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Abstract

Metal oxides belong to the most important material classesm industrial

technology. These high-tech ceramics are irreplacable inots of modern
microelectronic devices due to their excellent insulatingproperties, high
melting points and high degrees of hardness. In the theoretal study of
these systems, the atomistic modelling with molecular dynanics simula-
tions and classical e ective interaction force elds is a vey powerful tool.

There, fundamental properties can be uncovered and undersbd due to
the atomic resolution. Both force eld generation and simulation of oxide
systems are computationally much more demanding than thosef metals
or covalent materials due to long-range electrostatic inteactions. Fur-

thermore, it is often not su cient to only take Coulomb inter actions into
account, but to include electrostatic dipole moments. The htter can be
integrated with the Tangney-Scandolo polarizable force dd model, where
dipole moments are determined by a self-consistent iteratie solution during
each simulation time step. Applying the direct, pairwise Wolf summation
to interactions between charges and its extension to dipolenoments avoids
high computational e ort due to its linear scaling properti es in the number
of particles. Three relevant metal oxides have been selealeto apply the

new high-performance force eld generation model. Therewvth, a detailed
investigation of crack propagation was possible. Both crak propagation
insights and the in uence of cracks on the dipole eld are shavn. Finally,

the coupling of strain and even more meaningful strain gradient with

the dipole moments is presented, which gives rise to exoeldric e ects in

non-piezoeletric materials.
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Zusammenfassung in deutscher
Sprache

Dass der unheimlich komplex gereifte Methodenapparat der dinputer-
physik, der sich in aufwandigen Gleichungssystemen und veagkt in tau-
sende von Code-Zeilen prasentiert, die Fahigkeit besitzt,dchprazise Aus-
sagen Uber moderne Materialien sowohl des Alltags als auch deightech-
Mikroindustrie zu tre en, ohne mit dem betre enden Sto jema Is in realen
Kontakt gekommen zu sein, ist nachvollziehbar und damit ehergehend
logisch, aber dennoch bewundernswert und faszinierend zugle

Einleitung

Ein tiefroter Rubin auf einem goldenen Ring, eine Saphir-bstiickte Ket-
te um den Hals einer Dame schéne Erscheinungsformen von Matloxi-
den begegnen uns fern der Wissenschaft. Ein Blick auf induselle An-
wendungen verrat dartiberhinaus, dass Metalloxide unerl&dich sind in Je-
dermanns Computer (in Transistoren eines gangigen Mikroctps wird ein
dunner Siliziumdioxid-Film zur elektrischen Isolierung verwendet), in je-
dem Handy (oft wird hier Aluminiumoxid als Schutzschicht und Hitzeschild
um Metallkomponenten eingesetzt) und als Alltags-Glas (swohl Fenster-
als auch Trinkglaser bestehen aus amorphem Siliziumdioxid Nicht ganz
so o ensichtlich aber genau so wertvoll sind kleine Mengen an Metall-
oxiden in Alltagsprodukten verborgen: In der Lebensmitteindustrie ver-
steckt sich hinter dem Emulgator-Zusatzsto E 530 Magnesiumoxid; Silizi-
umdioxid wird aufgrund seiner Ungiftigkeit hau g in der Kos metik einge-
setzt; und Lacke sowie Farben besitzen ebenfalls kleine Baengungen von
Siliziumdioxid (hier oftmals als amorphe Nanopartikel) zur Erh6hung der
Kratzfestigkeit. Schlussendlich ist jede Wiste gefullt mt Quarz-Sand (kris-
tallines Siliziumdioxid), und die Erdkruste besteht zu selr groyen Teilen
aus Metalloxiden, hier stellt ebenfalls Quarz eines der widtigsten Minerale
dar. Zusammenfassend lasst sich aussagen, dass wir taglidarart von Me-

XVII



XVIHI Zusammenfassung in deutscher Sprache

talloxiden und Metalloxid-Produkten umgeben sind, dass deen eingehende
Analyse durch Simulationen von gréytem Interesse ist.

Die vorliegende Arbeit wird nicht mit einem neuen Metalloxid-haltigen
Hightech-Produkt enden; vielmehr ist sie grundlagenorietiert und erwei-
tert den Horizont der atomistischen Simulationen von Metalloxiden. Da
eine technische Anwendung basierend auf Ergebnissen der Grdlagentheo-
rie jedoch nie auszuschlieyen ist, gibt ein Ausblick auf mdliche industrielle
Anwendungsgebiete der Simulation von Metalloxiden einen aschaulichen
Rahmen.

Computersimulationen

Zu Beginn jeder computergestltzten Material-Analyse musdglie am besten
geeignete Simulationsmethode evaluiert werden. Das Vordeen, welches die
Phanomene der Natur am prazisesten abzubilden vermag, stéldie quan-
tenmechanische Betrachtung eines Vielteilchensystems dawas dazu fuhrt,
die Vielteilchen-Dirac-Gleichung numerisch l6sen zu misn. Selbst mit
der Fulle an Naherungen, die zur ab initio Dichtefunktionaltheorie flhren,
sind quantenmechanische Methoden immer auf sehr kleine Ssngréyen
und kurze Zeitskalen beschrankt. Modernste Realisierungekombiniert mit
schnellsten Rechnerarchitekturen stoyen bereits bei der &rachtung weni-
ger tausend Teilchen an ihre Grenzen Systemabmessungeniedreale tech-
nologische Anwendungen um viele Gréyenordnungen unterschiten. Dem-
gegeniber stehen kontinuierliche Methoden mit einer vergiberten Sicht
auf kondensierte Materie, die faszinieren, weil sie in der &ge sind, gan-
ze makroskopische Objekte in Alltagsgroye und Uber Alltagzeitabstéande
hin zu modellieren. Jedoch muss diese Fahigkeit erkauft welen durch den
Verzicht auf eine atomare Au 6sung der zugrunde liegenden hysikalischen
Phanomene per De nitionem.

Die vorliegende Arbeit basiert zu groyen Teilen auf Molekuardynamik-
Simulationen, wo eine zufriedenstellende Berticksichtigog der quantenme-
chanischen Natur von Materie Uber klassische e ektive Kraffelder einge-
bracht wird. Diese Kraftfelder werden einzig und allein mit ab initio Refe-
renzdaten erzeugt. Da die Quantenmechanik nur noch in diesesteckt und
die eigentliche Simulation mit klassischen Bewegungsgleihiungen beschrie-
ben wird, kénnen viele Millionen Atome Uber viele Nanosekuden hinweg
modelliert werden. In diesem Sinne stellt die Wahl von Molekilardynamik-
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Simulationen einen Kompromiss dar zwischen der Au 6sung plisikalischer
Phanomene und dem Erlangen von Zeit- und Langen-Skalen, dieotwendig
sind, um die gewtlinschten Materialeigenschaften simulierezu kdnnen.

In der klassischen Molekulardynamik werden Newton's Bewegngsglei-
chungen fur ein Ensemble von Atomen numerisch geldst, wobelie Integra-
tion durch Diskretisierung der Zeit angenédhert wird, weil es nicht méglich
ist, dieses gekoppelte System von Di erenzialgleichungerxakt zu losen.
Mit dem Simulations-Code IMD (ITAP Molecular Dynamics, [84]) kon-
nen verschiedene thermodynamische Ensembles ebenso rsigit werden
wie nahezu beliebige Randbedingungen. Die Wechselwirkueg zwischen
den Atomen gehen ein durch Kraftfelder, die mit dem Programmpott
[9] erzeugt werden. Dieses generiert e ektive atomare Krdfelder, indem
es deren Parameter derart justiert, dass ab initio vorgegebne Kenndaten
(Krafte, Energien und Spannungen aus Referenz-Kon guratonen) ideal re-
produziert werden.

Elektrostatik

Die Bindungs-Situation in Metalloxiden kann mit dem Konzept ionischer
Festkorper beschrieben werden, in welchen die Ladungsdith jedes lons
hauptsachlich nahe des Kerns und naherungsweise isotrop Kalisiert ist.
Wechselwirkungen zwischen lonen kénnen dann mit elementan Coulomb-
Kraften beschrieben werden. Diese elektrostatischen Wedelwirkungen sind
weitreichend und muissen in der Simulation geeignet behandtewerden.
Kurzreichende Wechselwirkungen werden gangigerweise mitbschneidera-
dien belegt, wodurch eine akkurate Naherung erzielt werderkann. Wirde
man dieses Vorgehen auf elektrostatische Krafte Ubertrage waren solch
groye Abschneideradien notig, dass die Rechenzeiten expli@ren wirden.
Diese Problematik wurde in den vergangenen dreiyig Jahrenwf viele ver-
schiedene Arten geldst. Fir die vorgestellten Simulatione erwies sich die
direkte Wolfsummation [97] als am besten geeignet. Sie paskervorragend
zur Struktur von IMD und skaliert linear mit der Teilchenzah |. Auyerdem
erlaubt sie nahezu beliebige Randbedingungen. In vielen Bts Ubertrit
sie speziell fur die Anwendung auf kondensierte ionische Mterie viele
andere Coulomb-Loser.
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Weiterhin zeigt sich, dass es oftmals nicht ausreicht, ledjlich Coulomb-
Krafte zwischen den lonen zu bericksichtigen. Die elektrdatischen Wech-
selwirkungen wurden daher um Dipol-Kréfte ergénzt. Die Dipolmomente
hangen nach der verwendeten Methode von Tangney und Scando(TS)
[88] vom lokalen elektrischen Feld umliegender Ladungen uh Dipolmo-
mente ab. Somit muss eine selbst-konsistente iterative Lasg gefunden
werden, was aber in allen vorliegenden Féllen sehr schnelhd damit wenig
Rechenzeit-intensiv gelingt. Das TS Modell liefert trotz siner Einfachheit
schnelle und prazise Simulations-Ergebnisse.

Die Verknupfung des Dipol-Modells mit der Wolfsumme stellt eine Neue-
rung dar, welche die Prazision von Oxidmodellierungen erhit und dabei
gleichzeitig die Rechenzeit mdglichst gering halt. Die detilreichen Konzep-
te, die bei dieser Verkniipfung von Noten waren, erweisen dicals lohnens-
wert.

Visualisierung

Moderne Techniken der Visualisierung leisten weit mehr algdie Produkti-

on schoner Bilder aus Simulations-Datensatzen. Sie sind ider Lage, mit
cleveren und speziell an die jeweilige Problemstellung amgpassten Dar-
stellungsmethoden Phanomene sichtbar zu machen, die sonsihentdeckt
blieben. Auch bei der vorliegenden Metalloxid-Studie wurce die Visuali-
sierung von Datenséatzen eingesetzt, ebenfalls mit dem Erfg, neue Ent-
deckungen zu enthllen, die sonst vermutlich verborgen gdigben waren.
Das Progamm MegaMol [29] wurde in den vergangenen zwei Jahteum

ein Modul erweitert, welches speziell fur die Darstellung wn elektrosta-
tischen Dipolmomenten zustandig ist. Neben géngigen glypén-basierten
Darstellungen wie ein Atom durch eine Kugel oder ein Moment durch

einen Pfeil zu zeigen wurde das Konzept der fraktionalen Arsotropie
(FA) eingesetzt, um kollektives Dipol-Verhalten aufdecken zu kénnen. Die
FA wurde urspriinglich entwickelt, um e ektive Di usions-T ensoren z.B. in
der Magnetresonanz-Bildgebung zu untersuchen. Durch die bertragung
der Methodik auf das Feld der elektrischen Dipole kann ein Sklar-Feld be-
rechnet werden, welches angibt, wie stark Momente lokal kaeliert sind. Im

Gegensatz zu simpler Aufsummierung nahegelegener Momenggkennt die
FA auch antiferroelektrische Ordnung und kann sie von isotopen Regionen
abgrenzen. Um verschiedene Regionen auch visuell abzugesm, wurden
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Iso &chen in MegaMol implementiert, die Regionen gleichatiger Dipol-
Ausrichtung umhullen. Zusatzliche Erweiterungen, wie eire Richtungsko-
dierung in der Farbe der Pfeilglyphen und Schattierungsmekanismen ftr
noch bessere optische Unterschiedung verschiedener Remgm komplettie-
ren das Ensemble an Darstellungs-Mechanismen, die zu weskchen phy-
sikalischen Ergebnissen gefiihrt haben.

Kraftfelder

Mithilfe des neuen Methoden-Apparates wurden Kraftfelder generiert fiir
drei der wichtigsten Metalloxide. Begonnen wurde mit Ussigem Silizium-
dioxid, weil auch Tangney und Scandolo dieses Oxid fir erst&raftfeld-
Erstellungen verwendeten und sich damit perfekte Vergleios-Moglichkeiten
boten. Weiterhin wurde Ussiges Magnesiumoxid gewahlt, wé es durch
seine strukturelle Einfachheit bereits sehr hau g modellert wurde und
hier ebenfalls gute Validierungsmdoglichkeiten bestehenSchlieylich wurde
als erstes kristallines System Aluminiumoxid herangezogge sodass auch
stochiometrisch mdglichst verschiedenartige Kraftfelde entstehen konn-
ten. Die Anwendung der Wolfsumme auf Kristalle stellt eine Erhéhung
der Schwierigkeit dar, weil die Wolfsumme prinzipell prazser in Systemen
arbeitet, in welchen ein isotroper Ladungshintergrund votiegt. Letzterer
ist in Schmelzen besser gegeben als in periodischen Struké&n. Dennoch
gelang es, ein hoch-e zientes Kraftfeld zu erzeugen.

Alle drei Kraftfelder wurden intensiv validiert um sicherz ustellen, dass
sie schnelle, e ziente und prézise Modellierung erlaubenZahlreiche Ver-
gleichsrechnungen mit experimentellen und ab initio Ergelissen wurden
durchgefihrt. Die Schmelzen-Kraftfelder kénnen sowohl miroskopische
Radial- und Winkel-Verteilungen als auch makroskopische kyenschaften
wie thermodynamisch korrekte Druck-Volumen-Beziehungenoder phono-
nische Zustandsdichten reproduzieren. Das AluminiumoxieKraftfeld mo-
delliert die kristalline Struktur mit hoher Genauigkeit. K ohasions- und
Ober &chenenergien sind ebenso prazise reproduzierbar widie phononi-
sche Zustandsdichte. Zusammenfassend sind hier drei sehotente Kraft-
felder gegeben, die online [70] zur Verflgung stehen und bets mehrfach
heruntergeladen wurden.
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Stellenwert der Dipole

Der zusétzliche Rechenaufwand bei der Beriicksichtigung yoDipolmomen-

ten betragt etwa einen Faktor 3 in der Simulations-Dauer. Auch wenn sich
die erstellten Kraftfelder als sehr fahig erwiesen haben, msste zusatzlich
geklart werden, wieviel besser diese arbeiten im direkten &fgleich mit di-

polfreien Kraftfeldern. Es zeigt sich dabei, dass die Berucsichtigung der

Dipole bei mikroskopischen Radialverteilungen kaum Releanz zeigt. Da-
gegen sind Dipole deutlich wichtiger bei Winkelverteilungen. Unterschiede
bei mikroskopischen Phanomenen verringerten sich dabei misteigender
Temperatur. Auch Kristall-Parameter konnten mit der Hinzu nahme von
Dipolen besser modelliert werden. Bei kollektiven makros&pischen Eigen-
schaften zeigten sich die Dipole als unverzichtbar. Energiberechnungen
liefern deutliche Abweichungen und thermodynamische Zusindsgleichun-
gen kénnen ohne Dipole Uberhaupt nicht mehr reproduziert weden. Eine

detaillierte Analyse der einzelnen Kenndaten und ihr Vergkich mit den

zugehorigen ab initio Werten zeigt, dass es weniger die Krédé zwischen
Atomen sind, die bei Hinzunahme von Dipolmomenten akkurate model-

liert werden kénnen, sondern vielmehr die Spannungen im Sysm ohne
Dipole nicht korrekt abgestimmt werden kdénnen. Insgesamt $t die Erho-

hung der Rechendauer durch die Berlcksichtigung von elektrstatischen
Dipolmomenten in den meisten der Fallen nicht nur gerechtfetigt, son-

dern unerlasslich.

