

cerning the sign of linear compressibility of� -eucryptite parallel to the c-axis, � c. Our

DFT calculations that are in excellent accordance with recent ultrasonic experiments have

led to the conclusion that � c has a positive value, as opposed to a negative value reported

by earlier direct measurements. Furthermore, this study suggests that the NTE behavior

of � -eucryptite occurs due to tetrahedral tilting and cation disordering rather than elastic

e�ects.

To describe the atomic interactions in our atomistic simulations, we parameterized a

reactive force �eld (ReaxFF) for Li- Al-Si-O system using DFT calculated structural prop-

erties of several bulk phases of silicates, aluminates, and oxides, and various representative

clusters. These parameters were found to have good transferability, as they provide an ac-

curate description of (a) structural, thermodynamic and mechanical properties of numerous

condensed phases, (b) phase transformations, as well as (c) single species systems (e.g., Li-,

Al- metals, Si) with applications to oxidation and reduction reactions.

Molecular dynamics simulations based on ReaxFF showed that upon exposure to neu-

tron radiation, � -eucryptite largely retains its long-range order while exhibiting tetrahedral

rotation, change in O-coordination around Al/Si atoms, and Lidisordering. Upon annealing

radiated � -eucryptite, most of the under-coordinated Si-polyhedra formed during radiation

regained their tetrahedral coordination via a mechanism involving tilting of Al- and Si-

centered polyhedra. Finally, our ReaxFF based metadynamicssimulations revealed that

pressure-induced amorphization (PIA) in� -eucryptite is governed by atomic-scale processes

similar to those observed in response to temperature changes and radiation exposure. The

results presented in this thesis show a general link between NTE, radiation tolerance, and

PIA in 
exible framework structures.
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CHAPTER 1

INTRODUCTION

The advent of glass ceramics (GCs) has revolutionized materials technology over the

past several decades owing to their ease of fabrication and exceptional thermo-mechanical,

electrical, magnetic, optical, and opto-electronic properties [1{8]. These materials are partic-

ularly interesting because their physical properties can be tuned by controlling the extent of

crystallization and chemical composition. Since the mid 1950's when the �rst synthetic GC

was serendipitously fabricated by S. D. Stookey [1], GCs with various chemical compositions

(e.g., silicates [6{8], borates [9], phosphates [10] etc.) have been successfully synthesized

with widespread applications in domestic cookware, hermeticsealing, optics, ferroelectrics,

high-temperature superconductors, and bio-materials [3{8,10{13].

Commercially, the most established GCs belong to the family of lithium aluminum sil-

icates (LAS) with chemical composition of Li1� xAl 1� xSi1+ xO4 (0 � x � 1) [6{8]. The

widespread interest in LAS based GCs has been spurred in part by their exotic thermal

behavior; they exhibit low (near-zero) thermal expansion over wide temperature ranges and,

in turn, possess excellent thermal shock resistance [6{8, 14{16].In addition to their fas-

cinating thermal properties, GCs in the LAS system show exceptional chemical durability

and transparency. This makes them suitable for speci�c applications like heat exchangers,

high precision optical devices, thermal barrier coatings, telescope mirrors, and ring laser

gyroscopes [6, 7, 14].

The most important crystalline phase in the LAS system is the hexagonal � - eucryptite

with a chemical composition of LiAlSiO4. It has a highly anisotropic coe�cient of thermal

expansion (CTE) (i.e., � a = 7.26 � 10� 6 perpendicular to the c axis, � c = � 16:35 � 10� 6

parallel to the c axis [14]) which leads to a slightly negative crystallographic average CTE.

Apart from this anomalous thermal behavior,� -eucryptite is also well known for its one-

dimensional superionic conductivity of Li+ ions along the crystallographicc-direction [17{

21], structural transitions under moderate applied pressures [22{30], and radiation tolerance

[31, 32]. This makes� -eucryptite a good candidate for applications in lithium ion batteries,

transformation- toughened ceramics, and fuel coatings in nuclear breeder reactors. A brief

overview of this material has been provided in Sec. 1.1

From a fundamental point of view, the study of a material with such unusual proper-

ties o�ers to provide new insights into structure-property relationships and promise for the

design of novel composites with tailored properties. In this thesis, we focus on unravelling
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the atomic-scale mechanisms in� -eucryptite that underpin unusual phenomena like neg-

ative CTE, radiation tolerance, and phase transition under moderate pressures through a

combination of density functional theory (DFT) and atomistic calculations. Our �ndings

contribute to the development of novel materials and composites with desired mechanical

and structural properties.

1.1 Background and Motivation

The fascinating properties of� -eucryptite mentioned above are related to its hexagonal

crystal structure (space group:P6422 [33]). Its structure is largely open and is composed of

a network of corner-linked SiO4 and AlO4 tetrahedra in which all the O atoms are bonded

to either Al or Si; the paired helical chains of SiO4 and AlO4 tetrahedra spiral along the

screw axis (64) parallel to the c-direction [14, 22, 34{37]. The Li atoms reside in the inter-

tetrahedral spaces as channels parallel to thec-axis, in turn, conferring on � -eucryptite

superionic conduction of Li atoms along that axis. [17{21, 37,38]. This structure can be

best understood as a Li-stu�ed derivative of� -quartz [38]. The presence of alternating

layers containing Al and Si-atoms in� -eucryptite, however, doubles the unit cell along the

c-direction of � -quartz. At ambient temperatures, the Li atoms occupy the planes containing

the Al and Si atoms in a �xed ratio of 3:1 [15, 16]. Beyond� 755 K, the Li atoms disorder

spatially while the alternation of Al- and Si- containing planes is still maintained [37].

1.1.1 Negative thermal expansion

As mentioned earlier,� -eucryptite exhibits a slightly negative average CTE,i.e., it un-

dergoes volumetric contraction upon heating [14]. This is amanifestation of anisotropic

linear expansion in� -eucryptite { an increase in temperature causes contraction along the

c-axis that overcompensates the expansion in the basal plane (normal to the c-axis). Numer-

ous theories have been proposed to explain this anomalous thermal behavior using a host

of empirical and theoretical techniques [14{16, 39{41]. Gillery and co-workers [39] theorized

that the negative CTE of � -eucryptite is caused by an elastic e�ect associated with the

interconnected helices of SiO4 and AlO4 tetrahedra. In contrast, several other authors claim

that the negative thermal expansion in� -eucryptite is a manifestion of a negative Gr•uneisen

function parallel to the c axis arising from the interconnected phenomena of tetrahedral

tilting and cation disordering [14{16, 39, 40].

The hypothesis of Gillery et al. was supported by direct measurement of linear com-

pressibility � of � -eucryptite along a and c directions (� a = (22:4 � 6:0) � 10� 3 GPa� 1 and

� c = ( � 1:13� 1:0) � 10� 3 GPa� 1) that yielded negative value for� c [42]. It is important to

note that these values of� constitute the only direct measurements reported to date. Apart
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from providing a plausible explanation for negative CTE, a negative compressibility along

one of the principal crystallographic directions would make� -eucryptite a suitable candi-

date for speci�c applications like high quality strain ampli�ers and piezoelectrically driven

optical lenses [43]. However, the sign of the directly measured� c remains in doubt due to

experimental uncertainty and thus warrants further investigation.

The values of� along any crystallographic direction can also be evaluated, indirectly,

from the elements of the sti�ness matrix using standard elasticity relationships [44]. We

employed these relations and calculated� a and � c for � -eucryptite using the elastic constants

known from ultrasonic experiments [45]. From these calculations, we found the values� a =

(2:57� 0:02)� 10� 3 GPa� 1 and � c = (4 :60� 0:05)� 10� 3 GPa� 1. It should be noted that � c

calculated using the experimentally knownCij is positive, in contrast to the negative value

of (� 1:13� 1:0) � 10� 3 GPa determined by direct measurements [42]. While the sign of the

direct measurement of� c remains in doubt due to experimental uncertainty, the near-zero

value is also very di�erent from that obtained in calculations. Since the sign of� c is linked

with the explanation of negative CTE of� -eucryptite, it is necessary to address and possibly

resolve the contradiction surrounding the sign of� c.

In Chapter 2, we address this discrepancy in the literature by computing the elastic con-

stants of � - eucryptite in the framework of DFT; these constants were subsequently used to

evaluate� a and � c. Since DFT o�ers an independent technique to determine compressibility,

this study e�ectively resolved the long-standing controversy pertaining to the sign of � c.

1.1.2 Reactive Force Field

An in-depth understanding of atomistic mechanisms underlying the intriguing properties

of � -eucryptite (e.g., radiation tolerance, pressure induced phase transformationsetc.) and

other LAS based phases is expected to aid in better design of materials/composites and

their processing techniques to optimize or achieve desired properties. The limited nature of

the available experimental data and the di�culty involved in accessing these fundamental

questions through existing experimental techniques entail the use of �rst-principles molecular

dynamics and Monte Carlo simulations. Numerous density functional studies have been con-

ducted to address the negative CTE of� -eucryptite [15, 16, 46]; study mechanical properties

of Al-silicates [47]; investigate electronic, structural and mechanical properties of Li-silicates

[48], , oxides of lithium [49{53], aluminum [54{58] and silicon [56, 58{62]. However, the

length scales involved in these studies are too small to assist in improving properties.

To carry out atomistic simulations at large length scales (> 105 atoms), calculations based

on conventional empirical force �elds (EFFs) are preferred due to the mathematical simplicity

of the functional forms used to describe the bonded and non-bonded interactions [63, 64]. For
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the case of silicates, core-shell models have been employed to account for both covalent and

ionic character of the chemical bonds [65{68]. These EFFs, albeit successful in describing

physical interactions in condensed phases, inherently su�er from (a) poor transferability

and (b) inadequate description of the phases away from equilibrium bond distances. These

problems often make them unsuitable to predict new structuresand study the e�ect of

di�erent chemical/physical environments on known condensedphases [64].

Reactive force �eld (ReaxFF) is a recently developed force �eld by Van Duin et al. [69]

based on a bond-order formalism in line with works of Terso� [70]and Benner (REBO-

potential, Ref. 71) in conjunction with a charge equilibriation scheme [72]. Unlike the em-

pirical force �elds (EFF) which are based on �xed connectivity for chemical bonds, ReaxFF

is based on bond orders, calculated as a function of interatomic distances which are updated

at every simulation step. This allows the formation and breaking of bonds during the course

of a simulation. All the bonded interactions are computed as a function of the instantaneous

bond orders, thereby, allowing for their gradual disappearance in the event of breaking of a

bond. Furthermore, non-bonded interactions like Van der Waals and Coulomb interactions

are described independent of connectivity, allowing for shielding of these terms at shorter

distances. In order to ensure transferability, three criteria are adopted (a) energy and forces

are continuous, (b) every element has only one atom type whilethe di�erent hybridization

types are decided by instantaneous bond-order, and (c) reactive sites are not pre-de�ned.

The details of the various energy contributions and the corresponding mathematical

expressions can be found in AppendixA and Refs. 69, 73 and 74. It has been applied

successfully to predict the dynamics and reactive processes in hydrocarbons,[69] hydrides of

aluminum [75], lithium [76], magnesium [77] and sodium [78], crack propagation in silicon

crystals [79], interfacial reactions in Si/Si-oxide [73] and Al/Al-oxide [80], surface reactions

in ZnO [81], phase transitions in ferroelectric BaTiO3 [82], and oxygen-ion transport in Y-

stabilized ZrO2 [83]. For a given system, ReaxFF can be parametrized by �tting against

QC/QM data calculated for representative condensed phases andclusters in a training set

leading to as high as 69 independent parameters.

In Chapter 3, we parameterize the ReaxFF for Li-Al-Si-O system using DFT calculated

structural properties of numerous condensed phases in the Li-Al-Si-O system (i.e. alumi-

nates, silicates, and oxides), and several representative clusters. These parameters were

tested rigorously and were found to accurately (a) predict thermodynamic, structural, and

mechanical properties of various bulk phases, and (b) describestructural transitions under

pressure.
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1.1.3 Radiation Tolerance

Numerous studies on Li-silicates have shown that these materialsresist radiation damage

even in extreme chemical and physical conditions [84{86]. These silicates are known to

possess network structures similar to� -eucryptite, e.g., Li-metasilicate (Li2SiO3) contains

chains of SiO4 tetrahedra with the Li atoms populating the inter-tetrahedral spaces [87].

Neutron radiation experiments using the high 
ux reactor at Petten demonstrated that Li-

silicates can tolerate doses up to 1021 { 1023 n/cm 2 [2 { 80 displacements-per-atom (dpa)

Refs. 88{91]. Since radiation tolerance is related to structure [92, 93] and chemistry [94],

this indicates a possibility that � -eucryptite could resist damage upon exposure to neutron

radiation. Abdel-Fattah et al. explored this potential using electron microscopy studies;

their �ndings revealed that solid solutions based on� -eucryptite exhibit low sensitivity to

neutron radiation making them suitable for applications in nuclear reactor blankets [31, 32].

Furthermore, they found that high lithia content in the LAS solid solutions improves their

radiation tolerance [32]. In addition, � - eucryptite is known to show exceptional thermal

shock resistance [14] and therefore can be used in fuel coatings to avoid their failure during

thermal cycles. However, the atomic scale mechanisms responsiblefor the radiation tolerance

are still unclear. Such a study would provide the necessary fundamental knowledge to design

radiation tolerant LAS composites. Similar to the link betweenNTE and PIA [95, 96], the

radiation tolerance could possibly be related to the 
exible nature of the fully-polymerized

network of AlO4 and SiO4 tetrahedra in � -eucryptite. This further motivates atomic-scale

investigation of the structural damage in� -eucryptite during exposure to neutron radiation

and recovery thereof upon subsequent annealing.

The work presented in this thesis was motivated by the necessity to gain fundamental

understanding the atomic scale motion that occurs in� -eucryptite in response to changes

in physical conditions, like temperature and pressure, and exposure to radiation. Such a

knowledge holds the key to the structure-property relationsin LAS materials and has broad

implications in designing LAS composites with tunable mechanical, structural, thermal, and

radiation properties. Molecular dynamics simulation based onempirical force-�elds is an ef-

fective tool to accomplish this goal. This technique is knownto capture atomic con�gurations

of the intermediate phases during a structural phase transition. Noteworthy contribution of

MD simulations on silicates have been the discovery that they respond to pressure by the

motion of certain tetrahedral units [97]. Classical MD simulations have been successfully

used to predict new high pressure phases and study the atomic movements and the possible

pathways leading to pressure induced phase transitions in a widevariety of systems including

semiconductors [98, 99] and ceramics [100{105]. In terms of studying response to radiation,

MD simulations have been employed successfully to characterizeradiation-induced structural
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damage in metals, semiconductors, as well as ceramics [92, 93, 106{122]. Furthermore, it has

been used extensively to explore the physical origin of radiation tolerance [92, 93], character-

ize radiation induced defects in ionic oxides [115{117] andidentify atomic-scale mechanisms

that govern the radiation response of SiC [118, 119] and ZrSiO4 [92].

In Chapter 4, we have performed atomic-scale characterization of the structural damage

that occurs in � - eucrypite upon exposure to radiation by using ReaxFF-based molecular

dynamics simulations. We found that below a certain dosage,� -eucryptite retains its long-

range order while exhibiting short range damage including (a) tilting of AlO 4 and SiO4

tetrahedra, (b) change in local coordination around Al and Si, and (c) Li positional dis-

ordering. Furthermore, we identi�ed that upon annealing the damaged structure, most of

the deformed Si-centered polyhedra regain their tetrahedral O-coordination via a mechanism

mediated by the deformed AlOx polyhedra.

1.1.4 Pressure-induced phase transformations

Under applied pressure, in general, crystals undergo structuraltransitions via a coopera-

tive motion of atoms or groups of atoms either through lattice distortion or through a shu�e

mechanism depending on composition, structure, thermodynamics, and kinetic conditions.

� -eucryptite, as aforementioned has a structure made up of a framework of AlO4 and SiO4

with vast open spaces between them. This open structure makes� -eucryptite amenable to

collapse at moderate applied pressures resulting in a number of phase transitions [22{29].

Recently, using high pressurein-situ X-ray di�raction experiments, Zhang et al. discov-

ered that at ambient temperature,� -eucryptite transforms reversibly to a new polymorph�

with orthorhombic symmetry under applied pressure� 0.83 GPa [25, 26]; the existence of

this polymorph has also been suggested earlier [28]. The occurrence of this reversible phase

transition under an indenter was con�rmed by Jochumet al. by employing in-situ Raman

spectroscopy [27]. From their experiments, Zhanget al. concluded that the reverse transition

(� ! � ) is associated with a volume expansion� 7.7%. This increase in volume along with

the occurrence of reversible� *) � transition at moderate pressure (< 1 GPa) is believed to

have a potential application in synthesizing transformation toughened composites based on

� -eucryptite, such as, yttria-stabilized zirconia{� -eucryptite composites [123]. In addition

to this technological signi�cance, the� *) � transition provides a plausible explanation for a

very interesting phenomenon observed by Reimanis and co-workers [124]: particles of sizes

ranging from sub-micrometer to tens of micrometer ejected spontaneously upon indenting

composites of� -eucryptite and lithium aluminate (LiAl 5O8). This unique phenomenon can

also be alternatively attributed to the energetic release of residual stresses arising due to

the large CTE anisotropy in � -eucryptite. Furthermore, at higher temperatures� 873 K

6



and applied pressure< 1GPa � -eucryptite transforms irreversibly to the most stable (albeit

kinetically hindered at room temperature) eucryptite polymorph � [26].

Similar to other 
exible framework structures that display negative thermal expansion,

at ambient temperature � -eucryptite begins to amorphize under moderate pressures in the

range 3{5 GPa [26, 29]; the amorphization proceeds to completion at � 17 GPa. The recent

literature on negative CTE materials indicates that the twophenomena { negative ther-

mal expansion (NTE) and pressure induced amorphization (PIA) { have a common origin

in the inherent 
exibility of the framework structure [26, 95, 96, 125{128]. Owing to the

technological signi�cance of� -eucryptite, it provides an ideal prototype to extend the cur-

rent understanding of the structural connection between NTE and PIA. Using in-situ X-ray

di�raction experiments, Zhang et al. reported that PIA in � -eucryptite occurs via recon-

structive transformation with signi�cant changes in atomic coordination [26]. Furthermore,

they suggested that PIA in� -eucryptite could be assisted by (a) mechanical instability, and

(b) kinetic hindrance owing to low atomic mobility at 300 K [26]. Interestingly, these ex-

periments showed that in the presence of crystalline domains (even in trace amounts) at

high pressure, the amorphous phase reverts back to crystalline� upon unloading. Zhang

et al. hypothesize this partial structural memory to be caused by di�erence in rigidity of

AlO4 and SiO4 tetrahedra. They claim that the weaker AlO4 tetrahedra deform consid-

erably under pressure leading to changes in O-coordination around Al while the stronger

SiO4 tetrahedra remain largely intact. Upon unloading, crystallinity is restored by using

the unperturbed SiO4 tetrahedra as a template [26]. However, detailed atomic-scale struc-

tural characterization was beyond the scope of theirin-situ X-ray experiments; thus, the

atomic-scale mechanisms governing PIA and atomic structure ofthe amorphous phase are

still elusive.

In Chapter 5, we identify the atomic scale mechanisms governing the PIA in � -eucryptite

and characterize the structure of the amorphous phase using ReaxFF based metadynamics

simulations. These simulations indicate that PIA in� -eucryptite occurs via (a) progressive

tilting of Al/Si tetrahedra eventually changing the O-coordination around several Al atoms

while keeping the tetrahedral coordination around Si atomsintact, and (b) spatial disordering

of Li.

1.2 Scope of the thesis

The objectives of this thesis are to:

1. Resolve the controversy in the literature surrounding the sign of linear compressibility

along the crystallographicc-direction in � -eucryptite. This has implications not only
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in exploring potential of � -eucryptite for speci�c applications, such as piezoelectric

actuators, but is also linked to the explanation of NTE in� -eucryptite.

2. Develop a reactive force �eld that describes interactionsbetween Li, Al, Si and O

atoms to (a) accurately predict thermodynamic, structural and mechanical properties

of single-species, oxides, aluminates and silicates, and (b) describe well the energetics,

kinetics, and the atomic-scale processes associated with structural transition in the

LAS system.

3. Identify the atomic-scale mechanisms that govern the response of � -eucryptite to

changes in physical conditions, like temperature, pressure, and exposure to radiation.

We accomplished these goals using a combination of density functional theory calculations

and atomistic simulations. Our �ndings are organized in this thesis as follows:

� Chapter 2 presents the work titled \Elastic constants of� -eucryptite studied by den-

sity functional theory" that is published in Physical Review B [Narayananet al., Phys-

ical Review B 81, 104106 (2010)]. Here, we determined the �ve independent elastic

constants of � -eucryptite using density functional total energy calculations. These

calculated elastic constants were then used to evaluate the linear compressibility of� -

eucryptite along the crystallographica- and c- axes. Since these computations provide

an independent technique to determine values of� , it can resolve the discrepancy in

the literature pertaining to the sign of � c. After ascertaining the sign of� c, we discuss

its implications in explaining the NTE behavior of � -eucryptite; we demonstrate that

the negative CTE alongc-axis in � -eucryptite occurs due to tetrahedral tilting and

cation disordering rather than elastic e�ects.

� Chapter 3 describes the parametrization of ReaxFF for Li-Al-Si-O system using den-

sity functional calculations of structural properties of a number of silicates, oxides and

aluminates along with several representative clusters. This work titled \ A reactive force

�eld for lithium aluminum silicates with applications to eucryptite phases" was pub-

lished in Modelling and Simulation in Materials Science and Engineering [Narayanan

et al., Modelling and Simulation in Materials Science and Engineering 20, 015002

(2012)]. The mathematical formulation have been detailed in Appendix A while the

obtained parameters have been presented inAppendix B . These parameters were

found to accurately predict the structural, thermodynamic,and elastic properties of

several LAS condensed phases [the technique used to compute elastic constants is de-

tailed in Appendix C ]; furthermore, these parameters were found to describe well
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pressure-induced transitions in� -eucryptite. Appendix D provides further support

to the applicability of ReaxFF to study dynamics and reactivity; here we identi�ed the

atomic-scale mechanisms underlying reduction of graphene oxide with carbon monox-

ide. This work titled \ Carbon Monoxide-induced Reduction and Healing of Graphene

Oxide" was published in Journal of Vacuum Society and Technology A [Narayananet

al. Journal of Vacuum Science and Technology A31, 040601 (2013)].

� Chapter 4 presents a characterization of the structural damage that occurs in � -

eucryptite upon exposure to neutron radiation using ReaxFF based molecular dynam-

ics simulations. We found that at radiation doses below 0.21 dpa, � -eucryptite retains

its long-range crystalline order while exhibiting (a) Li disordering, (b) change in O-

coordination around Al- and Si- atoms, and (c) rotation of AlO4 and SiO4 tetrahedra.

Upon annealing, the SiO3 polyhedra were found to heal the most via a mechanism

involving tilting of AlO 5 polyhedra formed during exposure leading to restoration of

tetrahedral arrangement of O around Si. At high doses, a considerable increase in the

Al-Si antisites renders this recovery mechanism ine�cient andleads to amorphization.

This work titled \ Radiation e�ects and tolerance mechanism in� -eucryptite" was pub-

lished in Journal of Applied Physics [Narayananet al., Journal of Applied Physics113,

033504 (2013)].

� Chapter 5 identi�es the atomic-scale mechanisms responsible for PIA in� -eucryptite

close to the empirically observed transition pressure (� 3 GPa) using ReaxFF based

metadynamics simulations. The mechanism was found to consist of (a) tilting of AlO 4

and SiO4 tetrahedra, (b) deformation of AlO4 tetrahedra causing signi�cant changes

in O-coordination around Al while the SiO4 units remain intact, and (c) disordering

of Li atoms. Furthermore, we show that the inherent 
exible nature of the network of

AlO4 and SiO4 tetrahedra is the common origin for NTE, radiation tolerance, PIA at

moderate pressures. This indicates a possible trend in NTE framework materials to

have a link between these seemingly disparate phenomena. This work titled \ Atomic

scale mechanism for pressure-induced amorphization of� -eucryptite" is accepted for

publication in Journal of Applied Physics [Narayananet al. Journal of Applied Physics,

Accepted for publication (2013)].

� Chapter 6 summarizes the work presented in this thesis, highlights the main conclu-

sions and provides directions for future work.
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CHAPTER 2

ELASTIC CONSTANTS OF � -EUCRYPTITE STUDIED BY DENSITY

FUNCTIONAL THEORY

A paper published inPhysical Review B1

Badri Narayanan,2 Ivar E. Reimanis,2 Edwin R. Fuller, Jr.,3 and Cristian V. Ciobanu4

The �ve independent elastic constants of hexagonal� -eucryptite have been determined

using density functional theory (DFT) total energy calculations. The calculated values agree

well, to within 15%, with the experimental data. Using the calculated elastic constants,

the linear compressibility of � -eucryptite parallel to the c-axis, � c, and perpendicular to

it, � a, have been evaluated. These values are in close agreement to those obtained from

experimentally known elastic constants, but are in contradiction to those obtained through

direct measurements based on a three-terminal technique. Thecalculated compressibility

parallel to the c-axis was found to have a positive value rather than a negativeone as

obtained from the three-terminal technique. We demonstratethat � c must be positive and

discuss the implications of a positive� c in the context of explaining the negative bulk thermal

expansion of� -eucryptite.

2.1 Introduction

Glass ceramics in Li2O-Al2O3-SiO2 (LAS) systems have attracted a lot of attention over

the last several decades due to their low or even negative coe�cient of thermal expansion

(CTE), as well as due to their chemical and thermal stability [6, 7, 14]. This class of materials

has been extensively commercialized owing to their exotic physical properties which makes

them suitable for industrial applications (e.g., heat exchangers) which require dimensional

stability and thermal shock resistance [15, 16]. They are also usedin very speci�c applications

like telescope mirror blanks, high precision optical devices and ring laser gyroscope [7, 14].

The hexagonal� -eucryptite is a prominent member of this class of materials. It has a highly

anisotropic CTE [14] (i.e., � a = 7.26 � 10� 6K � 1 perpendicular to the c axis, � c = -16.35

1Reprint of Physical Review B 81, 104106 (2010) with permission from American Physical Society [Please
refer Appendix E]

2Department of Metallurgical and Materials Engineering, Colorado School of Mines, Golden, CO 80401,
USA

3Ceramics Division, National Institute of Standards and Technology, Gaithersburg, Maryland 20899,
USA

4Division of Engineering, Colorado School of Mines, Golden, Colorado 80401,USA
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� 10� 6K � 1 parallel to the c axis) which leads to a slightly negative crystallographic average

CTE. � -eucryptite undergoes a reversible order-disorder structural transition at � 755 K

[37]. It exhibits one dimensional superionic conductivity ofLi+ ions along thec-axis which

makes it a suitable electrolyte in Li based batteries [18]. Mostof these unusual properties

of � -eucryptite are, in part, related to its crystal structure.

Figure 2.1, rendered using the VESTA software [129], illustrates a unit cell of� -eucryptite

below the order-disorder transition containing 84 atoms with12 unit formulae of LiAlSiO4.

A single crystal of ordered� -eucryptite, as shown by Figure 2.1 has a primitive hexagonal

structure belonging to theP6422 space group [33]. This structure is a derivative of the� -

quartz con�guration, with half the Si4+ ions replaced by Al3+ while the charge imbalance is

compensated by the channels of Li+ ions parallel to thec-axis [38]. Several researchers [14, 22,

Figure 2.1: Crystal structure of ordered� -eucryptite containing 12 formula units of LiAlSiO4

(84 atoms).

34{37] have demonstrated through structural re�nements thatthe structure is composed of

interconnected helices of SiO44� and AlO4
4� tetrahedra with alternation of layers containing

Si and Al atoms respectively, leading to a doubling of thec-axis of � -quartz.

As mentioned, the slightly negative crystallographic averageCTE of � -eucryptite is due

to the anisotropy of the linear expansion where a temperature increase involves a contraction

along the c-axis which overcompensates the concomitant expansion in theplane perpendic-

ular to the c-axis. Several theories have been proposed to explain this unusual thermal

behavior [14, 39{41]. Hortalet al. [42], employed a three-terminal technique [130] to mea-

sure the linear compressibility� of � -eucryptite along the a and c axes, and the reported
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values of� a = (22:4� 6:0)� 10� 3 GPa� 1 and � c = ( � 1:13� 1:0)� 10� 3 GPa� 1. These values

of � , which constitute the only direct measurements of linear compressibility of� -eucryptite

reported to date, supported the explanation given by Gilleryand Bush [39] that the negative

bulk thermal expansion is an elastic e�ect associated with the interconnected helices of Si

and Al tetrahedra.

It is well known that linear compressibility along any direction in a crystal can be calcu-

lated from the elements of the sti�ness matrixCij [44]. Linear compressibilities can also be

calculated from experimentally determined [45] sti�ness constants; we carried out this cal-

culation and the corresponding error analysis, and have found that � a = (2 :57� 0:02)� 10� 3

GPa� 1 and � c = (4 :60� 0:05) � 10� 3 GPa� 1 at a temperature of 293 K. It should be noted

that � c calculated using the experimentally knownCij is positive, in contrast to the nega-

tive value of (� 1:13� 1:0) � 10� 3 GPa determined by direct measurements [42]. While the

sign of the direct measurement of� c remains in doubt due to experimental uncertainty, the

near-zero value is also very di�erent from that obtained in calculations. Since the sign of

� c is linked with the explanation of negative CTE of� -eucryptite, it is necessary to address

and possibly resolve the contradiction surrounding the sign of� c.

In this paper, we compute the elastic sti�ness constants of ordered� -eucryptite containing

84 atoms per unit cell in the framework of density functional theory (DFT). We then use the

elastic constants to evaluate the linear compressibilities� a and � c to clarify the sign of linear

compressibility parallel to thec-axis. Since the density functional theory (DFT) calculations

o�er an independent method of determining the linear compressibility, the present study can

resolve the discrepancy discussed above. After ascertaining the sign of � c, we discuss its

implications on the explanation of negative crystallographic average CTE of� -eucryptite.