Risse in -Aluminiumoxid

Eine vielversprechende Anwendung des Kraftfeldes fur -Aluminiumoxid
versprach die Modellierung von sich ausbreitenden RissenDetailliertes
Wissen Uber das Rissverhalten auf atomarer Ebene erbringtioht nur neue
Einsichten in die Natur von Rissen, sondern kann auch Infornationen bei-
steuern zur vergroberten Rissanalyse, beispielsweise mititen Elementen.
Nach jetzigem Wissensstand stellen die vorliegenden Ergeisse die bisher
erste dynamische Untersuchung von Rissen in einem Metallad mithilfe
von MD Simulationen und unter Berlcksichtigung elektrischer Dipole dar.
Bedindung hierfir war die positive Validierung des Kraftfeldes fur freie
Grenz achen und fur Systeme unter Spannung.
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Im ersten Schritt wurde untersucht, in welchen kristallographischen Ebe-
nen und in welche Richtungen eingebaute Risskeime verlaufiekbnnen. Die
Ergebnisse stimmen exakt mit jingsten elektronenmikroskpisch erfassten
experimentellen Studien [59] Uberein. Im zweiten Schritt wrde eben-
falls erstmalig der Ein uss eines laufenden Risses auf daglektrische Feld
der Dipolmomente untersucht. Es zeigt sich, dass die Dipoleemp ndlich
auf das vom Riss erzeugte Spannungsfeld reagieren. Im Bechider Pro-
be, die der Riss noch nicht erreicht hat und die folglich unte Spannung
steht, existieren antiferroelektrisch geordnete Gebiete wohingegen in Be-
reichen ober- und unterhalb des Risses, in denen die Spanngrdurch den
Riss bereits abgebaut ist, isotrope Dipol-Regionen vorligen. Hinzu kom-
men Ober dchen-Phdnomene, die ebenfalls mit der Erwartunguberein-
stimmen: Momente an Sauersto -terminierten Riss-Grenz achen hin zum
Vakuum richten sich parallel aus. Ebenfalls klaren konnte de Simulation
den Sachverhalt, dass die Ober 4chen-E ekte starker sind & kollektive
Phanomene im Inneren der untersuchten Probe. Insgesamt erimgt die
Riss-Studie auch durch die Sichtbarmachung dynamischer Banomene
mithilfe der eingesetzten Visualisierung eine Fille an neien Erkenntnis-
sen bei der Untersuchung des Wechselspiels zwischen hetgemer Spannung
und dem Feld der Dipole: Die Dipol-Ordnung wird im Wesentlichen durch
zwei E ekte des Risses gestort. Einerseits bewegen sich nakhu senkrecht
vom Riss in das Dipolfeld hinein blasenférmige Gebiete der bordnung,
andererseits sendet die Riss-Spitze eine wellenférmiged@ting im Feld der
Dipole aus. Letzteres Verhalten erinnert an Riss-Ein ussStudien auf die
Gitterdynamik, aus denen bereits bekannt ist, dass phonorsche Stérungen
von Riss-Spitzen emittiert werden.

Flexoelektrizitat

Auf der Suche nach der Ursache die fur kollektive Ausrichturg von Dipol-

momenten in Riss-Simulationen von -Aluminiumoxid kénnen piezoelek-
trische E ekte (Ausrichtung von Dipolen aufgrund von Spannung) aus-
geschlossen werden, weil diese nur in nicht-inversionssynetrischen Kris-
tallstrukturen auftreten. Im letzten Kapitel wird daher di e Kopplung zwi-
schen Spannungsgradient und elektrostatischen Dipolmonrgen, die soge-
nannte Flexoelektrizitét, vorgestellt. Eine darstellungstheoretische Analy-
se zeigt, dass exoelektrische Phanomene sowohl in-Aluminiumoxid als
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auch in Periklas (kristallines Magnesiumoxid in kubischerNatriumchlorid-
Struktur) auftreten kdnnen, wohingegen piezoelektrische E ekte aus
Symmetrie-Griinden untersagt sind. Durch die Flexoelektreitat wird eine
neue Materialklasse fir die technologischen Anwendungenugénglich, in
welchen durch Materialverformung elektrische Spannung adegri en wer-
den kann oder noch wesentlicher in umgekehrter Form in welchen Ma-
terialverformung durch Strom uss kontrolliert wird.

Das gruppentheoretisch vorhergesagte Auftreten der Flexelektrizitat in

-Aluminiumoxid und Periklas konnte in MD Simulationen mit d en in
dieser Arbeit vorgestellten Kraftfeldern bestatigt und genauer untersucht
werden. Ein Nichtvorhandensein piezoelektrischer Kopplag konnte eben-
falls bestatigt werden. Nach jetzigem Wissensstand exiséirten vor dieser
Arbeit keine atomistischen Simulationsergebnisse zu exelektrischen Pha-
nomenen. Durch heterogene Verzerrung lieyen sich Dipolmoente in Peri-
klas einheitlich ausrichten. Der analytisch angenommene mid experimentell
vorausgesagte [3] lineare Zusammenhang zwischen Spannsggadient und
exoelektrischer Polarisation konnte numerisch bestatig werden. Mittels
geschickter Implementierung mehrerer Verzerrungsgradigen in die Pro-
be konnten Domanen unterschiedlicher Dipol-Ausrichtung ezeugt werden,
die durch Néel-wande sauber voneinander separiert werdeiufgrund der
komplexeren Kristallstruktur von  -Aluminiumoxid wurden hier komple-
xere Doméanen-Anordnungen beobachtet, die nicht nur ieyer ineinander
Ubergehen kénnen, sondern die von antiferroelektrischer #ordnung ge-
pragt sind.

Zusammenfassung

Die vorliegende Arbeit vertieft die breit angelegte Modelierungs-Studie
dreier wichtiger Metalloxide. Detaillierte Untersuchungen durch Molekular-
dynamik-Simulationen mit Kraftfeldern fur Siliziumdioxi d, Magnesiumoxid
und -Aluminiumoxid  werden dargestellt. Speziell angepasste
Visualisierungs-Techniken erweitern die numerischen Eihlicke und verhel-
fen zu neuen Erkenntnissen in den untersuchten ionischen Siemen. Im
Wesentlichen leistet die Arbeit einen dreistu gen Beitrag zur numerischen
Erforschung ionischer kondensierter Materie:

1. Zunachst wird die neue Art der Kraftfelderstellung dargestellt, wel-
che das Potenzial-Modell von Tangney und Scandolo mit der dekten
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Wolfsummation verknlpft. Gezeigt wird die gewissenhafte Rufung,
dass die Vereinigung der Vorteile des TS Modells, welcheseHtrosta-
tische Dipolmomente mit einbezieht, mit den linearen Skalerungs-
Eigenschaften der Wolfsumme gelungen ist. Die Implementieing der
Kraftfelderstellung in pott durch den Autor gibt anderen S imula-
tions-Gruppen die Mdglichkeit, diese prazise, e ziente und exible
Methode fur ihre individuellen Studien ionischer Materie @nzuset-
zen.

2. Weiterhin werden die mithilfe der neuen Methodik generieten Kraft-
felder fur Siliziumdioxid, Magnesiumoxid und -Aluminiumoxid vor-
gestellt. Neben ihrer Erstellung wird in jedem Einzelfall die sorg-
faltige Validierung gezeigt. Die neuen Kraftfelder werdennicht nur
fur eigene Simulationen eingesetzt, sondern anderen Grugm 6 ent-
lich zuganglich gemacht. Dadurch kénnen nun vielerorts Siralationen
durchgefuhrt werden, die bisher aufgrund von Beschrankungn be-
ziuglich Zeit-, Langenskalen oder Randbedingungen nicht amehmbar
realisierbar waren.

3. Unter Einsatz der neuen Kraftfelder wurden verschiedene&imulatio-
nen durchgefihrt, die auch mithilfe der speziell angepasten Visua-
lisierung der fraktionalen Anisotropie zu neuen Entdeckungen und
grundlegenden Erkenntnissen gefihrt haben:

" Das fur -Aluminiumoxid erstellte Kraftfeld wurde zur MD Si-
mulation von sich ausbreitenden Rissen verwendet, welcheiel
vor zwei Jahren elektronenmikroskopisch untersuchten Vdaufs-
Richtungen von in verschiedenen kristallinen Ebenen exise-
renden Rissen vollstandig reproduzieren konnte. DarUberimaus
konnte erstmalig in atomistischen Simulationen von Metalloxi-
den der Einuss von sich ausbreitenden Rissen auf die Ori-
entierung der elektrostatischen Dipolmomente beobachtetund
analysiert werden.

Derartige exoelektrische Phanomene wurden schlieylichsowohl
in MD Simulationen als auch mithilfe der Darstellungstheorie
untersucht. Die Kombination liefert eine konsistente Vorhersa-
ge exoelektrischen Verhaltens in  -Aluminiumoxid und auch
in Periklas, obwohl beide Materialien aufgrund ihrer inversions-
symmetrischen Kristallstruktur keine Piezoelektrizitat aufwei-
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sen. Die analytisch angenommene und experimentell vorheey
sagte lineare Kopplung zwischen Spannungsgradient und e-
xoelektrischer Polarisation wurde von MD Simulationen besa-
tigt. Erstmalig wurde exoelektrische Doméanenausbildung mo-
delliert. In Periklas zeigt sich, dass exoelektrische Don&nen
exakt von Néel-Wéanden abgetrennt werden.

Zusammenfassend bieten die vorliegenden Ergebnisse an mefen Stellen
Raum zur weiteren Anwendung. Bereits jetzt werden sowohl d@ Kraftfeld-
Erstellung in pott als auch die prasentierten Kraftfelder andererorts ge-
nutzt. Insbesondere aber kann die Erwartung geauyert werde, dass die
erstmalige Beobachtung exoelektrischer Phdnomene in atmistischen Si-

mulationen weitere Studien auf diesem noch relativ neuen Fschungsgebiet
initiieren wird.



Chapter 1.

Introduction

A ruby gemstone on a golden ring, a saphire jewelry around a y's neck

there is pretty appearance of metal oxides in everyday life In terms of
industrial applications, metal oxides are ubiquitous in everyone's computer
(insulating silica Im in microchip transistors), mobile p hone (alumina cov-
ering metallic components to prevent further oxidation and to act as heat
shield) or ordinary glass (window or drinking glass is amorous silica).
More hidden, but just as helpful: magnesia encoded as emulsr E 530 in
food industry or silica as nontoxic additive in everyday cosnetics products
or admixture in paint for increasing the scratch resistance Further, a huge
amount of quartz (crystalline silica) lls up every sand desert in the world
and is the most abundant mineral in the earth's crust. To summarize, we
are surrounded by metal oxides and metal oxide products dajl Hence,
simulation studies of this material class are of great inteest.

The present thesis details theoretical basic research andience, does not
result in showing a new metal oxide microelectronics produc In fact, new
fundamental research ndings are presented which may in pmciple lead to
future industrial applications. Thus, the merit of the results is pointed up
by showing possible application scenarios of nowadays teoblogy.

Atomistic simulation is a very powerful tool to investigate metal oxides.
Nowadays, millions of atoms can be treated and fundamental perties
can be uncovered and understood. Beside validating experiemtal results,
theoretical simulations are always able to investigate regns, which are
inaccessible to experiments. Molecular dynamics (MD) simlations allow
a preferably accurate consideration of the quantum nature & matter by
use of classical e ective force elds, but without such strang length- and
timescale restrictions ab initio calculations have to dealwith.

Both force eld generation and simulation of oxide systems ae compu-
tationally much more demanding than those of metals or covaént mate-
rials due to long-range electrostatic interactions. Furthermore, it is often
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not su cient to only take Coulomb interactions into account , but to in-

clude electrostatic dipole moments. The latter can be integated in simu-
lations with the Tangney-Scandolo (TS) polarizable force eld model [88],
where dipole moments are determined by a selfconsistent itative solution

method during each simulation time step. Applying the direct, pairwise
Wolf summation [97] to interactions between charges and itextension to
dipole moments avoids too high computational e ort due to its linear scal-
ing properties in the number of particles.

The present thesis enlarges the collection of available fae elds by pre-
senting new faster and more e ciently working force elds for three relevant
metal oxides (silica, magnesia and alumina). It shows MD siralations of
metal oxide systems with the use of the new force elds and preents new
ndings such as crack propagation investigations, the in uence of cracks on
the dipole eld and the coupling of strain gradient with dipo le moments,
which gives rise to exoelectric e ects in non-piezoelectic materials. Some
ndings have been uncovered by the visualization techniqueof fractional
anisotropy which is novel applied to visualize MD trajectories.

The structure of the thesis is as follows: Chapter 2 shows bass of
the computer simulation techniques that have been used forhe present
research. Beside the essential numeric approch of MD simuians, also
ab initio calculations are introduced. In chapter 3, the whde approach of
including electrostatics in MD simulations is discussed indetail. Mainly,
the combination of TS model and Wolf summation is depicted. apter
4 details the applied visualization techniques. In addition to simple glyph
representations as spheres for atoms and arrows for dipole aments, the
method of fractional anisotropy is used to uncover regions bcorrelated
dipole behavior. In chapter 5, the new force elds for silicg magnesia and
alumina are presented as well as their careful validation toassure its high
accuracy. Chapter 6 depicts a veri cation study to assure that and for
which applications more notably the extra simulation e or t caused by
the new polarizable terms is justi ed. Chapter 7 presents the investigation
of cracks in -alumina. After an analysis of the propagation directions,
a detailed investigation of the in uence of cracks on the diple eld is
given. Finally, chapter 8 shows a detailed analysis of the aapling of a
strain gradient with the electrostatic dipole moments. Chapter 9 gives a
conclusion and shows an outlook.

Parts of this work have been previously published in other plications
of the author, cf. List of Publications on page 161.



Chapter 2.

Computer simulations

In the beginning of each material analysis by use of computabnal methods,
the choice of the most suitable simulation type has to be madeThe most
accurate method is to consider the quantum nature of matter ad solve
the many-particle Dirac equation numerically. Even with th e aid of many
approximations - which are discussed in section 2.1 and whicyield the
ab initio formalism - this method cannot yet tackle the study of various
material properties due to length and time scale restrictions. Although
there have been enormous advances in rst-principles methds, they are
typically limited to systems containing at most few thousands atoms and
to simulation times of few picoseconds. On the other hand, aatinuous
approaches with a coarsened view on matter - which have the ality to
simulate whole macroscopic objects in the region of metersra seconds -
are not able to resolve underlying atomistic phenomena by daition.

The present work is mainly based on atomistic molecular dynanics (MD)
simulations (section 2.2) where a preferably accurate conderation of the
quantum nature of matter is included by use of classical e etive force
elds (section 2.3). The latter are generated by means of sely ab initio
and not any empirical input data. Nevertheless, system size on micron
length scales (which correspond to several million atoms) rd timescales
in the region of nanoseconds can be obtained. To this e ect, electing
MD is striking a balance between resolution of physical pheomena and
achievement of length and time scales required for the inveigation of
material properties the present thesis deals with.

2.1. Ab initio calculations

The force elds, which were used in MD simulations and are preented in
chapter 5, were generated by adjusting the potential's paraneters to opti-
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mally reproduce a set of reference data computed in ab initicalculations
(see section 2.3). This reference data base had to be createtlthe begin-
ning of each force eld generation. On the other hand, each ralized force
eld is validated in materials properties studies also by canparing its accu-
racy to own or externally calculated ab initio reference resilts. Hence, the
ab initio formalism is present at di erent stages of force eld development
and from there is introduced brie y in the following.

2.1.1. Density functional theory

The need for density functional theory has its seeds in the poblem of
nding a many-particle wave function  for Ny particles in a condensed
matter system. The consideration of a particle density (r) instead of
does not make this intention possible either. Therefore, tle following two
basic approximations are introduced:

" The Born-Oppenheimer approximation: The electron mass isthree
orders of magnitude smaller than the nuclear mass. On the tirescale
of the nuclear motion, the electrons follow instantaneousf. Hence,
the equation of motion for the total system can be separatedrito a
nuclear and an electronic part. The formalism below treats he pure
electronic system where the core potential merely enters a& constant
term in the total potential energy.

Let a system of N interacting electrons be given. The basic accom-
plishment of W. Kohn's and L. J. Sham's density functional theory
[41] is changing over to a virtual system ofN non-interacting elec-
trons in a modi ed e ective potential. Hence, it is possible to describe
each electroni by its e ective single-particle wave function ;. The
whole changeover takes place in such a manner that both origal and
virtual system have the same ground state energy.

2.1.2. The Hohenberg-Kohn theorems

The Hamilton operator I of a non-relativistic system of N electrons is
composed of the kinetic energy operatorsf; for each electroni, the in-
teraction parts between each pair of electrons and j, Oi,- (ri;rj), and a
potential function W (r), which acts on each electroni and contains an
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optionally external potential Weyx (r) and the core potential Wk (r). B is
then given by

# =1+ 0(frig)+ W(r); (2.1)
where the individual parts can be written as
$o X $ = 2 X _
= | . | 4, (2.2)
X X 2
Otrig=" Oj(riir)= —— 23
(frig) ; j (risry) g ol 23)
i6i i6i
and X X
W(r)=  W(ri)=  [Wex(ri) + Wk(ri)] (2.4)
with
X zé
W (r) = | Tk (2.5)

ri are the electron coordinatese is the elementary charge,m the electron
mass, R, are the nuclei coordinates andZ, the nuclei charges. The total
energy is then de ned as the functional

E[ (r)]:=E1+ E2

4

< jT+0j) > + (NW(r) d°r (26)

The minimum in E; has to be found in a way, that only many-particle wave
functions are taken into account, which correspond to the gien electron
density (r). As can be seen from equation (2.4), the potential function $
uniquely determined by the external and the core potential.