We demonstrate that the negative CTE of� -eucryptite must arise from a combination of

several interconnected phenomena as suggested by Xuet al. [14] and is related to a negative

Gr•uneisen function along thec-axis, rather than to the elastic e�ect proposed by Gillery and

Bush [39].

The paper is organized as follows: Sec. 2.2 describes the methodology we adopted to

calculate the elastic sti�ness constants and the details of the DFT calculations; Sec. 2.3

describes the results obtained in the present study which are discussed in Sec. 2.4 in the

context of resolving the discrepancy and explaining the negative CTE of � -eucryptite; Sec. 2.5

summarizes the results and describes our main conclusions.

2.2 Methodology

In general, a crystal deforms in a homogeneous linear elastic manner when subjected to

su�ciently small strains � ij (i; j = 1; 2; 3). The componentsCijkl of the adiabatic sti�ness
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matrix are the derivatives of elastic energy density with respect to the strain components

[131]:

Cijkl =
@2(E=V)
@�ij @�kl

(2.1)

where E is the elastic energy stored in a domain of volumeV of the crystal subjected to

homogeneous deformations.

2.2.1 Calculation of elastic constants

In this section, we brie
y describe the technique [132] we employed to calculate the

elastic constants of� -eucryptite. The lattice of hexagonal� -eucryptite is spanned by three

primitive Bravais lattice vectors which can be written in a matrix form as:

R =

0

@

a
2

a
2 0

� a
p

3
2

a
p

3
2 0

0 0 c

1

A (2.2)

where each column shows the components of a lattice vector, and a, c are the two lattice

parameters that characterize the hexagonal structure. The vectors of the deformed lattice

(R 0) can be obtained via a distortion matrixD ,

R 0 = DR ; (2.3)

whereD is de�ned in terms of the components of strain tensor as:

D =

0

@
1 + � 11 � 12 � 13

� 21 1 + � 22 � 23

� 31 � 32 1 + � 33

1

A (2.4)

The elastic energyE of a crystal subjected to a general elastic strain (� ij ) can be expressed

by means of a Taylor expansion in the distortion parameters truncated at the second order

of strain [131].

E(V; �) = E0 + V0

 
X

i;j

� ij � ij +
X

i;j;k;l

1
2

Cijkl � ij � kl

!

(2.5)

where E0 is the energy of a crystal volumeV0 at equilibrium, � ij are the elements of the

stress tensor, and� ij is the Kronecker symbol. Since the distortion matrix is symmetric, it

is convenient to express Eq. (2.5) using the Voigt notation (11= 1, 22 = 2, 33 = 3, 23 = 4,

31 = 5, and 12 = 6):

E(V; �) = E0 + V0

 
X

i

� i � i � i +
X

i;j

1
2

Cij � i � i � j � j

!

(2.6)
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where� i = 1 if i = 1; 2; or 3 and � i = 2 if i = 4; 5; or 6.

Due to the speci�c symmetry of the hexagonal lattice, there areonly �ve independent

elastic constants [44], which in Voigt notation areC11, C12, C13, C33 and C44. These con-

stants can be determined from speci�c distortion matrices for the hexagonal structures [132].

Table 2.1 lists the distortion matrices used in the present study.For these matrices, Eq. (2.6)

Table 2.1. The distortion matrices and elastic constants for a hexagonal lattice.

Distortion matrix Second-order coe�cient
A2 in Eq. (2.7)

0

@
1 + � 0 0

0 1 + � 0
0 0 1

1

A C11 + C12

0

@
1 + � 0 0

0 1� � 0
0 0 1

1

A C11 � C12

0

@
1 + � 0 0

0 1 + � 0
0 0 1 + �

1

A
C11 + C12

+2C13 + C33
2

0

@
1 0 0
0 1 0
0 0 1 + �

1

A C33=2

0

@
1 0 �
0 1 0
� 0 1

1

A 2C44

takes the simple form

E(V; � ) = E0 + V0(A1� + A2� 2); (2.7)

where A1 is related to stress components� ij , and A2 is a linear combination of the elastic

constantsCij . The relationships between the second-order coe�cientA2 and the independent

elastic constants for di�erent strains are also given in Table 2.1.

For each of the �ve types of deformation listed in Table 2.1, the total energy of the crystal

was calculated for di�erent values of� . We have found that the elastic linear regime of the

deformations� applied to the supercell (Figure 2.1) extends up to� 5% in either direction,
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and have thus used the range� 0:05 � � < 0:05 when �tting the data with Eq. (2.7); we

have also tested that selecting smaller ranges for� yielded similar results for the elastic

constants. The zeroth, �rst, and second order coe�cients in Eq. (2.7) were extracted by

means of polynomial �ts of the total energy versus� data. Using the relationships in the

left column of Table 2.1, the elastic constants were extractedfrom the coe�cients A2 of

the distortions considered. For all the cases, we found that the contribution of order 3 and

higher terms to the energy in Eq. (2.5) was negligible, whichcon�rms that the strains used

are within the linear elastic limit.

2.2.2 Details of the DFT calculations

The computational cell consisted of one primitive cell of hexagonal � -eucryptite having

84 atoms, i.e. 12 formula units (f.u.) of LiAlSiO4. The total energy DFT calculations

for ordered� -eucryptite supercells were performed within the frameworkof the generalized

gradient approximation (GGA), using the projector-augmented wave (PAW) potentials [133]

as implemented in the ab-initio simulation package VASP [134,135]. The atomic coordinates

were relaxed using a conjugate gradient algorithm until the force components on any atom

were smaller than 0.01 eV/�A. We used the Perdew-Wang exchange-correlation function (PW-

91) [136], which is a typical choice for ceramics oxide systems(e.g., Ref. 48, 137). We have

also tested the Perdew-Burke-Ernzerho� exchange-correlation function [138] for a subset of

elastic constants, and the results were within less than 1% of thoseobtained using the PW-91

functional. The plane wave energy cuto� was set to 500 eV, whichperforms satisfactorily for

similar ceramic systems [48]. The Brillouin zone (BZ) was sampled with a 3� 3� 3 �-centered

Monkhorst-Pack grid. This particular grid was selected based on tests done for di�erent BZ

samplings using from 8 to 63 irreduciblek-points; the 4� 4 � 4 and 5� 5 � 5 k-point grids

yielded total supercell energies that were within 2 meV from those corresponding to the

3 � 3 � 3 grid (14 irreduciblek-points).

2.3 Results

To determine the equilibrium lattice parametersa andc of � -eucryptite, the ab-initio total

energy calculations were performed for di�erent values of the supercell volumeV and the

c=aratio. The volume of the supercell was varied from� 15% to +15% of the experimental

value[14, 22] by changing the parametera while keeping the ratioc=a�xed. The procedure

for �nding the lattice constants a and c can be followed on the schematics in Figure 2.2(a).

At any given volume V [which is a constant-volume plane in Figure 2.2(a)], the supercell

was relaxed and the total energyE was computed for di�erent c=avalues ranging from 1:00

to 1:12; the E vs. c=adata was then �tted with a fourth-order polynomial to determine the
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minimum energy for the given volumeV. These minimum energy values found for di�erent

volumesV are plotted in Figure 2.2(b) and show an excellent �t to the Murnaghan equation

of state[139]

E(V) = E0 +
BV
B 0

 
(V0=V)B 0

B 0 � 1
+ 1

!

�
BV0

B 0 � 1
; (2.8)

whereE0 is the energy corresponding to the equilibrium volumeV0, B is the bulk modulus

at zero pressure, andB 0 = ( @B=@P)T =0 is the pressure derivative of the bulk modulus at

0 K. The parameters obtained from the �tting of E versusV data against the Murnaghan

equation of state are listed in Table 2.2.

Table 2.2. Calculated lattice parameters, equilibrium volume V0, bulk modulus B, and its
pressure derivative (B 0 = ( @B=@P)T =0 ) of � -eucryptite. The experimental values are also
provided wherever available.

Technique a(�A) c(�A) V0(�A
3
/uf) B (GPa) B 0

GGA 10.594 11.388 92.25 102.27 -1.05
Exp 10.497a 11.200a 89.06a 109.9b

aRef. 22, 293 K.
bFrom Cij in Ref. 45,

extrapolated to 0 K.

The bulk modulus obtained from the �t, as shown by Table 2.2, isin excellent agreement

with the experimentally determined value [45] which indicates a good agreement of the

calculatedE versusV data with Eq. (2.8). At the equilibrium volume V0 obtained from the

Eq. (2.8), the energy of the supercell was calculated for di�erent c=a values and plotted in

Figure 2.2(c). TheE vs. c=adata at constant volumeV0 was �tted against a fourth-order

polynomial to determine the optimumc=aratio at V0. The optimized lattice constantsa and

c are subsequently extracted from the optimumc=aratio and the equilibrium volumeV0. The

calculated valuesa and c (see Table 2.2) are in close agreement to the experimental onesaexp

and cexp, i.e., a = 1.01aexp and c = 1.015cexp, which lead toV = 1.035Vexp. Our calculations

of lattice constants (and unit cell volume) compare reasonably with the values ofa = 0.98aexp

and c = 1.00cexp reported in Ref. 15 for the same system (i.e., ordered� -eucryptite with 84

atoms per unit cell); other reports of optimized unit cell volume for diverse ceramic materials

also show values within about 4% of the experimental value [48,137, 140, 141].
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Figure 2.2: Determination of lattice constantsa and c from total energy GGA calculations.
(a) Schematic representation of the procedure to obtain the structural parameters of � -
eucryptite at equilibrium. (b) Energy vs. volume curve for the supercell shown in Figure 2.1.
The black squares are the DFT calculated points, while the solidline represents the �t to
the Murnaghan equation of state.
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Using the calculated lattice parameters, we determined the �veindependent elastic con-

stants of � -eucryptite at 0 K by employing the technique outlined in Section II. Figure 2.3

shows the energy as a function of the deformation parameter� for the di�erent types of

strain listed in Table 2.1 along with the corresponding �t polynomials. The elastic constants

were evaluated from the second order coe�cientsA2 of the �t polynomials through their

relationships with the sti�ness constants listed in Table 2.1.

The elastic constants have been measured experimentally by Hauss•uhl et al. using an

ultrasonic technique at ambient temperature, 293 K [45]. In order to compare at the same

temperature the values ofCij computed in the present study (GGA) with the experiments,

we have extrapolated the measured values ofCij to 0 K by using the thermoelastic constants

Tij = d logCij =dT [45]. The calculated elastic constants that we obtained are within � 15%

of the experimental values extrapolated to 0 K (see Table 2.3). Furthermore, we have also

found that the extrapolation of the GGA elastic constants to 273 K is also consistent with

the experimental data at 273 K.

Table 2.3. Comparison of the calculated sti�ness constantsCij of � -eucryptite with the
experimental data from Ref. 45 extrapolated to 0 K using the thermoelastic constantsTij =
d logCij =dT. The uncertainty in any of the experimental values (Exp) is smaller than 2.5
GPa.

C11 C12 C13 C33 C44

GGA: (GPa) 165.64 70.98 78.59 132.83 58.68
Exp: (GPa) 176.3 68.5 89.8 139.9 61.2
Tij (10� 3=K ) -0.14 0.13 -0.27 -0.42 -0.24

The linear compressibilities� a and � c (along thea and c axes) for a transversely isotropic

material are related to the elastic constantsCij through [44]:

� a =
C33 � C13

C11C33 � 2C2
13 + C12C33

� c =
C11 + C12 � 2C13

C11C33 � 2C2
13 + C12C33

(2.9)

With the calculated elastic constants (Table 2.3) in Eqs. (2.9), we determined the linear

compressibilities of� -eucryptite at 0 K. However, the corresponding experimental data [42]

obtained by direct measurements using a three-terminal method [130] have been reported

at 273 K. In order to make comparisons of compressibility valuesat the same temperature

we have extrapolated theCij values from GGA calculations to 273 K using the thermoe-
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Figure 2.3: Total energy of ordered� -eucryptite as a function of deformation parameter�
for the �ve di�erent distortions (a) - (e) in the same order as listed in Table 2.1.
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lastic constants Tij from Ref. 45. Similarly, we evaluated the experimentally determined

elastic constants at 273 K. The extrapolated values of the elastic constants were then used

in Eq. (2.9) to determine � a and � c, which were compared with the direct measurements

(Table 2.4). We should note that the uncertainty in the GGA values for compressibility

comes solely from propagating the uncertainties in the thermoelastic constants [45].

Table 2.4. Comparison of calculated values of linear compressibility of ordered � -eucryptite
� a and � c with experimental data. The GGA elastic constants and the experimental values
[45] have been extrapolated to 273 K to calculate� a and � c. The calculated values are in good
agreement with each other. However, they are in contradiction to the direct measurements
[42] at 273 K.

Parameter GGA Ref. 45 Ref. 42
(10� 3 GPa� 1) (10� 3 GPa� 1) (10� 3 GPa� 1)

� a 2.67 � 0.06 2.58� 0.02 22.4� 6.0
� c 5.20 � 0.15 4.52� 0.05 -1.13� 1.0

2.4 Discussion

Our calculated linear compressibility values of ordered� -eucryptite, extrapolated to 273

K, agree well with those derived using experimentally determined sti�ness constants [45].

These two sets of compressibility values, however, are in contradiction with the direct mea-

surements reported by Hortalet al. [42] We note that the calculated values of� c are positive,

while the value reported from direct measurements is negative (albeit with a large error bar,

refer to Table 2.4). Furthermore, the measured value of� a is about one order of magnitude

larger than that calculated in the present study.

We now focus on the implications of the calculated compressibility values on the thermal

behavior of � -eucryptite, in particular on the coe�cient of thermal expansion. An early

study by Munn [142] addresses the e�ect of anisotropy of elastic properties on the thermal

expansion in the quasi-harmonic approximation, where the thevibrations are taken to be

harmonic but with deformation-dependent frequencies. The bulk thermal expansion coe�-

cient � of a hexagonal crystal can be written in terms of the thermal expansion coe�cients

along thec-axis (� c) and a-axis (� a) as [142]:

� �
2� a + � c

3
=

H t

3V0
(2� a
 a + � c
 c) (2.10)
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whereH t is the heat capacity at constant stress, and
 a;c are the Gr•uneisen functions which

describe the dependence of entropy on strain [143].

Using structural arguments, Moyaet al. have asserted that both� a and 
 a must be

positive [41]. This assertion in combination with Eq. (2.10) suggests that the bulk thermal

expansion coe�cient � can be negative only if� c or 
 c is negative but not both. Early

measurements [42] yielded a negative value for� c, which implied that the bulk thermal

expansion coe�cient of � -eucryptite was negative because of the negative compressibility

along the c-axis. Hortal et al. [42] put forth the idea that a negative � c would explain

the negative bulk thermal expansion in� -eucryptite as an elastic e�ect associated with the

interconnected Si and Al-tetrahedra as proposed by Gillery and Bush [39].

Our results are, however, in contradiction to this point of view. The value we calculated

for � c using the elastic constants turns out to be positive. According toEq. (2.10), a

positive value for � c implies that the Gr•uneisen function 
 c must be negative in order to

obtain a negative bulk expansion coe�cient� . Indeed, recent phonon spectra calculations

by Lichtenstein et al. [15, 16] show that the Gr•uneisen parameters parallel to thec-axis for

the modes around 400 cm� 1 (bending of the Al-O and Si-O bonds) are large and negative,

which leads to a negative value of
 c. Lichtenstein and coworkers attributed the negative
 c

to Li-position disordering and proposed an explanation for negative bulk CTE of � -eucryptite

similar to that of Schulz [40]. Independently, Xuet al. used powder synchotron X-ray and

neutron di�raction to show that cation disordering alters the structure of � -eucryptite and

signi�cantly a�ects its thermal behaviour [14]. They have shown that Al/Si and Li disorder

leads to a signi�cant decrease in the lattice parameterc with only a moderate increase in

a, leading to an overall volume contraction of� 1%.This behavior was explained [14] as a

combined e�ect of several interconnected phenomena including tetrahedral tilting, tetrahedra


attening, and shortening of the Si-O and Al-O bonds.

Thus, our results are consistent with the �ndings of Lichtensteinet al. [15, 16] and Xu

et al. [14] leading us to conclude that the negative coe�cient of thermal expansion of� -

eucryptite is due to a negative value of
 c associated with cation disordering, rather than to

a negative� c as proposed by Hortalet al [42].

2.5 Conclusion

To summarize, we have computed the elastic sti�ness constants of ordered � -eucryptite

containing 84 atoms per unit cell within the framework of generalized gradient approxima-

tion of DFT. The calculated elastic constants are in close agreement with the experimentally

known values. The elastic constants were subsequently used to compute the linear compress-

ibilities of � -eucryptite parallel and perpendicular to thec-axis. Our calculated compress-
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ibility values agree well with those calculated from experimentally known elastic constants

as reported by Hauss•uhlet al. [45] The calculated values of compressibility are, however,

in contradiction to those reported by Hortal et. al who measured the compressibilities� c

and � a using a direct three-terminal method. Our calculations show that the compressibility

parallel to the c-axis is positive as opposed to the negative value obtained from the direct

measurements [42].

Based on our calculations, we have also shown that the negative bulk thermal expansion

of � -eucryptite must be associated with a negative Gr•uneisen function parallel to the c-axis

rather than with a negative compressibility as proposed by Hortal et al.. The conclusion

that the negative bulk thermal expansion coe�cient occurs because of a negative Gr•uneisen

function is consistent with the results of Lichtensteinet al. [16], who showed through the

calculations of phonon density of states that the Gr•uneisen function parallel to the c-axis

is strongly negative due to the \bending" modes of the Si-O andAl-O bonds. Our results

are also consistent with the neutron di�raction and X-ray synchrotron di�raction studies

conducted by Xuet. al [14].

The present study in conjunction with the results of Lichtenstein et al. and Xu et al.

clearly indicates that the � c must be positive and that the negative bulk thermal expansion

is due to to cation disordering [14], rather than to elastic e�ects [39]. We hope that DFT-

based results, along with the indirect measurements of elastic constants, would spark future

developments in direct measurement techniques which would be applicable for the study of

a wide variety of ceramics.
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CHAPTER 3

A REACTIVE FORCE FIELD FOR LITHIUM ALUMINUM SILICATES

WITH APPLICATIONS TO EUCRYPTITE PHASES

A paper published inModelling and Simulation in Materials Science and Engineering1

Badri Narayanan,2 Adri C. T. van Duin, 3 Branden B. Kappes,4 Ivar E. Reimanis,2 and

Cristian V. Ciobanu4

We have parameterized a reactive force �eld (ReaxFF) for lithium aluminum silicates

using density functional theory (DFT) calculations of structural properties of a number of

bulk phase oxides, silicates, and aluminates, as well as of severalrepresentative clusters. The

force �eld parameters optimized in this study were found to predict lattice parameters and

heats of formation of selected condensed phases in excellent agreement with previous DFT

calculations and with experiments. We have used the newly developed force-�eld to study

the eucryptite phases in terms of their thermodynamic stability and their elastic properties.

We have found that (a) these ReaxFF parameters predict the correct order of stability of

the three crystalline polymorphs of eucryptite,� , � , and 
 , and (b) that upon indentation,

a new phase appears at applied pressures� 7 GPa. The high-pressure phase obtained upon

indentation is amorphous, as illustrated by the radial distribution functions calculated for

di�erent pairs of elements. In terms of elastic properties analysis, we have determined the

elements of the sti�ness tensor for� - and � - eucryptite at the level of ReaxFF, and discussed

the elastic anisotropy of these two polymorphs. Polycrystallineaverage properties of these

eucryptite phases are also reported to serve as ReaxFF predictions of their elastic moduli

(in the case of� -eucryptite), or as tests against values known from experiments or DFT

calculations (� -eucrypite). The ReaxFF potential reported here can also describe well single-

species systems (e.g., Li-metal, Al-metal, and condensed phases of silicon), which makes it

suitable for investigating structure and properties of suboxides, atomic-scale mechanisms

responsible for phase transformations, as well as oxidation-reduction reactions.

1Reprint of Modelling and Simulation in Materials Science and Engineering20, 015002 (2012) with
permission from Institute of Physics Publishing [Please refer Appendix E].

2Department of Metallurgical and Materials Engineering, Colorado School of Mines, Golden, CO 80401,
USA

3Department of Mechanical Engineering, Pennsylvania State University, UniversityPark, PA 16802, USA
4Division of Engineering, Colorado School of Mines, Golden, CO 80401
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3.1 Introduction

Lithium Aluminum Silicate (LAS) glass ceramics have been investigated extensively over

the last few decades owing to their exotic properties, such as small (or slightly negative)

coe�cient of thermal expansion and exceptional thermal stability [6, 7, 14]. Such unique

physical properties make LAS ceramics suitable for a variety ofapplications such as heat ex-

changers with high thermal shock resistance, high precision optical devices, telescope mirror

blanks, and ring laser gyroscopes [6, 7, 14{16].� -eucryptite (LiAlSiO 4) is an important LAS

glass ceramic material with a hexagonal crystal structure which can be viewed as a stu�ed

derivative of the high-temperature� -quartz con�guration [22, 33{36, 38]. The structure of

� -eucryptite confers it superionic conductivity of Li+ ions along thec-axis, thus making it a

potential electrolyte material for Li ion batteries [17{21].

From a more fundamental perspective,� -eucryptite is known to undergo a reversible

order-disorder transformation at� 755 K which occurs via spatial disordering of the lithium

atoms at high temperatures [18]. Recently, it was reported that � -eucryptite undergoes a

reversible pressure-induced transition to a metastable polymorph (called the� phase) at� 0.8

GPa [25, 27]. Apart from � and the recently discovered high pressure� phases, there are

other known polymorphs of eucryptite,i.e. � and 
 . Of these,� is the most stable under

ambient conditions and exists over a wide range of temperatures but is typically kinetically

hindered [8]. On the other hand,
 -eucryptite is a metastable phase which coexists along

with � -eucryptite over a narrow range of temperatures (1038-1103K) and is, therefore, of

lower practical signi�cance [26].� -eucryptite has a rhombohedral crystal structure belonging

to the R3 space group similar to phenakite and willemite; its thermodynamic, structural

and physical properties have been studied [144, 145]. However,its elastic properties, in

particular the single-crystal elastic constants are not yet known. Furthermore, the extent of

elastic anisotropy in� -eucryptite has also not yet been reported. Such a study could provide

insight into the structure-property relationship in LAS glass ceramics and assist in designing

composites with tailored elastic properties.

The potential development work presented here has emerged from our long term goal of

determining the atomic structure of the� phase and the atomic-scale mechanism responsible

for the � -to-� phase transformation. While phase transformations can be directly evidenced

in DFT-based Carr-Parrinello molecular dynamics (CPMD) simulations (e.g., Refs. 146,

147), the number of atoms in the unit cell of� eucryptite makes it impractical to undertake

such simulations in which usually several unit cells are required along each spatial direction.

We have therefore not resorted to CPMD approaches, but turned to molecular dynamics

(MD) simulations based on empirical potentials. To describe theinteratomic forces acting

during MD simulations, several empirical force �elds (EFFs) have been proposed for LAS
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systems [65{68, 148{150]. These EFFs reproduce well short-range order, mechanical, and

transport properties, but may not provide a su�ciently adequate description of phase trans-

formations, medium range order, and vibrational density of states. Recently, van Duin and

co-workers [69, 73] developed a reactive force �eld (ReaxFF) based on a bond-order formal-

ism [70, 71] in conjunction with a charge equilibration scheme[72]. In this study, we have

parameterized ReaxFF for lithium aluminum silicates by �tting against formation energies,

atomic con�gurations, and charge distributions of a number ofrepresentative clusters and

equations of state of well-known condensed phases of oxides, silicates, and aluminates derived

from DFT calculations.

This article is organized as follows. Sec. 3.2 describes the methodology we adopted to

parameterize the ReaxFF for lithium aluminum silicates, the DFT data used to construct the

training set for the parametrization of ReaxFF, and the details of these DFT calculations.

In order to assist the reader in understanding and using more readily the ReaxFF potential

for lithium-aluminum silicates, we have written a Supplementary Information section (Ap-

pendix A), which contains all relevant details about the theoretical framework of ReaxFF

and the full set of ReaxFF parameters that we determined; theseparameters are given in a

format compatible with the widely available MD package LAMMPS [151]. Sec. 3.3 reports

our results for: heats of formation and geometric parametersfor a number of bulk phases;

relative stability of eucryptite phases and amorphization of� -eucryptite upon indentations;

and elastic properties of the two most stable eucryptite polymorphs. We have determined the

elements of the sti�ness tensor for� - and � -eucryptite at the level of ReaxFF, and discussed

the elastic anisotropy of these two polymorphs. Polycrystallineaverage properties of these

eucryptite phases are also reported to serve as ReaxFF predictions of their elastic moduli

(in the case of� -eucryptite), or as tests against values known from experiments or DFT

calculations (� -eucrypite). Sec. 3.4 summarizes the results and discusses the main successes

and shortcomings of our ReaxFF parametrization for LAS systems.

3.2 Methodology

The energy contributions in ReaxFF are functions of bond orders, which allows for a

better description of bond breaking and bond formation during simulations. Furthermore,

Coulomb interactions are computed for every atom pair based on charges calculated at every

time step using a charge equilibration scheme which allows it todescribe covalent, metallic,

and ionic systems equally well [69, 73]. The ReaxFF framework has been applied successfully

to predict the dynamics and reactive processes in hydrocarbons [69, 74], crack propagation

in silicon crystals [79], interfacial reactions in Si/Si-oxide [73], and Al/Al-oxide [80], surface

reactions in ZnO [81], oxygen-ion transport in Y-stabilized ZrO2 [83], and phase transitions
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in ferroelectric BaTiO3 [82]. The parameters of the ReaxFF potential are optimized by �tting

against density functional theory (DFT) data for various bulkphases and atomic clusters.

3.2.1 ReaxFF framework

The formulation of ReaxFF is based on the concept of bond order[152], which describes

the number of electrons shared between two atoms as a continuous function of their spacing.

The bond orderBO0
ij associated with atomsi and j is calculated via

BO0
ij = BO0�

ij + BO0�
ij + BO0��

ij

= exp
�

pbo1

�
r ij

r �
0

� pbo2
�

+ exp
�

pbo3

�
r ij

r �
0

� pbo4
�

+exp
�

pbo5

�
r ij

r ��
0

� pbo6
�

; (3.1)

where BO0�
ij , BO0�

ij and BO0��
ij are the partial contributions of � , � - and double � -bonds

involving the atomsi and j , r ij is the distance betweeni and j , r �
0 , r �

0 , r ��
0 are the bond radii

of � , � - and double� -bonds, respectively, andpbo are the bond order parameters. The bond

ordersBO0
ij obtained from Eq. (3.1) are corrected to account for local overcoordination and

residual 1{3 interactions by employing a scheme [153] detailed in Appendix A.

The total energyE of the system is expressed as the sum of partial energy contributions

corresponding to bonded and unbonded interactions [69, 73, 74]:

E =
X

i;j
i<j

Eb;ij +
X

i

Eov;i +
X

i

Eun;i +
X

i

E lp;i

+
X

i;j;k
i<j<k

Ev;ijk +
X

i;j
i<j

EvdW;ij +
X

i;j
i<j

EC;ij ; (3.2)

whereEb;ij is the energy of thei -j bond, Eov;i and Eun;i are penalties for over- and under-

coordination of atomi , E lp;i is the energy associated with lone-pair electrons around an atom

i , Ev;ijk is the energy associated with the deviation of the angle subtended at j by atoms i

and k from its equilibrium value, EvdW;ij and EC;ij are the contributions from van der Waals

and Coulomb interactions betweeni and j . The terms on the right side of Eq. (3.2) are

de�ned in the following paragraphs; for more details, the reader is referred to Appendix A.

The energy of thei -j bond is calculated using the corrected bond ordersBO ij as
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Eb;ij = � D �
e BO �

ij exp
�
pbe1

�
1 � (BO �

ij )pbe2
��

� D �
e BO �

ij � D ��
e BO ��

ij ; (3.3)

where D �
e , D �

e and D ��
e are the dissociation energies of� , � - and double � -bonds, while

pbe1;2 are the bond energy parameters. The contribution associated with lone pair electrons

is calculated as:

E lp;i =
plp2 (nlp;opt � nlp;i )

1 + exp (� 75 (nlp;opt � nlp;i ))
; (3.4)

wherenlp;opt is the optimum number of lone pairs for a given atomi and nlp;i is the number of

lone pairs aroundi calculated using the relationnlp;i =
j

� e
i

2

k
+exp

�
� plp1

�
2 + � e

i � 2
j

� e
i

2

k� 2
�

where � e
i is the di�erence between the number of outer shell electrons and the sum of bond

orders around atomi and bxc is the greatest integer smaller thanx. The penalty terms for

overcoordination (Eov;i ) and undercoordination (Eun;i ) of atom i can be written as

Eov;i =

� lpc
i

nbondX

j =1

p1D �
e BO ij

�
� lpc

i + Vi

� �
1 + exp

�
p2� lpc

i

�� ; (3.5a)

Eun;i =
� p5Fun 1(� lpc

i )
1 + p7exp (p8Fun 2(BO ij ))

; (3.5b)

Fun 1(� lpc
i ) �

1 � exp
�

p6� lpc
i

�

1 + exp
�

� p2� lpc
i

� ; (3.5c)

Fun 2(BO ij ) �
ngb(i )X

j =1

�
� j � � lp

j

� �
BO �

ij + BO ��
ij

�
; (3.5d)

where � lp
j = nlp;opt � nlp;j , Vi is the valence of atomi , � i is the degree of overcoordination

around the atomi which is corrected for the e�ect of broken electron pairs [Appendix A] to

obtain � lpc
i , and p's are over/under coordination parameters. The energy contribution from

the valence angles is written as:

Ev;ijk = f 7 (BO ij ) f 7 (BO jk ) f 8 (� j ) Fv (� ijk ) ; (3.6a)
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Fv (� ijk ) = pv1
�

1 � exp
�
� pv2 (� 0 � � ijk )2�	

; (3.6b)

where � ijk is the angle subtended at central atomj by the atoms i and k, � 0 is the equi-

librium value for � ijk which depends on the sum of� -bond orders (i.e., BO � and BO �� )

around the atom j , f 7 and f 8 are functions of bond order and degree of overcoordination

[Appendix A] respectively, andpv 's are valence angle parameters.