With it, the theorems of Hohenberg and Kohn [33] can be written as:

1. Any ground state property can be expressed by a functionatlepend-
ing solely on the ground state electron density °(r).

2. Both ground state electron density °(r) and corresponding ground
state energy E°[ °(r)] are obtained by minimizing the energy func-
tional.
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2.1.3. Virtual system of non-interacting electrons

The rstterm E; of the energy functional in Eg. (2.6) contains the many-
particle wave function  and the interelectronic energy parts, which both
have to be avoided due to its overly large computing time and nemory
requirement. Changing over to a virtual system ofN non-interacting elec-
trons in a modied e ective potential eliminates these quantities. This
changeover is realized by a substitution of

1. the energy termEq,

Ei ! Enl (N1+ Exn [ (NI+ Exc[ (NI (2.7)

2. and the potential function,

W(r) ! We (r): (2.8)
The Hartree energy,
e’ ?
Bul (0= = STy d®r d®r° (2.9)

is a functional of the electron density (r) and describes the interaction
of (r) with itself without consideration of any electronic exchange and
correlations. Exin [ (r)] is de ned as the total kinetic energy of the system
of non-interacting electrons in an e ective interaction potential We (r).
Note that En[ (r)] takes another value compared to the kinetic energy
of the original real system. The exchange-correlation funtional Ex:[ (r)]
is de ned to compensate the two approximations (negligenceof correla-
tion and exchange e ects and di erent kinetic energy). In a system of
non-interacting electrons the energy functional in Eq. (26) by de nition
becomes 7

E[ (1= B[ (N] +  (NWe (r) dr: (2.10)

Finally, the following condition determines W, (r): Minimizing the energy
functional of both real and virtual system lead to the same gound state
density. Hence, the variation of both ET (r)] and E[ (r)] vanishes at this
point.
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2.1.4. The Kohn-Sham equations

Each non-interacting electroni with single-particle wave function ; and
energy eigenvalue ; then ful lls the single-particle Schrodinger equation

2
[ %4i+we (Nl i(r)y= i (r): (2.11)

With the condition discussed at the end of section (2.1.3), he e ective
interaction potential can be written as

We (r)= W(r)+ ¢ ”(—r?oj o0+ % (2.12)
The ansatz for the density is
(r = X' f() () () (2.13)
with (
o= 3 i

and the Fermi energy g. The equations (2.11)-(2.13) are the Kohn-Sham
equations [41], a system ofN + 2 equations, which can be solved selfcon-
sistently to determine the N + 2 quantities (r), We (r) und (r) for a
system of N electrons.

It is important to note that the electron density  (r) uniquely determines
the e ective potential function W, (r) as can be supposed from equation
(2.12). An explicit proof can be found in [27] on page 39. Herg, the energy
in Eq. (2.10) is solely a functional of the electron density (r) and the rst
theorem of Hohenberg and Kohn (p. 29) is still valid.

2.1.5. Exchange-correlation functional

In the end, the exchange-correlation functional Exc[ (r)], which is not
known exactly, has to be determined. The most basic approacis the Lo-
cal Density Approximation (LDA) by Kohn and Sham [41]. In the LDA,
the exchange-correlation energy is assumed to be a local goiéty and thus
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can be expressed by an energy densi:[ (r)] (the latter is related to the
local quantity of a homogeneous electron gas):
Z

EX (M= () ecl (N dr: (2.14)

The LDA is known to sometimes underestimate the volume of a co-
densed matter system. Hence, further enhancements have beetroduced:
The Local Spin-Density Approximation (LSDA) introduces spin-densities

«-4(r) and is a generalization of the LDA. Based on electron spins awell,
another approach is the Generalized Gradient Approximation where the
exchange-correlation energy may also depend on the gradienf the spin
components of the chargezdensity:

EhL-(r); (1= gl ~(r); #(r);r ~(r);r #(N] d®r (2.15)

g is a density function, which in each approach has to be furthe spezi ed.

2.1.6. Atomic forces

As mentioned at the beginning of this chapter, the force elds the present
thesis deals with (see chapter 5) were generated by adjustinthe potential's
parameters to optimally reproduce a set of ab initio refererme data (see
section 2.3). This reference data consists of energies, fms and stresses.
The ground state energyE°(r) was already given by the second theorem
of Hohenberg and Kohn (p. 29). A forceF, which acts on an atom|
at coordinate R, can then be calculated as the derivative ofE °(r) with
respect to the atomic coordinates:
Fi=r rEN=r g oA (r) °(r) dr
z (2.16)
‘) [rrAMT Or) &

with r g, f(r):= r f(r)jr, (f any function as or 1). The last conver-
sion of equation (2.16) is based on the Hellmann-Feynman them which

proves the relation
z z

[rr (1AM °r)dr + AWM [rr °r)]dr=0:
(2.17)
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The components of the stress tensor can be obtained similayl

Note that in the ab initio molecular dynamics approach, which is de-
scribed in section 2.2.2, also the atomic forces are requideand, hence, are
calculated with equation (2.16).

2.1.7. Vienna Ab Initio Simulation Package (VASP)

The density functional theory based calculations for this thesis were done
with the Vienna Ab Initio Simulation Package (VASP) [43, 44], which can
be executed in parallel to reduce computational time. It candeal with LDA
exchange-correlation functionals, whereof a parametrizgon from Perdew
and Zunger [67] is provided. Also the GGA version is supportd, where an
implementation for the function g (see section 2.1.5) is provided by Perdew
[66]. In the following, further VASP specic implementatio ns are briey
discussed.

Periodic boundary Conditions

So far, the density functional theory formalism is describe for a system
of N electrons in a nite space. To map a real crystalline system 6 a
rst-principles calculation, one switches over to an innite and periodic
system. According to Bloch's theorem, an electronic wave foction in a
periodic system can be written as a product of a plane wave and function
with the periodicity of the lattice. In VASP, the periodic fu nction is then
expanded in a plane wave basis set taking reciprocal latticevectors as
wave vectors. Basically, the plane wave basis set is innite To avoid
in nite computational time, an energy cuto E(y is introduced. Solely
plane waves with a wave vector corresponding to an energy bal E.; are
taken into account. E¢,; has to be determined to provide for all oscillations
occuring in the wave functions.

Each wave function is characterized uniquely by a wave vekto k and
a band index j. Due to periodicity, it is adequate to calculate only the
electronic states in the rst Brillouin zone (BZ, volume ). Instead of
summing over all states and weighting with the fermi energy @inction f ( ;)
in Eq. (2.13), one only needs to integrate over the rst BZ and sum over

all bands:
X X 4%

f(i) ! 1 Bk f (i) o (2.18)

i I Bz
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In an unlimited crystal lattice structure, the k-vectors are dense in the
reciprocal space. Then, the integral in Eq. (2.18) is replaed by a sum over
a discrete setf k g of Nx sampling points in the k-space:

X 1% X
= Bk (k) !

j BZ j

1 X

— f(; ::: 2.19
N fGe) (2.19)
If the considered unit cell shows point symmetries, it is eva su cient
to treat only the irreducible Brillouin zone, which results in an additional
speedup. In VASP, the discretek-grid can be created with the algorithm by
Monkhorst and Pack [61]. Both precision and computational ime increase
with a denser grid. For each application, a compromise has tde e ected.
During ab initio calculations for the present work, a k-gridwithonly 2 2 2
k-points was su cient due to the relatively large sample sizes containing

number of atoms in the range of 100. The energy deviation conmgred to
testruns with 32 32 32 k-points was smaller than 0.02%.

Pseudopotentials

The physical questions within this thesis basically dependon the valence
electrons, whose wave functions feature strong oscillatits. The more os-
cillations occur, the higher E¢y; has to be chosen, which results in a higher
computational time. Also taking into account the less interesting core
electrons all along slows down the calculation extensivelyFirst-principles
calculations with typical unit cell sizes (containing few hundred atoms)
are impossible without the pseudopotential formalism, tha was rst intro-
duced by Philipps [68] and that eliminates both issues. In tke pseudopo-
tential formalism, the core electrons are pre-calculated ad kept frozen
during further calculations. The original core potential (Eq. (2.5)) is re-
placed by a pseudopotential, which comprehends the core aons. Due
to the reduced net charge (core charge minus core electron atges), the
new pseudopotential is smoother, thus yielding less oscdtions in the new
pseudo wave functions and enabling a loweE ;. The substitution of both
potential and wave functions is illustrated in Fig. 2.1. Two conditions have
to be ful lled:

1. Outside a sphere with radiusr, potential (wave function) and pseu-
dopotential (pseudo wave function) have to be identical.
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Figure 2.1.: Schematic picture of Coulomb potential V and a wave
function z (dashed) and correspondent pseudopotential Vpseudo and
pseudo waver function pseudo (solid). Outside a sphere with radius re,
potential (wave function) and pseudopotential (pseudo wav e function)
are identical. From [96].

2. Within the sphere, the e ect of the pseudopotential on the pseudo
wave functions has to yield the same results as the e ect of tk original
potential on the original wave functions.

By now, there are various realizations of the pseudopotentl formalism.
Among others, VASP supports the Projector Augmented-Wave method
(PAW), which is mostly applied for the calculations of the present thesis.
Details of the PAW method can be found in [45]. The pseudopotgtials
provided by VASP already feature an optimized default E¢, . Usually,
there is no need to change it.
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Relativistic Density functional theory

In favor of clearness and convenience, the whole ab initio fanalism was
discussed in its non-relativistic form, although two relativistic options are
implemented in VASP:

1. The core electrons are treated fully relativistic. Theredy, the
Schrodinger equation - Eq. (2.11) - is replaced by the Dirac gua-
tion, which yields the Kohn-Sham-Dirac equations, that are solved
selfconsistently as discussed in section 2.1.4.

2. The valence electrons are treated scalar-relativistic. Two terms ac-
counting for relativistic e ects are added ad hoc to the Hamilton
operator in Eq. (2.1): The Darwin term provides for the electronic
trembling motion, and a second term introduces the dependece of
mass on velocity.

2.2. Molecular dynamics

Molecular dynamics (MD) is the essential numeric approach he present
thesis deals with. The MD program package ITAP Molecular Dynamics
(IMD, section 2.2.1, [84]) was the main tool to obtain the resllts of this
work. MD is a classical simulation method on an atomistic lewel where
Newton's equations of motion for a set ofN atoms,

% = Fi(frig) (i=1;:;N); (2.20)
are solved numerically. In general, this3N -dimensional system of di er-
ential equations cannot be solved exactly. Hence, the integtion is ap-
proximated by discretizing time. For a given con guration (N atoms with
massesm; and momenta p? at positions r°) at a given time t° (assuming
the forcesF; on each atomi as known), new positionsr; of each atom at
time t = t°+ t can be determined in two steps:

pi = pP+ tFi(frig); (2.21)

=0+ t P (2.22)
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Figure 2.2.: Schematic atom movement depicted for atom i in the center
of the shown box. First the total force F; on atom i is determined by
summing up all pair forces Fj inside of a cuto sphere de ned by the
cuto radius r¢. Thenatom i is moved to its new position. In simulation,
all atoms are moved simultaneously. Vectors are distinguished with
arrows inside of the graph.

After each new position is obtained, all atoms are advancedisultaneously.

t has to be chosen in a way, that the relevant atomic processesan be
resolved during simulation. This condition typically yiel ds femtosecond
time scales.

The forces in Eq. (2.21) are assumed to be known. They are data@ined
by e ective interaction force elds, which are described in detail in section
2.3. The force eld is the most crucial part of an MD simulation and
mainly determines the quality of the results. For pairwise interactions, the
total force on each atom is given by the superposition of all pir forces.
The atomic movement is depicted schematically in gure 2.2. A cuto
radius r is introduced to yield linear scaling of computational e ort in the
number of particles instead ofO(N 2). In most cases, this is su cient due
to the short-range nature of interatomic forces. Typical interactions are
only relevant in the range of 2-4 atomic distances.

Interactions in metal oxides are dominated by electrostatc forces due
to the presence of electrostatic charges and dipoles. Theyralong-ranged
and thus do not conform to the approach of truncating interactions. Hence,
electrostatic forces have to be treated separately, whichsi shown in detail
in chapter 3.

In a common MD simulation, the number of particles N is constant.
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Integrating Newton's equations of motion additionally conserves volume
and energy (NVE or microcanonical ensemble). It is, howeveralso possible
to control temperature instead of energy (NVT or canonical ensemble)
and pressure instead of volume (NPT ensemble). Conservingemperature
and/or pressure during simulation is put into e ect by addin g terms to Eq.
(2.21), that can be taken as an external heat and/or volume reservoir.

Mapping bulk materials to a computer simulation by introduc ing peri-
odic boundary conditions is easier than in the case of quanton mechanics
(section 2.1.7). In MD simulations, the given box of particles is copied
and added in each spatial direction in order to provide interaction partners
also for atoms sitting near to the edge of the box. In contrastto ab initio
methods, it is also possible to de ne open boundaries.

2.2.1. ITAP Molecular Dynamics (IMD)

IMD [84] was created at the Institut fir Theoretische und Angewandte
Physik (ITAP) in Stuttgart. It is primarily specialized in c ondensed matter
systems and hence the most suitable MD code for the applicadins of this
thesis. Above all, it is still under active development [36] thus it has
been ne-tuned to optimally treat the individual tasks yiel ding the present
results.

IMD is able to treat millions of atoms [76] due to its parallelization per-
formance. The Message Passing Interface (MPI) is includeda transfer
data from one processor to another. For limited-range inteactions, IMD
provides linear scaling up to thousands of CPUs. It uses a cohination
of link cells and neighbor lists where the former are used to @mpute the
latter in an e cient way. Parallelization is done via xed ge ometric do-
main decomposition, where each CPU gets an equal block of metial. This
approach is su cient as long as the simulated system is not t@ heteroge-
neous, which is always ful lled in the present studies of codensed matter.
For the force computation, atoms at the surface of a block areexchanged
with the neighboring CPUs. A two-dimensional scheme of the ihk cell
approach is shown in gure 2.3.

IMD can handle both tabulated and analytical potentials, from which
the forces on each atom are computed. The latter are tabulateé once only
at the beginning of simulation. Between points of support, wbic splines
are applied for interpolation. In IMD, a huge number of force eld types
are implemented (pair, covalent, EAM, electrostatics (seechapter 3)).
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Figure 2.3.: Two-dimensional example of link cells. Each CPU gets one
block of cells. The white cells are bu er cells. The surface cells (dotted
in the center block) exchange data with neighboring blocks. From [84].

The numerical integration of Newton's equations of motion s accom-
plished by the Verlet algorithm, which is based on equations(2.21) and
(2.22). The external heat reservoir for simulations with NVT ensemble
is given by a Nosé-Hoover thermostat [62]. In a similar way, abarostat
is available to achieve NPT conditions. IMD also provides iriegrators for
relaxation simulations. Thereby, after each step the veloity components
of all atoms are reset to zero in each direction except for thene oriented
towards the minimum in the potential landscape.

During a simulation, IMD is able to write out full trajectori es of each
particle (positions and velocities at each timestep). Fromthis, the partial
vibrational density of states (VDOS) G (E) for atom type can be ob-
tained by computing the Fourier transform of the time-dependent velocity-
velocity autocorrelation function with the post-processing software package
nMoldyn [75]. The generalizedVDOS G(E) is then calculated by

X
GE)=  —G (E) (2.23)

with the scattering cross section  and atomic massm of atom . If
a VDOS curve shall be compared to experimental results, sontienes a
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certain adjustment is needed due to inadequatenesses of tlitassical atomic
approach (negligence of quantum phenomena). Also when coraping to ab
initio results, some correction is required, because ab itib calculations are
not able to study full phononic trajectories due to timescale restrictions.
There, often the harmonic approximation is used to nd the VDOS. In
all cases, it is common to introduce a global, constant relate frequency
scaling for the MD curves,

L=+ )5 (2.24)

where ! %is the original eigenfrequency,! the scaled frequency, and the
constant relative frequency scaling.

In IMD, almost arbitrary boundary conditions are available . They can
also be combined (e.g. applied in chapter 7). Plenty of otheoptions are
supported in IMD; detailed descriptions can be found in [36]

2.2.2. Ab initio molecular dynamics

Another atomistic approach, which aims for considering thequantum na-
ture of matter, is the ab initio MD. The procedure is to treat t he core
system classically while providing the forces directly fran rst-principles
calculations (as described in section 2.1.6). Thus, dynangi ab initio sim-
ulations are possible. There exist several approaches wiiicare based on
the following brie y introduced idea: Already in density fu nctional theory
(section 2.1.1), nuclear and electronic equations of motio are decoupled
according to the Born-Oppenheimer approximation. The ab iritio MD
takes advantage of the di erent time scales of the two system. After each
MD time step, where the nuclei are moved to new positions, thenew forces
on each nucleus are calculated fully quantum mechanical aceding to the
electronic behavior discussed in section 2.1. Ab initio MD $ many orders in
magnitude slower compared to pure classical MD. However, itan be used
for creating reference data structures for the force eld geeration (section
2.3). Starting with an input con guration as in the static ca se, an ab ini-
tio MD trajectory can be obtained. Each nucleus time step yidds a new
checkpoint which can be included in the reference databaseThis allows
to include structures with a nite temperature and even short trajectories
of a structure into the ab initio reference data base. For exaple, such a
temperature trajectory is applied in the -alumina force eld generation
(see section 5.3.1).
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2.3. Force eld generation

In MD simulations, Newton's equations of motion can be solve numerically
(section 2.2) provided that the forces on each atom are known This is
realized by force elds that include all interactions and energy contributions
from the electronic system. They can be obtained by tting ab initio,
empirical and/or experimental data into its generation. Th e most direct
and full non-empirical approach is to solely allow rst-principles input to
enter the generation. This is maintained for each force eldthe present
thesis deals with.

2.3.1. E ective potentials

In general, a full many-body interaction potential V (fr;g), which depends
on the atomic coordinatesf rigof N atoms, can be expanded into multibody
contributions:

X XX 1 XK 1K 2
V(frig) = Va(ri) + Vo(risrj)+ Va(ri;rj;re) +
i i j6i i j6i k&ij
(2.25)
There exist various approaches depending on the particulabond situa-
tion, which introduce an e ective interaction potential V¢ and aim for a
preferably accurate approximation of V (fr;g):

" The widely-used form is a pair potential, that neglects many-body
terms and hence tries to map all interactions into the seconderm of
expansion (2.25). This approach is the most basic one. For Btance,
it yields accurate results for noble gas solids where Van-adeNaals
interactions are dominant. Due to its simplicity, a pair pot ential
allows the fastest simulations, but is often insu cient whe re many-
body e ects play an important role.

More advanced is the embedded atom method (EAM)where in addi-
tion to pairwise terms an embedding function depending on tte elec-
tron density enters the force eld. This mimics many-body, but still
isotropic interactions. Mainly metals are treated with EAM poten-
tials, because they are able to accurately represent the feeelectronic
system.
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~ If directional interactions have to be taken into account and angles
between bonds become relevant (for example in covalent sysins),
expansion (2.25) can be truncated after the third term. Hene, real
three-body terms enter the force eld, which costs more compta-
tional time than simple pair potentials. These aproaches ae known
as multi-body potentials. Also angular dependent potentialscan be
assigned to this class of force elds.

The present work presents MD studies of ionic systems. Here, the
force elds have to treat electrostatic interactions. They consist of
isotropic pair and multi-body dipolar terms and are detailed in chap-
ter 3.

Plenty of advanced potential models are available (also in MD), which
will not be discussed here. Let a selected e ective interadon potential be
given. Then, the forces required for Eq. (2.21) are obtainedy taking the
negative gradient of the potential function V€ with respect to the atomic
coordinates in either case.

Unfortunately, the e ective potential approach in no way yi elds an all-
round force eld. A potential can only be generated for one maerial with
a certain stoichiometry and for a certain area of its phase digram. The
range for which a potential is optimized, is determined by the selection
of reference data. The broader a dataset is prepared (wide teperature
and pressure range), the less precisely the force eld worksOn the other
hand a potential is rarely required with huge accuracy at onepoint in the
phase diagram, which, however, yields wrong results outsil the range for
which it was optimized. In each case, a compromise between gcision and
transferability has to be found.

2.3.2. Generation with pott

The program pott [70] was originally developed by Peter Brommer [8, 9]
and is now maintained at the ITAP in Stuttgart. It is a free, op en-source
software published under the GNU General Public License (GR). Full de-

tails of the basic functions and a owchart of the framework can be found
in [7]. pott generates an e ective atomic interaction forc e eld solely
from ab initio reference structures. The potential parameters are opti-
mized by matching the resulting forces, energies and stress to according
rst-principles values with the force matching method [16]. All reference
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structures used in this study were prepared with VASP (secton 2.1.7). The
generated force elds are directly exported to IMD (section2.2.1).

For N, particles, reference con gurationm provides one energye?, , six
components of the stress tensos?n;, (I =1;2;::;6) and 3Ny, total force
cartesian componentsf r?];n (n=1;2;::;3Ny) on N, atoms. The function

Z = Wele+ WsZg + Zt (2.26)

is minimized with respect to the potential parameters. Here

b4
Ze=3 Nm(em €2)%;
m=1
1 X e 0 2
Zs= = Nm(Smi  Smy)5 (2.27)
m=1 =1
X Rim o 2
Zs = (fm:ﬂ 1Em;n) ;
m=1 n=1

and en, sy and f,., are the corresponding values calculated with the

parametrized force eld. we and ws are certain weights to balance the
di erent amount of available data for each quantity. In the f ollowing, M

reference structures are assumed that all consist of the saannumber of
particles (N, = N), but in principle, pott can handle di erent numbers

of particles for each reference structure. The root mean sare (rms) errors,

r r r

Fo = Ze 27 Zi

N Fs = MN and F; = MN; (2.28)

are rst indicators of the quality of the generated force eld. Its magni-

tudes are independent of weighting factors, number and sizeof reference
structures. For the minimization of the function Z, a combination of a
stochastic simulated annealing algorithm [12] and a conjugte-gradient-

like deterministic algorithm [71] are used. Details and owcharts of both

algorithms can be found in [7]. pot tis parallelized using the standard MPI

by distributing the reference con gurations on the proces®rs. Generation
details for each force eld are given in chapter 5.
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Chapter 3.

Electrostatics

The bond situation in metal oxides can be described by the cocept of
ionic solids where the charge density of each ion is mainly malized close to
its core and is almost isotropically. The interactions between the ions can
be modelled with basic Coulomb interactions. Although there is no need
for non-isotropic approaches like angular-dependent poteatials, simple pair

potentials are not able to yield an accurate modelling in MD smulations

(see chapter 6). The following sections serve with answersiff how to treat

long-range electrostatic forces in MD simulations and how ¢ enhance pair
potentials to yield an accurate description of metal oxide gstems.

3.1. Long-range interactions

The electrostatic interactions in condensed matter systers are long ranged.
Hence, a huge cut-o (or even an in nite one at worst) would be required,
if one wanted to sum up all Coulomb forces directly. This woutl lead to
massive computational costs. When using a link cell algorttim as in IMD
to run a simulation in parallel, further problems would arise, because a cell
decomposition is designed for short-range interactions. n the last thirty
years, many high-performance approaches have been deve&apto improve
simulations of systems with long-range interactions. Thes Coulomb solvers
are brie y discussed in the following section to point out why Wolf sum-
mation [97] was chosen for the present work.

3.1.1. Overview: Coulomb solver

Solving problems with long ranged forces in particle simuléions originates
from the ninety year old Ewald summation method [6]. The Ewald idea is
to split the interactions into a short-range and a smooth part and evaluate

45
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the latter in Fourier space. The scaling of the computationd e ort with
the number of particles isO(N 372) at best. In addition, Ewald summation
requires periodic boundary conditions due to the Fourier transformation.
Because Ewald summation is also the initial point for Wolf sunmation, it
is described in detail in section 3.1.2.

Most of the modern and established Coulomb solver can be clased in
the following three types (an extensive presentation can bdound in [23]):

~ Grid based methods Point of origin is the Ewald summation, but
the reciprocal-space Fourier sum is replaced by a Fast-Fougr-Trans-
formation (FFT). In the FFT, the charges of the smooth part ar e
transfered to a discrete lattice. Then the Poisson equatioris solved
on the lattice. After that, the electric eld is interpolate d back to the
atoms. Most of these approaches require periodic boundaryondi-
tions and yield O(N logN ) scaling with the number of particles. It is
assumed that the log\ -factor only becomes relevant for high particle
numbers compared to linear-scaling methods.

Tree based methods The idea is to combine distant particles into
groups and consider only their far eld. The potential of the charge
density of each group is expanded into multipoles (see Eq. (32)).
After that, the interaction of a particle with each multipol e of each
group is evaluated. In contrast to Fourier based methods, opn
boundaries are required in most of the available implementtons.
Depending on the particular method, the scaling with the number of
particles is O(N) or O(NlogN). The linear scaling, however, comes
with some overhead due to the expensive pre-computing of thenul-
tipoles. Hence, most multipole based methods become only eient
for large particle numbers.

Direct methods: The most simple way is to sum up all interactions
directly, which yields O(N ?)-scaling at best. If it is possible to nd a
certain cut-o radius, all advantages of short-range interactions (lin-
ear scaling, compatibility with cell decomposition algorithms, easy
implementation in existing code) become accessible. One psibil-
ity is the reaction eld method [2], which de nes a sphere aroaund
each atom within which the Coulomb interactions are treated explic-
itly. Outside of this sphere, the medium is assumed to have a niform
dielectric constant. This approach, however, requires paodic bound-
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ary conditions. If the system under study is not too heterog@eous,
there indeed exists a method introduced by Wolfet al. in 1999 [97],
which shows a way to put into practice the approach of mapping
eletrostatics solely onto short-range-like interactions Hence, almost
arbitrary boundary conditions can be applied.

In summary, the Wolf summation method is easily implementedin IMD
and is compatible with the existing cell decomposition algeithm. The Wolf
sum yields O(N )-scaling in the number of particles, accessibility of almos
arbitrary boundary conditions and e ciency independent on the system
size.

3.1.2. Ewald summation

In metal oxides, the ions carry some chargeg and interact with a Coulomb
potential. This leads to the classical Madelung problem [58 determining
the energy of a condensed system with pairwise ! interactions. The
convergence properties of the resulting sum require a speditreatment.
The Ewald method [19] assures rapid convergence for the toteCoulomb
energy of a set ofN ions with chargesqg at positions r; that are part of an
in nite system of point charges,

Xk gq.

1
aq — =
U= 2 (3.1)

(whererj = r; rij and ry = jrjj) by a mathematical trick. Firstly,
structural periodicity of linear size L is arti cially imposed on the system,
and in the resulting expression a decomposition of unity of he form

1=-erfc(r )+ erf(r) (3.2)

is inserted. The error function is de ned as

, 2
erf(r):= p= dte ' (3.3)
0
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The Ewald splitting parameter  controls the distribution of energy con-
tributions between the two terms. Thus, Eq. (3.1) can be written as

us = - o099 (orfe( jry + nLj) + erf( jry + nLj)l;
=1 j=1 n=o JMi * L

(3.4)
where the sum over periodic image® is primed to indicate that the i = j
term is to be omitted for n = 0. Taking the Fourier transform of the erf
expression only, but not of the erfc term, one can convert theconditionally
convergent total energy Eq. (3.1) into the sum of real-spacend reciprocal-
space contributions U39 and U where each of these converges rapidly.

The Ewald trick can be depicted as a smearing of the delta-shaed charge
densities by Gaussians of width . This relationship can be easily veri ed:
Inserting a potential of the form V (r) w in Poisson's equation yields
a Gaussian density of width . The Gaussians can be treated in real-space
and the correction terms emerging from this are solved in thereciprocal
space.

The downside to the Ewald summation method is the scaling of he
computational e ort with the number of particles in the simu lation box:
Even when the balance between real- and reciprocal-space mtoibutions
controlled by is optimized, the computational load increases at best as
O(N 3%2) [20].

3.1.3. Wolf summation

Wolf et al. [97] proposed a direct summation technique with linear scahg
(O(N)) for Coulomb interactions. This so called Wolf summation takes
into account the physical properties of the systems under stdy. To this
end, one looks at the Illzourier transform of the erf term of Eq. 8.4),

#
2 X X . exp k=4 ? X
U = 3 ggek " @ — ¢ (35)
k&0 ijj i
where the self term 0 = 0 andi = j) is rst included in the summation
and then subtracted. Eq. (3.5) can be rewritten as
X exp k?=4 2 X
N = & G

ké& 0 i
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where

2 X .
S(k) = 3 g exp(ik rj) 3.7)
j

is the charge structure factor,k = jkj and V volume of the simulation box.
The charge structure factor is the Fourier transform of the dharge-charge
autocorrelation function.

In liquid systems and largely also in solids, there are no log-range charge
uctuations; the charges form a cold dense plasma, screengneach other.
This means that for small amplitudes of the wave vectors the charge struc-
ture factor is also small. If one now chooses a su ciently smé# splitting
parameter , the reciprocal-space contribution can be neglected altogther.
As s linked to the real-space cut-o r¢, however, this might require a
cut-o radius which is substantially larger than the range of traditional
short-range interactions like in metals.

Concurrently, Wolf et al. also motivated a continuous and smooth cut-o
of the remaining Coulomb potential

X%
poa= 1 c:_—_O‘elrfc( ri) (3.8)

2 i=1 j=1 !
i6i
at a cut-o radius rc:

dE9a

E9rij) = Ery) EM(re) (ry re) g
i

(3.9)

e

The cut-o is called smooth if both energy function and its rst derivative
(applied for force calculation) vanish at the cut-o sphere. The latter is
realized by the last term in Eqg. (3.9) and is required in MD simulations.
Otherwise, atoms crossing the threshold might get unphysial kicks.

In general (independent of damping factors), shifting the mir potential
so that it goes to zero atr = r is equivalent to neutralizing the net charge
in a spherically truncated system: For a given chargey and an interaction
cut-o radius r¢, the net charge inside of the cut-o sphere is

X
G = g (3.10)
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_Aqi = _Z q;
j

Figure 3.1.: For a given charge g, the net charge inside of the cut-o
sphere, ¢, is neutralized by distributing G isotropically over the
spherical surface.

(with g the other charges inside of the sphere). Let a screening besismed
with the negative net charge placed isotropically on the cuto sphere, so
that the enviroment of g is neutralized. The interaction of g with the
sphere yields an additional term to the total Coulomb energy

X
ygsereen = G G _ 4G _ Uiqq(rc) = const (3.12)
re ;e
which is identically to a constant shift. This relationship is claried in
gure 3.1.

The combination of (i) shifting the potential so that it vani shes smoothly
at the cut-o, and (ii) damping the Coulomb potential to redu ce the re-
quired cut-o radius, but only so weakly that the reciprocal -space term can
still be neglected, is called Wolf summation. The Wolf metha is imple-
mented both in IMD (by Peter Brommer) and in pott (by the auth or).
The explicit Wolf shifted and truncated Coulomb energy expression is given
in appendix A.

3.1.4. Error estimation and scaling properties

The Ewald summation is well established for many decades. lts able to
reproduce analytical results (for instance Madelung consints) with high
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Figure 3.2.: Coulomb energy per atom taken from a simulation of liquid
magnesia with Wolf summation (force eld from chapter 6). Th e results
strongly depend on the choice of both cut-o radius r¢ and splitting
parameter . The right choice results in a plateau of the correct energy.
The Ewald result is plotted as a reference. For > 0:4, all curves are
nearly undistinguishable.

accuracy. Hence, it can be used to validate the Wolf summatio technique.
Compared to Ewald, the Wolf method is an approximation, becaise the
reciprocal-space term is neglected and the real space parél been shifted.
Figure 3.2 shows, that the Wolf sum is nevertheless in accuta agreement
compared to the Ewald sum provided that both cut-o radius r. and split-
ting parameter are chosen suitably. The smaller is chosen, the bigger
becomes the reciprocal-space contribution and the largesithe error made
by neglecting the latter. The larger is chosen, the stronger becomes the
damping of the real-space term, which introduces an error cmpared to
the undamped Coulomb energy. For > 0:4, the strong damping yields a
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deviation from the Ewald result which is nearly independent of the chosen
cut-o radius. This behavior can be seen in gure 3.2: For > 0:4, all
curves are nearly undistinguishable. Between these two sparios, a trade-
o0 can be found, which results in an energy plateau that is in accordance
with the Ewald result. Not surprisingly, the plateau is expanded for larger
cut-o radii. For each force eld, such a plateau has to be found to allow
for accurate simulation results.