All the terms on the right side of Eq. (3.2) except the van der Waals and Coulomb

interactions depend on bond order through Eqs. (3.3){(3.6).The bond orders are updated

after every time step in a molecular dynamics simulation; such aformalism allows for a

realistic simulation of dissociation and formation of bonds during a chemical reaction and

also provides a good description of the bulk phases [69, 73, 74].The pairwise non-bonded

interaction terms, i.e., Coulomb and van der Waals interactions are evaluated for every

atom pair irrespective of the geometry and instantaneous connectivity. The van der Waals

interaction of atoms i and j is evaluated as

EvdW;ij = T (r ij )D ij

�
exp

�
� ij

�
1 �

f 13(r ij )
r vdW

��

� 2 exp
�

� ij

2

�
1 �

f 13(r ij )
r vdW

���
; (3.7)

wheref 13(r ij ) =
�
r pvdW

ij + 
 � pvdW
vdW

� 1
pvdW is a shielding term included to avoid excessive repul-

sive interactions between bonded atoms and atoms containinga valence angle (1{3 interac-

tions), D ij is the depth of the potential well,r vdW is the van der Waal radius,pvdW and 
 vdW

are the van der Waals shielding parameters andT (r ij ) is the Taper correction [Appendix A].

The Coulomb interaction between atomsi and j is

EC;ij = T (r ij )C
qi qj

�
r 3

ij + 
 � 3
ij

� 1
3

; (3.8)

whereqi and qj are instantaneous charges of atomsi and j , C is the Coulomb constant and


 ij is a shielding parameter included to avoid excessive repulsionsdue to overlap of orbitals

at short distances.

The atomic charges are calculated at every iteration (time step) during minimization

(MD) run using the Electronegativity Equalization Method (EEM) [72]. This bond-order

formalism coupled with the redistribution of charges throughEEM enables the ReaxFF

model to describe ionic, metallic, and covalent systems on equal footing [69, 73{82] With

one uni�ed (albeit complicated) formalism, ReaxFF has several advantages over other EFFs
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[153]:

(i) The bond-order formalism provides a continuous description of formation and dissoci-

ation of bonds during a molecular dynamics simulation.

(ii) Other interatomic potentials based on bond-order formalism like Terso� [70] and Bren-

ner [71] do not account for redistribution of charges. The EEM [72] employed in

ReaxFF allows the atomic charges to vary continuously with changes in coordination

and bond order.

(iii) The evaluation of individual contributions of � -, � - and double� - bonds to the bond

order allows ReaxFF to identify the hybridization state and the coordination of an

atom based on the instantaneous geometry around that atom.

(iv) The bond-order correction scheme [Appendix A] enables ReaxFF to capture more

accurately transition states during a reaction, provides a continuous transition between

these intermediate states, and in turn describes reaction kinetics better than the other

EFFs.

3.2.2 ReaxFF development

The choice of speci�c partial energy contributions depends largely on the system of in-

terest. For example, for ionic solids the angle bending and torsion terms have been set to

zero [75, 76, 78, 82]; however, for covalent crystals these contributions cannot be neglected

as shown,e.g., for the case of Si/SiO2 [73]. The partial energy contributions used in the de-

velopment of ReaxFF for Si/SiO2 system [73] have been found adequate in the present study

of Li/Al/Si/O as well [Eq. (3.2)]. We optimized all ReaxFF parameters for the Li/Al/Si/O

system by �tting against DFT-computed data. We emphasize that this optimization was

done from scratch on all ReaxFF parameters using a larger database of DFT calculations

(described in detail below); as such, this new �tting on a larger database yielded parameter

values which are di�erent than those published earlier [73], but which give similar descrip-

tions of the material properties. The parameters related to oxygen described here were taken

from the ReaxFF water-force �eld [154, 155]. Once the oxygenparameters were changed,

then Si/SiO parameters also required modi�cations; the potential form used here follows

that in Ref. 74, which also enforced a revision of the parameters. The parameters related

to aluminum have also changed and they perform very well, as indicated, for example, by

the andalusite properties listed in Sec. 3.3. The new parameters for Al, Si, O and their

interactions do not bring signi�cant changes in the properties of Al/AlO and Si/SiO systems
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with respect to previous parameterizations, but they providea superior description of the

Li-Al-Si-O systems under study.

To ensure good transferability of the resulting Li/Al/Si/O parameters, we have included

in the training set DFT-calculated data for a wide variety of well-known condensed phases

and clusters, as listed below:

(i) Equations of state (i.e. total energy versus volume) for pure Al (fcc, hcp, bcc, sc

and diamond) and for corundum (� -Al2O3), surface energy of the fcc Al (111), charge

distribution and dissociation energies of a number of Al� O� H clusters; data from

Ref. 80.

(ii) Equations of state of Li (bcc, fcc, hcp, diamond, sc), LiH with sodium-chloride struc-

ture, dissociation energies and charge distributions in Li2, LiH and LiH 2 clusters; data

from Ref. 76.

(iii) Equations of state of Si (sc, diamond,� -Sn), SiO2 (� -quartz, trydimite, coesite, � -

crystobalite, stishovite), dissociation energies of single and double bonds of Si� Si and

Si� O in Si/O/H clusters, energies of various Si/O/H clusters as a function of valence

angles Si� O� Si, O� Si� O and Si� Si� Si and distortion energies of rings of Si/O/H

clusters; data from Ref. 73.

(iv) Equations of state of Li-silicates: (a) Li2SiO3 (orthorhombic) (b) Stable Li2Si2O5 (mon-

oclinic) and (c) Metastable Li2Si2O5 (orthorhombic); data from Ref. 48.

It is worth emphasizing that ReaxFF is applicable to pure metals, such as,e.g., lithium.

As mentioned in item (ii) above, the parameters for Li were obtained using the equations

of state for Li-fcc, Li-bcc, Li-simple cubic, and Li-diamond.These equations of state were

computed for volume changes ranging from 50% (volumetric) compression to 20% expan-

sion. The Li-metal parameters were trained against the experimental cohesive energy of the

Lithium metal (37.7 kcal/mol; ReaxFF gives 36.9 kcal/mol). We have used the ReaxFF Li

parameterized in the current study to compute the lattice parameter of bcc-Li, most stable

phase of Li at room temperature. ReaxFF predicts a lattice parameter of 3.322�Awhich is

close to the DFT value of 3.390�A[76].

In addition to using DFT data sets from earlier works, we calculated the equations of state

of the following condensed phases within the framework of DFT using the computational

details listed in Sec. 3.2.3:

(v) Li-oxides: � -Li2O (cubic) [49] and Li2O2 (hexagonal) [156].
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(vi) Li-aluminates: Three polymorphs of LiAlO2 namely, (a) � (rhombohedral) [157], (b)

� (orthorhombic) [158], and (c)
 (tetragonal) [159].

(vii) Al-silicates: Three polymorphs of Al2SiO5 namely, (a) Andalusite (orthorhombic) [160,

161], (b) Sillimanite (orthorhombic) [160, 162], and (c) Kyanite (triclinic) [160, 163].

In order to account for the anisotropy of Li-Al silicates, computational supercells of these

phases were subjected to di�erent types of strain (depending onthe crystal symmetry) when

computing their energy as a function of cell volume. The lattice of a crystal is described

by three lattice vectorsai (i = 1; 2; 3) whose magnitudes are the lattice parametersai . The

cubic phases (a1 = a2 = a3) were strained triaxially, i.e., all the three lattice vectors (ai ) were

all equally strained. The tetragonal and hexagonal phases (a1 = a2 6= a3) were deformed by

two types of strains, namely (a) biaxial:a1 and a2 were strained simultaneously by the same

amount while keepinga3 �xed at its experimental value, and (b) uniaxial: a3 was strained

while keepinga1 and a2 �xed. The lattice vectors of phases with orthorhombic symmetry

or lower (a1 6= a2 6= a3) were strained individually keeping the other two unstrained, which

leads to three distinct uniaxial strains corresponding to three lattice vector directionsai . In

all the cases, the limits of strains range from� 40% (compressive) to +20% (tensile).

For all the phases listed above [items (i){(vii)], we computedthe heats of formation � H f

as functions of volume for the di�erent types of strains. The heat of formation of a general

compound of unit formula (u.f.) LikAl lSimOn (k; l; m; n integers � 0) at a volume V for a

particular type and value of strain can be evaluated from DFT total energy calculations as:

� H f (V; �) = ELi k Al l Sim On (V; �) � kELi

� lE Al � mESi �
n
2

EO2 (3.9)

whereELi k Al l Sim On is the total energy of a given volume V of the phase LikAl lSimOn subjected

to a particular strain � . The energies of the constituent elements Li, Al, Si and O in Eq.(3.9),

i.e., ELi , EAl , ESi, and EO2 , are those of the most stable phases at equilibrium calculated by

DFT.

The training set data were used to parameterize the ReaxFF usingthe successive one-

parameter search technique described by van Duinet al. [164] These parameters are tabu-

lated in Appendix B, and are also made available as a data �le [Appendix A].

3.2.3 Details of the DFT calculations

The computational supercell for each phase in the training set described in Sec. 3.2.2

consisted of one primitive unit cell. The total energy DFT calculations were performed
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within the framework of the generalized gradient approximation (GGA), using the projector-

augmented wave (PAW) formalism [133] as implemented in the ab-initio simulation package

VASP [134, 135]. The atomic coordinates were relaxed using a conjugate gradient algo-

rithm until the force components on any atom were smaller than0.01 eV/�A. The exchange-

correlation was described by the Perdew-Wang functional [136], which is a typical choice

for ceramics oxide systems (e.g., Ref. 48, 159). The plane wave energy cuto� was set to

500 eV, which performs satisfactorily for similar ceramic systems[48]. The Brillouin (BZ)

zone was sampled with a �-centered Monkhorst-Pack grid. For the oxides and aluminates

of lithium, we used 8� 8 � 8 k-point grids which amount to 1024 irreduciblek-points for

oxides and 256k-points for aluminates. A 4� 4 � 4 k-point grid was found su�cient for the

aluminum silicate phases (32 irreduciblek-points), and a 3� 3 � 3 k-point grid was selected

for the eucryptite phases (14 irreduciblek-points). These grids were chosen on the basis of

convergence tests conducted for di�erent BZ samplings for di�erent phases.

3.3 Results

The set of parameters obtained by the technique described in Sec. 3.2 were validated

by comparing the structures and the heats of formations for various phases calculated by

ReaxFF with those known from experiments or from DFT calculations.

3.3.1 Heats of formation

As a preliminary test, the heats of formation as functions of volume for the various phases

used in the training set calculated by ReaxFF were compared in Figure 3.1 with their DFT

counterparts.

Figure 3.1 shows a generally good qualitative agreement between the ReaxFF and the

DFT curves in terms of equilibrium volumes and the relative phase stabilities at these vol-

umes. Furthermore, Table 3.1 shows that the ReaxFF heat of formation results are also

in good agreement withexperimentaldata on selected oxides, aluminates, and silicates at

equilibrium. However, in the deformation regimes lying outside equilibrium (particularly in

tension) the energetic ordering of Li oxides [Figure 3.1(a,b)], Li aluminates [Figure 3.1(c,d)],

and Al silicates [Figure 3.1(e,f)] at the ReaxFF level does notpreserve so well the DFT or-

dering. This is most likely due to the choice of deformation range (Sec. 3.2.2), which contains

more data points in compression than in tension. The following subsections contain more

tests of the performance of ReaxFF concerning the structure, stability, and elastic properties

of LAS ceramics.
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Figure 3.1: Equations of state of various phases of (a, b) Li oxides, (c, d) Li aluminates, (e,
f) Al silicates, and (g, h) Li silicates as calculated using DFT [panels (a), (c), (e), (g)] and
ReaxFF [panels (b), (d), (f), (h)].
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Table 3.1. Heats of formation at equilibrium (� H �
f ) of selected phases calculated using

DFT and ReaxFF at 0 K. For comparison, experimental values at 298 K are also provided
wherever available.

Phase � H �
f (kcal mol� 1)

DFT ReaxFF Exp

� -Li2O -147.67 -145.82 -143.10a


 -LiAlO 2 -292.19 -299.29 -284.37b

Andalusite -635.90 -635.35 -619.42c

Li2SiO3 -406.04 -387.31 -395.77d

� -LiAlSiO 4 -529.25 -526.48 -512.53e

� -LiAlSiO 4 -528.01 -525.51 -506.18f


 -LiAlSiO 4 -524.93 -517.66
aRef. 165;bRef. 166;cRef. 167;dRef. 168;eRef. 145; f Ref. 169

3.3.2 Structural parameters

Table 3.2 compares the lattice parameters for a number of selected phases calculated using

ReaxFF with those from DFT calculations and from experiments.These lattice constants

were calculated by optimizing the computational supercell of each phase with respect to

all independent lattice parameters that describe its crystalstructure. Table 3.2 shows that

the lattice parameters calculated using ReaxFF are all within � 5% of the values reported

in literature using DFT or experiments. In order to establish that the structures of bulk

phases are faithfully described by ReaxFF, we have also checkedthe independent fractional

coordinates of the atoms in the optimized supercells. For example, Tables 3.3 and 3.4

show these fractional coordinates for� - and � -eucryptite, respectively. As shown in these

tables, the agreement between the ReaxFF-predicted values for fractional coordinates and

the experimental ones is very good, which illustrates that ReaxFF predicts the structure of

bulk phases accurately.

3.3.3 Stability of eucryptite phases

There are three well-known crystalline polymorphs of eucryptite, � , � , 
 ; of these,� is

the most stable phase under ambient conditions but is kinetically hindered [8]. Figure 3.2

shows the equations of state (Energy vs Volume curves) for these polymorphs calculated

using ReaxFF and DFT at 0 K. The minimum of a calculated energy vs volume curve for

a given phase represents its equilibrium state. For convenience, all the energies reported in

Figure 3.2 are given relative to the energy of the most stable phase at its equilibrium volume
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Table 3.2. Comparison of calculated lattice parameters of selected phases using ReaxFF with those available in literature
determined from DFT calculations and from experiments. The numbers of unit formulae per unit cell are provided in brackets.

Phase Structure Space Group Formula Lattice DFT ReaxFF Exp
parameter (�A)

� -Li2O Cubic Fm3m Li2O (4) a 4.631a 4.738 4.622b


 -LiAlO 2 Tetragonal P41212 LiAlO 2 (4) a 5.223c 5.359 5.169d

c 6.309c 6.234 6.268d

Andalusite Orthorhombic Pnnm Al 2SiO5 (4) a 7.753e 7.632 7.798f

b 7.844e 7.916 7.903f

c 5.477e 5.727 5.557f

Li2SiO3 Orthorhombic Cmc21 Li2SiO3 (4) a 9.487g 9.335 9.392h

b 5.450g 5.431 5.397h

c 4.713g 4.861 4.660h

� -eucryptite Trigonal R3 LiAlSiO4 (18) a 13.656 13.448 13.532i

c 9.158 8.981 9.044i

� -eucryptite Hexagonal P6422 LiAlSiO4 (12) a 10.594j 10.568 10.497k

c 11.388j 11.763 11.200k

aRef. 49; bRef. 170;cRef. 159;dRef. 171;eRef. 47; f Ref. 160;gRef. 172;h Ref. 173; i Ref. 144; j Ref. 46; k Ref. 22
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for DFT and ReaxFF. Figure 3.2 shows that ReaxFF predicts the same order of stability

for the three polymorphs of eucryptite as do our DFT calculations. This order is consistent

with experimental observations [14, 22, 25, 144].

Table 3.3. Fractional coordinates of atoms in a unit cell of� -eucryptite calculated using
ReaxFF at 0 K. The experimental values from Ref. 144 at 298 K are provided for comparison.

ReaxFF Experiment
Atom x y z x y z

Li(1) -0.016 -0.806 -0.752 -0.017 -0.811 -0.749
Li(2) 0.022 0.814 0.749 0.021 0.812 0.754
Si(1) 0.531 0.876 0.753 0.530 0.880 0.750
Si(2) 0.876 0.348 0.918 0.876 0.344 0.916
Al(1) -0.533 -0.883 0.754 -0.530 -0.882 -0.749
Al(2) -0.878 -0.342 -0.914 -0.875 -0.345 -0.916
O(1) -0.748 -0.208 -0.897 -0.753 -0.210 -0.890
O(2) 0.764 0.211 0.903 0.766 0.216 0.898
O(3) -0.741 -0.202 -0.594 -0.733 -0.199 -0.593
O(4) 0.734 0.198 0.571 0.733 0.199 0.576
O(5) -0.097 -0.886 -0.931 -0.105 -0.888 -0.937
O(6) 0.090 0.879 0.947 0.096 0.881 0.946
O(7) -0.669 -0.009 -0.751 -0.664 -0.009 -0.749
O(8) 0.656 -0.004 0.753 0.655 -0.004 0.750

� -eucryptite, the most technologically relevant of the threepolymorphs, has a open struc-

ture which collapses at su�ciently high applied pressures [6, 7,27]. Recently, it was observed

that � -eucryptite begins to amorphize at pressures above� 5 GPa [26]. To test the ability

of ReaxFF to capture phase transitions, we have studied the evolution of � -eucryptite under

a rigid spherical indenter using MD simulations [151]. An orthorhombic simulation box of

dimensions 41.99�A � 72.73�A � 56�A containing 13440 atoms was used to simulate the crys-

tal, which was indented down thez axis (i.e., the [001] crystal direction). Periodic boundary

conditions were applied in the directions perpendicular tothe indentation force. The atoms

that have z coordinates within 12�A of the lowestz value (of all atoms) were kept �xed during

MD runs in order to simulate the underlying bulk. The initial structure was relaxed at 0

K, and then thermalized at 300 K for 30 ps; the time-step used in the MD runs was 1 fs.

After thermalization, the top face was indented at a rate of 0.065�A/ps by a rigid spherical

indenter of radiusR = 14�A which applies a radial forceFi on atom i given by:
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Table 3.4. Fractional coordinates of atoms in a unit cell of� -eucryptite calculated using
ReaxFF at 0 K. The experimental values from Ref. 14 at 298 K areprovided for comparison.

ReaxFF Experiment
Atom x y z x y z

Li(1) 0.000 0.000 0.500 0.000 0.000 0.500
Li(2) 0.500 0.000 0.000 0.500 0.000 0.000
Li(3) 0.500 0.000 0.327 0.500 0.000 0.328
Si(1) 0.248 0.000 0.000 0.248 0.000 0.000
Si(2) 0.251 0.502 0.000 0.247 0.494 0.000
Al(1) 0.258 0.000 0.500 0.250 0.000 0.500
Al(2) 0.250 0.499 0.500 0.251 0.501 0.500
O(1) 0.115 0.201 0.248 0.112 0.199 0.242
O(2) 0.101 0.696 0.263 0.097 0.699 0.259
O(3) 0.604 0.704 0.262 0.597 0.705 0.264
O(4) 0.605 0.202 0.258 0.608 0.201 0.249

Fi =

(
� k(r i � R)2 if r i � R

0 if r i > R
(3.10)

where k is a force constant (k = 76.32 kcal/mol �A3), and r i is the distance between the

center of the atomi and that of the indenter.

During indentation simulations, we have not found any new phaseat indent pressures

smaller than 7 GPa even though the� phase has been reported [25] to occur at� 0.8 GPa.

Using hydrostatic pressure on single-crystalline� -eucryptite does not lead to any room-

temperature phase transitions for pressures up to 10 GPa. We haveobserved the formation

of a denser but disordered phase in the vicinity of the indenter.Zhang et al. [26] carried

out in-situ X-ray experiments on polycrystalline samples of� eucryptite and reported that

amorphization begins at a pressure� 5 GPa and completes at a pressure of 17 GPa. Our

indentation MD simulations predict a higher onset pressure for amorphization, � 7 GPa.

However, it should be noted that the simulations were carried out on single crystal � eu-

cryptite; this eliminates the defects, porosity, or grain boundaries from our starting phase

which would have acted as nucleation sites for the formation of the amorphous phase. Conse-

quently, in the case of our simulations, there is an increased barrier towards amorphization,

which is re
ected in the increased onset pressure. At the ReaxFF onset pressure of 7 GPa,

only regions near the indent amorphize, while those far away from it remain crystalline.
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As the indent pressure is increased, the amorphized region growsand there is a range of

pressures over which amorphization proceeds: this �nding is similar to what of Zhang et al.

have found for polycrystalline samples [26].

We have analyzed the amorphous phase by studying radial distribution functions (RDF)

for pairs of di�erent types of atoms in the disordered region.Speci�cally, the RDFs gA� B(r )

were evaluated for Si{O, Al{O, Li{O and Li{Li pairs after inde ntation proceeded to di�erent

depths h. Figure 3.3 shows RDFs evaluated prior to the indentation, compared to those

calculated after indentation to h = 12�A; at this depth, we evaluated the contact pressure

at � 10 GPa. The RDFs for all the type pairs considered show, prior toindentation, well-

de�ned peaks at characteristic distances of� -eucryptite. Under pressure, the �rst peak
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Figure 3.2: Equations of state of various phases of eucryptitecalculated using (a) DFT and
(b) ReaxFF. Both the techniques predict the same order of stability of the three polymorphs
with � being the most stable phase in each case.

(r = 1:6�A) of gSi� O(r ) [see Figure 3.3(a)] broadens somewhat and decreases in intensity

compared to that of the crystalline� phase. The peak corresponding to the second-nearest

neighbor (r = 4:1�A) is very broad, while peaks at higher distances are not de�ned. A similar

behavior of the RDF was observed in the amorphous phase obtained from high pressure MD

38



simulations of � -crystobalite (SiO2) [174]. Figure 3.3(b) shows the RDF for Al{O, which

also exhibits the tell-tale signs of a disordered phase under pressure; the broadening of the

�rst peak, along with the disappearance of the higher-order peaks, has also been observed

during amorphization of SiC [175] and� -quartz [176]. Signi�cant changes in the RDFs

occur at contact pressures� 7 GPa and indicate amorphization, which is also apparent from

direct visualization of the structure. The pressure necessary forthe onset of amorphization

is consistent with empirical observations [26].

Interestingly, an additional feature is exhibited by the RDFs of Li{O and Li{Li pairs

[Figure 3.3(c,d)]. The �rst peaks for the Li{Li and Li{O pairs are shifted signi�cantly to

lower distances in the high pressure phase as compared to the initial crystal [Figure 3.3(c,d)].

For the Li{O pairs, the �rst peak shifts from 2�A to 1.67�A under pressure [Figure 3.3(c)],

which is close to the typical Li{O bond length of 1.606�A[177]. Figure 3.3(d) shows that

the smallest most probable Li{Li spacing at high pressure is� 2.88�A which is closer to

the experimental value of the bond length (3.04�A) in Li-metal [178] than it is to the lowest

Li-Li distance (3.8�A) in � -eucryptite. This suggests the existence of Li{Li bonds in the high

pressure phase, which were not present in the crystalline phase. Inthe crystalline phase, the

smallest distance between Li atoms is 3.8�A; at this distance there is no bond formed between

the Li atoms, which simply reside in the spaces between Si-O4 and Al-O4 tetrahedra without

bonding to any of the atoms of these tetrahedra. When indentation is applied, the tetrahedra

are broken, leaving the Li atoms open to move. Often Li atoms �nd themselves in the vicinity

of other Li atoms and create Li-Li bonds of 2.88�A(Figure 3.3(d)]: this value is very close to

the bond length in metallic Li-bcc [76]. Segregation of Li was not observed in the vicinity

of the indenter, but densi�cation of each of the four atomic species was. This densi�cation

is not likely to be an artifact of our potential, but it is the physical consequence of locally

increasing the pressure.

3.3.4 Elastic properties of eucryptite phases

To assess the performance of ReaxFF in predicting elastic properties, we computed the

elements of elastic sti�ness tensorCij for two polymorphs of eucryptite, � and � , by em-

ploying the technique outlined in Appendix C. We have found that the sti�ness tensors

for both eucryptite phases are positive de�nite, which means that at the ReaxFF level the

Born stability criterion [179] is met. The seven independent elastic constants of� -eucryptite

(rhombohedral structure) were calculated using ReaxFF at 0 K and are listed in Table 3.5;

to the best of our knowledge, so far there are no reports of elastic constants in the literature

for this phase.
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Figure 3.3: Pair distribution functions (gA� B(r )) for (a) Si{O, (b) Al{O, (c) Li{O and (d) Li{
Li pairs in � -eucryptite (black lines) and in the phase obtained under a spherical indent (red
lines) at an applied contact pressure� 10 GPa. The broadening of the peaks corresponding
to higher order neighbors and lowering of the nearest-neighbor distances in Li{O and Li{Li
pairs at high pressures indicates that the new phase formed under the indent is amorphous.
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Table 3.5. Predicted sti�ness constantsCij (in GPa) of � -eucryptite using ReaxFF at 0 K.

C11 C12 C13 C24 C15 C33 C44

ReaxFF 131.86 67.92 25.18 1.96 1.28 175.24 37.29

We have also calculated the �ve independent elastic constants of � -eucryptite (hexagonal

structure) at 0 K predicted by ReaxFF and listed them in Table 3.6. Hauss•uhlet al. [45] have

measured these elastic constants using an ultrasonic technique atambient temperature, 293

K. To compare the elastic constants predicted by ReaxFF in our study and those predicted

by DFT (also at 0 K) [46] with the experimental values, we have extrapolated the measured

values of Cij to 0 K using thermoelastic constantsTij = dlogCij =dT [45]. As shown in

Table 3.6, the ReaxFF elastic constants are in good agreement with experiment; with the

exception of C12, all the calculated constants are within� 30% of experimental values

extrapolated to 0 K. These ReaxFF values are also consistent withthose predicted by DFT

and reported in an earlier work [46].

Table 3.6. Comparison of the calculated sti�ness constantsCij (in GPa) of � -eucryptite at
0 K with the experimental data from Ref. 45 extrapolated to 0 Kusing the thermoelastic
constants Tij = d logCij =dT. The uncertainty in any of the experimental values (Exp) is
smaller than 2.5 GPa.

C11 C12 C13 C33 C44

DFT a 165.64 70.98 78.59 132.83 58.68
ReaxFF 178.92 102.77 118.28 181.26 47.37
Exp 176.3 68.5 89.8 139.9 61.2
Tij (10� 3=K ) -0.14 0.13 -0.27 -0.42 -0.24
aRef. 46, 0 K

The � and � polymorphs of eucryptite are known to possess highly anisotropic physical

properties. The overall elastic anisotropy of hexagonal and rhombohedral crystals is usually

assessed through three ratios,C11=C33, C12=C13 and 2C44=(C11 � C12), whose deviations from

unity serve as measures of the anisotropy in the crystals being studied. Table 3.7 lists the

anisotropy ratios for rhombohedral� and hexagonal� -eucryptite using theCij predicted by

ReaxFF.
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Table 3.7. Anisotropic factor ratios for� and � eucryptite (LiAlSiO 4) evaluated using single
crystal elastic constants (Cij ) predicted by ReaxFF in the present study. For� -eucryptite,
these ratios are also calculated usingCij known by DFT and experiments for comparison.

Phase Technique
C11

C33

C12

C13

2C44

C11 � C12

� -LiAlSiO 4 ReaxFF 0.7525 2.6974 1.1664

DFT a 1.2470 0.9032 1.2398
� -LiAlSiO 4 ReaxFF 0.9871 0.8688 1.2441

Expb 1.2602 0.7628 1.1354
aFrom Cij in Ref. 46
bFrom Cij in Ref. 45, extrapolated to 0 K.

The anisotropy of eucryptite polymorphs manifests, expectedly, in the Young's modulus

E as well as in other elastic properties. The direction-dependence of Young's modulus can

be derived from the elastic constants, and we show it here as a way to directly visualize

the anisotropic character of the Young's modulus (Figure 3.4). The Young's modulus for a

rhombohedral crystal in theR3 space group along a crystallographic direction of direction

cosinesl1, l2, l3 can be expressed in terms of elastic compliance constants as [44]

1
E

= (1 � l2
3)2S11 + l4

3S33 + l2
3(1 � l2

3)(2S13 + S44)

+2 l2l3(3l2
1 � l2

2)S14 + 2l1l3(3l2
2 � l2

1)S25; (3.11)

whereSij are the elements of elastic compliance matrix,S given by the inverse of the elastic

sti�ness matrix, C i.e., S = C � 1. For hexagonal crystals, the directional dependence ofE

is given by [44]

1
E

= (1 � l2
3)2S11 + l4

3S33 + l2
3(1 � l2

3)(2S13 + S44) (3.12)

Figure 3.4(a) shows the variation of Young's modulus of� -eucryptite with the angle �

between a given crystallographic direction and thez-axis, for three di�erent planes containing

the z-axis; these planes areyz (l1 = 0), xz (l2 = 0) and the plane containing the �rst bisector

of the xy plane, l1 = l2 = sin �=
p

2. The three polar plots in Figure 3.4(a) were generated

using Eq. (3.11) and the ReaxFF elastic constants in Table 3.5.
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The Young's modulus of� -eucryptite depends only on the angle� between a given direc-

tion and the z-axis (crystallographicc-axis), owing to the symmetry of a hexagonal crystal.

Figure 3.4(b)shows the dependence of Young's modulus of� -eucryptite on � calculated us-

ing the ReaxFF elastic constants and those known from DFT and experiments (Table 3.6).

The variation with � of the Young's modulus of� -eucryptite calculated using elastic con-

stants predicted by ReaxFF follows the same trends as theE calculated using the elastic

constants known by DFT or experiments. We now focus on elastic properties corresponding

to polycrystalline eucryptite phases.

The theoretical average bulk (B) and shear (G) elastic moduli of polycrystalline � and

� -eucryptite can be derived from their single-crystal elastic constants. There are two well-

known approximations typically used to evaluate the polycrystalline elastic moduli, namely

the Voigt [180] and Reuss [181] methods, which provide upper bounds (identi�ed by the

subscript V) and lower bounds (subscriptR), respectively, for the bulk and shear moduli.

For rhombohedral and hexagonal crystal systems, the polycrystalline bulk and shear moduli

can be expressed in terms of the single-crystal elastic constants as

BV =
1
9

(2C11 + C33 + 2C12 + 4C13) (3.13)

1
BR

= 2S11 + 2S12 + 4S13 + S33 (3.14)

GV =
1
30

(7C11 + 2C33 � 5C12 � 4C13 + 12C44) (3.15)

1
GR

=
1
15

(14S11 � 10S12 � 8S13 + 4S33 + 6S44) (3.16)

The Hill values (BH , GH ) of the bulk and shear moduli are the arithmetic averages of

the corresponding Voigt and Ruess bounds, and are considered thebest estimates of these

polycrystalline moduli [182]. The polycrystalline Young's modulus Epoly and Poisson's ratio

(� poly ) can be obtained through the relations applicable to isotropic materials [183],

Epoly =
9BH GH

3BH + GH
; � poly =

3BH � 2GH

2(3BH + GH )
: (3.17)

Table 3.8 lists the average elastic moduli of polycrystalline� and � eucryptite derived from

the single-crystal constantsCij (Tables 3.5 and 3.6) through the relationships in Eqs. (3.13){

(3.17). For � -eucryptite, the polycrystalline bulk modulus evaluated using the single crystal

elastic constants predicted by ReaxFF (75.06 GPa) is in excellent agreement with an earlier

measurement (74 GPa) of Fasshaueret al. [145]. Furthermore, the polycrystalline elastic

constants of � -eucryptite calculated from the single crystal elastic constants predicted by

ReaxFF is in good agreement with those calculated using the elastic constants known by
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Figure 3.4: Polar plots illustrating the directional dependence of Young's ModulusE for
(a) � -eucryptite using the elastic constants predicted by ReaxFF inthree di�erent crys-
tallographic planes containing thez-axis and (b) � -eucryptite using the elastic constants
predicted by ReaxFF and those known by DFT and experiments.
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Table 3.8. Average values of bulk moduli (B , in GPa) and shear moduli (G, in GPa) using
the Voigt, Ruess, and Hill's approximations for polycrystalline eucryptite phases derived
from their single-crystal elastic constantsCij . The Young's moduli (Epoly , in GPa) and
Poisson ratios (� poly ) are evaluated using Eqs. (3.17).

� -LiAlSiO 4 � -LiAlSiO 4

ReaxFF DFTa ReaxFF Expb

BV 75.06 102.27 135.31 109.85
BR 75.06 101.55 134.88 109.55
BH 75.06 101.91 135.09 109.70
GV 42.69 48.67 39.88 51.55
GR 38.44 46.08 38.48 47.10
GH 40.56 47.37 39.18 49.32
Epoly 103.12 123.05 107.18 128.69
� poly 0.27 0.30 0.37 0.31
aFrom Cij in Ref. 46
bFrom Cij in Ref. 45, extrapolated to 0 K.

DFT and experiments (refer to Table 3.8).

3.4 Summary and conclusion

In conclusion, we have developed a reactive force �eld for lithium aluminum silicates and

used it to describe (i) the atomic structure and heats of formation of several oxides, silicates

and aluminates, (ii) the relative stability of three crystalline eucryptite polymorphs and the

response of� -eucryptite under indentation, and (iii) the anisotropic and polycrystalline-

averaged elastic properties of eucryptite phases.

Successes.We have found that structural properties and heats of formation for selected

condensed phases agree well with the results of DFT calculations and with experimental

reports. In terms of applications to the stability of eucryptite phases, we have veri�ed

that the order of the stability of three well-known polymorphs predicted by ReaxFF is

the same as that obtained from DFT calculations and that knownfrom experiments. The

response of� -eucryptite to pressure is the formation of a denser and disordered phase which

we characterized by a set of radial distribution functions andcomparisons with condensed

phases. In terms of elastic properties analysis, we have determined the elements of the

sti�ness tensor for � - and � - eucryptite at the level of ReaxFF, and discussed the elastic

anisotropy of these two polymorphs. Polycrystalline average properties of these eucryptite
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phases are also reported to serve as ReaxFF predictions of theirelastic moduli (in the case

of � -eucryptite), or as tests against values known from experiments or DFT calculations

(� -eucrypite). In addition to the elaborate but physically-motivated description of the bond

order formalism coupled with the EEM scheme, the novel aspects/results of this work include

the ability of ReaxFF to predict the formation of an amorphous phase under pressures

exceeding 7 GPa, and the prediction of all elastic propertiesof � -eucryptite {which is the

most stable LiAlSiO4 phase at room temperature and ambient pressure.

Shortcomings. We noted in Sec. 3.3.3 that in the deformation regimes far outside equi-

librium, the ReaxFF-predicted order of phase stability may not match the DFT predictions,

especially in the tensile regimes. This problem is likely to manifest during reaction calcula-

tions at the level of several atoms, molecules, or small clusters, but may not easily manifest

in large-scale MD simulations because fracture in tensile regimes will probably occur before

any phase transformation. The values of the ReaxFF elastic constants Cij for � -eucryptite

compare reasonably well with those predicted by other empirical force �elds [67, 68, 148{

150]. These values are not of superior accuracy, as they deviate by about 30% from the

experimental values. The reasoning for such discrepancy can be understood as follows. The

heat of formation curves (Figure 3.1) include a few points inthe low strain regimes because

the emphasis for this potential is to describe reactions, formation of compounds, phase tran-

sitions, etc. As such, the potential is trained for very wide large ranges of strain (from

50% volumetric compression to 20% volumetric expansion). So when such large ranges of

deformations are used, then during the �tting process there isvery little weight given to the

region of linear elastic strain ( 2% linear strain). Since this is the region that is directly and

solely responsible for the elastic constants, then it comes as no surprise that some of the

elastic constants are not of superior accuracy. Still, the values ofCij predicted by ReaxFF

(Table 3.6) deviate from experiments by amounts that are similar to the deviations made by

the Pedone force �eld in predicting the elastic constants for spodumene (LiAlSi2O6) [150].

However, we found that PFF [150] and a core-shell model potential developed by Winkleret

al. (THB) [149] describe the elastic properties of aluminum silicate phases (especially those

of andalusite, Al2SiO5) much better than ReaxFF. While this observation seems to place

ReaxFF at a disadvantage, it should be noted that the PFF and other models were obtained

by �tting against experimental values of the elastic properties of binary oxides and silicates

[149, 150], while these properties were not a part of the training set used to determine the

ReaxFF parameters in our study.

Concluding Remark.The ReaxFF potential reported here can also describe well single-

species systems (e.g., Li-metal, Al-metal, and condensed phases of silicon), which makes

it suitable for investigating structure and properties of suboxides, atomic-scale mechanisms
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responsible for phase transformations, as well as oxidation-reduction reactions. Based on the

results of indentation on� -eucryptite and elastic properties of� -eucryptite reported here, we

believe that the parametrization of ReaxFF for Li-Al silicates will help provide fundamental

understanding of other interesting phenomena in LAS glass ceramics, especially in regard to

the atomic scale mechanisms underlying the pressure induced� -to-� phase transformation

where direct dynamic simulations at the level of DFT are currently intractable.

Acknowledgments.

The work at Colorado School of Mines was performed with support from the Department

of Energy's O�ce of Basic Energy Sciences through Grant No. DE-FG02-07ER46397 and

from the National Science Foundation (NSF) through Grant No. CMMI-0846858. ACTvD

acknowledges funding from KISK startup grant C000032472. Wethank Prof. Jincheng

Du from University of North Texas for providing the lithium-silicates DFT data that was

published in Ref. 48. Supercomputer time for the DFT calculations was provided by the

Golden Energy Computing Organization at Colorado School ofMines.

47



CHAPTER 4

RADIATION EFFECTS AND TOLERANCE MECHANISM IN

� -EUCRYPTITE

A paper published inJournal of Applied Physics1

Badri Narayanan,2 Ivar E. Reimanis,2 Hanchen Huang,3 and Cristian V. Ciobanu4

Previous studies on Li-silicates have shown that these materials are resistant to radiation

damage even in extreme physical and chemical environments, and are thus promising solid-

state breeder materials in fusion reactors. Here we focus on� -eucryptite as a member of Li-Al

silicate class of ceramics with potential for nuclear applications, and study the atomic-scale

processes induced by radiation. Using molecular dynamics simulations based on a reactive

force �eld, we have found that upon radiation dosage of 0.21 displacements-per-atom (dpa)

or less, the structure largely retains its long-range order while exhibiting (a) disordering

of the Li atoms, (b) distortion of the Si and Al tetrahedra de�ned as the change in their

oxygen-coordination number, and (c) tilting of the Si and Al tetrahedra with respect to

one another. We �nd that Si tetrahedra that distort to SiO3 during exposure to radiation

recover signi�cantly upon thermal relaxation, and provide the mechanism for this recovery.

This mechanism consists in the tilting of AlO5 polyhedra formed upon exposure so as to

satisfy the oxygen-coordination of distorted Si tetrahedra. Doubling the dosage results in a

signi�cant increase of the concentration of Si-Al antisite defects, which renders the tolerance

mechanism ine�cient and leads to amorphization.

4.1 Introduction

Lithium aluminum silicates (LAS) are technologically relevant [6, 7, 14] because of their

exotic physical properties, especially, near-zero or negative coe�cient of thermal expansion

(CTE). � -eucryptite, with a chemical composition of LiAlSiO4, is a prominent member of this

class of ceramic materials and has a highly anisotropic CTE (� a=7.26� 10� 6 K � 1 normal to

the crystallographicc-axis, and� c = � 16:35� 10� 6 K � 1 parallel to the c axis) [14] resulting

1Reprint of Journal of Applied Physics 113, 033504 (2013) with permission from American Institute of
Physics [Please refer Appendix E].

2Department of Metallurgical and Materials Engineering, Colorado School of Mines, Golden, CO 80401,
USA

3Department of Mechanical Engineering, University of Connecticut, Storrs, Connecticut 06269, USA
4Division of Engineering, Colorado School of Mines, Golden, CO 80401
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in a slightly negative average CTE. Such an anomalous thermalexpansion behavior provides

exceptional thermal shock resistance and, in turn, makes� -eucryptite suitable for a variety

of applications including heat exchangers, telescope mirrorblanks, precision optical devices,

and ring laser gyroscopes [7, 14{16].

� -eucryptite has a hexagonal crystal structure which can be understood as a stu�ed

derivative of � -quartz [14, 22, 33{36, 38, 184]. It consists of a network of corner-sharing

SiO4 and AlO4 tetrahedra with the Li atoms placed between these tetrahedrain the form

of channels parallel to thec-axis [Figure 4.1]. Owing to these Li channels,� -eucryptite

exhibits superionic conduction of Li along thec-axis, which makes it suitable for use in solid-

state electrolytes in Li-ion batteries [17, 19, 37]. Apart from its widespread technological

uses, the unusual thermal response of� -eucryptite has motivated numerous pursuits to

gain fundamental understanding of various structure-property relationships [14{16, 40, 46],

of pressure-induced phase transitions [25{27, 30], and of the mechanisms of resistance to

radiation damage [31, 32].

A number of Li-silicates such as lithium metasilicate (Li2SiO3) are known to contain

chains of SiO4 tetrahedra with the Li atoms between the chains [87]. Previous studies on Li-

silicates have shown that these materials are resistant to radiation damage even in extreme

physical and chemical environments [84{86]. Neutron radiation experiments using the High

Flux Reactor at Petten [88{90] demonstrated that Li-silicates can tolerate doses up to 1021{

1023 n/cm 2. In terms of more commonly used dosage unitsi.e., displacements per atom

(dpa), these values range from 2{80 dpa [using a displacement cross section of 10� 21cm2]

[91]. Since radiation tolerance of a material is closely related to its structure [92, 93], as

well as to its chemistry [94], this indicates the potential for using � -eucryptite in nuclear

breeder reactors. Indeed, in their studies on radiation-induced changes in LAS ceramics,

Abdel-Fatteh et al. found that solid solutions based on� -eucryptite exhibit low-sensitivity

to neutron radiation which makes them good candidate materials for reactor blankets [31, 32].

Apart from the radiation tolerance, � -eucryptite has exceptional thermal shock resistance

and is therefore suitable for use in fuel coatings in order to avoid cracking during thermal

cycling [32]. Furthermore, electron microscopy studies revealed that high lithia content in

the LAS solid solutions improves their tolerance to radiation damage [32]. However, the

atomic scale processes that are responsible for radiation tolerance in � -eucryptite are still

largely unclear. Such a study would provide the fundamental knowledge necessary to design

radiation tolerant materials based on LAS ceramics.

In this article, we focus on characterizing the radiation-induced structural damage in

� -eucryptite in order to understand the atomic-scale phenomena that occur in response

to radiation. Using molecular dynamics (MD) simulations based on a reactive force �eld,
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Figure 4.1: Unit cell of ordered� -eucryptite containing 12 formula units of LiAlSiO4 (84
atoms). It consists of parallel double helices of interconnected SiO4 tetrahedra (tan) and
AlO4 tetrahedra (gray), with Li atoms in the spaces between them along the c axis

we have employed the conventional primary knock-on atom (PKA) approach to simulate

the radiation damage as a series of displacements that occur via transfer of kinetic energy

from incident high-energy particles [122]. Our analysis of the structural evolution indicates

that up to a damage of 0.21 displacements-per-atom (dpa), a pronounced recovery of the

crystal structure occurs during the annealing period following the exposure to radiation. We

have found that upon radiation dosage of 0.21 dpa or less, the structure largely retains its

crystalline structure while exhibiting (a) disordering of theLi atoms, (b) distortion of the Si

and Al tetrahedra de�ned as the change in their oxygen-coordination number, and (c) tilting

of the Si and Al tetrahedra with respect to one another. CertainSi tetrahedra that distorted

upon radiation exposure recover signi�cantly during thermalrelaxation, and we provide the

mechanism for such a recovery. This mechanism consists in the tilting of AlO5 polyhedra

formed during exposure so as to satisfy the oxygen-coordinationof distorted Si tetrahedra.

The paper is organized as follows. In Sec. 4.2, we describe the computational methodology

employed to study the response of� -eucryptite to radiation via MD simulations. The results

for the temporal evolution of defects and characterizationof radiation are detailed in Sec. 4.3.

We discuss these results in order to identify the atomic-scale mechanisms responsible for

recovery (at low dosage) or for radiation-induced amorphization (at high dosage). Finally,

Sec. 4.5 summarizes our results and highlights the main conclusions.
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4.2 Methodology

Molecular dynamics simulations (MD) based on empirical potentials is an e�ective tool to

gain insight into the atomic-scale processes that occur during and after exposure to radiation.

It has previously been employed successfully to characterize radiation damage in metals,

semiconductors, as well as ceramics [92, 93, 106{121]. Ref. 122 gives a comprehensive review

of the various MD techniques employed to study radiation damage. These techniques have

been extensively used to characterize radiation- induced defects in several ionic oxides (e.g.,

MgAl 2O4 [115], MgO [116], and UO2 [117]) and explore the physical origin of their radiation

tolerance [92, 93]. More relevant to the present work is the identi�cation of atomic scale

mechanisms that occur in response to radiation in related materials such as SiC [118, 119]

and ZrSiO4 [92].

We studied the response of� -eucryptite to radiation using classical MD as implemented

in the simulation package LAMMPS [151]. The interactions between Li, Al, Si and O atoms

are described by a reactive force �eld (ReaxFF) [69, 73] parameterized for LAS [185]. The

ReaxFF parameters for Li-Al silicates have been shown to correctly predict relative order of

stability of various polymorphs of eucryptite, and describe well the structural and thermo-

dynamic properties of several bulk phase oxides, silicates and aluminates. More relevant to

the current study, these parameters were found to be applicable for studying atomic-scale

mechanisms underlying solid-state phase transitions in eucryptite [185]. Furthermore, the

basic framework of ReaxFF is known to describe well the formation and di�usion of point

defects in metals and ceramics [83, 186, 187]. For example, ReaxFF has been successfully

employed to determine the atomistic mechanisms underlying the vacancy-mediated oxygen

ion transport in yttria-stabilized zirconia [83].

In the ReaxFF framework, the total potential energy is expressed as a sum of several

bond-order dependent energy contributions arising from short range interactions; the bond

orders are updated every time step to provide an accurate dynamical description of chemical

bonding [69, 73]. In addition, the long range contributions(i.e, van der Waals and Coulomb)

are included in the total energy and are evaluated for every pair of atoms irrespective of their

local coordination. Furthermore, atomic charges are calculated at every time step using a

charge equilibration scheme [72]. This uni�ed, complex, approach consisting of bond order

formalism in conjunction with redistribution of charges enables ReaxFF to describe metallic,

covalent and ionic systems equally well [69, 73, 76{78, 80, 81,185]. ReaxFF has been applied

successfully to investigate a number of ceramics,e.g., interfacial reactions in Si/SiO2 [73, 188]

and Al/AlO 2 [80], surface reactions in ZnO [81], or phase transitions in BaTiO3 [82].

For our MD simulations, we used an orthorhombic computational cell of dimensions

42.91�A� 74.33�A� 137.36�A (with periodic boundary conditions) containing 32,256 atoms to
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simulate a crystal of� -eucryptite. The initial structure in each MD run was equilibrated at

900 K (typical temperature in breeder reactors) and 1 atm for 50 ps using a Nos�e-Hoover

thermostat/borostat with a timestep of 0.25 fs. To simulate radiation damage in the struc-

ture equilibrated at 900 K and 1 atm, a primary knock-on atom (PKA) was selected at

random and imparted a kinetic energy of 15 keV, with the recoilvelocity oriented in an

arbitrary direction. In a single cascade, we observed that the atoms displace negligibly af-

ter � 1ps. Furthermore, we have found that a single PKA produces� 140 displaced atoms,

corresponding to 0.0043 dpa. Based on these results for a single cascade, we simulated the

radiation of � -eucryptite at two di�erent rates, (a) 0.2 PKA/ps, and (b) 1 PKA/p s. The

cascade events were simulated for 50 ps,i.e. 10 cascades for 0.2 PKA/ps (0.043 dpa) and 50

cascades for 1 PKA/ps (0.21 dpa). After exposure for 50 ps, the structures obtained were

annealed for a further 50 ps at 900 K and 1 atm. During the exposure and subsequent relax-

ation, the temperature and pressure were maintained at 900 K and 1 atm using Nos�e-Hoover

thermostat/borostat; the MD timestep was set to 0.1 fs to avoid high atom displacements

within a single timestep. The reason for keeping the entire structure in contact with the

thermostat (as done,e.g., in Ref. 119) is that for the most part of this work we are not

following the e�ects of a single PKA, but rather allow the PKAs and the atoms involved in

subsequent collisions (overlapping cascades) to traverse the periodic boundaries of the su-

percell and analyze the overall structural damage done upon exposure to high radiation 
ux.

Lastly, several MD runs have been performed for each of the two radiation rates in order to

robustly assess the damage and recovery at each rate; for this reason, the concentrations of

various remnant defects in the structure are given in Sec. 4.3.1 as ranges of values.

4.3 Results

The atomic con�gurations obtained from the MD simulations [Sec. 4.2] were analyzed

using Wigner-Seitz cells [106], which are a typical choice for identifying point defects gen-

erated during collision cascades in ceramic oxides [113, 118,119]. This method involves the

partitioning of space into Voronoi polyhedra (VP) centered onthe sites of a reference con-

�guration, and de�ned such that each polyhedron contains allspace points that are closer

to its central site than to any other site. If a VP is empty, its central lattice site is labeled

as a vacancy. A site corresponding to a VP that contains more thanone atom is called an

interstitial, while a VP populated by an atom of a di�erent type than that in the reference

con�guration is called an antisite. In the present study, we usedthe structure equilibrated

at 900 K prior to exposure to radiation as the reference con�guration.
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4.3.1 Defect analysis

Figure 4.2 shows the fraction of atoms of each typei.e., Li, Al, Si and O that exist as point

defects (vacancies, interstitials and antisities) as a function of time in a typical MD run for

two di�erent radiation rates, namely 0.2 PKA/ps and 1 PKA/ps. For the �rst 5{10 ps ( i.e.,

1{2 cascade events at 0.2 PKA/ps and 5{10 cascades at 1 PKA/ps), only a negligible number

of Si- [e.g., Figures 4.2(b,f,j)], Al- [e.g., Figures 4.2(c,g,k)], and O- [e.g., Figures 4.2(d,h,l)]

defects are created. The number of point defects increases thereafter, which indicates that
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Figure 4.2: Number of point defects as function of time, for two di�erent radiation rates,
namely, 0.2 PKA/ps (blue) and 1 PKA/ps (red): (a){(d) vacancies, (e){(h) antisites and
(i){(l) interstitials. The time domain over which exposure to radiation is simulated is shown
in gray in each plot, and is followed by annealing at 900K and ambient pressure.

a certain minimum dosage is required to cause signi�cant damageeven with PKA of recoil

velocity corresponding to 15 keV. However, Li defects are formed in appreciable numbers

[Figures 4.2(a,e,i)] even in the initial time period which can be understood from the crystal
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structure of � -eucryptite [Figure 4.1] in which Li atoms are not strongly bonded and thus

are more mobile than the other species.

After this initial phase, the number of generated defects increases with dosage, for all

atom types. In the time interval between two successive PKA events, the defects di�use and

annihilate to some extent, as shown by the decreases following the peaks [Figures 4.2(a{l)].

This indicates the tendency of� -eucryptite to heal. After the radiation dosage, the structures

0.2 PKA/ps

1 PKA/ps

t = 50 ps t = 93 ps

t = 50 ps t = 93 ps

(a) (b)

(c) (d)

Vacancy
Si
Al
O
Si
Al
O

z 

x 
y 

Antisite

Interstitial

Figure 4.3: Snapshots of vacancies, antisites, and interstitials of all atom species except Li
immediately after the radiation dose (t = 50 ps) and towards the end of the subsequent
relaxation (t = 93 ps) for the rates of 0.2 PKA/ps (a,b) and 1PKA/ps (c,d). During re-
laxation, structural recovery (healing) via defect annihilation can be observed at both the
rates.

recover signi�cantly upon annealing at 900 K and ambient pressure. This recovery proceeds

via annihilation of all defect species except Li. As expected, more defects remain in the

structure exposed to higher dosage of radiation (1 PKA/ps) [Figures 4.2(a{l)]. For example,
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in the �nal relaxed structures, the concentration of Si-vacancies that remain in� -eucryptite

exposed at 0.2 PKA/ps was found to be 5%{9%, as compared to 12%{16% at 1 PKA/ps

[Figure 4.2(b)]. Furthermore, most of the defects occur as vacancy-interstitial pairs, e.g.,

at 1 PKA/ps, the concentration of Si vacancy-interstitial pairs is 12%{16%, as compared to

4%{8% antisites [Figures 4.2(b,f)].

The open structure of� -eucryptite along with the higher mobility of Li atoms leadsto

the formation of a signi�cantly higher number of Li-defects as compared to other defect

species [Figures 4.2(a,b)]. Interestingly, the behavior of the Li-defects during annealing was

found to be dependent on radiation dosage. In the structure radiated at 0.2 PKA/ps, the

Li-defects annihilate considerably upon annealing, similarto other defect types. However,

their number increases progressively in the structure bombarded at 1 PKA/ps even after the

exposure to radiation has stopped and the structure is allowed to relax. This causes further

position disordering of the Li atoms in� -eucryptite subjected to higher radiation damage

(i.e., at 1 PKA/ps).

It is important to recognize that in the two sets of MD simulations that we performed,

two variables change in a coupled manner: (a) the rate of dosage, and (b) the total dose.

The simulations at 0.2 PKA/ps correspond to a radiation dose of 0.043 dpa while those at

1 PKA/ps correspond to 0.21 dpa. Evidently, it is necessary to determine which of these

variables dominates the radiation behavior of� -eucryptite. To this purpose, we simulated

a set of single PKA generated collision cascades at 900 K and ambient pressure. In all

these simulations, a PKA of a particular type (i.e., Li, Al, Si or O) was randomly chosen

and imparted a kinetic energy of 15 keV, with the velocity oriented along an arbitrary

direction. From these single cascades, we found that a Li-PKA resulted in negligible number

of point defects; even the defects that were formed had a very short lifetime, i.e., they were

annihilated within < 1 ps. This is understandable since the Li atoms do not contributeto

the structural framework of SiO4 and AlO4 tetrahedra. On the other hand, all other PKA

types (i.e., Al, Si and O) exhibit a markedly di�erent behavior. In these cases, defects were

produced within the �rst 1 ps; thereafter, the defects di�use, recombine/annihilate leading

to healing of the structural damage over a time span of 15 ps. At this point, the structure

was found to either fully recover or to contain a small and stationary number of defects; for

example, in the case of a Si PKA, there were 0.4% vacancy-interstitial pairs and 0.05% Si-Al

antisites remaining in the sample.

The healing time for single-PKA cascades is 3 times greater than the time lapse between

two successive PKA events at 0.2 PKA/ps (15 times greater for the 1PKA/ps simulations).

This result is consistent with the overlapping cascades shown in Figure 4.2. In terms of

recovery during the annealing stage, for the 0.2 PKA/ps simulations the recovery during
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annealing is similar to that which occurs after each PKA. In this case, the total dose is the

factor that dominates the radiation response of the sample. Forthe faster rate of 1PKA/ps,

the e�ect of multiple atom knocks within the time of single-PKA healing (15 ps) manifests

itself in a built-up concentration of defects that requires� 25ps to heal {refer to red curves in

Figure 4.2, in which we used twice this much time for annealingin order to make sure that

the residual defect numbers were stationary. In the faster ratesimulations (1PKA/ps), the

rate and the total dosage remain strongly coupled, to the pointthat we cannot assign either

of them to be the predominant factor that determines the radiation response of� -eucryptite.

Figure 4.3 illustrates the spatial distribution of various point defects (except Li) in the

computational supercell in a typical run at the end of the radiation dosage period [Fig-

ures 4.3(a,c)] and after the subsequent annealing [Figures 4.3(b,d)]. For clarity, we have

Figure 4.4: Radial distribution functions (gA� B(r )) for (a) Al{O and (b) Si{O in pristine
� -eucryptite at 900 K (black) and in the phase obtained after exposure and relaxation
for two radiation rates, 0.2 PKA/ps (blue) and 1 PKA/ps (red). Th e radial distribution
functions curves do not change signi�cantly upon exposure, indicating that the basic network
of tetrahedra in � -eucryptite is preserved to a large extent.

shown only the defects in Figures 4.3(a{d); the white regionscorrespond to undamaged

parts of the crystal. It can be observed that a large portion of the supercell is occupied by

point defects, regardless of the rate, at the end of the time domain over which cascade events
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were simulated [Figures 4.3(a,c)]. Furthermore, after relaxation, the structure that was ex-

posed to lesser dosage,i.e., 0.2 PKA/ps, was found to exhibit more pronounced recovery as

compared to that exposed at 1 PKA/ps [Figures 4.3(b,d)]. This is consistent with the trends

illustrated in Figure 4.2(a{l), which show an increase in the residual defect concentration at

the higher radiation dose.

4.3.2 Structural characterization

To investigate the structural damage in� -eucryptite, we characterized the �nal con�g-

urations obtained by subjecting this material to two di�erent radiation rates (0.2 and 1

PKA/ps) followed by annealing at 900 K and ambient pressure. Figure 4.4 shows the radial

distribution functions (RDF) for Si-O and Al-O atom pairs in the structures exposed to

radiation; the correspondingg(r ) functions for the undamaged� -eucryptite are provided for

comparison. We note that the position of the peaks ofg(r ) for the Si{O and Al{O pairs do

Figure 4.5: (Color online) Radial distribution functions (gA� B(r )) for (a) Li{O and (b) Li{Li
pairs in pristine � -eucryptite at 900 K (black) and in the phase obtained after radiation
exposure and relaxation for two di�erent rates, 0.2 PKA/ps (blue) and 1 PKA/ps (red).
The �rst peak of gLi � Li shifts from 3.8�A in � -eucryptite to 2.9 �A in the radiated structures,
which indicates Li{Li bonding.

not change upon radiation exposure [Figures 4.4 (a,b)]; the peaks broaden somewhat, but
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the structure largely retains its crystalline order of Al, Si, and O.

At low radiation dosage (0.2 PKA/ps), the Li{O and Li{Li pairs de viate negligibly from

pristine � -eucryptite in terms of the spatial order [Figures 4.5(a,b)]. On the other hand, at 1

PKA/ps, the RDF for Li{O and for Li{Li exhibit interesting featu res [Figures 4.5(a,b)]. The

�rst peaks for the Li{Li and Li{O pairs shift to lower distances compared to those in the

original crystal; for example, for the Li{O pairs the �rst peak shifts from 2�A in � -eucryptite

to 1.8�A in the radiated structure [Figure 4.5(a)]. In addition, theintensity of the higher order

peaks decrease drastically [Figures 4.5]. Such a decay for thehigher order peaks has been

previously observed during amorphization of� - eucryptite [185], SiC [189], or� -quartz [176],

and is consistent with the progressive disordering of the Li atomsshown in Figures 4.2(a,e,i).