To judge the performance of the Wolf summation, the CPU cost ¢ sim-
ulating a system of point charges (liquid silica; force eld introduced in
chapter 6) is shown in gure 3.3. It is compared to the P3M (particle-
particle/particle-mesh) [15] method, a present-day grid based approach
implemented in the MD code ESPResSo [48]. It can be seen, thahe
computational e ort with Wolf summation scales perfectly | inear up to 2.5
million particles. For smaller systems (fewer than about 80000 particles),
ESPResSo is faster due to the short real-space cut-o requed for P3M.
However, as the system becomes larger, th®(NlogN )-scaling of P3M
loses to the linear scaling of Wolf. As a reference, also theRJ cost of the
Ewald method in IMD is shown. The accuracy of each method is cbhsen to
10 3. It is obtained by the error estimation of Kolafa and Perram [42] (It
has to be mentioned, that this error estimation is not able to account for
the negligence of the reciprocal-space term in the Wolf ca$e The scaling
simulations were all performed on a single 2.83 GHz Intel Neldem CPU.

3.2. Induced electrostatic dipole moments

In the last seven years, several MD studies [31, 78] showedydt simple pair
potentials composed of a short-range and a Coulomb term areften not
able to model structural and dynamic properties of ionic cordensed mat-
ter systems accurately. Hence, the description of electraatic interactions
has to be extended. So far, only monopole charges have beerkém into
account. This is equivalent to a truncation of the multipole expansion for
the potential of a charge density,
. _ 9., 1X Xi X e

(r) = ; + 3 + 5 ij Qi 5 + (3.12)
after the rstorder ( r = jrj, x; component ofr, qtotal charge, p dipole term
and Q; quadrupole term). In the following, the model by Tangney and
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Figure 3.3.: Scaling of computational e ort with system size in liquid
silica for Wolf, P3M and Ewald. P3M is faster for systems with less
than 80 000 atoms. In larger systems, Wolf summation performs better.

Scandolo (TS) [88] is introduced, which considers monopoleharges and
in addition dipole moments ( rst and second order terms of expansion Eg.
(3.12)) for each oxygen ion. The validation of the force elds presented
in this thesis (chapter 5) shows that there is no need for takng higher
electrostatic moments into account, which would be computaionally very

expensive. In chapter 6, it is systematically investigatedwhere the e ects
of electric dipole moments are important and how the impact aises from
additional interaction mechanisms.

3.2.1. Tangney-Scandolo-model

The TS potential contains two contributions: a short-range pair potential
of Morse-Stretch (MS) form, and a long-range part, which desribes the
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electrostatic interactions between charges and induced gioles on the oxy-
gen atoms. The MS interaction between an atom of type and an atom of
type j has the form

UM =Dy el @ L) 2expl@ L (3.13)
1 1
with ry = jrjj, rj = r; r; and the model parametersD;, j and j,
which have to be optimized.

The dipole moments depend on the local electric eld of the sarounding
charges and dipoles. Hence a self-consistent iterative sgilon has to be
found. In the TS approach, a dipole momentp at position r; in iteration
step n consists of an induced part due to an electric eldE(r;) and a short-
range part pSR due to the short-range interactions between chargeg and
g . Following Rowley et al. [77], this contribution is given by

SR X qrj
=i T () (3.14)
igi 1
with .
X i)
fij (ri ) = Gj (b1|7|'1)e bij rij
1=0 ’
fij (rj ) was introduced ad hoc to account for multipole e ects of nearest
neighbors and is a function of very short range. b; is the reciprocal of
the length scale over which the short-range interaction coras into play, c;
determines amplitude and sign of this contribution to the induced moment.
Together with the induced part, one obtains

(3.15)

pl = JE(ri;fp) ‘gawifrig=in)+ p% (3.16)

where ; is the polarizability of atom i and E(rj) the electric eld at po-
sition ri, which is determined by the dipole momentsp; in the previous
iteration step. As a convergence criterion, the rms error ofall dipole mo-
ments between two consecutive iteration steps has to be smal than a
de nable threshold p:

S v
1 A N n 1y
N (P! pi )E< P (3.17)
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Considering the interactions between chargedJ% (Eq. (3.1)), between
dipole moments,

N " #
UPP = 1 3(rij pi)(ri Pj) PP . (3.18)
2 r 3
i ] [
i6i
and between a charge and a dipole,
X rip:
gra= 17 G0 DY), (3.19)
2 r
i
i6i
the total electrostatic contribution is given by
UEL = U9+ UPI+ UPP, (3.20)
and the total interaction is
u© = uMs + Ykt (3.21)

The TS model is implemented both in IMD (by Peter Brommer) and
pot t (by the author, details of the implementation are show n in appendix
B). pott accepts the TS force eld parameters as value to be gptimized.
The MS potential Eq. (3.13) is de ned by three parameters foreach pair of
interaction partners ij . Including the chargesq, the polarizability  of the
oxygen ion and the parametersh; and c; , which only di er from zero in
the casei 6 |, there are 14 paramters for a binary oxide. The requirement
of charge neutrality reduces the number of free parametersyoone. Thus,
there are 13 parameters to optimize. Details of the parameteoptimization
for each force eld are shown in chapter 5.

3.2.2. Validation

Each force eld generated in the framework of this thesis ismtensively val-
idated (see chapter 5). The highly accurate results presewrtd there show
that there is no need for embedding or even many-body or angal depen-
dent potential terms. The dipole eld provides for multi-bo dy interactions
while keeping the linear scaling in the number of particles.
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Figure 3.4.: Silica melt at 3100 K: Each silicon atom is depicted as a
grey sphere, each oxygen atom is represented by an arrow shoimg mag-
nitude and direction of its dipole moment. The color coding e mphasizes
the orientation. No correlated orientation of dipole momen ts can be
observed.

Here, however, it is analyzed, whether the TS dipole model isable to
describe the desired dipole properties on a qualitative lesl. First, the total
dipole moment of a liquid silica sample (4896 atoms at 3100 Kforce eld
introduced in section 5.1) is calculated and averaged over 200 picosecond
simulation. There is at no time an appreciable spontaneous glarization.
The averaged total dipole moment ispg, = 3:47 10 2 Cm, which is
small compared to a fully polarized system and thus can be taén as a
uctuation. In the case of liquid magnesia (5832 atoms at 500 K, force
eld introduced in section 5.2), the averaged total dipole moment is pi, =
4:76 10 3 Cm, which is even smaller than that of silica. In both cases,
the result is as expected: On average, no correlated orientians of dipole
moments are observed (see gure 3.4). Secondly, the trajeoty of several
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randomly selected dipole moments is traced, as well with theexpected
result: The dipole moments do not change their direction digretely, but
gyrate continuously while the respective ion moves througtthe simulation
box.

3.3. Wolf summation of dipole contributions

The direct Wolf summation method was introduced in section 31.3 for
determining the energy of a condensed system with Coulomb teractions.
Letnow N dipole momentsp; at positionsr; be given. The total interaction
can be written as

1 X

UPP = > pi(rr ) — p;: (3.22)

jlgi

Imposing structural periodicity and inserting the decompaosition of unity
of Eq. (3.2), Eq. (3.22) can be rewritten as

pp 1)(\‘ X Ot
U™ = > pi(rr )
iij n=0

erfe( jrij + nLj)+ erf( jrj + nLj) _
jri +nlLj 2
(3.23)

As in the case of charges, the total energy splits into a realand a reciprocal-
space part,

UPP = UPP + UPP; (3.24)

and the Fourier transform of

1 X R erf( jrj + nLj)

pp - = t )
Uy pi(rr ) ity + L] P; (3.25)

2 iij n=0
is taken. The prime has been omitted, since the self term (fom = 0 and
i = j)is now nite. The resulting Fourier series is given by

exp k=42

ktg(k)k

2 R
2 '\\'/e (3.26)

k60
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whereV is the volume of the simulation cell andQ (k) the dipole structure
factor,
1 X

Ne2
]

Q(k) := pi p; e (3.27)

with the normalization factor 1:p Ne2, where e denotes the elementary
charge. As can be seen in Eq. (3.26), the larg& contributions to Ulf”

tend to zero rapidly, whereas the smallk contributions are governed by the
behavior of k'Q(k)k, which is expected to vanish ask ! 0. Hence, the
reciprocal-space term of the dipole contribution can be nelgcted altogether
as in the case of Coulomb energies.

3.3.1. Energy conservation

For the dipole contributions, the summation approach abovewas extended
similarly to section 3.1.3. However, four tasks have to be inluded to ensure
energy conservation during simulation, which are detailedn the following.
The explicit Wolf shifted and truncated dipole energy expressions are given
in appendix A.

Extended shifting

The dipole potential function and its rst derivative also h ave to vanish
at the cut-o radius. The dipole potential, however, is prop ortional to the
rst derivative of the Coulomb potential. Hence, the Coulomb potential
and its rst two derivatives must vanish at the cut-o radius. This yields
the extended shifting, which replaces the prior one from Eq.3.9:

dE9a }(r ; )ZdZqu
drij re 2 lJ ¢ drf re
(3.28)

EN(ry)= EM(ry) E%N(re) (ry o)

Dependence of potential on dipole moments

In MD simulations, the energy is conserved, if the forces onhe particles are
exactly equal to the negative gradient of the potential enegy with respect
to the atomic coordinates. Otherwise, the energy might osdiate or even
drift o if not controlled by a thermostat. In standard MD sim ulations,
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the requirement is usually automatically ful lled: The for ces are calculated
as the derivative of the potential, which depends directly o the atomic
positions. In the TS model, there is also an indirect dependece, as the
potential is also a function of the dipole moments:

t=(frigfpi(frigg: (3.29)
This would in principle lead to an extra contribution to the d erivative of
the potential,

dirig  @rig @p;g@r;g’
which would be practically impossible to be determined e edively. Luckily,
if the dipole moments are iterated until convergence is redeed, the system
is at an extremal value in the potential landscape, with @'=@p;g = 0,
and so this part need not be evaluated. Imperfections in conergence may
lead to a drift in the energy. Therefore, pin Eq. (3.17) was set to a
value four orders of magnitude smaller than an ordinary momat in each
iteration. Hence, an appreciable energy drifts not even oaared in long
term simulations (simulation times longer than a nanosecon).

Conservation of di erential relationship

All integer powers of r ! are treated in a way to conserve the di erential

relationship between the functions (for exampler 2= %) The Wolf
damping modi es the r " relations:

r 2o terfe(r) = f (r): (3.31)

This changeover has to be translated consistently to all po¢ntial functions:

P20t Zerfo(r)+ Q‘S(_rizrz) = f 5(r) (3.32)

_ o A(f a(r)).
) foa(r) = a
The need for conserving the di erential relationship can mast easily be
explained with a simple one-dimensional example. Given ar&vo oppositely
charged point charges g at a mutual distance r. If the negatively charged
one is polarizable with polarizability , it will get a dipole moment p = rq—z

(3.33)
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Figure 3.5.: k-dependence of the dipole structure scalar Q(k) in liquid
silica (4896 atoms, 3000 K). For small k, the dipole structure factor is
negligible.

This leads to a total interaction energy (last term is the dipole self-energy
contribution)

2 2
U=udas+yrasye= & 9P, 5—- (3.34)
from which it follows that
(3.35)

From here, it is visible, that modifying the di erential rel ationship would
annihilate the energy contribution condition explained in the previous task.

Correction due to short-range dipole moment

When applying the Wolf formalism to the TS potential, another issue arises
concerning the energy contribution condition of the secondask. The em-
pirically introduced short-range part of each dipole momert (Eq. 3.14) also
a ects energy conservation. Hence, a correction term has tde added to
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Figure 3.6.: k-dependence of the reciprocal-space termU/® (k) for dier-
ent splitting parameters . The k ! 0 behavior of U (k) is governed
by Q(k), which results in negligible contributions of the small k-values
to the total energy.

the total energy calculation. This also can most easily be eglained with
the same one-dimensional example of the previous task: Theigble mo-
ment in consideration of pSR now becomesp® = pSR + p. This leads to
the total interaction energy

2 ot tot )2
¢ gt , ()

U= - = > (3.36)
from which it follows that
tot
@U_ 4, pP7 _ ) gy. (3.37)

@p r? r2
The correction term exactly counterbalances this additioral contribution

QU —
to ensure @p 0.

3.3.2. Error analysis and scaling properties

To legitimate the neglecting of the reciprocal-space term dér the Wolf
summed dipole contributions, liquid silica (4896 atoms, 300 K, original
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Figure 3.7.: Logarithmic plot of the Reciprocal-space term U[® (equation

(3.26)) for di erent splitting parameters . For su ciently small | there
is no noticeable contribution to the total energy compared t o the real-
space part.

TS force eld from [88] with Wolf summation) has been simulated. It
has to be analyzed, whether for a suitable the dipole structure factor is
small. All values which are calculated in the course of this Bnulation are
time-averaged over the full simulation time of one picosecad.

To analyze thek ! 0 behavior, the dipole structure scalar,

Q(k) = K'Q(K)k is; (3.38)

is calculated. Angular brackets indicate an average over apherical shell S
with width ~ k centered at constantjkj = k. This averaging is necessary,
because for a periodic systen® is not a continuous function, but a discrete
set, consisting of all reciprocal space vectors. Fig. 3.5 stws the dipole
structure scalar. For small absolute values ok, Q(k) goes to zero.

Fig. 3.6 shows thek-dependence of the reciprocal-space term,

2Ne 2 exp k=4 2
v Q(k) 2 ;

UPP(K) = (3.39)
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for di erent splitting parameters  (again averaged over a spherical shell).
As mentioned above, due to the exponential damping, larg&-contributions
are negligibly small, whereas the smalk values are governed by the behav-
ior of Q(k) ask! O.

Finally the sum in Eq. (3.26) is evaluated for the givenk-mesh with trun-
cation sphere in the reciprocal-space. The di erence betwen this approach
of a spherical truncation and the full summation is very smal because of
the exponential damping in Eq. (3.39), as seen in the rapid deay of U* (k)
for increasingk in Fig. 3.6. In Fig. 3.7 the -dependence of the Reciprocal-
space termUlfp is illustrated in a logarithmic plot (to distinguish betwee n
UPP(k) and UP, the latter is identi ed by capitalization of its name). For

a chosen damping of =0:1A l, one gets

1
U =3:3 ev; (3.40)

which is six magnitudes smaller than the real-space part anccan thus be
neglected.

The performance of the Wolf summed TS interactions (liquid dlica, force
eld introduced in section 5.1) is depicted in gure 3.8. It is compared
to Wolf summed Coulomb interactions (force eld introduced in chapter
6). As a reference, the CPU cost of the Ewald and the P3M methodor
charges is shown again. Even with dipole contributions, thewolf summa-
tion scales perfectly linear with system size up to 2.5 millon particles. In
the TS approach, hence, many-body e ects are included withat destroy-
ing the linear scaling properties obtained by the Wolf summadion. The
computational cost per atom of the TS model is independent ofsystem
size; compared to Coulomb charges, the TS model with Wolf sumation
in silica is slower by a factor of 2.6. The identical approachor liquid mag-
nesia with force eld from section 5.2 yields the same resultlinear scaling
of the computational e ort in the number of particles and a factor indepen-
dent of system size between TS model and simple charge apprcda This
shows that the number of steps in the self-consistency loogsiindependent
of system size. In all cases the present work deals with lesfidn merely
ve steps for convergency are required.
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Figure 3.8.: Scaling of computational e ort with system size in liquid
silica for Wolf summation with and without dipole contribut ions. The
TS model is slower by a constant factor of 2.6. P3M and Ewald for
charges are shown again as a reference. The accuracy of eachethod is
chosen to10 * as in section 3.1.4.

3.3.3. Validation

Before new force elds can be generated as described in chagt5, the
new combination of the non-reparametrized TS silica force eld with the
Wolf method has to be validated (the origial TS approach usedEwald
summation). For this purpose, basic thermodynamic and strictural studies
are compared for two settings:

1. TS: original TS silica force eld + Ewald summation method,

2. New Potential: non-reparametrized TS silica force eld + Wolf sum-
mation method.
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Figure 3.9.: Equation of state of liquid silica at 3100 K for the new poten-
tial compared to original TS [88], experiment [21], ab initi o simulations
[88] and simulations with the non-polarizable BKS potentia | model [88].

Additionally shown are ab initio results as well as experimeatal studies for
comparison. Also simulations with the well-known BKS potertial [89] are
included, because many domain experts still use the non-patizable BKS
model although it apparently lacks accuracy in many simulaion studies.