For the Li{Li pairs, the smallest probable spacing in the radiated structure at 1 PKA/ps

(a)

(b)

Figure 4.6: Snapshots of structure of (a) pristine� -eucryptite at 900 K and (b) phase
obtained under exposure at 1 PKA/ps and relaxation. This phase consists of polyhedra
with di�erent O coordinations around Si and Al, namely, SiO4(tan), AlO 4 (gray), AlO 5

(green), and SiO5 (red). The Li atoms are shown in purple.

was found to be� 2.9 �A [Figure 4.5(b)] which is closer to the experimental value ofLi{Li

bond length (3.04�A) in Li metal [178] than to the Li{Li spacing in � -eucryptite (3.8�A). This

shows that under higher radiation dosage (1 PKA/ps), the disordering of the Li atoms can

occur with the formation of Li clusters.
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The crystal structure of � -eucryptite, as mentioned, is composed of interconnected helices

of SiO4 and AlO4 tetrahedra with Li atoms in the open spaces between these tetrahedra

[14, 22]. Based on this crystal structure, the negligible change in the g(r ) curves for Si{O

and Al{O pairs [Figures 4.4(a,b)] indicate that the basic network of Al and Si tetrahedra of� -

eucryptite is largely preserved upon radiation exposure, even at 1 PKA/ps. Figure 4.6 shows

the comparison between the structure subjected to radiation cascades at 1 PKA/ps and the

undamaged con�guration. The building blocks of the structure, i.e polyhedra centered at

Al and Si atoms are shown in Figures 4.6 (a,b). In� -eucryptite, Al and Si are surrounded

by four oxygen atoms, resulting in the formation of a network ofAlO4 and SiO4 tetrahedra,

as illustrated in Figure 4.6(a)]; every corner of each AlO4 tetrahedron is shared with an

SiO4 tetrahedron and vice-versa. Upon exposure at 1 PKA/ps, the O-coordination around

some of Al and Si atoms deviate from ideal value of 4, resulting inthe formation of nearly

planar structures centered around 3-fold coordinated Si or Al, or in the formation of 5-corner

polyhedra [Figure 4.6(b)]. Furthermore, the Al and Si tetrahedra tilt relative to each other.

In order to provide a quantitative assessment of the distortion (understood here as the

change in the O-coordination number of the Si and Al) of the SiO4 and AlO4 tetrahedra,

we determined the number of Al- and Si-centered polyhedra of di�erent O-coordination at

the end of the exposure period, as well as after the relaxationperiod [Figure 4.7]. In the

computational cell, prior to the cascade events, all the Si (4608) and Al (4608) atoms exist

in the form of SiO4 and AlO4 tetrahedra. As seen in Figure 4.7, some of these distort into

Al- and Si-centered polyhedra that have oxygen coordinationof 3 or 5. The Si tetrahedra

distorted upon radiation exposure undergo signi�cant healing. At the end of the 1 PKA/ps

radiation dose, t = 50 ps, the O-coordination around 7.9% of Si atoms were observed to

deviate from the ideal value of 4. During annealing at 900 K, they recover appreciably, and

in the �nal structure only 2.2% of Si tetrahedra remain distorted. On the other hand, the

Al tetrahedra that were distorted during exposure do not heal after annealing. Clearly, the

SiO4 tetrahedra distort much less than AlO4, which is consistent with previous experiments

on pressure-induced amorphization in� -eucryptite [26]. The SiO3 polyhedra were found to

heal the most. At the end of the 1 PKA/ps radiation dose, 6.25 % of Si atoms were observed

to have a 3-fold oxygen coordination. During annealing, about two thirds of these SiO3

polyhedra recover forming SiO4.

Another way to characterize the distortion of the Al and Si tetrahedra and their rel-

ative arrangement in the structure is the distribution function of angles between di�erent

atoms. In Figure 4.8, we show the angle distribution functions,� (� ) for the angles de�ned

in Figure 4.8(a). In undamaged eucryptite, the oxygen atomsare arranged tetrahedrally

around Al and Si [14, 22]. Indeed, the distributions of the O{Si{O and O{Al{O angles [Fig-
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ure 4.8(b,c)] show pronounced peaks at about 107� and 112� . For the radiated structures,

these peaks are smaller in intensity and broaden signi�cantly, which is consistent with the

distortion of the ideal tetrahedra into under- and over-coordinated AlOx and SiOx polyhe-

dra. A similar broadening of the angular distribution peaks has been shown to occur due

to changes in the O-coordination during amorphization of silica [190, 191]. As expected,

the � (� ) peaks broaden more for the radiated structure at 1 PKA/ps as compared to 0.2

PKA/ps. Furthermore, regardless of the radiation dosage, the extent of broadening of the

O{Al{O peak is higher than that for the O{Si{O peak [Figures 4.8(b,c)]. This illustrates

that the AlO 4 tetrahedra distort more than SiO4 tetrahedra, which is consistent with the

results in Figure 4.7.

Apart from the tetrahedral angles, the major peak for the bridge angle Al{O{Si [Fig-

ure 4.8(d)] also exhibits signi�cant broadening upon exposure. This shows that the Al and

Si tetrahedra tilt relative to each other. Consistent with these �ndings, direct observation of

the radiated structures also suggested tilting of adjacent corner-sharing tetrahedra [see Fig-

ure 4.6(b)]. The distributions for the torsional angles O{Al{Si and O{Si{Al [Figure 4.8(e,f)]

were found not only to spread out but also to exhibit new peaks ataround 40� {50� , pro-

viding further evidence for tetrahedral tilting. For all the angle distributions, the amount

of broadening of the strongest peak increases with dosage. However, even at 1 PKA/ps,

the most probable value for the O{Si{O and O{Al{O angles remains around the ideal value

109.47� , as shown in Figures 4.8(b,c)]. In other words, the tetrahedral arrangement of O

around Al and Si atoms is still largely preserved after relaxation. Next, we will discuss the

atomic scale mechanism by which� -eucryptite heals after radiation exposure.

4.4 Discussion

The structural changes present in the� -eucryptite structures after radiation and anneal-

ing consists in (a) disordering of the Li atoms accompanied by some clustering, (b) distortion

of the Si and Al tetrahedra (change in their O-coordination number), and (c) tilting of the

Si and Al tetrahedra with respect to one another. In Figure 4.7(b), we have shown that the

main distortions that exhibit signi�cant recovery upon annealing are the SiO3 structures.

Our analysis of the radiated structures shows that at the end of 1PKA/ps dose (i.e.,

t = 50 ps), 6.25% of Si atoms have a three-fold oxygen coordination. Of these SiO3 polyhedra,

60% were surrounded only by Si- or Al- centered tetrahedra, while 35% shared at least one

corner with an AlO5 polyhedra.

Next, we focus on the corner-sharing SiO3 and AlO5 polyhedra in radiated� -eucryptite,

and show the atomic-scale mechanism responsible for the restoration of tetrahedral arrange-

ment of oxygen atoms around the Si atoms belonging to these SiO3 polyhedra [refer to
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Figure 4.9]. A signi�cant number of AlO4 distort to AlO 3 and AlO5, but, unlike in the case

of Si polyhedra, neither of these recover upon annealing [Figure 4.7(a)]. Next, we discuss the

atomic-scale mechanism responsible for the restoration of tetrahedral arrangement of oxygen

atoms around silicon belonging to SiO3 polyhedra in radiated� -eucryptite. For clarity, only

the atoms involved in the recovery process are shown in Figure 4.9(a){(f). At the beginning

of the annealing period,i.e. at t = 50 ps, the structure contains corner-sharing AlO5, SiO4

and SiO3 polyhedra as shown in Figure 4.9(a). In this structure, an oxygen atom (O) be-

longing to the AlO5 polyhedron but not shared as a corner was found to be bonded to aLi

atom. The three-fold coordinated silicon atom has been labelled Si(3f) [Figure 4.9(a)]. The

three-fold coordination of oxygen around Si(3f) manifests itself in the observed average bond

angle around Si(3f), 118.83� , which is close to the expected value of 120� . During annealing,

Figure 4.7: Comparison of the number of (a) AlO and (b) SiO polyhedra of di�erent O-
coordination in � -eucryptite at 900 K with those in the radiated structures at the end of the
radiation dose (t = 50 ps) and towards the end of the subsequent annealing (t = 93 ps).

the two Si-centered and the Al-centered polyhedra tilt relative to each other and the Li{O

complex oscillates: these processes create a wide range of motionfor the O atom in the
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space between the two Si atoms [Figure 4.9(b,c)]. Eventually, the O atom comes within the

interaction range of Si(3f) [Figure 4.9(d)], at which pointthe Li{O bond breaks and a new

Si{O bond forms, thus restoring the tetrahedral arrangement of O around the (up to now)

3-f coordinated Si atom [Figure 4.9(e)]. This newly formed SiO4 tetrahedron continues to

heal, as shown by the change in the average Si2{O bond length from 1.9�A [in Figure 4.9(e)]

to 1.62�A at t � 63 ps [Figure 4.9(f)]. The �nal Si{O bond length is in close agreement with

the Si{O bond length in � -eucryptite [14]. Furthermore, the bond angle around Si(3f) in the

�nal con�guration was observed to be 110� , providing further evidence for the formation of

SiO4 tetrahedron.

Of the SiO3 polyhedra that share a corner with AlO5, 64% recovered via this mechanism

[Figure 4.9] upon thermal annealing fromt = 50ps to t = 93ps; annealing over an additional

100 ps improves the healing to 80%. We note that the process of healing is mediated by

AlO5 polyhedra, which remain intact after the formation of SiO4. These AlO5 polyhedra

are always more numerous than the SiO3 polyhedra, and they never heal appreciably [refer

to Figure 4.7]; overall, these polyhedra stabilize a structurein which Si-centered tetrahedra

share either corners-only (as in pristine� -eucryptite), or a combination of corners and edges

with AlO 4 and AlO5 polyhedra. We also note that all the SiO3 had Li atoms in their vicinity;

however, the role of these Li atoms in the recovery process is limited to possibly assisting

the oscillation of the Li-O complex [Figures 4.9(b,c)].

On the other hand, the SiO3 polyhedra that share their corners with SiO4 or AlO4 alone

restore their tetrahedral coordination with oxygen via a di�erent mechanism, one in which

the Li atoms play a key role. At the end of the radiation dosage,a signi�cant number of

Li-O bonds are formed, as shown in Figure 4.5. These mobile Li-Opairs were observed to

transport oxygen to the SiO3 polyhedra (those surrounded only by SiO4 or AlO4) leading to

the recovery of tetrahedral O-coordination around them. During thermal annealing, among

the SiO3 polyhedra surrounded by SiO4 or AlO4, 64% recovered via this mechanism until

t = 93 ps and 81% byt = 200 ps. However, the additional oxygen around the newly

formed SiO4 was not bonded with any other SiOx or AlOx polyhedra. In essence, although

this mechanism restores the tetrahedral O-coordination around SiO3 polyhedra, it does not

contribute to healing of the network of SiO4 and AlO4 polyhedra constituting the backbone

of the structure of � -eucryptite.

Recently, using X-ray di�raction, Zhang et al. discovered that under hydrostatic pressures

below � 17 GPa, pressure-induced amorphization in� -eucryptite is reversible as long as

remnant crystalline regions (even in trace amounts) are present [26]. This structural memory

has so far been attributed to the di�erence in the rigidity of SiO4 and AlO4 tetrahedra:

under applied pressure, the rigid SiO4 tetrahedra remain largely intact while the weak AlO4
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Figure 4.8: Angular distribution functions (� (� )) for angles the de�ned in panels (a). Shown
here are� (� ) functions for (b) O{Si{O, (c) O{Al{O, (d) Al{O{Si, (e) O{Si{Al and (f) O{
Al{Si angles in � -eucryptite (black) and in the phase obtained under radiation exposure at
two di�erent rates.
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distort signi�cantly. When pressure is released, the network of strong SiO4 tetrahedra would

act as a template around which the Al and O atoms would relax back to their original

positions, thereby, leading the amorphous phase to revert to the initial crystal [26]. In

contrast, we observed that in the radiated� -eucryptite the distorted SiO4 revert to the

original tetrahedral arrangement during the subsequent annealing using the AlO5 polyhedra

formed during irradiation: as described above and in Figure 4.9, although the AlO5 never

recover, they are the key factor in the recovery of SiO4 from SiO3.

To explore the possibility of amorphization of� -eucryptite under exposure, we simulated

the collision cascades at 1 PKA/ps for 100 ps (i.e., corresponding to a dosage of 0.43 dpa)

followed by annealing at 900 K and ambient pressure. We found that the temporal evolution

of defects followed trends similar to those in Figure 4.2. As expected, the residual number of

(a) (b) (c)

(d) (e) (f)

O

Li

Si(3f)

t = 50 ps t = 52.6 ps t = 52.8 ps

t = 59 ps t = 59.2 ps t = 63 ps

Figure 4.9: Mechanism for recovery of SiO4 from SiO3 in the radiated structure (a) during
annealing at 900 K and 1 atmvia intermediate steps (b){(e) leading to the restoration of
tetrahedral arrangement of silicon (f)

defects were found to be much higher (more than twice) in comparison with the corresponding

ones for 0.21 dpa,e.g., in one MD simulation at 0.43 dpa, 32% of the Si atoms were involved

in vacancy-interstitial pairs in the �nal structure as compared to 12%{16% observed for the

radiated structure at 0.21 dpa. It is also worthwhile to note that for the structure radiated at

0.43 dpa, the Si-, Al- and O-defects all undergo signi�cant annihilation during the annealing

(e.g., in a typical simulation the concentration of Si vacancies atthe end of the cascade

events was 52% which recover down to 32% upon annealing at 900K), while the Li atoms
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continue to disorder.

More importantly, we found that even after annealing the structure radiated at 0.43 dpa,

a signi�cant number of Si atoms (� 15%) occupy lattice sites that belonged to Al in pristine

� -eucryptite. In comparison, as pointed out in Sec. 4.3.2, only 4%{8% Si-antisites remained

in the structure radiated at 0.21 dpa after annealing. The higher number of antisites at 0.43

dpa indicates that the basic network of Al and Si tetrahedra is severely perturbed. Indeed,

characterization of the structure at 0.43 dpa showed that the long-range order of the crystal

planes are lost, and amorphous regions are formed in the computational supercell. In terms

of the O-coordination around the Al and Si atoms, we �nd that 4.9% of SiO4 and 28.5% of

AlO4 tetrahedra remain distorted even after annealing the structures exposed at 0.43 dpa.

These values are larger than the corresponding ones for 0.21 dpa, i.e., 2.7% and 14.5% for

SiO4 and AlO4 respectively. Furthermore, at 0.43 dpa, the tetrahedra tiltmore than they

did at 0.21 dpa. In essence, as the radiation dose increases, (a) higher number of Al and Si

antisites are formed, and (b) the Al and Si tetrahedra continueto distort and tilt further,

eventually leading to the loss of crystallinity.

Thus, at low dosage,� -eucryptite preserves its crystallinity because most Al and Si

polyhedra still form the same network as Al and Si tetrahedra do in � -eucryptite and also

because of the restoration mechanism described above [Figure 4.9]. However, beyond a

certain dose (0.43 dpa), the mechanism that is responsible for restoring silicon tetrahedra

(Figure 4.9) is no longer e�ective because there are too many Si-Al antisites that signi�cantly

perturb the crystalline order of eucryptite.

4.5 Conclusions

The response of� -eucryptite to radiation was investigated using atomistic simulation of

displacement cascades produced by randomly selected PKAs with kinetic energies of 15 keV.

From our simulations, we have found that� - eucryptite exposed to low dose of radiation

(0.043 dpa) exhibits pronounced recovery upon annealing at900 K. Most of the defects in

this structure remaining at the end of annealing occur due to the spatial disordering of Li

atoms, while the other defect species annihilate almost completely. At 0.21 dpa, signi�cant

short-range damage in the form of point defects was observed even after annealing. However,

the exposed structures recover such that the long-range order of the original crystal and the

tetrahedral arrangement of O around Al- and Si- atoms are preserved to a large extent.

Our analysis of the defects and characterization of the radiated structures indicates that, up

to 0.21 dpa, the residual e�ects are: (a) tilting of Al/Si tetrahedra relative to each other,

(b) distortion of Al/Si tetrahedra caused by deviation in the O-coordination around Al/Si

from the tetrahedral arrangement in the ideal crystal, and (c) spatial disordering along with
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clustering of Li atoms. The Al- tetrahedra were found to distort more than the Si tetrahedra.

Furthermore, we have found that upon annealing the SiO3 polyhdera undergo maximum

recovery among the distortions. The analysis of MD trajectories revealed that the recovery

of the SiO3 is mediated by the distortions in Al tetrahedra (i.e., AlO5) which do not heal and

are always more numerous SiO3 polyhedra. Although these AlO5 polyhedra do not heal, they

are essential for recovery of tetrahedral arrangement aroundSi atoms belonging to SiO3. We

have illustrated that this mechanism is viable only when the number of Si-antisites are low,

so as to preserve the alternate arrangement of Al and Si polyhedra. At high dose of radiation

(0.43 dpa), an appreciable number of remnant Si-antisites (� 15 at%) were observed at the

end of relaxation. The presence of such a concentration of antisites was enough to seriously

deter the recovery mechanism of SiO3 assisted by AlO5 polyhedra. This leads to loss of

crystalline order at 0.43 dpa, with the formation of large amorphous regions.
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CHAPTER 5

ATOMIC-SCALE MECHANISM FOR PRESSURE-INDUCED

AMORPHIZATION OF � -EUCRYPTITE

A paper accepted for publication inJournal of Applied Physics

Badri Narayanan,1 Ivar E. Reimanis,2 and Cristian V. Ciobanu2

We present here a reactive force �eld based metadynamics study of pressure-induced amor-

phization in � -eucryptite, a lithium aluminum silicate that exhibits negative thermal ex-

pansion, i.e., volumetric contraction upon heating. From our simulations,we found that

� -eucryptite amorphizes under a moderate applied pressure of� 3 GPa. A careful inspec-

tion of the amorphous phase showed that it contains AlO3, AlO4, AlO5, and SiO4 polyhedra,

indicating clear short-range order. We have also identi�ed the atomic-scale processes respon-

sible for the amorphization of� -eucryptite. These processes are (a) tilting and distortion

of tetrahedra centered at Al/Si, (b) change in atomic coordination around Al, and (c) dis-

ordering of Li atoms with the formation of Li-Li, Li-O, and Li-O-Li linkages. We discuss

our results in the context of a possible general link between negative thermal expansion,

radiation tolerance and pressure-induced amorphization in 
exible network structures.

5.1 Introduction

Pressure-induced amorphization (PIA) in crystalline solids hasbeen studied extensively

over the past few decades due to its commercial importance, such as in large-scale produc-

tion of bulk glassy materials via grinding, ball milling, and compression [97, 127, 192{195].

PIA was �rst observed in ice [192]; later, numerous spectroscopic experiments and theo-

retical calculations have evidenced that PIA occurs in a wide variety of crystals including

pure elements (e.g. Si [196], Ge [197]) and compounds (e.g. oxides [198{200], silicates [97],

tungstates [96, 125, 126] and others [101, 201, 202]). Recently, polyhedral network structures

that exhibit negative thermal expansion (NTE) have drawn interest because they undergo

PIA at moderate pressures [26, 96, 125{128]. More importantly, from a fundamental perspec-

tive, NTE and PIA could both originate from the 
exible nature of the structural framework

of the crystals [95, 96].

1Department of Metallurgical and Materials Engineering, Colorado School of Mines, Golden, CO 80401,
USA

2Division of Engineering, Colorado School of Mines, Golden, CO 80401
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The hexagonal� -eucryptite, LiAlSiO4, with an anisotropic coe�cient of thermal expan-

sion (� a = 7.26� 10� 6 K � 1 normal to crystallographicc-axis, � c = � 16:35� 10� 6 K � 1 parallel

to c-axis [14]) typi�es the behavior of NTE materials. It exhibits a slight volumetric con-

traction with increasing temperature over a wide temperature range (300 K { 1400 K) [14];

this provides exceptional thermal shock resistance to� -eucryptite, making it suitable for a

variety of applications such as heat exchangers, telescopic mirror blanks and high-precision

optical devices [6, 7, 14]. � -eucryptite is also known for its one-dimensional Li ion con-

duction [17, 19, 21, 37] and for its radiation tolerance [31,32, 203], which could lead to

applications in Li-ion batteries and nuclear breeder reactors. Owing to its technological rele-

vance,� -eucryptite constitutes a suitable prototype material for expanding our fundamental

understanding of the connection between NTE and PIA.

The crystal structure of � -eucryptite has hexagonal symmetry (space groupP6422) and

can be thought of as a stu�ed derivative of� -quartz [14, 22, 33{36, 38, 184]. It is composed

of a network of corner-linked SiO4 and AlO4 tetrahedra with signi�cant voids in between,

voids in which lithium atoms reside forming channels parallel to the c-axis [Fig. 5.1]. Similar

to other NTE materials [96, 125, 126], the anomalous thermal behavior of � -eucryptite has

been attributed to two processes (a) rotation and distortion ofthe tetrahedral units (i.e.,

AlO4, SiO4) and (b) spatial disordering of Li atoms [14{16, 46]. Interestingly, our recent

molecular dynamics (MD) simulations showed that these same processes, along with changes

in coordination around Al/Si atoms enable� -eucryptite to retain its long-range crystalline

order upon exposure to radiation [203]. Furthermore, most of the Si atoms that lose their

tetrahedral O-coordination in the radiation-damaged structure were found to recover upon

thermal annealing [203]. This �nding suggests that the structural connection between NTE

and PIA in 
exible network structures possibly extends to otherphenomena, such as radia-

tion tolerance.

In their recent high-pressure X-ray di�raction (XRD) experiments, Zhang et al. found

that � -eucryptite begins to amorphize at pressures of 3{5 GPa via reconstructive trans-

formations with signi�cant changes in atomic coordinations[26, 29], and suggested that

PIA in � -eucryptite is possibly assisted by mechanical instability and kinetic hindrance of

equilibrium phase transformations owing to reduced atomic mobility at 300 K [26]. Further-

more, recent nano-indentation studies have revealed that the pressure-induced transition in

� -eucryptite is associated with an activation volume similar tothat of SiO4 and AlO4 tetra-

hedra [30, 204]. However, the atomic mechanisms that govern PIA in � -eucryptite and the

detailed structural characteristics of the amorphous phase are still unclear.

To gain a better understanding of PIA in� -eucryptite, we turn to atomistic simulations.

The most commonly used technique to understand the response of crystalline solids to applied
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Figure 5.1: (Color online) Crystal structure of hexagonal ordered� -eucryptite projected (a)
along the c axis, and (b) along thea1 axis. The structure is composed of a framework of
corner-sharing AlO4 (gray) and SiO4 (orange) tetrahedra, with Li atoms (purple) existing
in channels parallel to thec axis. The black lines outline the unit cell containing 12 formula
units of LiAlSiO4 (84 atoms).

pressure is constant pressure MD simulation based on classical force �elds [101, 205{207].

Most of the pressure-induced solid-state phase transitions are associated with energy barriers

that are signi�cantly higher than thermal energy; it is highly unlikely that such high barriers

can be surmounted in MD simulations within practical timescales at the experimentally

observed transition pressures [208{210]. To circumvent this time-scale problem, we employ

metadynamics simulations [146, 208, 211] in which structuraltransitions under pressure are

explored by sampling a history dependent free-energy surface in the space of a few relevant

order parameters called collective variables (CVs) [146, 208, 211]. Since this method does

not require elevated temperatures or pressures to acceleratethe phase transition, it can

identify the lowest energy transition pathways [209]. Metadynamics has been extensively

used to study phase transitions [209, 212{215],e.g., Si [146, 213], SiO2 [212], and CdSe [209].

More relevant to the present study, metadynamics has been used to successfully determine

the atomic-scale mechanisms responsible for reconstructive phase transition from anhydrous

Li-ABW zeolite to 
 -eucryptite [214].

In this article, we focus on examining PIA in� -eucryptite close to the experimentally

known transition pressure [26, 29] using metadynamics coupled with MD simulations based

on a reactive force �eld. Our analysis of the structural evolution showed that � -eucryptite

undergoes PIA at an applied pressure of 3 GPa. We have characterized the obtained amor-

phous phase and found that it possesses signi�cant short-range order while lacking crystalline

long-range order. Our structural analysis also indicates thatthere is a pronounced change
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in the O-coordination around Al atoms, change which leads to the formation of AlO3 and

AlO5 polyhedra which share edges with the SiO4 tetrahedra. Furthermore, we have identi�ed

the mechanisms associated with the lowest energy pathway for PIAin � -eucryptite, which

are (a) tilting and distortion of AlO 4/SiO 4 tetrahedra, (b) changes in atomic coordination

around Al resulting in the formation AlOx polyhedra (x = 3 or 5), and (c) spatial disordering

of Li atoms forming new Li-Li, Li-O bonds, and Li-O-Li bridges.

The remainder of this article is organized as follows. In Sec.5.2, we brie
y describe the

computational methodology that we adopted to study the response of� -eucryptite to applied

pressure. The results concerning the detection of the phase transition and the structural

characterization of the newly formed amorphous phase are described in detail in Sec. 5.3.

We discuss these results to identify the mechanism for PIA in� -eucryptite in Sec. 5.4, and

draw comparisons with the atomic scale processes that are known to occur in� -eucryptite in

response to temperature changes and radiation exposure. Finally, we summarize our results

and highlight the main conclusions in Sec. 5.5.

5.2 Methodology

We have employed the metadynamics technique developed by Marto�n�ak and co-workers

[146, 208] to explore structural phase transitions in� -eucryptite under applied pressure

[146, 208, 211].

5.2.1 Solid state phase transition by metadynamics

This approach involves a systematic exploration of the Gibbs free energy surface in a

space of the CVs to search for new local minima. The CVs are chosen tobe the periodicity

vectors of the computation supercell,a, b, and c arranged in the form of a matrixh = ( a b

c), whose columns hold the supercell vectors. To simplify the analysis, h is constrained to

be an upper triangular matrix [208]. The CVs are evolved in a steepest-descent like manner

at each metadynamics stepn via [146]

hn+1 = hn + �h
� n

j� n j
; (5.1)

where�h is the step size in the CV space, and�
n

j � n j gives the direction of the driving force� n

at the nth metadynamics step. This driving force is derived from a history-dependent Gibbs

potential G(hn ) as:

� n = �
@G(hn )

@hn
: (5.2)
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G(hn ) is the sum of the thermodynamic free energyGt (hn ) and an arti�cial potential Gg(hn )

created by a superposition of gaussians centered at everyhm accessed prior to stepn. Gg(hn )

can be written as:

Gg(hn ) =
X

m<n

Y

i;j

Wexp
�

�
[hn

ij � hm
ij ]2

2�h 2

�
; (5.3)

where the quantitiesW and �h are the height and width of gaussians respectively. The term

Gg(hn ) prohibits the system from revisiting previously explored con�gurations by �lling up

the initial well of the Gibbs free energy and, in turn, drivesthe system out of a local minimum.

From Eq. (5.2), it is clear that � n is the sum of two components (a) thermodynamic force

F t (hn ) = � @Gt (hn )=@hn , and (b) gaussian forceFg(hn ) = � @Gg(hn )=@hn which can be

easily derived from Eq. (5.3). Theij element ofF t (hn ) can be expressed in terms of average

internal pressure tensorpn at step n and applied pressurep as [208]:

[F t (hn )]ij =
� @Gt (hn )

@hij
= V n [(hn )� 1(pn � p)]ji ; (5.4)

where V n is the volume of the computational supercell at thenth step given by V n =

det(hn ). pn is evaluated by equilibrating the con�guration at the nth step in a relatively

short conventional MD run with the supercell shape �xed athn .

In practice, the metadynamics algorithm as outlined in Eqs. (5.1{5.4) is implemented

in two stages. The evolution starts from an equilibrium con�guration at the desired tem-

perature T and pressurep. In the �rst stage, the evolution of the CVs is determined by

both thermodynamic and gaussian driving forces. This continues until the accumulation of

Gg(hn ) pushes the system into the basin of attraction of a new phase,i.e., new local mini-

mum. Physically, this occurs via the progressive deformation of the initial structure, which

eventually leads to a structural transition. Once such a transition is detected, the simulation

proceeds to the second stage, wherein the gaussian contributionto � n is turned o� and the

system is driven towards the new local minimum by the thermodynamic force alone. In this

second stage, the metadynamics simulation is equivalent to standard constant-pressure MD

in which the supercell vectors are allowed to vary.

5.2.2 Computational details

The interactions between Li, Al, Si and O atoms were modeled bya general bond-order

dependent reactive force �eld (ReaxFF) [69, 73] that has been found to describe well the

formation and dissociation of bonds. In the ReaxFF formalism, the total energy of the

system contains contributions from several connectivity-dependent interactions; all these

short-range interactions are functions of bond orders that are derived from the instantaneous
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interatomic distances [69, 73]. Additionally, the long-range contributions (i.e., van der Waals

and Coulomb) are computed for every pair of atoms regardless of their coordination. The

redistribution of atomic charges is evaluated at every step using a charge equilibration scheme

[72]. This approach enables ReaxFF to describe metallic, ionic, and covalent systems equally

well [69, 73, 76{78, 80, 81, 185]. ReaxFF has been employed successfully to study numerous

ceramic systems,e.g., surface reactions in Si/SiO2 [73, 188], Al/Al2O3 [80] and ZnO [81],

phase transitions in BaTiO3 [82], and defect structure in yttria-stabilized zirconia [83]. In this

work, we employed the ReaxFF parameters developed recentlyfor lithium aluminum silicates

[185]. This parameter set has been shown to reproduce the empirically observed order of

stability of various eucryptite polymorphs, and describes well the structural, thermodynamic

and elastic properties of several bulk phases of silicates, aluminates, and oxides [185].

For our metadynamics simulations, we used a computational supercell made up of one

unit cell of hexagonal� -eucryptite containing 84 atoms (12 formula units of LiAlSiO4) with

the lattice parameters predicted by ReaxFF under ambient conditions. Periodic boundary

conditions were employed to simulate bulk samples. All MD simulations were performed

using the classical MD simulation package LAMMPS [151] with a timestep of 0.5 fs. Before

starting the metadynamics, we equilibrated the initial structure at 3 GPa and 300 K using

constant pressure MD in the NPT ensemble for 1 ns. This equilibratedatomic con�guration

(at 3 GPa and 300 K) was used as a starting structure for the metadynamics at the desired

hydrostatic pressurep = 3 GPa. The metadynamics parameters were set asW = 4:5 eV and

�h = 1 �A in accordance to the guidelines provided by Refs. 146, 208. At each metadynamics

step n, the con�guration was equilibrated at constant hn using MD simulations in NVT

ensemble for 25 ps;pn was obtained by averaging the microscopic virial tensor over the last

10 ps of this run.

5.3 Results

In this section, we describe the results of our ReaxFF based metadynamics simulations

of � -eucryptite under applied pressure.

5.3.1 Phase transition

The onset of a structural transition in a metadynamics simulation can be identi�ed by

monitoring the relative orientation of thermodynamic (F t ) and gaussian (Fg) driving forces

[146]. Initially, when the structure is near a local energy minimum (i.e., while a well is

being �lled up by gaussians) these two forces act along nearly opposite directions. On

passing the saddle point,F t and Fg become almost parallel. This sudden change in the

relative orientation of F t and Fg at the transition point manifests itself as a spike in the
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indicator F t � Fg=(jF t jjFgj) [146]. Figure 5.2(a) shows the evolution of this indicator during

the metadynamics simulation of� -eucryptite at 3 GPa and 300 K. As expected, in the

beginning, the value ofF t � Fg=(jF t jjFgj) remained negative. At stepn = 58, however, a

F
t•F

g/
(|

F
t||

F
g|

)
|S

hk
l|2 

  (
x 

10
3 )

Metadynamics Step

(a)

(b)

Gaussians switched
off at this point

Figure 5.2: (Color online) Evolution of (a) relative orientation of forcesF t and Fg, and
(b) structure factor during the metadynamics simulation of� -eucryptite under hydrostatic
pressure of 3 GPa at 300 K. A spike in the relative orientation ofF t and Fg indicates
structural transition at step 58.

sudden jump to positive value was observed [Fig. 5.2(a)], whichindicates transition to a new

basin in the free energy landscape. Beyond this step, the gaussians were switched o� (W =

0) to allow the system to relax towards the new local energy minimum driven by F t alone.

A more intuitive indicator signaling a solid-state phase transition is the structure factor

S, which provides the signature for a given spatial arrangementof atoms in a periodic lattice

[208]. The structure factorShkl for a speci�c crystallographic plane with Miller indices (hkl )

in a computational supercell containingN atoms can be evaluated as [216]:

Shkl =
NX

j

f j e2�i (hx j + ky j + lz j ) ; (5.5)
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where f j is the X-ray atomic scattering factor for atomj located at fractional coordinates

(x j ; yj ; zj ). The values off j for Li, Al, Si and O atom types were obtained from Ref. 216.

Equation (5.5) shows thatShkl is a complex number; the square of its magnitude,jShkl j2

is directly related to the intensity of XRD peaks arising from (hkl ) planes. Hence,jShkl j2

provides a convenient parameter to monitor structural changes associated with (hkl ) planes.

Using Eq. (5.5), we computed thejShkl j2 values corresponding to three planes { (200),

(202) and (224) for structures obtained at each metastep [Fig.5.2(b)]. These three planes

were speci�cally chosen because they contribute to the most intense peaks in the XRD pat-

tern of hexagonal� -eucryptite [27]. Initially, at step 0, wherein the structureis hexagonal (� -

phase), the computedjShkl j2 values for these planes were found to be high [Fig. 5.2(b)] as ex-

pected; furthermore, the order of their magnitudes was consistent with XRD experiments.[27]

At step 9, a sudden drop in thejShkl j2 values for (202) and (224) planes was observed

[Fig. 5.2(b)]. By direct visualization, we observed that until step 9 the structures consisted

of a framework of corner sharing AlO4 and SiO4 tetrahedra. However, at step 9, the O-
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Figure 5.3: (Color online) Evolution of structural parameters of the computational supercell
(a) edge lengths namelya, b, c, and (b) angles namely� , � , and 
 during metadynamics.
The portion of the run in which the gaussians are turned on (i.e., up to step 58) is shown as
the shaded region, while the gaussians are switched o� (i.e., W = 0) in the unshaded region.
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coordination around few Al deviates from four, resulting in the formation of AlO5 and AlO3

polyhedra. Consequently, this change in O-coordination around Al disrupts the periodicity

of (202) and (224) planes which leads to a signi�cant drop in the correspondingjShkl j2

values. To determine whether a phase transition takes place at step 9, we switched o� the

gaussians and continued the metadynamics run withF t alone. This caused the supercell

to revert to the original � -eucryptite structure with associated increase in the values of

jShkl j2 values indicating that no phase change occurred at step 9. Upon continuation of the

metadynamics with active gaussians beyond step 9, thejShkl j2 values continue to decrease

gradually [Fig. 5.2(b)] to very low values at step 58. These lowvalues of jShkl j2 change

negligibly after step 58 even upon settingW = 0.

As mentioned in Sec. 5.2, the initial structure for the metadynamics (i.e., at step 0)

was obtained by equilibrating� -eucryptite at 3 GPa and 300 K using conventional variable-

cell MD for 1 ns. At the end of this isobaric-isothermal MD run, the structure remains

hexagonal as shown by the supercell lengths (a = b = 10.62 �A, c = 11.36 �A) and angles (�

= � = 90� , 
 = 120� ). The supercell densi�es to a volume that is� 2.5% smaller than that

corresponding to ambient conditions. To escape the free energyminimum corresponding

to the � -phase and explore other structures, we performed metadynamics using a history-

dependent potential with W = 4.5 eV and �h = 1 �A. We monitored the supercell lengths

and angles at every step during this run and have plotted theirevolution in Figure 5.3. It is

interesting to note that at � step 9, there is a marked decrease inc [Fig. 5.3(a)], while the

cell angles� and � begin to deviate from 90� . This behavior is consistent with the formation

of AlO5 and AlO3 polyhedra, which were observed by direct visualization. Beyond step 58

(at which the gaussians were switched o�), the supercell lengthsand angles did not revert

to the original values. Instead, they 
uctuate around new cellparameters ofa = 10.03 �A,

b = 9.63 �A, c = 11.82 �A, � = 70.5� , � = 86.9� , and 
 = 116.8� and the structure appears

triclinic. This indicates that an energy barrier has been overcome and the hexagonal� -phase

has transformed into a new phase. We used a smaller�h (0.1 �A) after the gaussians were

switched o� in order to better pinpoint the new values of the cell parameters.

To assess the stability of this newly found phase, we performed variable-cell constant

pressure MD simulation (at 3 GPa and 300 K) on this structure for 1 ns. During this run,

the structure changed negligibly, indicating that the new phase obtained from metadynamics

resides at a new local energy minimum. The enthalpy of this newphase is� 2.7 eV/formula

unit lower than the enthalpy of � -eucryptite.

We also computed the XRD spectrum for� -eucryptite and the new phase obtained by

metadynamics to provide further evidence for phase transition [Fig. 5.4]. These spectra

were calculated using FullProf package [217] with a Cu-K� beam of wavelength 1.54�A. The
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Figure 5.4: (Color online) Simulated XRD spectra for� -eucryptite (black) and the new
phase (red) obtained atP = 3 GPa and T = 300 K. The loss of well-de�ned peaks in the
XRD spectrum of the new phase indicates that it is amorphous.

computed XRD spectrum for� -eucryptite (black line) was found to be in excellent agreement

with experiments [27]. For the sake of convenience, we have only shown the indices for the

three most intense peaks [Fig. 5.4], namely, (202), (224), and(200) in decreasing order of

intensity. These three peaks disappear in the new phase (red line) at 3 GPa consistent with

our structure factor calculations [Fig. 5.4, Fig. 5.2(b)], clearly indicating a phase transition.

Furthermore, the XRD for the new phase lacks well-de�ned peakssuggesting that it could

be amorphous.

5.3.2 Structural characterization of the new phase

To better understand the atomic con�guration in the newly formed phase, we analyzed the

pressure induced changes in the spatial ordering using radial distribution functions (RDF)

for Al-O, Si-O, Li-O and Li-Li pairs [Fig. 5.5]. The corresponding RDF for � -eucryptite

under ambient conditions are also shown in Fig. 5.5 for comparison. In the newly obtained

phase at 3 GPa, the �rst peak of the RDF for Al-O pair (r = 1.75�A) broadens slightly and

reduces in intensity as compared to that of the perfect� - eucryptite [Fig. 5.5(a)]. The peak

corresponding to the next-nearest neighbor (r = 4.1 �A) was found to be very broad, while

the higher order peaks are non-existent [Fig. 5.5(a)]. Similar signs of structural disordering,

i.e, broadening of the �rst RDF peak accompanied by disappearanceof higher order peaks,

have been observed during amorphization of SiC [175],� -crystobalite [174], and� -quartz

[176]. The RDF for Si-O, Li-O and Li-Li pairs [Figs. 5.5(b){(d)] show features similar to

Al-O [Fig. 5.5(a)], indicating loss of long-range order underpressure. This further evidences
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that the new phase obtained from our metadynamics simulation at 3 GPa is amorphous.
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Figure 5.5: (Color online) Radial distribution functions of (a) Al{O, (b) Si{O, (c) Li{O
and (d) Li{Li pairs in � -eucryptite (black) and in the new phase (red) obtained undera
hydrostatic pressure of 3 GPa at 300 K. In the new phase, the long range ordering is absent
indicating amorphization.

Interestingly, the RDF for Li-O and Li-Li pairs exhibit an additional feature [Figs. 5.5(c,d)].

The nearest-neighbor peaks for the Li-O and Li-Li pairs shift to signi�cantly smaller dis-

tances in the high-pressure phase as compared to� -eucryptite under ambient conditions.

For Li-O pairs, the �rst peak shifts from � 2 �A in � -eucryptite to � 1.7 �A in the new phase,

which is close to the typical Li-O bond length,� 1.61 �A. Similarly, the nearest-neighbor

Li pairs in the high-pressure phase were found to be� 2.6 �A apart, which is closer to the

Li-Li bond length (3.04 �A) in metallic Li-bcc than to the Li-Li spacing in � -eucryptite (3.8
�A). Evidently, new Li-O and Li-Li bonds are formed under pressure; these bonds were also

previously observed in the amorphous phase obtained via indentation of � -eucryptite [185].

The structure of � -eucryptite, as aforementioned, consists of a framework of corner sharing

AlO4 and SiO4 tetrahedra with vast open spaces between them. The Li atoms occupy these

open spaces without forming any bonds with tetrahedra and other Li atoms as indicated by

smallest Li-O (2 �A) and Li-Li (3.8 �A) separations in the� -phase [Fig. 5.5]. However, under

pressure, the Li atoms move freely owing to the open spaces resulting in the formation of

Li-Li and Li-O bonds. Consistent with our RDF calculations, we have also observed Li-O-Li

trimers in the high-pressure phase by direct visualization.

A detailed analysis of the high-pressure phase in terms of the deformation of the quasi-

rigid structural units, namely AlO 4 and SiO4 tetrahedra is crucial to gain signi�cant insights

into the atomic scale mechanisms that occur in� -eucryptite under applied pressure. To

accomplish this, we characterized the relative arrangement of atoms in the high-pressure
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phase by computing the distribution of angles between di�erent bonds. Figure 5.6 shows the

angle distribution functions � for the angles de�ned in Fig. 5.6(a). In� -eucryptite, every Al
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Figure 5.6: (Color online) Angle distribution functions (� for angles de�ned in panel (a).
The � functions for (b) O{Si{O, (c) O{Al{O, (d) Al{O{Si, (e) O{Si{Al, and (f) O{Al{Si
angles in� -eucryptite (black) and new phase obtained atP = 3 GPa and T = 300 K are
shown here.

and Si is surrounded by four O atoms in a tetrahedral coordination; however, the tetrahedra

centered at Al/Si are slightly irregular owing to small di�erences in the cation-oxygen bond

lengths within a given tetrahedron [14, 22]. This irregularity manifests itself as split peaks in

angle distribution functions of O-Al-O (107� , 112� ) and O-Si-O (98� , 111� ). Upon application

of pressure, the� function for O-Si-O angle reduces in intensity and broadens signi�cantly,

with its maximum at 109� indicating that the SiO4 tetrahedra distort considerably without

a�ecting the tetrahedral O-coordination. On the other hand, the O-Al-O peak for the high-

pressure phase is extremely broad, signaling the formation of over- and under-coordinated

AlO x polyhedra. Such broadening of� functions along with change in O-coordination around
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cations has been previously observed during amorphization of� -berylinite [101, 201]. This

provides further con�rmation that the new phase obtained at 3GPa and room temperature

is amorphous.

The bridge angle Al-O-Si and the torsional angles O-Si-Al, O-Al-Si de�ne the orientation

of the AlO4 and SiO4 tetrahedral structural units relative to each other. In� -eucryptite, the

distribution of Al-O-Si angle shows a sharp peak centered at� 146� indicating crystalline

order [Fig. 5.6(d)]. Under an applied pressure, the� function for the Al-O-Si angle does not

have well-de�ned peaks, which indicates that the new phase lacks long-range order. This

also shows that the AlO4 and SiO4 units signi�cantly tilt relative to each other. Such tilting

of the polyhedral structural units have been reported to be associated with amorphization

of other framework materials like SiO2, AlPO4 and LiKSO4 [101]. The distribution of the

torsional angles O-Si-Al and O-Al-Si showed an interesting response to applied pressure

[Figs. 5.6(e,f)]. They were found to spread out and reduce in intensity at higher angles

under applied pressure providing further evidence for tetrahedral tilting. Additionally, the

low angle peak at� 20� in the � functions for O-Si-Al and O-Al-Si that was present in� -

eucryptite is completely lost in the new phase obtained at 3 GPa[Figs. 5.6(e,f)]. This loss

of the low angle peaks is due to the formation of under/over-coordinated AlOx polyhedra.

In order to provide a qualitative assessment of the extent of deformation of AlO4 and

SiO4 tetrahedra in the amorphous phase obtained at 3 GPa, we determined the number

of Al- and Si- centered polyhedra with di�erent O-coordinations [Fig. 5.7]. Initially, in the

computational supercell containing the� -eucryptite structure, all the Al and Si atoms (100%)

are tetrahedrally coordinated by O atoms. Under applied pressure, the O-coordination

around � 41.7% of Al atoms deviates from 4. Around a quarter of the Al atomsform AlO5

polyhedra, � 16.7% form AlO3 polyhedra, while the remaining� 58.3% of Al atoms remain

tetrahedrally coordinated. The number of SiO4 tetrahedra, on the other hand, remains

una�ected by pressure.

5.4 Discussion

Although, strictly speaking, our calculations with periodic boundary conditions pre-

dict a triclinic system for the high-pressure phase, informationfrom the structure factor

[Fig. 5.2(b)], radial and angular distribution functions (Fig. 5.5 and Fig. 5.6), and simulated

XRD spectrum (Fig. 5.4) unambiguously indicate that the new phase is amorphous. This

�nding is consistent with previous in situ XRD experiments [26, 29]. Structural charac-

terization revealed that the amorphous phase is composed of AlO3, AlO4, AlO5, and SiO4

structural units; thus, it possesses signi�cant short range order despite lacking long-range

crystalline order. Such short range order is known to be preserved upon amorphization of
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Figure 5.7: (Color online) Comparison of the number of AlOx and SiOx polyhedra of di�erent
O-coordination (i.e., di�erent values ofx) in � -eucryptite under ambient conditions and the
new phase obtained at 3 GPa and 300 K.

other framework ceramics like SiO2 [101, 102, 176], AlPO4 [201, 202], ZrW2O8 [96] and others

[95, 125, 126]. The structural changes that accompany amorphization of � - eucryptite con-

sists of (a) tilting of AlO 4 and SiO4 tetrahedra, (b) deviation of O-coordination around some

Al atoms away from 4, and (c) disordering of Li atoms with concomitant formation of new

Li-O and Li-Li bonds. In the following paragraph, we focus on the atomic scale mechanism

governing the amorphization of� -eucryptite under applied pressure [refer to Fig. 5.8].

In the initial con�guration [Fig. 5.8(a)], the structure is composed of a network of corner-

linked tetrahedra centered on Al and Si atoms. The Li atoms are present in the spaces

between these tetrahedra without being bonded to them. In the�rst few metadynamics

steps, these tetrahedra tilt relative to each other and, at the same time, the spatial array of

Li atoms becomes disordered {refer, for example, to the snapshot taken at step 2 [Fig. 5.8(b)].

The disordering of the Li atoms results in the formation of Li{Li and Li{O bonds. Some of

the Al-O bonds experience stretching, which leads to the gradual distortion of the associated

AlO4 tetrahedra. As seen at step 9 [Fig. 5.8(c)], the tetrahedral tilting along with stretching

of Al-O bonds causes the O-coordination around a few Al atoms to change, resulting in the

formation of AlO3 and AlO5 polyhedra. This change in O-coordination around Al atoms is

consistent with the sudden drop in the structure factors corresponding to (202) and (224)

planes [Fig. 5.2(b)] at step 9. As the metadynamics algorithm proceeds, the number of

o�-coordinated Al atoms gradually increases to� 25% at the transition point, i.e. step 58

[Fig. 5.8(d)]. After the transition, the distortion of the AlO 4 tetrahedra into other polyhedra
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continues to increase [Fig. 5.8(e,f)] until� 41.7% of Al atoms are centers of under/over-

coordinated polyhedra in the amorphous phase at equilibrium[Fig. 5.8(f)]. On the other

hand, the SiO4 tetrahedra remain intact during the entire metadynamics run. In fact, in

the �nal amorphous phase, the lengths of the Si{O bonds are nearly identical to the average

Si-O bond length in � -eucryptite under ambient conditions (1.6�A). This �nding supports

the hypothesis of Zhanget al. that in � -eucryptite, the SiO4 tetrahedra will not deform

under applied pressures up to� 17 GPa [26].

A close inspection of the amorphous phase [Fig. 5.8(f)] revealsthat the newly formed AlO5

polyhedra share edges with the SiO4 tetrahedra. The formation of edge-sharing polyhedra

results in a drastic decrease in the open spaces available in the structure, causing densi�ca-

tion. Indeed, the amorphous phase obtained under pressure was found to be� 19.4% denser

than � -eucryptite. Each of the nearly planar AlO3 polyhedra shares two of its corners with

Metastep 0 (Initial) Metastep 2 Metastep 9

Metastep 58Metastep 100Metastep 165 (Final)

(a) (b) (c)

(f) (e) (d)

Figure 5.8: (Color online) Atomic scale mechanism of amorphization of (a) � -eucryptite
under a hydrostatic pressure of 3 GPa at 300 K. The amorphizationproceeds via relative
tilting of SiO 4 (orange) and AlO4 (gray) [panel (b)] that eventually leads to change in O co-
ordination around Al resulting in AlO3 (pink) and AlO 5 polyhedra [panel (c {h). Signi�cant
disordering of Li (purple) is observed resulting in the formation of Li{O (blue) bonds. For
the sake of clarity, computational supercell (outlined by black lines) is replicated along the
three supercell vectors.

either SiO4/AlO 4 tetrahedra or AlO5 polyhedra, while the third O corner is bonded to a Li

atom. Furthermore, � 83% of the Li atoms are bonded to either O or other Li atoms; often
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these Li atoms were found to be involved in Li-O-Li triatomic clusters. The remaining� 17%

of Li stay unbound and are therefore mobile.

In essence, the atomic scale processes responsible for amorphization of � - eucryptite are

(a) tilting of AlO 4 and SiO4 tetrahedra relative to each other that eventually results inthe

formation of AlO3 and AlO5 polyhedra while keeping the SiO4 intact, and (b) disordering

of Li atoms with the formation of (new) Li-Li and Li-O bonds. This behavior is similar to

several other ceramic oxides that possess a framework structure with corner-sharing poly-

hedra [96, 101, 125, 126, 201, 202]; the principal reason for the PIA of all these compounds

was reported to be polyhedral tilting with concomitant change in O-coordination around

cation(s). For instance, SiO2, LiKSO4, and AlPO4 under applied pressures (10{15 GPa)

undergo crystalline-to-amorphous transition when the inter-polyhedral bridge angle reduces

to � 124� , consequently increasing oxygen coordination around some cations [101]. Of par-

ticular interest is berylinite (AlPO 4), which is made up of a network of corner-sharing AlO4
and PO4 tetrahedra. Similar to � -eucryptite, the AlO4 tetrahedra of berylinite deform to the

point of changing the oxygen coordination around Al [101, 201]. The other type of tetrahe-

dra, namely SiO4 (in � -eucryptite) and PO4 (in berylinite) remain intact. This behavior can

be attributed to the higher strength of Si-O and P-O bonds as compared to the Al-O bonds,

as suggested by the larger Al-O bond length (1.6�A for Si-O, 1.52 �A for P-O [206], 1.75�A

for Al-O). The rigidity di�erence between the Si-O bonds in SiO4 and Al-O bonds in AlO4

tetrahedra manifests itself in another structural transition,Li-ABW zeolite ! 
 -eucrypitite,

which occurs solely via dissociation and reformation of certain Al-O bonds [214].

It is interesting to note that � -eucryptite transforms into an amorphous phase at mod-

erate pressures� 3 GPa similar to other 
exible network oxide structures exhibiting NTE

[96, 125, 126]. Using high-pressure spectroscopic studies on ZrW2O8, Perottoni et al. il-

lustrated that both NTE and PIA can be attributed to the rotatio n of the ZrO6 and WO4

polyhedra. Our previous density functional theory studies [46], along with other calculations

[15, 16] and XRD experiments [14] showed that the negative coe�cient of thermal expan-

sion of � -eucryptite is a consequence of tetrahedral tilting and progressive Li-disordering.

As shown by Fig. 5.8, these same atomic scale processes occur during the crystalline-to-

amorphous transition in � -eucryptite under applied pressure of� 3 GPa. The tetrahedral

tilting that arises due to the natural 
exibility of the netwo rk of corner-sharing AlO4 and

SiO4 acts as the driving force for NTE and as the way to accommodate the applied pressure

during amorphization; the major di�erence is the extent of tilting, which is much larger

during the amorphization under pressure.

Apart from temperature changes and applied pressure, it has been previously reported

that tetrahedral tilting, change in O-coordination around cations, and disordering of Li
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atoms occur when� -eucryptite is exposed to neutron radiation [203]. Upon exposure to ra-

diation, the O-coordination around both Al and Si atoms deviates from the value of 4. When

the damaged� -eucryptite is annealed, most of the SiO3 polyhedra were found to heal,i.e.,

the Si atoms belonging to these SiO3 polyhedra revert to their tetrahedral O-coordination

via a mechanism involving tilting of SiO3 and AlO5 polyhedra. The AlO5 polyhedra, al-

though vital for the structural repair of SiO3, do not heal [203]. In contrast, under applied

pressure, we found that only the AlO4 tetrahedra deform, while SiO4 tetrahedra remain

intact [Figs. 5.7, 5.8]. Thus, the three apparently disconnected phenomena exhibited by

� -eucryptite, namely, negative thermal expansion, radiation tolerance, and amorphization

under moderate pressures are all related to the inherent 
exible nature of the network of

corner-sharing AlO4 and SiO4 tetrahedra.

5.5 Conclusions

In summary, we have performed metadynamics simulations using areactive force �eld to

examine the structural changes that occur in� -eucryptite under hydrostatic compression.

From these simulations, we found that under an applied pressure of3 GPa� -eucryptite loses

its long-range order resulting in an amorphous phase that is 19.4% denser than� -eucryptite.

We characterized the structure of this amorphous phase and found that several AlO4 tetra-

hedra present in� -eucryptite deform appreciably under pressure and turn into either AlO 3

or AlO5 polyhedra. The SiO4 tetrahedra, on the other hand, remain unperturbed. The

AlO5 polyhedra share edges with SiO4 while SiO3 were found to share two of its corners with

any of the other polyhedra (AlO4, AlO5, or SiO4) with the third O attached to a Li. The

formation of polyhedra centered at Al with o�-tetrahedral coordination causes densi�cation

via formation of edge-sharing AlO5 and SiO4 polyhedra and disruption of long- range order.

In addition, the Li atoms disorder considerably and form new Li-Li and Li-O bonds.

Our metadynamics simulations also revealed the lowest energy atomic scale pathways

followed by PIA in � -eucryptite at 3 GPa and 300 K. The dominant mechanism responsible

for PIA in � -eucryptite was found to be the tilting and distortion of AlO4 and SiO4 tetrahedra

that eventually causes change in O-coordination around Al. Furthermore, a comparison of

this underlying mechanism for PIA with those that are known to occur in response to thermal

and radiation environments in� -eucryptite indicate that NTE, PIA and radiation tolerance

have common origin in the 
exible framework of AlO4 and SiO4 tetrahedra.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

In this chapter, we summarize the results of this dissertation and highlight its key accom-

plishments. In addition, we suggest a few future research directions that could provide the

next steps towards the ultimate goal of designing novel silicate-based materials with tailored

physical properties.

6.1 Conclusions

A combination of density functional theory (DFT) calculations and atomistic simulations

based on a reactive force �eld were employed to examine the connection between the 3D

network structure of � - eucryptite to its fascinating physical properties. Speci�cally, this

work focussed on three intriguing properties of� -eucryptite, namely, (a) negative thermal

expansion over wide temperature range, (b) radiation tolerance, (c) structural transitions at

moderate pressures.

Using DFT total energy calculations, we determined the elastic constants of� -eucryptite

; these values were subsequently used to evaluate the linear compressibility of � -eucryptite

parallel to the c-axis, � c, and normal to it, � a. The calculated values of compressibility

were found to be in close agreement with those derived from the elastic constants known by

ultrasonic experiments. These values were, however, in contradiction to those reported by

Hortal and co-workers[42] using a direct three-terminal technique. Our calculations ascer-

tained that the compressibility parallel to the c-axis is positive as opposed to the negative

value reported by direct measurements; this result is consistentwith the �ndings of Licht-

ensteinet al. [15, 16] and Xuet al. [14]. Thus, by employing an independent technique for

determining � a and � c, we resolved a long-standing discrepancy in the literature surround-

ing the sign of � c. Furthermore, from on our calculations, we also demonstrated that the

negative thermal expansion in� -eucryptite must be associated with a negative Gr•uneisen

function along the c-axis rather than negative� c. Indeed, Lichtensteinet al. [15, 16] have

shown using phonon density of states calculations that the Gr•uneisen parallel to thec-axis

in � -eucryptite is strongly negative owing to the Si{O and Al{O bending modes. Our cal-

culations in conjunction with the works of Lichtensteinet al. [15, 16] and Xuet al. [14]

clearly illustrate that the negative thermal expansion in� -eucryptite is a manifestation of

tetrahedral tilting and cation disordering and is not related to elastic e�ects.

To identify the atomic-scale mechanisms underlying radiation tolerance and the structural

transitions in � -eucryptite under applied pressure, we turn to atomistic simulations based
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on empirical force-�elds. The atomic interactions were described using a reactive force �eld

(ReaxFF) that is based on a bond order formalism along with a charge equilibration scheme.

ReaxFF is well-known to provide accurate description of dynamics in metallic, covalent,

and ionic systems owing to its uni�ed approach. We parameterized the ReaxFF for Li-Al-

Si-O systems using DFT calculations of structural properties ofa numerous bulk phases of

aluminates, silicates and oxides, and several representative clusters. The obtained parameters

were found to accurately predict structural, thermodynamic, and mechanical properties of

several condensed phases in the Li-Al-Si-O system. Furthermore, it was found to describe

well the amorphization of � -eucryptite under an indenter making it suitable for studying

phase transformations. We note that the ReaxFF parameters for Li-Al-Si-O developed in

the present study describe well the single-species systems (e.g., Li-metal, Al-metal, Si etc.)

which makes it suitable for investigating structure and properties of suboxides, atomic-scale

mechanisms responsible for phase transformations, as well as oxidation-reduction reactions.

Radiation induced structural damage in� -eucryptite was investigated using ReaxFF

based molecular dynamics simulations of displacement cascadedproduced by imparting ran-

domly selected primary knock-on atoms a kinetic energy of 15 keV. These simulations in-

dicated that below a dosage of 0.21 dpa, the long range crystalline order of � -eucryptite is

preserved while signi�cant short range damage in the form of point defects was observed.

Our structural characterization showed that the remnant e�ects of radiation consist of (a)

tetrahedral tilting, (b) change in the O- coordination around considerable number of Al- and

Si- atoms, and (c) spatial disordering of Li atoms. The Al-tetrahedra deform more than the

Si-tetrahedra. Upon annealing the damaged structures at 900 K, we found that the SiO3

polyhedra formed during radiation heal the most among the o�-tetrahedrally coordinated

AlO x and SiOx polyhedra. About two-thirds of the SiO3 revert back to the tetrahedral

coordination forming SiO4 during annealing via a mechanism mediated by AlO5 polyhedra

formed during radiation. This mechanism consists of relative tilting of corner sharing AlO5

and SiO3 polyhedra so as to satisfy the tetrahedral coordination aroundthe Si of SiO3. This

eventually results in the formation of edge-sharing AlO5 and SiO4; the AlO5 does not heal

but is crucial for the healing of SiO3. At very high doses, this mechanism is rendered inef-

fective because of a signi�cant increase in the Al-Si antisites (� 15% at 0.43 dpa) resulting

in loss of crystallinity and formation of amorphous phase.

To explore structural transitions in � -eucryptite under applied pressure, we performed

metadynamics simulations in the framework of ReaxFF. These simulations showed that� -

eucryptite transforms into an amorphous phase under an applied hydrostatic compression of

3 GPa at room temperature. We characterized the structure of this amorphous phase and

found that � 41.7% of the Al atoms undergo a change in local coordination resulting in the
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formation of AlO3 and AlO5 polyhedra. The SiO4 tetrahedra, on the other hand, remain

intact. The AlO 5 polyhedra share edges with SiO4 while AlO3 were found to share two of its

corners with any of the other polyhedra (AlO4, AlO5, or SiO4) with the third O attached to

a Li. The formation of edge-shared polyhedra combination resulted in drastic densi�cation.

Furthermore, the deviation of O- coordination around numerous Al atoms from 4 resulted

in the disruption of crystalline order. From our metadynamicssimulations we also identi�ed

the lowest energy pathway for amorphization of� -eucryptite. This pathway consisted of (a)

Al/Si tetrahedral tilting and distortion which eventually le ads to change in O-coordination

around several Al, and (b) spatial disordering of Li.