First, the equation of state of liquid silica at 3100 K is compared to ex-
periments [21], ab initio results and the original TS potential in gure 3.9.
Pressures were obtained as averages along constant-volum® runs of ap-
proximately 10 ps following 10 ps of equilibration and with smulation cells
containing 4896 atoms. The good agreement of the original T®otential
with the experimental results can be reproduced.

On a microscopic level, the Si O Si angle distribution was determined
from multiple MD simulation runs at 3100 K and various pressures. The
results are shown in gure 3.10 and are in agreement with the dginal TS
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Figure 3.10.: Oxygen centered angle distribution in liquid silica at 3100
K for the new potential compared to original TS, ab initio sim ulations
and the non-polarizable BKS potential model (last three fro m [88]).

Experiment [47] New Potential TS [88] BKS [88]

a[A] 4.916 4.872 4.925 4.941
c [A] 5.405 5.359 5.386 5.449

[235] 2.646 2.718 2.665 2.598
Si O Si 143.7 142.1 144.5 148.1

Table 3.1.: Quartz: Lattice parameters a and c, density and oxygen
centered angle.

potential and ab initio results.

The new force eld is also probed by simulating the most impotant low
pressure crystal structures quartz, cristobalite and coei¢e. The relevant
equilibrium variables density, Si O Si angle and the latti ce parameters at
300 K are given in tables 3.1, 3.2 and 3.3. The average relatvdeviation
of the crystal data from the experimental results is  0.9%. Simulations
with the original TS potential yield a relative deviation of the parameters
that averages at merely 0.7%. Both simulation approaches agree com-
paratively good with experiment, but a small decrease in preision can be
observed when using the new potential.
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Experiment [80] New Potential TS [88] BKS [88]

a[A] 4.969 5.015 4936  4.920
c[A] 6.925 6.999 6.847  6.602

[-55] 2.334 2.268 2412 2515
SiO Si 146.4 147.1 1440  143.9

Table 3.2.: Cristobalite: Lattice parameters a and c, density and oxy-
gen centered angle.

Experiment [46] New Potential TS [88] BKS [88]

al[A] 7.136 7.123 7.165 7.138
b [A] 7.174 7.161 7.162 7.271
c[A] 12.369 12.347 12.377 12.493
120.34 120.34 120.31  120.76

L] 2.921 2.940 2.933 2.864
SiO Si 143.6 144.2 144.0 150.5

)

Table 3.3.: Coesite: Lattice parameters a, b and ¢, monoclinic angle
density and oxygen centered angle.

In summary, simulations can be accelerated by replacing Ewld with Wolf
summation in the non-reparametrized TS force eld without signi cant
loss of accuracy. There are, however, small weaknesses oktthnew force
eld (e.g. higher average relative deviations from experinent for crystal
structure data). Hence, also a new parametrization of the dica force eld
is meaningful and presented in section 5.1.
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Chapter 4.

Visualization

Modern visualization techniques do not only supply pretty pictures of snap-
shots taken from MD simulations, but also facilitate novel ndings by pro-
viding a better insight with clever and especially adapted representation
of the data. Also for the present study of metal oxides they ae taken
into account in addition to conventional analytic analyses. A preliminary
example of the visualization's e ectiveness is given in gue 4.1.

The visualization of the present work is done with the program
MegaMol [29], which was developed at the Visualisierungsstitut in Stutt-
gart and upgraded during the last two years by Sebastian Grotel and Ka-
trin Scharnowski. They implemented new modules specializt in electro-
statics of metal oxides. MegaMol is tailored to the visualiation of large,
dynamic particle data sets. The following three visualizaion techniques
are available in MegaMol and are applied to analyze data frommetal oxide
MD simulations.

4.1. Glyph representation

The most basic approach is a simple sphere and arrow glyphs peesenta-
tion. For the present applied force elds containing electrostatic induced
dipole moments, each metal ion is depicted by a sphere and eaoxygen ion
is represented by an arrow showing magnitude and direction foits dipole

moment. Thereby, the center of an arrow is pinned to the atom¢ coor-
dinate. The arrows are color coded to further highlight their orientation.

The respective color map is shown in gure 4.2. Details of theused so-
called shader-based ray casting technique can be found in3}. Figure 3.4
(p. 56) is an example for this glyph representation. It provides a familiar
visualization of the dipole moments, but this is only usefulwhen looking
at a rather small area of a data set. The left side of gure 4.3 Bows a

69
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Figure 4.1.: Preliminary example: crack propagating in crystalline -
alumina (see chapter 7), both pictures are prepared with MegaMol [29],
the lower by Sebastian Grottel [28]. Above: Simple spheres depict alu-
minum atoms, each oxygen atom is represented by an arrow showng
magnitude and direction of its dipole moment. The crack can b e clearly
seen, but the view on the dipole moments is mostly covered by the
spheres. Below: Combination of the arrow glyph representation with
the methods of fractional anisotropy (introduced in sectio n 4.2) and iso
surfaces (introduced in section 4.2.1) reveals previously hidden discov-
eries: Regions of correlated dipole orientation are accenuated and a
wavelike propagation in the eld of dipole moments coming fr om the
crack tip can be observed.
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Figure 4.2.: The color coding of the arrow glyphs further highlights the
orientation, from [28].

similar but slightly bigger MD data set. Already in this case, where the
simulation box contains merely 3264 oxygen atoms, occlusioe ects and

the representation appears cluttered. If one is neverthelkes interested in
seeing single dipole moments, a further approach is lterig out unimpor-

tant arrows. The de nition of unimportant of course must then be given
by the scienti ¢ context of the question at hand. Examples can be seen in
gures 8.9 (p. 137) and 8.10 (p. 138), where the lter threshdd is a certain

magnitude of the moments to remove too small ones for a cleariew.

4.2. Fractional anisotropy (FA)

During the work of this thesis, collective behavior of dipole moments ap-
peared in several metal oxide systems under special conditns (e.g. shown
in section 7.2 or chapter 8). With the objective of a closer irspection of
these collective phenomena, the method of fractional anigoopy (FA) was
implemented in MegaMol by Grottel [28] and applied to the study of metal
oxide systems. Originally, FA is a scalar value computed fran the e ective
di usion tensor in diusion tensor imaging, which measures the part of
the tensor that can be ascribed to anisotropic di usion [4]. Transferring
this approach to the application of collective dipole behavor, a value can
be obtained that is an indicator for how correlated the oriertation of the
oxygen dipoles is within a restricted area of the data set.

The FA scalar eld is constructed as follows: A volume grid is de ned
based on the MD data set size by computing the resolution of tke grid
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Figure 4.3.: Left: Simple arrow representation of liquid silica (4896 at oms
at 3100 K, thereof 3264 oxygen ions depicted by arrows, respetive force
eld introduced in section 5.1); occlusion e ects occur and the repre-
sentation appears cluttered. A statement concerning collective dipole
behavior is not possible. Right: The scalar eld of FA clearl y uncovers
small, unstable polarization regions (yellow) that are in ¢ ontrast to the
dominant region (blue), where dipoles are isotropically di stributed.

from the average distance between atoms, thus roughly mappg one atom
onto one voxel (volumetric pixel, a volume element, represating a value
on a grid in three dimensional space). Based on the distancg = jri Vj]
between the positionr; of oxygen atomi and the position v; of the voxelj,
a weight w; for the contribution of the particle to that voxel is calcula ted
as

3% 41 if o de
if dij>dc

; 4.1

where d; is the nite support radius of the function. It can be taken as a
cut-o radius for the calculation of the FA eld. In order to ¢ apture the
data of the signi cant neighborhood, d. is always put on a level with the
Wolf cut-o radius r. in the MD force calculation. For each voxelj, the
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A B C
y
X

Figure 4.4.: Sketch of two identically (A), oppositely (B) and orthog-
onally (C) directed dipole moments. Vectors are distinguis hed with
arrows inside of the graph.

FA value F; of its particle neighborhood is computed as:
S
Fo Gin 2?2+ ( g2 3?2+ (s j1)?
: 207+ o+ fa) ’

4.2)

with the eigenvalues i, 2, and ;3 of the matrix g formed by the
dipole momentsp; of atomsi:

_ 1 Xw
P! = No WP Pit (4.3)
]
Nw is the number of atomsi with w; > 0. Note that the dipoles are not
normalized before entering equation (4.3). This is important to identify
small local correlations as normalization yields a certainsmoothing and
would hide local e ects on small scales. Not till the whole salar eld is
calculated, the FA values are normalized to be between zeroral one.
Let two dipoles be given (with both weights for the considerel voxel
being equal to one) to illustrate the FA mechanism. Figure 44 shows a
sketch of three situations:

A) The dipoles have the same directionp; = p, = (1;0)T; then, the
eigenvalues of? are ; =0 and , =1 and the FA value becomes
FA = Pl—i

B) The dipoles have opposite directionsp, = (1;0) T andp, =( 1,0)";
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Figure 4.5.: The color map used for the normalized values of FA. The
purple band at 1/12 and the red band at 11/12 are used to identi fy areas
of very low and very high values. From [28].

then, the eigenvalues are identical to case A and, hence, theA value

also becomed g = pl—i

C) The dipole vectors are orthogonal,p; = (1;0)" and p, = (0;1) T;
then, the eigenvalues oP are ;= ;= 3 and the FA value becomes
zero.

This basic evaluation illustrates, that the FA approach is able to detect
both ferro- and antiferroelectric domains and to separate hem from rather
uncorrelated regions. Simply adding up all vectors inside lhe cut-o sphere
would only detect ferroelectric states, because two antifeoelectric aligned
moments would cancel each other out.

For the visualization of the FA eld, a color map as depicted in gure
4.5 is chosen. It is based on cool-warm shading, but speci dig highlights
very high and very low values. A rst example is given in gure 4.3, where
the arrow glyph representation yields mainly a cluttered view on the liquid
silica sample. The FA eld, however, shows the existence ofraall, unstable
polarization regions.

4.2.1. FA iso surfaces

The display can be further enhanced by visually circumscriling the regions
where collective orientations emerge using iso surfaces dfie FA scalar
eld. This add-on is especially useful when watching an anination of the
whole trajectory as it enables a view on regions moving, digsminating or
shrinking over time. The iso value is a selectable parametebetween zero
and one and has to be adjusted for each individual problem to gin the
best depiction. Iso surfaces calculated in the eld of FA canalso be shown
in the glyph-representation. An example with an iso value of0.68 is given
in gure 4.1.
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Figure 4.6.: DS iso surface circumscribing a domain of similarly orien-
tated dipole moments (periclase sample, see section 8.3). \kualization
support from [79].

4.2.2. Shading

Finally, further information can be depicted on the glyphs with a shading
mechanics. In doing so, the degree of correlation determimeby the FA
eld is projected onto the arrows. The mapping allows for eay identi -
cation of uncorrelated regions (dark areas, low FA), while h areas of high
correlation (high FA) the colorization of the glyphs additi onally provides
a direct indication of how the dipoles are oriented. The shathg approach
can be seen for example in gure 7.2.

4.3. Directional similarity (DS)

As mentioned in section 4.2, the fractional anisotropy is alle to resolve
correlations on small scales, because the dipole momentseaanot normalized
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before the FA value is obtained. This implicates a drawback n the case
of regions with similar orientated moments which, however,vary strong in
their magnitudes. Then the FA is not able to detect such a regon as one
single domain, because the FA distinguishes short dipolesdm longer ones
even if their direction is equal.

Another visualization tool to highlight domains with dipol es featuring
similar orientations but di erent magnitudes is the approa ch of directional
similarity (DS). It was implemented in MegaMol by Scharnowski [79]. The
DS rstly normalizes the dipole moments. Then, they are mapped onto
a grid, which is only required for saving computing time in the following
steps. The DS eld is simply obtained by computing the vorticity of the
dipole eld.

The DS approach identi es dipole regions with similar orientations in-
dependent of their magnitudes. However, it is not able to deéct antiferro-
electric domains as in the case of the FA approach.

4.3.1. DS iso surfaces

As in the FA case, the display can be further enhanced by visuly circum-
scribing the regions where similar directions emerge usingso surfaces of
the DS scalar eld. The criterion for placing DS iso surfaceds the vorticity
of the dipole eld. For a clear view, a gaussian smoothing is gplied. Oth-
erwise, the DS iso surfaces would look somewhat angular. Rige 4.6 shows
an example of a domain with similar orientations but di erent magnitudes
of dipole moments which is clearly circumscribed by the DS is surface.
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Force eld generation

5.1. Silica

The method of combining the TS polarizable force eld model and the di-
rect Wolf summation is rst applied to silica (SiO 2). The most prominent
case, where silica is found in technological applicationds microelectronics
industry. For manufacturing the many transistors forming a microchip,
commonly a silicon wafer is employed. With the process of thenal oxi-
dation, an amorphous silica Im is built on the silicon substrate. At the
time when copper elements are embedded into the system for nducting
current, silica acts as an insulator. Although there are sugrior materials
called high-k-dielectrica on the way, many present-day micochips still deal
with silica. Due to its nontoxic behavior, silica additives are also used in
many everyday life products. Another eld of application is geophysics, be-
cause the crystalline quartz-phase of silica is one of the tavmost frequently
occuring minerals inside the earth crust. In all cases, it isvery valuable
to know both bulk behavior and microstructural properties of silica under
various and partly extreme thermodynamic properties.

Due to the described technological and geological signi cace, silica has
been thoroughly investigated experimentally [21, 60], by sing ab initio
calculations [38, 64, 94] and in simulations with empiricalinteraction po-
tentials [35, 39, 89, 90]. Also the original TS model, that ugs classical
Ewald summation, was rst applied to liquid silica. Hence, silica is an
ideal test case for the new potential generation. In the folbwing, the force
eld generation is shown as well as its validation and appli@tion to several
basic studies.

77
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5.1.1. Force eld parametrization

At rst, a reference structure database was prepared. Five MD trajecto-
ries were generated with the non-reparametrized silica TSdrce eld and
Wolf summation (this non-reparametrized version was judgel in section
3.3 as highly accurate). These constant-temperature runs ere performed
at ve dierent temperatures from 2000 to 4000 Kelvin in 500 K steps.
In addition, the volume was slightly lowered to prepare di erent pressure
conditions. Then, several snapshots were taken following L ps of equi-
libration. In this way, 47 liquid reference structures were prepared with
on average 109 atoms, altogether 5123 atoms. The referenceustures
show a pressure spectrum from zero up to 15 GPa. They then werap-
plied as input con gurations for VASP, where PAW pseudopotentials and
a generalized gradient approximation (GGA) of the exchangecorrelation
functional were used. For the silicon (oxygen) pseudopotetial, the default
settings ESl, = 245 eV (EQ, = 400 eV) in the PAW are selected. With
the LDA exchange-correlation functional, the well-known underestimation
of the volume yielded clear deviations from experimental déa. The ap-
proach with GGA and the same reference structures, howeveryas able to
reproduce the volume in MD simulations. Replacing the pseudpotential
or increasing its energy cut-o s had no noticeable in uenceon the results.

Then, the reference database was committed to pott. The weghts in
pott were chosen to we = 0:1 and ws = 0:5, which is consistent with
comparable optimization approaches [39, 88]. The resultig parameters,
however, remained rather una ected by modi cation of the weights. By
contrast, the splitting parameter  had to be optimized. Setting =
0:02 A ', a cut-o radius of only 8 A was found to be su cient, which
is small compared to other [11, 39] long-range potential apmaches and
results in an additional speedup in simulations. For compaison only, the
procedure was repeated with a cut-o radius of 10 A. The obtaned results
were quite similar. As the computational e ort scales with r2, simulations
with a cut-o radius of 8 A are about two times faster than the same
settings with a cut-o radius of 10 A . It has to be mentioned that =
0:02 A ' describes a relatively weak damping. This identi es the god
native screening ability of liquid silica. The nal set of parameters is shown
in table 5.1. The rms errors are F¢ =0:1922 Fg=0:0341and F; =
1.6211
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Osi Jo o bsi o Csi o
1.860032 0.930016 0.020689 4.434517 31.525678
Dsi si Dsi o Do o
0.000004 0.100108 0.028596

Si s si 0 oo
19.841872 11.598884 8.808762

Si si si 0 o o
5.400713 2.066695 3.742815

Table 5.1.: Force eld parameters for silica as introduced in equations
(3.13) (3.15), given in IMD units set eV, A and amu (hence cha rges are
multiples of the elementary charge).

For the new silica force eld, the dipole structure factor and the resulting
reciprocal-space contribution of the total energy was evalated. For the

selected damping of = 0:02A ! the result is

1
JER =0:00 ev; (5.1)

whereas the real-space contribution of the total energy peatom is

1
WE}O‘ =7:20eV: (5.2)

Hence the reciprocal-space term is indeed insigni cant andhe model of
neglecting reciprocal-space contributions is accurate.

5.1.2. Validation

The new potential was validated by determining thermodynamic, micro-

structural and vibrational properties of silica. The goal was to cover di er-

ent temperature and pressure scenarios in order to show theansferability

of the new potential. The following simulations were all peformed with

the same initial con guration consisting of 4896 atoms (162 Si and 3264
O). Due to the Wolf summation, it would of course be possible b simulate
much bigger systems in reasonable time duration. However,his is not
required for condensed matter systems because of the pericdboundary
conditions applied in MD simulations.
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Figure 5.1.: Equation of state of liquid silica at 3100 K for the new
potential compared with experiment [21] and ab initio calcu lations [38].

In gure 5.1, the equation of state of liquid silica at 3100 K calculated
with the new potential is shown. Pressures were obtained asvarages
along constant-volume MD runs of 10 ps following 10 ps of eqlibration.
For comparison, experimental data [21] and rst principles results using
VASP [38] are illustrated. The equation of state calculatedwith the new
potential coincides with ab initio and experimental results.

The radial distribution functions for Si Si, SiOand O Oat 3000 K with
volume/SiO, Vsio, = 45:80 A% were evaluated for 100 snapshots taken out
of an 100 ps MD run. The averaged curves are given in gure 5.2Results
calculated with the new potential are in accurate agreementwith ab initio
data [38]. The Si Siand O O curves are slightly shifted to larger distances.

The Si O Si angle distribution was determined from 300 MD ru ns at
2370 K and zero pressure. The averaged result is compared \itan ab
initio MD study [94] and is depicted in gure 5.3. As discusseal in Ref.
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Figure 5.2.: Radial distribution functions for SiSi, SiO and O O at
3000 K compared with ab initio calculations [38].

[94], the ab initio MD tend to shift the angle distribution of liquid silica
to slightly smaller angles with respect to the distribution generated by
empirical MD simulations.

The new force eld was also applied to simulations of amorphas silica,
although its parameters were only optimized with liquid reference struc-
tures between 2000 and 4000 K. For this purpose, the liquid iitial structure
was cooled down to 300 K at an annealing rate of 0.01 K/fs, whik is recom-
mended by Vollmayr et al. [93] and also used in Ref. [39]. Usipdi erent
annealing rates, however, had no signi cant impact on the reults. The
VDOS Gs;i(E) (Go(E)) for silicon (oxygen) was obtained from a 100 ps
MD trajectory with nMoldyn [75]. Figure 5.4 shows the partial and gener-
alized VDOS compared with an ab initio study from Ref. [64]. The curves
were adjusted in order to display the three main bands of eaclcurve at
similar frequencies. For silica, the optimal value for the fequency scaling
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Figure 5.3.: Oxygen centered angle distribution in liquid silica at 2370
K for the new potential compared with an ab initio MD study [94 ].

is =0:3. The new force eld reproduces the key features of the partia
VDOS. There are, however, several smaller deviations from lainitio re-
sults: The partial VDOS for silicon overestimates the low-anergy band as
the main-peak is shifted by around 12 meV to lower energies. fie partial
VDOS for ogyxen does not reproduce the band between 35 55 me¥nd the
two smaller peaks at around 77 meV and 108 meV. These characistics
are also re ected in the generalized VDOS. The relatively lage scaling of
the MD curves might also be a weakness of the new potential. Isummary,
the new potential is able to qualitatively re ect the lattic e dynamics, al-
though it was not optimized for amorphous states at 300 K, butthere are
limits to its accuracy.

As a nal test, the force eld was used for MD studies of -quartz, one
of the most important low-pressure crystal structures of SD,. This is a
very hard test for the transferability of the potential, con sidering liquid
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Figure 5.4.: VDOS of amorphous silica at 300 K calculated with the new
potential compared with an ab initio MD study [64]. a) partia | VDOS
for silicon atoms, b) partial VDOS for oxygen atoms, c) gener alized
VDOS.

structures between 2000 and 4000 K were used as reference aatn table
5.2, the lattice parameters, Si O bond length, and the Si O Si angle are
compared to analytical values [24, 25]. The force eld overstimates the
equilibrium volume; the lattice parameters are too large by on average
2.8%. In an MD simulation at 300 K over 10 ns, the force eld stabilized
the alpha-quartz structure. This shows that the new potential does vyield
reasonable results even under conditions it was not optimied for.

In summary, the new force eld approach yields highly accurde results
for liquid silica. The new potential can be applied to lots of silica investiga-
tions, which could not yet be adequately investigated with MD simulations
due to large system sizes or boundary condition restriction. Probing solid
phases, which were not included in the reference database dng the force



84 Chapter 5. Force eld generation

a (A c (A SiO@A) SiosSi( )
New potential 5.15 5.50 1.65 148.5
Theory 497 [25] 5.39[25] 1.61[24] 145 [24]

Table 5.2.: Lattice parameters, Si O bond length and Si O Si angle of
-quartz compared with theoretical studies.

eld optimization, yields suitable results on a qualitativ ely level. Quanti-
tative analysis, however, should be done carefully as expesd.

5.2. Magnesia

The second application of the new force eld approach is magesia (MgO),
another very important metal oxide. Not only is it one of the stoichio-
metricely simpler oxides (making it a frequently studied test system), it is
also both ubiquitous and of technological importance. Begle its every-day
usage - encoded as E 530 in food industry or given to gymnastsif antislip
hands - magnesia is frequently applied in industry due to itshigh melting
point. Furnaces and other components which have to be heat @stant are
commonly coated with magnesia. Hence, there have been manymerimen-
tal [5, 30, 65, 83] and theoretical [1, 37, 63, 77, 87] studieBy generating
a force eld for magnesia, the combined use of the TS model and\Volf
summation for the rst time was applied beyond silica.

5.2.1. Force eld parametrization

To generate the reference structure database for liquid magesia, snapshots
from an MD trajectory with an ad-hoc potential were used. In this way, 80
liquid reference structures with on average 242 atoms, in ttal 19 360 atoms,
were prepared. The reference forces, stresses and energiese computed
with VASP using PAW pseudopotentials and in the GGA approxim ation

as approved in the silica case. The energy cut-o for the magasium pseu-
dopotential is given by Ec“f,? = 210 eV. From these, an intermediate TS
potential was obtained, which then was again used to generata new MD
trajectory and then a new set of reference structures. This pcedure was
iterated until there was no further signi cant change in the potential pa-

rameters. The pressure spectrum of the nal reference struitire database
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Ovig Jo o bvg o CMg O
1.230958 1.230958 0.045542 3.437254 24.256585
DMg Mg DMg O DO (6]
0.000003 0.100093 0.000003

Mg Mg Mg O O O
18.736878 10.340058 18.696021

Mg Mg Mg O O O
6.161436 2.458717 6.630618

Table 5.3.: Force eld parameters for magnesia as introduced in equa-
tions (3.13) (3.15), given in IMD units set eV, A and amu.

is between 0 and 15 GPa, while the temperature varies betweef000 and
5000 K to account for the higher melting point of magnesia. Tre weights
in pott again were set to we = 0:1 and ws = 0:5. A cuto radius of 8 A
was su cient when choosing = 0:1 A ' The nal set of parameters is
shown in table 5.3. The rms errors are Fe =0:1170 F¢ =0:0228and

Ff =0:5295

The following values for the Wolf dipole error estimation were obtained
by averaging over a simulation time of 200 ps. The reciprocaspace term

is again really insigni cant. For =0:1A l, the result is

1
WEE" =0:15 eVv; (5.3)

whereas the real-space contribution of the total energy peatom is

1
~E =6:30ev: (5.4)

5.2.2. Validation

The new potential was validated by determining thermodynamic and mi-
crostructural properties of liquid magnesia. The transfembility of the new
potential beyond the optimized temperature range was alsonvestigated by
modelling the most important crystal structure periclase (NaCl-type). The
following simulations were all performed with the same inital con guration

consisting of 5832 atoms (2916 Mg and 2916 O).
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Figure 5.5.: Equation of state of liquid magnesia at 5000 K for the new
potential compared with ab initio calculations [37].

The equation of state, obtained as in silica, is shown in gue 5.5. Due to
the high melting point of magnesia, a temperature of 5000 K wa chosen.
The result is compared with a rst-principles study using VA SP [37]. Al-
though the new potential was optimized with a reference datéase having
a pressure spectrum from zero to 15 GPa, it is able to reprodwe the ab
initio results quite accurate up to 160 GPa.

In gure 5.6 the radial distribution function for Mg Mg (whi ch is very
similar to the O O function) and Mg O is depicted at 3000 K wit h
volume/MgO Vugo = 27:76 A®. The results coincide precisely with ab
initio data [37].

The Mg O Mg angle distribution was determined from several MD runs
at Vygo =33:99 A3 and three di erent temperatures 3000 K, 4000 K and
5000 K. The curves look similar (see gure 5.7), they show a m@mum at
100 degrees. So the interatomic angles in the magnesia melteaabout 10
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Figure 5.6.: Radial distribution functions for Mg Mg (which is very sim-
ilar to O O case) and Mg O at 3000 K, compared with ab initio ca Icu-
lations [37].

degrees greater than in periclase. Both distribution studes follow from an
averaging in the same way as for silica.

Finally, the new force eld was applied to simulations of periclase at
300 K, although its parameters were only optimized with liquid reference
structures between 2000 and 5000 K. The new force eld is able stabilize
the cubic periclase structure with high accuracy. The lattice constant is
in very good agreement with recent ab initio and experimenta studies, as
presented in table 5.4.

In the same way as for silica, the generalized VDOS of pericke was
obtained. Figure 5.8 shows a comparison with ab initio calclations [22] and
an experimental [6] study. A frequency scaling of only = 0:03was applied.
The new potential is able to qualitatively reproduce the key features, but
there a two weak points: Firstly, the main peak at around 53 m&/ is shifted
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Figure 5.7.: Oxygen centered angle distribution in liquid magnesia for
the new potential for 3000 K, 4000 K and 5000 K.

to lower frequencies by around 10 meV. Secondly, the peak at63meV
originating from the partial VDOS for oxygen is only weakly reproduced.
In summary, the new force can give only qualitative results oncerning
lattice dynamics in this temperature range, for which it was not optimized.
To sum up the validation, the new magnesia force eld yields gnerally
accurate results. As in the case of silica the new potential &n be ap-
plied to lots of magnesia investigations, which could not yébe adequately
investigated with MD simulations due to large system sizes b boundary
condition restrictions. Also the cubic periclase structure can be modelled
accurately, although the force eld parameters were only opimized with
liquid reference structures. The magnesia study additionfly shows, that a
crude starting potential su ces to determine high-quality potentials, which

makes the new force eld approach applicable for even more syems of in-
terest.
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Figure 5.8.: Generalized VDOS of periclase at 300 K calculated with the
new potential compared with ab initio calculations [22] and an experi-

mental study [6].

5.3. -Alumina

-aluminais the rst crystalline system, where the new force eld approach
is applied to. This is more di cult, because the Wolf method i s known to
be more accurate in liquid or at least amorphous systems. Asidcussed in
section 3.1.3, a basic condition for the applicability of the Wolf summation
is a natural screening ability of the system of interest. Theionic neigh-
borhood in a liquid system is basically more isotropic than h an ordered
crystal, which may result in a higher cut-o radius needed in the following
for getting accurate results.

For the purpose of applying the new force eld generation to acrys-
talline system, alumina was chosen, because it is the most oamonly used
ceramic in technological applications. Due to its insulatng properties, it
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New Potential 4.214
Exp. [83] 4.212
Exp. [5] 4.211

ab initio (GGA) [1]  4.234
ab initio (LDA) [63]  4.240

Table 5.4.: Lattice constant a [A] of periclase determined with the new
potential compared to ab initio and experimental studies.

Figure 5.9.: Sketch of the hexagonal scalenohedral crystal structure of
-alumina. From [14].

is frequently adopted in microelectronic devices, i.e., dd e ect transis-
tors or integrated circuits. Another important eld of appl ication is the
coating of metallic components. Alumina covering aluminumis known to
prevent further oxidation of the metal. Since alumina is chaacterized by
a high melting point and also a high degree of hardness, apmlations at
high temperatures and high mechanical demands are possibleTogether
with diamond, -alumina belongs to the two hardest minerals in the world
(9 Mohs compared to 10 Mohs for diamond). Mechanical propeiies such
as tensile strengths and fracture processes are of high imgance in most
application areas. Hence, the main task of the below preseatl alumina
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force eld is the simulation of propagating cracks.

Due to this technological signi cance, alumina was frequetly investi-
gated experimentally [18, 50, 59] and by ab initio methods [Z, 58, 99, 100].
First-principles methods are well established for calculéing the work of sep-
aration or the surface energy. However, the investigation bdynamic pro-
cesses such as crack propagation requires systems with sigantly more
atoms and larger timescales than ab initio based methods noadays can
deal with. Hence, it was an important and new challenge to deglop a
suitable polarizable interaction force eld for MD simulat ions.

-alumina has a hexagonal scalenohedral crystal structurewhich cor-
responds to point group Dsg. A structure sketch is shown in gure 5.9.
In hexagonal and rhombohedral lattice systems, the BravaisMiller index
(BMI) which has four numbers (hkil ) can be applied. Here,h,k and | are
identical to the basic Miller index, and i = (h+ k) is a redundant number.
The BMI is sometimes more meaningful than the Miller index, because it
makes crystal symmetries apparent by permutation. In gure 5.9, three
crystallographic planes are exemplarily characterized byits BMI. A crack
is geometrically always characterized by the crystallograhic plane inside
of which it is arranged, and the direction in which it propagates.

5.3.1. Force eld parametrization

At rst, a set of 67 -alumina crystal structures with 360 atoms, in total
24 120 atoms, was prepared [32]. This reference database isngposed of
three kinds of structures:

1. crystals strained up to 20% in [0001],2110] and [@10] directions at
zero Kelvin,

2. structures with free (0001), (2110) and (QL10) surfaces at zero Kelvin,

3. equilibrated snapshots taken out of a VASP ab initio MD trajectory
(see section 2.2.2), where an ideal crystal is heated from meKelvin
up to 2000 Kelvin.

The alumina force eld generation is focussed on crystallie solids with well-
de ned structure. Hence, no initial ad-hoc potential is required to generate
a reference database. This is only necessary for nonperi@dcondensed
structures as in the cases of liquid silica (section 5.1) andiquid magnesia
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Qal Jo o ba o Cal o
1.122608 -0.748406 0.026576 18.984286 -5.571329
Dai Al Da o Do o
0.000890 1.000058 0.005307

Al Al Al O oo
12.737442 8.077778 12.081851

Al Al Al O o o
5.405175 1.851806 3.994815

Table 5.5.: Force eld parameters for alumina as introduced in equation s
(3.13) (3.15), given in IMD units set eV, A and amu (hence cha rges are
multiples of the elementary charge).

(section 5.2). The 67 structures were again applied as inputon gurations
for VASP and by use of PAW pseudopotentials (energy cut-o for aluminum
EA!, =396 eV) in the GGA approximation as approved in the silica and
magnesia case.
The weights in pott were chosen to we = 0:03 and wg = 0:28. Setting
=0:1A ' acuto radius of 10 A was found to be su cient. The nal
set of parameters is shown in table 5.5. The rms errors are F¢ = 0:0492

Fs =0:0273and F¢ = 0:3507

5.3.2. Validation

Initially, basic properties of crystalline alumina such as lattice constants
[32], cohesive energies [32] and vibrational properties we determined.
Additionally and relevant for fracture studies, the validation simulations
focused on surface relaxations, surface energies and stses of strained
con gurations.

Lattice constants and cohesive energies are obtained by pssure relax-
ation: Besides energy minimization, the pressure tensor ofhe sample is
calculated at each step, and the size of the simulation box ishanged by a
small amount in order to lower that pressure. After inserting surfaces or
interfaces into the relaxed sample, a further relaxation isperformed which
reveals surface or interface energies. As can be seen fronbla 5.6, lat-
tice constants and cohesive energy of crystalline -alumina obtained with
the new potential agree well with ab initio calculations by Hocker [32] and
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a C Ecoh
A) A (eV)
New potential [32] 4.79 12.97 31.85
Ab initio (Hocker [32]) 4,78 13.05 32.31
Lit. (experiment) 4.76 [92] 13.00 [92] 31.8 [95]
Lit. (ab initio) 33.0 [82]
E (0001 E1120) E010)
(I/m?) (I/m 2) (I/m 2)
New potential 1.59 1.65 1.89
Ab initio (Hocker [32]) 1.55 1.83 1.98
Lit. (ab initio) 1.85[85] 2.44[85] 2.39 [85]
2.03[562] 2.23[52] 2.50 [52]
1.76 [55]
1.54 [69]

Table 5.6.: Lattice constants a and c, cohesive and surface energies ob-
tained with the new potential compared to ab initio results a nd literature
data. The ab initio data was obtained by Hocker [32] with VASP .

previous studies.