In essence, the atomic scale motion governing the response of� -eucryptite to changes in

temperature, pressure, and exposure to radiation involve tilting of AlO4 and SiO4 with/without

changes in O-coordination around either Al or Si or both. In addition, in all these cases,

signi�cant position disordering of Li atoms is observed. Thus, the apparently disconnected

phenomena of negative thermal expansion, radiation tolerance, pressure induced amorphiza-

tion at moderate pressure in� -eucryptite bear a common link { the 
exible nature of the

network of corner sharing AlO4 and SiO4 tetrahedra, and the vast open spaces available

(between these tetrahedra) for atomic motion.

6.2 Recommendations for future work

This dissertation focuses on understanding the structure-property relationship in � -

eucryptite with emphasis on the response to temperature, radiation and pressure; some

questions remain unanswered. Here, we list a few issues that need tobe addressed in the

future:

� Using high pressurein-situ X-ray di�raction experiments, Zhang et al. found that � -

eucryptite begins to amorphize under applied pressure� 3 GPa [26, 29]. Interestingly,

they observed that below a certain critical pressure� 17 GPa, the amorphous phase

reverts back to crystalline� upon unloading provided crystalline domains are present in

the amorphous phase (even in trace amounts) [26, 29] Although, this partial structural

recovery has been empirically observed, the reason behind this intriguing behavior is

still unclear. The atomic scale mechanisms responsible for structural memory in � -

eucryptite are likely to be a manifestation of the 
exible structure of � -eucryptite; if

this likelihood is con�rmed, it would unveil a trend betweennegative thermal expansion

and structural memory in 
exible framework structures.

� Among the pressure-induced transitions in� -eucryptite, the most recently discovered

is the reversible� *) � transformation that occurs at � 0.8 GPa and ambient temper-

86



ature [25]. Although, later spectroscopic studies have con�rmed the occurrence of this

transition [27], the detailed structural characterization of the metastable high pressure

� is still elusive. Furthermore, the kinetics, atomic scale pathways, and crystallography

of the � *) � are also unclear. The reverse transition� ! � associated with a volume

increase has a potential application in transformation toughened ceramics. Owing to

its technological relevance, the pressure induced� *) � warrants further investigation.

To predict the structure of the metastable phase� phase, theoretical studies based

on genetic algorithms are currently ongoing (Prof. Ciobanu's group). The atomic

scale mechanisms associated with this transition can be studied using ReaxFF based

molecular dynamics/metadynamics.

� The e�ects of doping � -eucryptite with other elements, such as, Zn, Mg etc. needs to

be explored. Recently, using nanoindentation, Ramalingamet al. examined the e�ect

of doping � -eucryptite with 0.5 mol% of Zn on the reversible� *) � transformation.

They found that doping possibly causes a reduction in the transition pressure, and

in
uences the hysteresis behavior of this reversible phase transformation [123]. How-

ever, the role played Zn in causing these changes is yet unknown. Clearly, such a study

would be invaluable towards the goal of designing LAS based composited with tailored

properties.
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APPENDIX A - SUPPLEMENTARY INFORMATION FOR \A REACTIVE

FORCE FIELD FOR LITHIUM-ALUMINUM SILICATES WITH

APPLICATIONS TO EUCRYPTITE PHASES"

This appendix was published as supplementary information forthe article titled \A re-

active force �eld for lithium-aluminum silicates with applications to eucryptite phases" in

Modelling and Simulation in Materials Science and Engineering1

Badri Narayanan,2 Adri C. T. van Duin, 3 Branden B. Kappes,4 Ivar E. Reimanis,2 and

Cristian V. Ciobanu4

A.1 Details of the ReaxFF formalism

Reactive force �eld (ReaxFF) is based on a bond-order formalism in conjunction with

a charge equilibration scheme, wherein, the total energy of asystem E is described as a

sum of partial contributions arising from several bonded and non-bonded interactions. The

parameter notations in the paper and in this Supplementary Information are consistent with

those in Chenowethet al., Journal of Physical Chemistry A112, 1040 (2008). We have used

shorthand notations for a few of the parameters, as indicated below in Table A.1.

In the present study on lithium aluminum silicates, the total energy was expressed as:

E =
X

i;j
i<j

Eb;ij +
X

i

Eov;i +
X

i

Eun;i +
X

i

E lp;i

+
X

i;j;k
i<j<k

Ev;ijk +
X

i;j
i<j

EvdW;ij +
X

i;j
i<j

EC;ij ; (A.1)

where Eb;ij is the energy of a bond between atomsi and j , Eov;i and Eun;i are the penalty

terms for over- and under- coordination around an atomi , E lp;i is the energy associated

with lone-pair electrons around an atomi , Ev;ijk is the energy associated with the deviation

of valence angle subtended at atomj by atoms i and k from its equilibrium value, EvdW;ij

and EC;ij are the contributions from van der Waals and Coulomb interactions respectively

between the pair of atomsi and j . All the terms on the right side of Eq. (A.1) except the

1Reprinted with permission of Modelling and Simulation in Materials Science andEngineering20, 015002
(2012)

2Department of Metallurgical and Materials Engineering, Colorado School of Mines, Golden, CO 80401,
USA

3Department of Mechanical Engineering, Pennsylvania State University, UniversityPark, PA 16802, USA
4Division of Engineering, Colorado School of Mines, Golden, CO 80401
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van der Waals and Coulomb energies arise from bonded interactions. The partial energy

contributions of these bonded interactions depend on the local environment around each

atom; this dependence is accounted through the bond orders calculated using instantaneous

atom positionsr .

Table A.1. Shorthand notation of certain parameters used in the present study with their
equivalent notation in Chenowethet al., Journal of Physical Chemistry A112, 1040 (2008).
For all the parameters not listed here, we used identical notations to those of Chenowethet
al.

Description of the parameter Notation in JPC-A, 112, 1040 (2 008) Notation in present study

Valency terms V al i , V alboc
i , V alei , V alangle

i Vi , Vboc
i , Ve

i , Va
i

Over/Under coordination parameters povun 1 , povun 2 , . . . , povun 8 p1 , p2 , . . . , p8
Valence angle parameters pval 1 , pval 2 , . . . , pval 10 pv 1 , pv 2 , . . . , pv 10
van der Waals parameters pvdW 1 , 
 w pvdW , 
 vdW

In ReaxFF, the bond orderBO0
ij between a pair of atomsi and j is calculated from the

interatomic distance between themr ij using the relation:

BO0
ij = BO0�

ij + BO0�
ij + BO0��

ij

= exp
�

pbo1

�
r ij

r �
0

� pbo2
�

+exp
�

pbo3

�
r ij

r �
0

� pbo4
�

+ exp
�

pbo5

�
r ij

r ��
0

� pbo6
�

; (A.2)

whereBO0�
ij , BO0�

ij and BO0��
ij are the partial contributions corresponding to� , � - and double

� - bonds respectively,r �
0 , r �

0 and r ��
0 are the covalent bond radii of� , � - and double� -bonds

betweeni and j while pbo's are the bond order parameters. Using the bond orders calculated

from Eq. (A.2) overcoordination (� 0
i ) around an atomi can be evaluated as:

� 0
i = �V i +

ngb(i )X

j =1

BO0
ij (A.3)

where Vi is the valency of the atomi and ngb(i ) is the number of neighbours aroundi .

The bond orders (BO0
ij ) calculated using Eq. (A.2) are then corrected for local over/under

coordination and residual 1{3 bond orders in valence angles by employing the scheme:
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BO �
ij = BO0�

ij f 1
�
� 0

i ; � 0
j

�
f 4

�
� 0

i ; BO0
ij

�
f 5

�
� 0

j ; BO0
ij

�

BO �
ij = BO0�

ij f 1
�
� 0

i ; � 0
j

�
f 1

�
� 0

i ; � 0
j

�
f 4

�
� 0

i ; BO0
ij

�
f 5

�
� 0

j ; BO0
ij

�

BO ��
ij = BO0�

ij f 1
�
� 0

i ; � 0
j

�
f 1

�
� 0

i ; � 0
j

�
f 4

�
� 0

i ; BO0
ij

�
f 5

�
� 0

j ; BO0
ij

�

BO ij = BO �
ij + BO �

ij + BO ��
ij (A.4a)

f 1
�
� 0

i ; � 0
j

�
=

1
2

 
Vi + f 2

�
� 0

i ; � 0
j

�

Vi + f 2
�
� 0

i ; � 0
j

�
+ f 3

�
� 0

i ; � 0
j

�

+
Vj + f 2

�
� 0

i ; � 0
j

�

Vj + f 2
�
� 0

i ; � 0
j

�
+ f 3

�
� 0

i ; � 0
j

�

!

(A.4b)

f 2
�
� 0

i ; � 0
j

�
= exp ( � pboc1� 0

i ) + exp
�
� pboc1� 0

j

�
(A.4c)

f 3
�
� 0

i ; � 0
j

�
=

� 1
pboc2

ln
�

1
2

�
exp (� pboc2� 0

i ) + exp
�
� pboc2� 0

j

��
�

(A.4d)

f 4
�
� 0

i ; BO0
ij

�
=

1
1 + exp

�
� pboc3

�
pboc4BO0

ij BO0
ij � � boc

i

�
+ pboc5

� (A.4e)

f 5
�
� 0

j ; BO0
ij

�
=

1
1 + exp

�
� pboc3

�
pboc4BO0

ij BO0
ij � � boc

j

�
+ pboc5

� (A.4f)

wherepboc's are bond order correction parameters and �boc
i is the overcoordination used

to soften the correction for bond orders involving atoms bearing lone pair electrons expressed

as:

� boc
i = �V boc

i +
ngb(i )X

j =1

BO ij ; (A.5)

where Vboc
i is the valency used for bond order correction for lone pair bearing atoms. The

softened correction of bond orders through Eqs. (A.4e) and (A.4f) allows the atoms bearing

lone pair electrons after �lling up their valency to break these electron pairs and involve

them in chemical bonding [J.E. Muelleret al., J. Phys. Chem. C114, 4939 (2010)]. The

bond order correction scheme described by Eqs (A.4a){(A.4f) ensures that the weak bond

orders are reduced in magnitude for fully coordinated atomswhile retaining them in under-

coordinated atoms allowing ReaxFF to succesfully describe thetransition states and kinetics

of a reaction as well as bulk phases. Furthermore, this scheme implicitly accounts for multi-

body interaction through the 2-body bond orders, wherein, each atom in
uences every bond
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order within a sphere de�ned by the bond order cut-o�. The corrected bond orders (BO ij )

obtained from Eqs (A.4a){(A.4f) are used to evaluate the corrected local over-coordination

using the relation:

� i = �V i +
ngb(i )X

j =1

BO ij : (A.6)

The corrected bond orders (BO ij ) are used to evaluate the bond energy involving a pair

of atoms i and j using the relation:

Eb;ij = � D �
e BO �

ij exp
�
pbe1

�
1 � (BO �

ij )pbe2
��

� D �
e BO �

ij � D ��
e BO ��

ij ; (A.7)

whereD �
e , D �

e and D ��
e are the dissociation energies of� , � - and double� -bonds whilepbe's

are the bond energy parameters.

The number of lone pairs of electrons on a given atomi can be evaluated using the

relation:

nlp;i =
�

� e
i

2

�
+ exp

 

� plp1

�
2 + � e

i � 2
�

� e
i

2

�� 2
!

(A.8)

where bxc is the greatest integer less thanx, plp1 is a lone pair energy parameter and �ei
is the di�erence between the number of electrons in the outershell of i Ve

i and the sum of

bond orders aroundi written as:

� e
i = �V e

i +
ngb(i )X

j =1

BO ij (A.9)

A normally coordinated atom would bear the optimal number oflone pair electronsnlp;opt

and an optimum number of bond orders around it,e.g., for oxygennlp;opt = 2 and total bond

order = 2 [J.E. Mueller et al., J. Phys. Chem. C114, 4939 (2010)]. As the bond order

around a given atom bearing lone pair electrons increases, Eqs.(A.8) causes a few pairs to

break up to involve in bonding which leads to a deviation ofnlp;i from its optimum value.

This deviation is associated with a energy penalty given by:

E lp;i =
plp2 (nlp;opt � nlp;i )

1 + exp (� 75 (nlp;opt � nlp;i ))
; (A.10)

whereplp2 is a lone pair energy parameter.

A overcoordinated atom (� i > 0) imposes an energy penalty which contributes to the

total energy of the system. The overcoordination around an atom i is reduced if it contains

a broken-up lone pair of electrons [J.E. Muelleret al., J. Phys. Chem. C114, 4939 (2010)].

This e�ect is taken into account by correcting the overcoordination (� i ) for broken-up lone
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pair electrons to obtain � lpc
i using the relation:

� lpc
i = � i �

nlp;opt � nlp;i

1 + p3exp

0

@p4

8
<

:

ngb(i )X

j =1

�
� j � � lp

j

� �
BO �

ij + BO ��
ij

�
9
=

;

1

A

: (A.11)

This corrected overcoordination � lpc
i is then used to calculate the energy penalty due to

overcoordination as:

Eov;i =

� lpc
i

nbondX

j =1

p1D �
e BO ij

�
� lpc

i + Vi

� �
1 + exp

�
p2� lpc

i

�� (A.12)

wherep's are over/under coordination parameters. For undercoordinated atoms (� i < 0), it

is important to account for the resonance of� -electrons between the undercoordinated atom

and its neighbors. The energy penalty for under-coordination around atomi is expressed as:

Eun;i =
� p5Fun 1(� lpc

i )
1 + p7exp (p8Fun 2(BO ij ))

; (A.13a)

Fun 1(� lpc
i ) =

1 � exp
�

p6� lpc
i

�

1 + exp
�

� p2� lpc
i

� (A.13b)

Fun 2(BO ij ) =
ngb(i )X

j =1

�
� j � � lp

j

� �
BO �

ij + BO ��
ij

�
: (A.13c)

The energy contribution from the deviation of valence angle� ijk subtended at central

atom j by atoms i and k can be expressed in terms of its equilibrium value �0 and functions

of bond order and overcoordination as given by Eqs. (A.14a) {(A.14h). The equilibrium

value of the valence angle �ijk depends on the sum of� -bond ordersSBO around the central

atom j as given by Eqs. (A.14e){(A.14h). Such a bond-order based description of � 0 not

only enables ReaxFF to identify the hybridization states of agiven atom based on its local

geometry but allows it to describe continuous change in the coordination around an atom

using a single atom type. Furthermore, Eq. (A.14e) accounts forthe e�ect of over/under

coordination of atom j and the in
uence of lone pair electrons on �0. The functional form

of Eq. (A.14h) is chosen to avoid singularities in energy atSBO = 0 and SBO = 2. In

Eqs. (A.14a) {(A.14h) pv 's are valence angle parameters andVa
i is the valency used in the

valence angle evaluation.Va
i is identical to Vboc

i used in bond order correction for non-metals.
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Ev;ijk =

(
� pv1 + f 7 (BO ij ) f 7 (BO jk ) f 8 (� j ) Fv (� ijk ) if pv1 < 0

f 7 (BO ij ) f 7 (BO jk ) f 8 (� j ) Fv (� ijk ) if pv1 > 0
(A.14a)

Fv (� ijk ) = pv1
�

1 � exp
�
� pv2 (� 0 � � ijk )2�	

(A.14b)

f 7 (BO ij ) = 1 � exp
�
� pv3BOpv 4

ij

�
(A.14c)

f 8 (� j ) = pv5 � (pv5 � 1)
2 + exp

�
pv6� a

j

�

1 + exp
�
pv6� a

j

�
+ exp

�
� pv7� a

j

� (A.14d)

SBO;j =
�
� � a

j � pv8nlp;j
�

0

@1 �
ngb(j )Y

n=1

exp
�
� BO8

jn

�
1

A

+
ngb(j )X

n=1

�
BO �

jn + BO ��
jn

�
(A.14e)

� a
j = �V a

j +
ngb(j )X

n=1

BO jn (A.14f)

� 0 = � � � 0;0 f 1 � exp (� pv10(2 � SBO 2;j ))g (A.14g)

SBO 2;j =

8
>>><

>>>:

0 if SBO;j � 0

Spv 9
BO;j if 0 < SBO;j < 1

2 � (2 � SBO;j )pv 9 if 1 < SBO;j < 2

2 if SBO;j > 2

(A.14h)

Apart from the bonded interactions described above, there arerepulsive interactions

between very close atoms owing to Pauli's exclusion principleand long range attractive forces

due to dispersion. These pairwise interactions include the van der Waals and Coulomb forces

which are evaluated forevery atom pair, irrespective of the geometry and instantaneous

connectivity. For both these interactions, a Taper correction T (r ij ) is employed to avoid

discontinuities in energy at the non-bonded cut-o� distance (Rcut = 10 �A) which is written

as:

T (r ij ) = 20
�

r ij

Rcut

� 7

� 70
�

r ij

Rcut

� 6

+ 84
�

r ij

Rcut

� 5

� 35
�

r ij

Rcut

� 4

+ 1: (A.15)

The energy contribution from van der Waals interaction between a pair of atomsi and j is

given by:
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EvdW;ij = T (r ij )D ij

�
exp

�
� ij

�
1 �

f 13(r ij )
r vdW

��

� 2 exp
�

� ij

2

�
1 �

f 13(r ij )
r vdW

���
(A.16)

where f 13(r ij ) =
�
r pvdW

ij + 
 � pvdW
vdW

� 1
pvdW is a shielding term included to avoid excessive

repulsive interactions between bonded atoms and atoms containing a valence angle (1{3

interactions), D ij is the depth of the potential well, r vdW is the van der Waal radius,pvdW

and 
 vdW are the van der Waals shielding parameters.

The Coulomb interaction energy between atomsi and j is expressed as:

EC;ij = T (r ij )C
qi qj

�
r 3

ij + 
 � 3
ij

� 1
3

(A.17)

where qi and qj are instantaneous charges on atomsi and j evaluated at every iteration

during a molecular dynamics run by employing the Electronegativity Equalization Method,

C is Coulomb's constant and
 ij is a shielding parameter incorporated to avoid excessive

repulsions due to overlap of orbitals at very short distances.

A.2 Parameters for Li-Al-Si-O systems in LAMMPS compatible format

This section of the supplementary information provides the ReaxFF parameters for Li-

Al-Si-O systems in a format compatible with the molecular dynamics package LAMMPS.

Reactive MD-force field: Li/Si/Al/O/water force field. Pa rameter names according

to Chenoweth et al. JPC-A 2008 (Supplement)

39 ! Number of general parameters

50.0000 !p(boc1)

9.5469 !p(boc2)

26.5405 !p(coa2)

1.7224 !p(trip4)

6.8702 !p(trip3)

60.4850 !kc2

1.0588 !p(ovun6)

4.6000 !p(trip2)

12.1176 !p(ovun7)

13.3056 !p(ovun8)

-70.5044 !p(trip1)

0.0000 !Lower Taper-radius (swa)

10.0000 !Upper Taper-radius (swb)

2.8793 !Not used
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33.8667 !p(val7)

6.0891 !p(lp1)

1.0563 !p(val9)

2.0384 !p(val10)

6.1431 !Not used

6.9290 !p(pen2)

0.3989 !p(pen3)

3.9954 !p(pen4)

-2.4837 !Not used

5.7796 !p(tor2)

10.0000 !p(tor3)

1.9487 !p(tor4)

-1.2327 !not used

2.1645 !p(cot2)

1.5591 !p(vdW1)

0.1000 !Cutoff for bond order (*100) (cutoff)

2.1365 !p(coa4)

0.6991 !p(ovun4)

50.0000 !p(ovun3)

1.8512 !p(val8)

0.5000 !Not used

20.0000 !Not used

5.0000 !Not used

0.0000 !Not used

2.6962 !p(coa3)

6 ! Nr of atoms; atomID;ro(sigma); Val;atom mass;Rvdw;Dij; gamma;ro(pi);Val(e)

alfa;gamma(w);Val(angle);p(ovun5);n.u.;chiEEM;etaEE M;n.u.

ro(pipi);p(lp2);Heat increment;p(boc4);p(boc3);p(boc 5),n.u.;n.u.

p(ovun2);p(val3);n.u.;Val(boc);p(val5);n.u.;n.u.;n. u.

H 0.8930 1.0000 1.0080 1.3550 0.0930 0.8203 -0.1000 1.0000

8.2230 33.2894 1.0000 0.0000 121.1250 3.7248 9.6093 1.0000

-0.1000 0.0000 61.6606 3.0408 2.4197 0.0003 1.0698 0.0000

-19.4571 4.2733 1.0338 1.0000 2.8793 1.0000 0.2000 12.0000

O 1.2450 2.0000 15.9990 2.3890 0.1000 1.0898 1.0548 6.0000

9.7300 13.8449 4.0000 37.5000 116.0768 8.5000 8.3122 2.000 0

0.9049 0.4056 59.0626 3.5027 0.7640 0.0021 0.9745 0.0000

-3.5500 2.9000 1.0493 4.0000 2.9225 1.3000 0.2000 13.0000

Si 2.1932 4.0000 28.0600 1.8951 0.1737 0.5947 1.2962 4.0000

11.3429 5.2054 4.0000 21.7115 139.9309 4.2033 5.5558 0.000 0

-1.0000 0.0000 128.2031 9.0751 23.8188 0.8381 0.8563 0.000 0

-4.1684 2.0754 1.0338 4.0000 2.5791 1.4000 0.2000 13.0000

Al 2.1967 3.0000 26.9820 2.3738 0.2328 0.4961 -1.6836 3.000 0

9.4002 1.6831 3.0000 0.0076 16.5151 -0.3343 6.5000 0.0000

114



-1.0000 0.0000 78.4675 20.0000 0.2500 0.0000 0.8563 0.0000

-23.1826 1.5000 1.0338 8.0000 2.5791 1.4000 0.2000 13.0000

Li 1.6908 1.0000 6.9410 1.6121 0.2459 1.0000 -0.1000 1.0000

10.8333 1.4649 1.0000 0.0000 0.0000 -3.2182 11.0234 0.0000

-1.0000 0.0000 37.5000 5.4409 6.9107 0.1973 0.8563 0.0000

-24.7916 2.2989 1.0338 1.0000 2.8103 1.3000 0.2000 13.0000

X -0.1000 2.0000 1.0080 2.0000 0.0000 1.0000 -0.1000 6.0000

10.0000 2.5000 4.0000 0.0000 0.0000 8.5000 1.5000 0.0000

-0.1000 0.0000 127.6226 8.7410 13.3640 0.6690 0.9745 0.000 0

-11.0000 2.7466 1.0338 6.2998 2.8793 0.0000 0.0000 0.0000

15 ! Nr of bonds; at1;at2;De(sigma);De(pi);De(pipi);p(be 1);p(bo5);

13corr;n.u.;p(bo6),p(ovun1); p(be2);

p(bo3);p(bo4);n.u.;p(bo1);p(bo2)

1 1 153.3934 0.0000 0.0000 -0.4600 0.0000 1.0000 6.0000 0.73 00

6.2500 1.0000 0.0000 1.0000 -0.0790 6.0552 0.0000 0.0000

2 2 142.2858 145.0000 50.8293 0.2506 -0.1000 1.0000 29.7503 0.6051

0.3451 -0.1055 9.0000 1.0000 -0.1225 5.5000 1.0000 0.0000

1 2 160.0000 0.0000 0.0000 -0.5725 0.0000 1.0000 6.0000 0.56 26

1.1150 1.0000 0.0000 0.0000 -0.0920 4.2790 0.0000 0.0000

1 3 250.0000 0.0000 0.0000 -0.7128 0.0000 1.0000 6.0000 0.11 86

18.5790 1.0000 0.0000 1.0000 -0.0731 7.4983 0.0000 0.0000

2 3 274.8339 5.0000 0.0000 -0.5884 -0.3000 1.0000 36.0000 0. 2131

9.9772 -0.2572 28.8153 1.0000 -0.1130 8.4790 6.0658 0.0000

3 3 70.9120 54.0531 30.0000 0.4931 -0.3000 1.0000 16.0000 0. 0392

0.2476 -0.8055 7.1248 1.0000 -0.1009 8.7229 0.0000 0.0000

1 4 92.8579 0.0000 0.0000 -0.6528 -0.3000 0.0000 36.0000 0.1 551

10.0663 -0.3500 25.0000 1.0000 -0.0842 7.1758 0.0000 0.000 0

2 4 181.1998 0.0000 0.0000 -0.2276 -0.3000 0.0000 36.0000 0. 1925

0.2086 -0.3500 25.0000 1.0000 -0.2000 6.1462 0.0000 0.0000

3 4 0.0000 0.0000 0.0000 1.0000 0.3000 0.0000 26.0000 1.0000

0.5000 0.0000 12.0000 1.0000 -0.2000 10.0000 0.0000 0.0000

4 4 34.0777 0.0000 0.0000 0.4832 -0.3000 0.0000 16.0000 0.51 54

6.4631 -0.4197 14.3085 1.0000 -0.1463 6.1608 0.0000 0.0000

1 5 63.4649 0.0000 0.0000 0.0294 0.0000 0.0000 6.0000 0.4868

0.3090 0.0000 12.0000 1.0000 -0.0800 5.1033 0.0000 0.0000

2 5 78.3666 -0.0200 0.0000 -1.0000 0.3000 0.0000 6.0000 0.32 28

0.2022 -0.2500 11.9965 1.0000 -0.1276 7.8656 0.0000 0.0000

3 5 0.0000 0.0000 0.0000 1.0000 0.3000 0.0000 26.0000 1.0000

0.5000 0.0000 12.0000 1.0000 -0.2000 10.0000 0.0000 0.0000

4 5 0.0000 0.0000 0.0000 1.0000 0.3000 0.0000 26.0000 1.0000

0.5000 0.0000 12.0000 1.0000 -0.2000 10.0000 0.0000 0.0000

5 5 42.9780 0.0000 0.0000 0.3228 0.3000 0.0000 26.0000 0.600 3

1.7161 0.0000 12.0000 1.0000 -0.1015 4.0000 0.0000 0.0000
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10 ! Nr of off-diagonal terms. at1;at2;Dij;RvdW;alfa;ro(s igma);ro(pi);ro(pipi)

1 2 0.0283 1.2885 10.9190 0.9215 -1.0000 -1.0000

1 3 0.2000 1.5207 12.9535 1.2125 -1.0000 -1.0000

2 3 0.1836 1.9157 10.9070 1.7073 1.2375 -1.0000

1 4 0.0564 1.4937 12.0744 1.7276 -1.0000 -1.0000

2 4 0.2017 1.8458 11.0700 1.6009 -1.0000 -1.0000

3 4 0.1000 1.8500 10.3237 -1.0000 -1.0000 -1.0000

1 5 0.2966 1.2550 10.2920 1.1989 -1.0000 -1.0000

2 5 0.0790 2.2000 9.0491 1.8165 -1.0000 1.0000

3 5 0.0200 1.5000 10.0529 -1.0000 1.0000 1.0000

4 5 0.1146 2.2000 9.7537 -1.0000 1.0000 1.0000

35 ! Nr of angles. at1;at2;at3;Thetao,o;p(val1);p(val2);

p(coa1);p(val7);p(pen1);p(val4)

1 1 1 0.0000 27.9213 5.8635 0.0000 0.0000 0.0000 1.0400

2 2 2 80.7324 30.4554 0.9953 0.0000 1.6310 50.0000 1.0783

1 2 2 75.6935 50.0000 2.0000 0.0000 1.0000 0.0000 1.1680

1 2 1 85.8000 9.8453 2.2720 0.0000 2.8635 0.0000 1.5800

2 1 2 0.0000 15.0000 2.8900 0.0000 0.0000 0.0000 2.8774

1 1 2 0.0000 8.5744 3.0000 0.0000 0.0000 0.0000 1.0421

3 3 3 78.5339 36.4328 1.0067 0.0000 0.1694 0.0000 1.6608

1 3 3 77.2616 5.0190 7.8944 0.0000 4.0000 0.0000 1.0400

1 3 1 75.7983 14.4132 2.8640 0.0000 4.0000 0.0000 1.0400

2 3 3 86.3294 18.3879 5.8529 0.0000 1.7361 0.0000 1.2310

1 3 2 73.6998 40.0000 1.8782 0.0000 4.0000 0.0000 1.1290

2 3 2 79.5581 34.9140 1.0801 0.0000 0.1632 0.0000 2.2206

3 2 3 82.3364 4.7350 1.3544 0.0000 1.4627 0.0000 1.0400

1 2 3 90.0000 6.6857 1.6689 0.0000 2.5771 0.0000 1.0400

2 2 3 92.1207 24.3937 0.5000 0.0000 1.7208 0.0000 3.0000

1 1 3 0.0000 47.1300 6.0000 0.0000 1.6371 0.0000 1.0400

3 1 3 0.0000 27.4206 6.0000 0.0000 1.6371 0.0000 1.0400

2 1 3 0.0000 5.0000 1.0000 0.0000 1.0000 0.0000 1.2500

2 1 4 0.0000 4.2750 1.0250 0.0000 1.3750 0.0000 1.4750

1 1 4 0.0000 3.0000 1.0000 0.0000 1.0000 0.0000 1.2500

4 1 4 0.0000 20.2391 0.1328 0.0000 2.9860 0.0000 1.0870

1 2 4 88.1144 13.2143 1.5068 0.0000 3.0000 0.0000 1.0100

2 2 4 34.4326 25.9544 5.1239 0.0000 2.7500 0.0000 1.7141

4 2 4 20.7204 13.4875 4.0000 0.0000 0.6619 0.0000 1.4098

1 4 1 67.4229 4.5148 5.9702 0.0000 3.0000 0.0000 2.6879

1 4 2 41.8108 17.3800 2.6618 0.0000 0.7372 0.0000 1.0100

2 4 2 59.5433 20.0000 4.0000 0.0000 3.0000 0.0000 2.0988

1 4 4 180.0000 -26.7860 7.3549 0.0000 1.0000 0.0000 1.0252

1 4 4 78.2279 37.6504 0.4809 0.0000 1.0000 0.0000 2.9475

2 5 2 60.0000 0.0000 1.0000 0.0000 1.0000 0.0000 1.0000
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2 2 5 81.6233 30.0000 2.0000 0.0000 1.0000 0.0000 1.0000

5 2 5 67.5247 6.4512 4.0000 0.0000 1.0000 0.0000 2.8079

4 2 5 50.9423 7.0901 3.9271 0.0000 1.0000 0.0000 2.5544

3 2 4 18.0953 5.3220 4.0000 0.0000 1.0000 0.0000 1.0139

3 2 5 62.6634 8.4441 2.5120 0.0000 1.0000 0.0000 1.0000

8 ! Nr of torsions. at1;at2;at3;at4;;V1;V2;V3;p(tor1);p( cot1);n.u;n.u.

1 2 2 2 0.8302 -4.0000 -0.7763 -2.5000 -1.0000 0.0000 0.0000

2 2 2 2 -2.5000 -4.0000 1.0000 -2.5000 -1.0000 0.0000 0.0000

0 1 1 0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

0 1 2 0 0.0000 0.1000 0.0200 -2.5415 0.0000 0.0000 0.0000

0 2 2 0 0.5511 25.4150 1.1330 -5.1903 -1.0000 0.0000 0.0000

1 3 3 1 0.0000 0.0000 0.0640 -2.4426 0.0000 0.0000 0.0000

1 3 3 3 0.0000 0.0000 0.1587 -2.4426 0.0000 0.0000 0.0000

0 1 3 0 0.0000 0.0000 0.1200 -2.4847 0.0000 0.0000 0.0000

1 ! Nr of hydrogen bonds. at1;at2;at3;r(hb);p(hb1);p(hb2) ;p(hb3)

2 1 2 2.1200 -3.5800 1.4500 19.5000
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APPENDIX B - REACTIVE FORCE FIELD PARAMETERS FOR Li-Al-Si-O

SYSTEMS

The mathematical formulation of the ReaxFF with details about the individual param-

eters can be found in Appendix A. The ReaxFF parameters for the Li-Al-Si-O systems

determined in the present study are listed in Tables B.1, B.2, B.3, B.4, B.5, B.6, B.7, and

B.8.

Table B.1. General Parameters

Parameter Value Description

pboc1 50.0000 Bond order correction
pboc2 9.5469 Bond order correction
p3 50.0000 Overcoordination
p4 0.6991 Overcoordination
p6 1.0588 Undercoordination
p7 12.1176 Undercoordination
p8 13.3056 Undercoordination
plp1 6.0891 Lone pair parameter
pv7 33.8667 Valence undercoordination
pv8 1.8512 Valence angle
pv9 1.0563 Valence angle
pv10 2.0384 Valence angle
pvdW 1 1.5591 van der Waals shielding
BOcut 0.0010 Bond order cut-o�
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Table B.2. Atom parameters. All the parameters exceptplp2 (kcal/mol) are unitless

Atom Vi Ve
i Va

i Vboc
i p2 p5

Li 1.0000 1.0000 1.0000 1.0000 -24.7916 0.0000
Al 3.0000 3.0000 3.0000 8.0000 -23.1826 0.0076
Si 4.0000 4.0000 4.0000 4.0000 -4.1684 21.7115
O 2.0000 6.0000 4.0000 4.0000 -3.5500 37.5000

pv3 pv5 plp2 pboc3 pboc4 pboc5

Li 2.2989 2.8103 0.0000 6.9107 5.4409 0.1973
Al 1.5000 2.5791 0.0000 0.2500 20.0000 0.0000
Si 2.0754 2.5791 0.0000 23.8188 9.0751 0.8381
O 2.9000 2.9225 0.4056 0.7640 3.5027 0.0021

Table B.3. Covalent radii [r �
0 , r �

0 , r ��
0 in �A] and Coulomb interaction parameters [� (eV), �

(eV) and 
 (�A)].

Coulomb parameters
Atom r �

0 r �
0 r ��

0 � � 


Li 1.6908 -0.1000 -1.0000 11.0234 -3.2182 1.0000
Al 2.1967 -1.6836 -1.0000 6.5000 -0.3343 0.4961
Si 2.1932 1.2962 -1.0000 5.5558 4.2033 0.5947
O 1.2450 1.0548 0.9049 8.3122 8.5000 1.0898

Table B.4. Van der Waals interaction parameters.

Atom r vdW (�A) D ij (kcal/mol) � 
 vdW (�A)

Li 1.6121 0.2459 10.8333 1.4649
Al 2.3738 0.2328 9.4002 1.6831
Si 1.8951 0.1737 11.3429 5.2054
O 2.3890 0.1000 9.7300 13.8449
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Table B.5. Bond parameters. The bond dissociation energiesD �
e , D �

e andD ��
e are in kcal/mol

while pbe1, pbe2 and p1 are unitless

D �
e D �

e D ��
e pbe1 pbe2 p1

O� O 142.2858 145.0000 50.8293 0.2506 -0.1055 0.3451
Si� O 274.8339 5.0000 0.0000 -0.5884 -0.2572 9.9772
Si� Si 70.9120 54.0531 30.0000 0.4931 -0.8055 0.2476
Al � O 181.1998 0.0000 0.0000 -0.2276 -0.3500 0.2086
Al � Si 0.0000 0.0000 0.0000 1.0000 0.0000 0.5000
Al � Al 34.0777 0.0000 0.0000 0.4832 -0.4197 6.4631
Li � O 78.3666 -0.0200 0.0000 -1.0000 -0.2500 0.2022
Li � Si 0.0000 0.0000 0.0000 1.0000 0.0000 0.5000
Al � Li 0.0000 0.0000 0.0000 1.0000 0.0000 0.5000
Li � Li 42.9780 0.0000 0.0000 0.3228 0.0000 1.7161

Table B.6. Bond order parameters.

Bond pbo;1 pbo;2 pbo;3 pbo;4 pbo;5 pbo;6

O� O 5.5000 1.0000 9.0000 1.0000 -0.1000 0.6051
Si� O 8.4790 6.0658 28.8153 1.0000 -0.3000 0.2131
Si� Si 8.7229 0.0000 7.1248 1.0000 -0.3000 0.0392
Al � O 6.1462 0.0000 25.0000 1.0000 -0.3000 0.1925
Al � Si 10.0000 0.0000 12.0000 1.0000 0.3000 1.0000
Al � Al 6.1608 0.0000 14.3085 1.0000 -0.3000 0.5154
Li � O 7.8656 0.0000 11.9965 1.0000 0.3000 0.3228
Li � Si 10.0000 0.0000 12.0000 1.0000 0.3000 1.0000
Al � Li 10.0000 0.0000 12.0000 1.0000 0.3000 1.0000
Li � Li 4.0000 0.0000 12.0000 1.0000 0.3000 0.6003
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Table B.7. O�-diagonal bond parameters [D ij (kcal/mol), � (unitless)] and bond radii [RvdW ,
r �

0 , r �
0 , and r ��

0 (�A)].

Bond D ij RvdW � r �
0 r �

0 r ��
0

Si� O 0.1836 1.9157 10.9070 1.7073 1.2375 -1.0000
Al � O 0.2017 1.8458 11.0700 1.6009 -1.0000 -1.0000
Al � Si 0.1000 1.8500 10.3237 -1.0000 -1.0000 -1.0000
Li � O 0.0790 2.2000 9.0491 1.8165 -1.0000 1.0000
Li � Si 0.0200 1.5000 10.0529 -1.0000 1.0000 1.0000
Li � Al 0.1146 2.2000 9.7537 -1.0000 1.0000 1.0000

Table B.8. Valence angle parameters

� 0;0 pv1 pv2 pv4 pv7

(deg.) (kcal/mol)

O� O� O 80.7324 30.4554 0.9953 1.0783 1.6310
Si� Si� Si 78.5339 36.4328 1.0067 1.6608 0.1694
O� Si� Si 86.3294 18.3879 5.8529 1.2310 1.7361
O� Si� O 79.5581 34.9140 1.0801 2.2206 0.1632
Si� O� Si 82.3364 4.7350 1.3544 1.0400 1.4627
O� O� Si 92.1207 24.3937 0.5000 3.0000 1.7208
O� O� Al 34.4326 25.9544 5.1239 1.7141 2.7500
Al � O� Al 20.7204 13.4875 4.0000 1.4098 0.6619
O� Al � O 59.5433 20.0000 4.0000 2.0988 3.0000
O� Li � O 60.0000 0.0000 1.0000 1.0000 1.0000
O� O� Li 81.6233 30.0000 2.0000 1.0000 1.0000
Li � O� Li 67.5247 6.4512 4.0000 2.8079 1.0000
Al � O� Li 50.9423 7.0901 3.9271 2.5544 1.0000
Si� O� Al 18.0953 5.3220 4.0000 1.0139 1.0000
Si� O� Li 62.6634 8.4441 2.5120 1.0000 1.0000
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APPENDIX C - CALCULATION OF ELASTIC CONSTANTS

The elements of the elastic sti�ness tensorCijkl for � and � eucryptite were computed

within the framework of ReaxFF by calculating the second derivatives of strain energy density

with respect to the strain components [131]

Cijkl =
@2(E=V)

@�ij � kl
; (C.1)

where E is the elastic energy stored in a domain of volumeV of the crystal subjected to

homogeneous deformations. A similar approach has been employed earlier for computing

the elastic constants of� -eucryptite using DFT calculations (See Ref. 46). For su�ciently

small strains, the total energyE of a crystal subjected to a general strain can be expressed

as a Taylor series expansion truncated at the second order [131]

E(V; �) = E0 + V0

 
X

i

� i � i � i +
X

i;j

1
2

Cij � i � i � j � j

!

; (C.2)

where the subscripts are cast in the Voigt notation (11=1, 22=2,33=3, 23=4, 31=5, and

12=6), � i = 1 if i = 1; 2; or 3 and � i = 2 if i = 4; 5; or 6, E0 is the energy of the crystal

volume V0 at equilibrium, � ij are the elements of the stress tensor, and� ij is the Kronecker

symbol. For the strains listed in Tables C.1 and C.2, Eq. (C.2) reduces to

E(V; � ) = E0 + V0(A1� + A2� 2); (C.3)

where A1 is related to stress components� ij , and A2 is a linear combination of the elastic

constantsCij expressed in the Voigt notation.

� -eucryptite has �ve independentelastic constants namely,C11, C12, C13, C33 and C44

due to the hexagonal symmetry associated with its structure [44]. Table C.1 lists the �ve

di�erent strains that we utilized to compute the elastic constants of � -eucryptite along with

the relationship between the second-order coe�cientA2 and the elastic constantsCij for

each type of strain.

On the other hand, � -eucryptite has a rhombohedral crystal structure and thereby, has

sevenindependentelastic constants namely,C11, C12, C13, C14, C15, C33 and C44 [44]. The

di�erent strains used to compute these seven elastic constants andthe relationships between

A2 and Cij for each type of strain have been summarized in Table C.2.

For a given crystal, the total energy was computed for di�erent values of � ranging from

-2% to 2% using the LAMMPS [151] implementation of ReaxFF. The calculated data were
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Table C.1. The strains used to calculate the �ve independent elastic constants of hexagonal
� -eucryptite (also used in Refs. 132 and 46). The relationship betweenA2 in Eq. (C.3) and
Cij are also provided.

Strain parameters Second-order coe�cient
(unlisted � i = 0) A2 in Eq. (C.3)

� 1 = � 2 = � C 11 + C12

� 1 = � � 2 = � C 11 � C12

� 1 = � 2 = � 3 = � C 11 + C12 + 2C13 + C33=2
� 3 = � C 33=2
� 5 = � 2C44

Table C.2. The strains used to calculate the seven independent elastic constants of rhombo-
hedral � -eucryptite. The relationship betweenA2 in Eq. (C.3) and Cij are also provided.

Strain parameters Second-order coe�cient
(unlisted � i = 0) A2 in Eq. (C.3)

� 1 = � C 11=2
� 3 = � C 33=2

� 1 = � 2 = � 3 = � C 11 + C12 + 2C13 + C33=2
� 1 = � � 2 = � 3 = � C 11 � C12 + C33=2

� 1 = � 4 = � C 11=2 + 2C14 + 2C44

� 1 = � 5 = � C 11=2 + 2C15 + 2C44

� 4 = � 2C44
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then �t to Eq. (C.3) to extract the second-order coe�cients A2 which were then used to

evaluate the elastic constants through the relationships given in Tables C.1 and C.2.
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APPENDIX D - APPLICATION OF REACTIVE FORCE FIELD: CARBON

MONOXIDE-INDUCED REDUCTION AND HEALING OF GRAPHENE

OXIDE

Fragment of a paper published inJournal of Vacuum Science and Technology A1

Badri Narayanan,2;3 Stephen L. Weeks,2;4 Bhavin N. Jariwala,2;4 Bart Macco,5 Jan-Willem

Weber,5 Somilkumar J. Rathi,6 Mauritius C. M. van de Sanden,5;7 Peter Sutter,8 Sumit

Agarwal,4 and Cristian V. Ciobanu9

Graphene oxide holds promise as a carbon-based nanomaterial that can be produced

inexpensively in large quantities. However, its structural andelectrical properties remain

far from those of the graphene sheets obtained by mechanical exfoliation or by chemical va-

por deposition { unless e�cient reduction methods that preserve the integrity of the parent

carbon-network structure are found. Here, we use molecular dynamics and density func-

tional theory calculations to show that the oxygen from the main functional groups present

on graphene oxide sheets is removed by the reducing action of carbon monoxide; the en-

ergy barriers for reduction by CO are very small and easily overcome at low temperatures.

Our results suggest that reduced graphene oxide with superior properties could be obtained

through reduction in CO atmosphere.

D.1 Introduction

The reductive processing of graphene oxide (GO) has been intensely investigated because

it could lead to the inexpensive, large-scale production of graphene [218{221]. The reduction

1Partial reprint of Journal of Vacuum Science and Technology A31, 040601 (2013) with permission from
American Vacuum Society [Please refer Appendix E].

2These authors contributed equally to the published manuscript. Only the theory/simulat ions results
are described in this Appendix.

3Department of Metallurgical and Materials Engineering, Colorado School of Mines, Golden, Colorado
80401, USA

4Department of Chemical and Biological Engineering, Colorado School of Mines, Golden, Colorado 80401,
USA

5Department of Applied Physics, Eindhoven University of Technology, 5600 MB Eindhoven, The Nether-
lands

6Department of Materials Science and Engineering, Arizona State University, Tempe, Arizona 85287,
USA

7Dutch Institute for Fundamental Energy Research, 3430 BE, Nieuwegein, The Netherlands
8Center for Functional Nanomaterials, Brookhaven National Laboratory, Upton, New York 11973, USA
9Department of Mechanical Engineering and Materials Science Program, Colorado School of Mines,

Golden, CO
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avenues pursued so far rely either on thermal desorption of oxygen and oxygen-containing

species [222{227], or on the chemical action of a reducing agent such as, for example, hy-

drazine [219, 228, 229], nitric oxide [230], and others [221, 231{235]. After any of the reduc-

tive processes pursued thus far, there remains a certain amountof oxygen on the sample,

ranging from � 8% [225, 236] to� 12% [219, 237]. Because of these remnant oxygen groups,

the electronic, optical, and mechanical properties of the graphene derived from thermal or

chemical reduction of GO are not nearly as exciting as those ofpure graphene (obtained

by more expensive and less scalable methods) [238, 239], and the resulting nanomaterial is

termed reduced graphene oxide (rGO).

Improvement of the electronic, optoelectronic, or mechanical properties of rGO, while

clearly possible to an extent [224, 225, 228, 240], is ultimately hindered by two main factors,

(i) the ubiquitous presence ofoxygen functional groupson the graphene sheet at the end of

reduction and (ii) the presence ofdefectssuch as large holes, isolated missing atoms or pairs

of atoms, or local reconstructions of the carbon network. A vastportion of these defects are,

in fact, introduced during the thermal reduction at high temperatures [222, 223]. Therefore,

the properties of rGO will remain far from those of pure graphene, unless e�cient reduction

methods that preserve the integrity of the parent carbon-network structure are found.

In this article, we show that carbon monoxide can reduce the main oxygen functional

groups that are present on the GO basal plane. Using molecular dynamics (MD) simulations

based on a reactive force-�eld (ReaxFF) and density functional theory (DFT) calculations,

we have determined the atomic-scale mechanisms and the energybarriers for the reduction

of each of the oxygen-containing groups on graphene oxide with gas-phase CO. The barriers

for the reduction by CO are lower than 0.1 eV, and can be overcome at low temperatures.

A recent theoretical study focused on the reaction of nitric oxide (NO) with the epoxide

species [230] suggests that the reduction of epoxide could occur in NO atmosphere at 500K.

Our study shows that CO reacts rapidly not only with the epoxidegroup, but with all

the predominant oxygen-containing functional groups present on GO. Our study therefore

demonstrates an e�cient, chemically facile, and reproducible way to remove oxygen from

the graphene basal plane.

D.2 Results and discussion

In order to gain insight into the reduction mechanisms of GO by CO, we have �rst

performed MD simulations of a single graphene sheet with O-containing groups, the most

common of which are shown in Fig. D.1. Recent work has evidenced that the most prevalent

of these groups are epoxides [241], hydroxyls [239, 242], andketone pairs [243] on the basal

plane of the GO sheet, and phenols, carboxyls, cyclic ethers, ketones, and others at the edges
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Figure D.1: Common oxygen-containing groups present on GO away from edges (epoxide,
hydroxyl, ketone pairs) and at the edges (phenol, carboxyl, ketone, cyclic ether). The hy-
droxyl group on the basal plane is sometimes called surface phenol or basal-plane phenol.

[244]. To identify the reduction mechanism associated with theremoval of each individual

oxygen-containing group (epoxide, hydroxyl, or ketone pair), we performed the �rst set

of simulations using a single type of functional group on graphene sheet without holes or

vacancies in CO atmosphere at 900 K; this temperature was chosen such that no thermal

desorption of oxygen occurs. The simulations were performed using a ReaxFF potential [69],

which has been shown [222, 245, 246] to reproduce well the formation and breaking of bonds

in similar systems (see Sec. D.4).

Figure D.2(a) illustrates the evolution of a selected epoxidegroup (C{O{C) on a GO sheet

containing 8 at% oxygen in the form of epoxide groups alone. In the initial con�guration

[to which we assign the time instantt = 0, Fig. D.2(i)], wherein the CO molecules are far

away from the GO sheet, the C{C and C{O bond lengths in the epoxide were found to

be 1.72�A and 1.48 �A, respectively. Initially, the CO molecule experiences thermal motion

before coming in the vicinity of any epoxide; the GO sheet oscillates, but at 900 K these

oscillations leave all the epoxide bonds intact. Subsequently, during thermal motion, a CO

molecule comes within the interaction range of one of the epoxide groups and attacks it.

This attack consists of breaking one of the C{O bonds of the epoxide, with the formation of

a bond between the surface O and the C atom of the incoming CO [Fig. D.2(ii)]. The carbon

atoms that originally formed the epoxide group relax decreasing in their spacing to 1.51�A

thereby restoring the local planarity of the sheet. The epoxide oxygen, however, remains

attached to the GO sheet (and to the incoming CO) before eventually desorbing as part of
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a free CO2 molecule [Fig. D.2(iii)].

(a) Reduction of epoxide 

(i) )iii()ii(

(ix) (x) (xi) (xii) (xiii)

(iv) (v) (vi) (vii) (viii)

C1
O1

C2
O2

C3

(c) Reduction of ketone pair (double carbonyl) 

(b) Reduction of hydroxyl 

t = 0 t = 340 ps t = 4 ps 

t = 0 t = 1 ps t = 5 ps  t = 13 ps t = 14 ps 

t = 0 t = 2 ps t = 3 ps t = 4 ps t = 5 ps 

Figure D.2: Temporal evolution of GO sheets with (a) epoxides[8 at% O], (b) hydroxyl
groups [8 at% O], and (c) ketone pairs [16 at% O] at 900 K in a CO environment using
ReaxFF-based MD simulation. For clarity, only small selected areas around the reaction
sites are shown. Reduction of an epoxide [panel (a), images (i){(iii)] proceeds with the
formation of an intermediate via adsorption of CO (ii), before the abstraction of O and
formation of CO2 (iii). For the case of hydroxyl groups [panel (b)], the reduction reaction
proceeds via steps (iv){(viii) resulting in rGO sheet with CO2 and H2O as the only by-
products [image (vii)]; the �eld of view changes in panel (vi) to zoom in on a second� OH
site reached by the COOH radical. The abstraction of O from a ketone [panel (c)] follows
steps (ix){(xiii), in which the �nal state is an unreacted epoxide and CO2 (xiii).

Our simulations show that the CO environment is particularly e�ective in abstracting

hydroxyl groups (OH) from a GO sheet via the reduction mechanismillustrated in panel (b)

of Fig. D.2, in which one CO molecule eventually removes two� OH groups from the GO

sheet. The C atom of the CO molecule attacks a hydroxyl group forming a bond with the

oxygen of the� OH [Fig. D.2(v)]. The COOH radical formed does not remain chemically

bonded to the sheet, but migrates freely due to thermal 
uctuations. This COOH radical

attacks another hydroxyl group on the GO sheet; the O{H bond inCOOH dissociates leading
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to the formation of CO2 and H2O, as shown in Figs. D.2(vii-viii). Motivated by recent DFT

work [247], which shows that an epoxide and hydroxyl that are present on neighboring

carbon atoms have lower energy than when they are farther apart, we have also considered

cases in which two or more O-containing groups are present in combination. For example, the

hydroxyl-epoxide combination on neighboring carbons is more stable by� 60 meV per O. For

a coverage of 20 at.% O (half epoxide and half hydroxyls), we have found that CO molecules

can still attack and abstract �rst either the epoxide or the hydroxyl with the reduction

proceeding by one of the mechanisms shown in panels (a) and (b) of Fig. D.2. Carbon

monoxide reduces the epoxide-hydroxyl combination by attacking each group sequentially,

and the improved stability [247] of the combination on the GO sheet does not a�ect the

reduction by CO.

Panel (c) in Fig. D.2 shows the GO sheet containing ketone pairs(16 at% O) undergo-

ing reduction in a CO environment via a number of intermediate steps [Fig. D.2(ix-xiii)].

Initially, [Fig. D.2(ix)], the carbon atoms belonging to the yet-unreacted ketone pair (i.e.,

C1-O1 and C2-O2), were 2.44�A apart and C1{O2 distance measured 2.59�A. As the CO

molecule approaches this ketone pair, the carbon atom of CO,i.e., C3, attacks the C1{O1

bond of the upper ketone leading to the formation of a C3{O1 bond [1.22�A in Fig. D.2(x)].

The O1 atom remains attached to the GO sheet; the atoms C1 and O2come close to each

other to a separation of 1.65�A, assisted by thermal 
uctuations, eventually resulting in a

chemical bond between them [Fig. D.2(xi)]. Later, the bond between C1 and C2 begins to

heal as shown by the decrease in their spacing to 1.72�A with the formation of an epoxide,

C1{O2{C2 [Fig. D.2(xii)]. Finally, the O1 atom is removed from the GO sheet via a CO2
molecule, which desorbs.

Thus, the results of the MD simulations reveal that

(1) CO reduces the three main oxygen containing species that are present on GO by ab-

stracting an oxygen atom;

(2) the reaction product is either CO2 (for epoxides and ketone pairs), or CO2 and H2O (for

hydroxyls);

(3) with each such abstraction reaction, the local planarity and sp2 bonding are restored;

(4) the reduction reactions occur rather fast, on time scales of the order of 10 � 100 ps,

suggesting a low or absent activation energy barrier.

In order to con�rm that the attack of CO is facile, we have also performed DFT cal-

culations (see Sec. D.4) of the energy barriers associated withvertical pathways of the CO

molecules towards the various oxygen-containing species onthe surface. In these calcula-

tions, the carbon of the CO was kept at various distancesd away from the oxygen atom of

each particular group on the sheet, and the total energy was computed as a function ofd. We
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have found that for distancesd > 1:5 �A, the approach of the incoming CO molecule occurs

with small energy barriers of 0.06 eV for an epoxide, 0.04 eV for hydroxyl, and 0.09 eV for a

ketone pair; these barriers are associated with speci�c vertical pathways in which incoming

CO is aligned above the O atom on a graphene sheet, and, as such, they represent upper

bounds. Interestingly, DFT static relaxations from starting con�gurations with d = 1:4 �A

trace similar reaction pathways as those found in ReaxFF MD simulations. Figure D.3

shows the change in the total energy of a supercell containing asingle functional group on

graphene and a CO molecule (initially atd = 1:4 �A), as a function of the reaction coordinate

that traces the progress from the initial (� = 0) to the �nal ( � = 1) state in which either CO2

or COOH has formed and moved away from the graphene layer. Thereactions are strongly

exothermic, with energy releases greater than 6.5 eV. The energy decreases monotonically in

all three cases [Fig. D.3], suggesting that there is no energy barrier for the desorption of the

reaction products, and the only energy barrier (lower than 0.1 eV in all cases, ford > 1:5
�A) occurs during the approach of CO.

Figure D.3: Energy change as a function of reaction coordinate � during DFT relaxations
started from d = 1:4�A, the spacing between C of the incoming CO and the oxygen atom on
the graphene sheet. The reaction coordinate� varies from 0 (initial) to 1 (�nal con�guration,
in which either CO2 or COOH has formed and moved away from the sheet).

D.3 Conclusion

In conclusion, we have determined the atomic-scale mechanismsfor the reduction GO

by carbon monoxide, and have found that the reduction proceeds without signi�cant energy
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barriers for all of the prevalent oxygen-containing groups(epoxides, hydroxyls, and ketone

pairs) that are away from the edges of the graphene sheets. Exposure to CO, however,

stabilizes the edges of the holes in the GO sheets by forming cyclic ethers and ketones. The

presence of extended defects in the carbon network (created during solution synthesis of GO

or during subsequent thermal annealing) remains particularly acute because the edges of the

holes are very reactive and become stabilized by oxygen provided during the synthesis of GO

or during its exposure to CO. This suggests that future work in this area could be focused on

producing GO with intact or nearly intact carbon network, from which oxygen can readily

be removed in CO atmosphere.

D.4 Methods

MD studies of the reduction mechanismsThe molecular dynamic simulations were per-

formed using a reactive force �eld (ReaxFF) [69] as implemented in the LAMMPS package

[151]. ReaxFF is a general bond-order interatomic potential that has been found to provide

an accurate description of bond dissociation/formation, intermediate states, reaction path-

ways and reactivity trends in hydrocarbon systems [69, 246]. The simulation box consisted of

a graphene sheet with 512 C atoms (4.12 nm� 3.56 nm) and randomly distributed functional

groups on both sides of the sheet that were either all (a) epoxide (8 atomic % O conc.), (b)

hydroxyl (8 at. % O conc.), or (c) ketone pairs (16 at. % O conc.).

Periodic boundary conditions were applied along the two directions (at 60� from one

another) in the plane of the graphene sheet, while �xed boundary conditions were applied in

the direction normal to the sheet. The graphene oxide sheets were then thermalized at 900

K for 10 ps in a canonical ensemble (NVT) with a Nos�e-Hoover thermostat. A timestep of

0.25 fs was used for all the MD simulations. After thermalizing the GO sheets at 900 K, two

CO molecules were introduced, one on each side of a given GO sheet, at random positions

far away from the sheet. Two re
ective walls were employed parallel to the GO sheet at a

distance of 1 nm above and below it to simulate a CO atmosphere. These sheets were further

annealed in the reducing CO environment in a NVT ensemble for 400ps, and the reactions

of CO with the oxide species on GO were monitored.

Optimized reaction pathways using DFT calculations.The computation supercell for

the density functional theory (DFT) calculations consisted ofa graphene sheet containing

50 carbon atoms; a functional group that could be either (a) anepoxide, (b) a hydroxyl

group, or (c) a ketone pair; and a CO molecule away from the sheet but directly above the

functional group. Periodic boundary conditions were employed along all the directions and a

vacuum of 15�A was introduced in the direction normal to the graphene layer. Total energy

DFT calculations were performed within the framework of thespin-polarized generalized
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gradient approximation, using the projector-augmented wave potentials [133] as implemented

in the ab-initio simulation package VASP [134, 135]. The atomic coordinates were relaxed

using a conjugate gradient algorithm until the force components on any atom were smaller

than 0.02 eV/�A. The exchange-correlation was described by the Perdew-Burke-Ernzerhof

functional [138], which has been reported to describe well the bonds in graphene oxides

[222]. The plane wave energy cuto� was set to 450 eV. The Brillouin zone was sampled with

a Monkhorst-Pack[248] 5� 5 � 1 k-point grid.
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APPENDIX E - SUPPLEMENTAL ELECTRONIC FILES

In this appendix, we list the electronic �les that have been provided as a supplement

to this dissertation. These �les (all in .pdf format) contain the permission from publishers

and co-authors to reprint previously published journal articles authored by me,i.e., chapters

2{4 and Appendix D. A brief description of the contents of these supplementary �les are

provided in Table E.1.

133



Table E.1. Description of supplementary electronic �les

Filename Description

chapter2 permissions.pdf This �le contains the permission of American
Physical Society and co-authors to republish
the following article as a part of this disser-
tation [Chapter 2]:
Narayanan et al. \Elastic constants of � -
eucryptite studied by density functional the-
ory", Physical Review B 81, 104106 (2010).

chapter3 permissions.pdf This �le contains the permission of Institute
of Physics Publishing and co-authors to re-
publish the following article as a part of this
dissertation [Chapter 3]:
Narayanan et al. \A reactive force �eld for
lithium aluminum silicates with applications
to eucryptite phases", Modelling and Simu-
lation in Materials Science and Engineering
20, 015002 (2012).

chapter4 permissions.pdf This �le contains the permission of Amer-
ican Institute of Physics and co-authors to
republish the following article as a part of
this dissertation [Chapter 4]:
Narayananet al. \Radiation e�ects and tol-
erance mechanism in� -eucryptite", Journal
of Applied Physics113, 033504 (2013).

appendixD permissions.pdf This �le contains the permission of American
Vacuum Society and co-authors to republish
the following article as a part of this disser-
tation [Appendix D]:
Narayanan et al. \Carbon Monoxide-
induced Reduction and Healing of Graphene
Oxide", Journal of Vacuum Science and
Technology A 31, 040601 (2013).
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