The partial VDOS for aluminum and oxygen (G (E) and Go(E)) were
obtained in the same way as for silica and magnesia. Howevarp signi cant
frequency scaling ( = 0:004) was necessary, which is a strong indicator
for the e ciency of the force eld. Figure 5.10 shows the partial and
generalized VDOS. The key features of the curves obtained Wi the new
potential and an ab initio study from Ref. [49] coincide. For the partial
VDOS of aluminum, both studies show a broad band between 41 ah 83
meV. The ab initio results show less states in the low-energpand between
15 and 30 meV. There are two sharp peaks between 87 and 100 maVvthe
ab initio curve, whereas the new potential shows one broadepeak with a
shoulder which indicates the second peak. The curves for theartial VDOS
of oxygen are in good agreement. Both simulation and ab initd calculation
show the main band of states between 12 and 85 meV with similacurve
progression and three local maxima at around 35, 47 and 62 meVlhese
characteristics are also re ected in the generalized VDOSIn addition, the
generalized VDOS obtained with neutron scattering [50] is @picted, which
shows the same main characteristics of the curve on a qualiteve level.
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Figure 5.10.: VDOS calculated with the new potential compared with an
ab initio study [49] and experiment [50]. a) Partial VDOS for aluminum
atoms, b) partial VDOS for oxygen atoms, c) generalized VDOS .

The literature surface energies [52, 55, 69, 85] given in tdb 5.6 dier
among each other which originates from the di erent methodsused in the
ab initio approaches. The ab initio calculation of the (000]) surface energy
by Hocker [32] agrees with the value obtained in Ref. [69], wére also the
VASP code with the same pseudopotential and exchange-coriaion ap-
proximation was used. For all investigated surfaces, the egrgies obtained
with the new potential and with ab initio methods agree. Both results
reveal that the (0001) surface has the lowest surface energgnd the (0110)
surface the highest one. The studies of Ref. [52, 55, 85] yikslightly higher
energies for all investigated surfaces.

The surface structure after relaxation is shown in gure 5.11. This com-
parison study was done by Hocker [32]. It reveals that the Al @doms of the
outermost Al-layer are moved closer to the outermost O-laye at the (0001)
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a)

b)

d)

Figure 5.11.: Surface relaxations for the new potential compared with ab
initio calculations. Red: oxygen. Blue: aluminum. a) (0001 )-surface,
ab initio, b) (0001)-surface, MD, c) (0 110)-surface, ab initio, d) (0110)-
surface, MD. This comparison study was done by Hocker [32].
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Figure 5.12.: Stresses of strained con gurations with [0001] (green),
[2110] (red) and [0110] (blue) strain directions against the stress ten-
sor component in direction of strain. The curves obtained wi th the new
potential are marked with squares, those from ab initio calc ulations with
circles. The stress calculation was done by Hocker [32].

Al-terminated surface, which is known to be the most stable 0001) surface
termination. The atomic adjustment perpendicular to the surface obtained
with the new potential agrees very well with the ab initio results. The dis-
tance of an Al- and an O-layer is 0.83 A, whereas this value deeases to
0.15 A (MD) respectively 0.14 A (ab initio) at the surface. A relaxation of
the oxygen atoms can be seen at the (0L0) surface. Both MD and ab initio
study show that the three oxygen atoms per unit cell which are initially
in a row along the direction orthogonal to the plane of gure 5.11 relax
to di erent distances from the initial surface. Furthermor e, a relaxation
towards the neighboring Al-atoms in the rst layer occurs. T he results ob-
tained with the new potential again coincide with the ab initio calculation.
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One di erence, however, can be seen at the second layer: Ewesecond Al
atom in each row orthogonal to the gure plane is slightly displaced to-
wards the surface in the ab initio relaxation. This e ect is not observed in
the MD relaxation simulation. Neither the MD nor the ab initi o relaxation
study of the (2110) surface yield signi cant atomic movements.

As described in section 5.3.1, strained con gurations withstrain direc-
tions [0001], R110] and [@10] were added in the reference database for
the potential optimization approach. To clarify whether th e new poten-
tial can reproduce the stresses of strained con gurationsthese stresses are
calculated by Hocker [32] using MD with the new potential. Figure 5.12
shows a comparison of stresses obtained in simulations to ¢éhstresses of the
underlying ab initio reference con gurations, each with 360 atoms. They
are strained up to 15% in [0001], 2110] and [@10] direction respectively.
The di erence between MD and ab initio results is small at lower strains.
With increasing strain, the di erence increases up to about10 GPa at 15%
strain. The new potential underestimates the stress in all ases. However,
the directions, in which the stress increases, can be repraded correctly:
The highest stresses are observed for strains in [0001] daton, the lowest
stresses are found for con gurations strained in [@10] direction.

In summary, the new potential can be used to simulate mecharmial and
vibrational properties of crystalline -alumina bulk as well as systems
containing surfaces with high accuracy. As in the case of dica and mag-
nesia, the new potential can be applied to lots of investigabns, which
could not yet be adequately investigated with MD simulations due to large
system sizes or boundary condition restrictions. This is gsecially the case
when simulating crack propagation scenarios, where more atms and longer
timescales are needed than in simple bulk simulations. The etailed inves-
tigation of propagating cracks studied by MD simulations with the new
force eld at hand is presented in chapter 7. The force eld isagain ap-
plied in chapter 8, where the in uence of mechanical strain m the eld of
electrostatic dipole moments is investigated.
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Chapter 6.
Signi cance of dipole moments

In the previous chapter, the force elds generated for sili@, magnesia and
alumina were validated as highly accurate. Additionally, it has to be ver-
i ed, whether the extra simulation e ort caused by the new polarizable
terms is justied. The present chapter details studies of the dependency
of metal oxide properties in MD simulations on the polarizalility of oxy-
gen ions. A systematic investigation is not only able to legiimate extra
computer costs, but to itemize, for which system propertiesthe e ects of
electrostatic dipole moments are more important and where e in uence
is negligible.

For crystalline silica, Herzbach and Binder [31] already sbwed, that the
TS force eld is superior to the non-polarizable BKS [89] par potential
models. This trend is also visible in section 3.3.3: The BKS ptential un-
derestimates the volume in the equation of state study (gure 3.9) and
yields deviations in the angle distribution (gure 3.10) and several crys-
talline structure parameters (tables 3.1, 3.2 and 3.3). Reently, polariza-
tion e ects on di erent properties of various molten uorid es, chlorides and
ionic oxides were described by Salanne and Madden [78]. Theithors illus-
trated the impact of polarizability in several exemplary selected systems of
these material classes and predicted the general importacfor structural
and dynamic properties.

In the following, a systematic comparison of two types of force elds is
shown, which only di er by the presence of the polarizable tem; the non-
electrostatic and Coulomb terms have in each case the samerfational form
for both force elds. Hence, di erences in MD simulation applications can
be attributed to polarizability. To obtain a conclusion wit h a high degree of
universality, MD simulation studies of both liquid and crys talline structures
of silica, magnesia and alumina are performed. For each of ththree metal
oxides, two separately optimized force elds are applied:
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0

rms error
S Fe 0.216605 0.192220
Fs 0.040983 0.034099
Fs 1.866665 1.621107
M Fe 0.075370 0.116994
Fs 0.029595 0.022774
F+ 0.671468 0.529535
A Fe 0.139316 0.049172
Fs 0.055651 0.027273
Fs 0.203966 0.350653
Table 6.1.: rms errors from the optimization of the force elds (from
chapter 5) and ° (with = S, M, A for silica, magnesia and alumina
respectively).
() © (with =S, M, A for silica, magnesia and alumina respectively):

short range interactions of Morse-Stretch (MS) form (equaton 3.13)
combined with Coulomb interactions between charged partites (new
force elds, detailed in the following).

(i) . extension of (i) by adding polarizability to the oxygen ions (ex-
actly the force elds presented in the previous chapter).

For a direct and systematic comparison, type (i) force elds for silica,
magnesia and alumina were generated, which consist of a MS sh range
part combined with Coulomb interactions between charges. e latter are
treated with Wolf summation as described in chapter 3.1.3. Hence, the
only dierence concerning the functional form compared t o the force
elds presented in chapter 5 is the absence of the polarizakl term. The
parameters, however, di er among each other compared to thegolarizable
force elds from chapter 5 due to the independently performel generation.
Table 6.2 shows the corresponding parameters of the non-parizable force
elds.

Although the potentials have three more parameters than the °
(13 compared to 10), they do not describe the reference dataigni cantly
better than the ©. This is illustrated by the rms errors, that are shown
in table 6.1. Indeed, there is a trend favoring the polarizalbe potentials:
seven of nine rms errors are better in the case of . And in the case of
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Figure 6.1.: Normalized radial distribution functions for Si Si, SiO a nd
O O in liquid silica at 3000 6000 K. The solid (dashed) curve s belong
to s ( Q).

silica and magnesia, the rms errors are on average smallefor  than
for 9. For alumina, however, it is the other way round. Thus, the rms
errors are only rst indicators of the quality of the generated force eld,
but they are not able to denote the practicability of a potential model.

6.1. Comparison of accuracy in simulations

It appeared already reasonable in chapter 5 that force eldsmay also yield
gualitative results beyond the range for which they were opimized. How-
ever such applications beyond the optimization range shoul be closely
veri ed. In the following, the tests are focused on the rangefor which the
force elds were trained, but results are also shown outsidehis zone to
enlarge the validity of this comparison study.

6.1.1. Microstructural properties

First, the in uence of polarizability on microstructural p roperties is illus-
trated. The radial distribution functions for liquid silic a (4896 atoms) at
3000 6000 K are, in each case, evaluated for 100 snapshotskien out of
100 ps MD runs at the given temperature. The averaged curvesra given
in gure 6.1. The curves obtained with 2 are similar to the curves of

s. The existing slight deviations decrease with increasingemperature, so
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g Dsi si Dsi o Do o
0.100032 0.100250 0.076883
Si si si 0 oo
11.009449 11.670530 7.505632
Si si Se oo
2.375990 2.073780 3.683866
Osi GJo
1.799475 -0.899738
¥ Dwmg Mg Dmg o Do o
0.038258 0.100261 0.065940
Mg Mg Mg O oo
9.108854 10.405694 7.962500
Mg Mg Mg O O O
3.384000 2.417339 3.448060
Ovig Jo
1.100730 -1.100730
A Da a Da o Do o
0.002164 1.000003 0.000018
Al Al Al O oo
10.855181 7.617923 16.719817
Al Al Al O oo
5517666 1.880153 6.609171
Oal Go

1.244690 -0.829793

Table 6.2.: Parameters for the potentials 2, § and 2, given in IMD
units set eV, A and amu.

a (A) c (A) Econ (V)

0 4.87 13.24 34.71

A 4.79 12.97 31.85
Ab initio 4.78 13.05 32.31
Experiment 475[92] 12.99[92] 31.8[95]

Table 6.3.: Lattice constants and cohesive energy per ALOsz unit of
-alumina at zero Kelvin obtained with  » and $ compared with ab
initio results (from Hocker, see section 5.3) and experimental data.
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Mg-Mg

(&) r(A r(A

Figure 6.2.: Normalized radial distribution functions for Mg Mg, Mg O
and O O in liquid magnesia at 3000 6000 K. The solid (dashed) curves
belongto wm ( ).

a (A c (A SiO(A) sSiosi
g 4.98 5.47 1.67 139
s 5.15 5.50 1.65 148.5
Theory 4.97 [25] 5.39 [25] 1.61[24] 145 [24]

Table 6.4.: Lattice constants, SiO bond length and SiO Si angle of
-quartz at 300 K compared with theoretical studies.

the polarizability is more important for lower temperature s. For magnesia
(see gure 6.2), the radial distribution functions show comparable behav-
ior: small deviations between §, and u, that decrease with temperature.
Apparently, the radial distribution in high temperature ox ide melts does
not require polarizable oxide ions.

A stronger in uence of polarizability is observed on bond argles. Fig-
ure 6.3 (left) depicts the oxygen centered angle distributon at 3000 6000
K in liquid silica and magnesia, respectively. Both g and ), overesti-
mate the region of lower angles and underestimate the regiomwf higher
angles. Potentials with electrostatic dipole moments yietl the correct shift
of the distributions to slightly higher angles. Again, deviations decrease
with increasing temperature. Although  and % were optimized for low-
temperature crystalline structures, the behavior for liquid alumina at 3000
K is probed. Figure 6.3 (right) shows the oxygen centered anlg distribu-
tion in alumina compared to a recent ab initio study [91]. Although the
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ab initig =
o —
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Figure 6.3.: Left: Normalized oxygen centered angle distributions in
liquid silica and magnesia at 3000 6000 K for swm (solid curves) and

gIM (dashed curves). 2 vyields a shoulder between around 80 and
130 degrees, whereas the band at around 135 170 degrees is uteresti-
mated. Similarly, % yields a shoulder between around 65 and 95 de-
grees, whereas the band at around 110 150 degrees is underéisnated.
Deviations decrease with increasing temperature. Right: T he oxygen
centered angle distribution in liquid alumina is shown at 30 00 K for A

and % and compared to an ab initio study [91].

trend of shifting angles to higher values by allowing for poarizability is
not reproduced in this case, polarizability yields a curve vhich is in bet-
ter agreement to ab initio data. These results coincide withRef. [78],
where the authors stated that polarization e ects in ionic systems play an
important role in determining bond angles.

The electrostatic dipole moments also in uence crystallire structure pa-
rameters. The lattice constants of -alumina are given in table 6.3. A
yields an accurate agreement both with ab initio and experinental data,
whereas with ¢ the lattice constants are overestimated (in each case
around 2% deviation). However, both stabilize the trigonal crystal struc-
ture. Lattice constants, Si O Si angle and Si O bond length for -quartz
at 300 K (see Table 6.4) were also determined, which is outsathe opti-
mization range for the s and g potentials. The average relative deviation
of all parameters is for both potentials very similar (2.6% br s and 2.3%
for g). On closer inspection, g yields more accurate lattice constants,
whereas g better reproduces the Si O Si angle and Si O bond length.
This is consistent with [78] and the results above concernig liquid metal
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Figure 6.4.: Equation of state of liquid silica at 3100 K for s and 2
compared with experiment [21] and ab initio calculations [3 8].

oxides, where also the polarizability is more important for an improved
description of bond angles than for atomic distances.

6.1.2. Thermodynamic properties

The cohesive energy for -alumina is shown in table 6.3. A coincides with
ab initio and experimental results, Q overestimates the cohesive energy
(averaged deviation of 8.3%). This clear deviation shows tht electrostatic
dipole moments have to be taken into account, when probing meroscopical
system properties.

To investigate the inuence of polarizability on other ther modynamic
properties, the equation of state of liquid silica (3100 K, e gure 6.4) and
magnesia (5000 K and 10 000 K, see gure 6.5) respectively wasbtained
on the lines of the validation simulations in chapter 5. The arves obtained
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Figure 6.5.: Equation of state of liquid magnesia at 5000 K (left three
curves) and 10 000 K (right three curves) for y and §, compared with

ab initio calculations [37].

with s and \ coincide with ab initio results as well as with experiment in
the case of silica. The potentials ¢ and §,, however, show a clear under-
estimation of the volume, which illustrates the need for pohrizability. The
insu ciency of %, does not decrease with increasing temperature as in the
case of microstructural properties. For the equation of stée, polarizability
has to be taken into account regardless of the simulation terperature.

6.2. Stress analysis and summary

Apparently, the equation of state of liquid oxides shows themost signi cant
di erence between © and ; the potentials without polarizability seem
to lack a signi cant contribution to the pressure. The addit ional pressure
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Figure 6.6.: Values computed by each potential (top silica, central mag-
nesia, bottom alumina) plotted against its reference data v alue. A point

placed on the bisecting line corresponds to perfect matching. Left: force
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components of each con guration (in meV/A); right: stress ¢ omponents
of each single atom (in MPa).
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in simulations with can however not directly be attributed to dipolar

interactions. An analysis of the virial showed that Uy, and U,, (see equa-
tion (3.20)) only contribute about 1.2% of the total virial ( and thus the

pressure); the higher pressure for these systems resultsnabst exclusively
from stronger MS and Coulomb contributions to the virial. As the atomic

forces are described with comparable precision for both setof potentials,

this implies that the dipolar interaction is required to obt ain correct pres-
sures and forces simultaneously, especially as the concéng polarizable
force elds have higher absolute values of the atomic charge

When looking at the parameters of the respective force eldsit is not-
icable that in the ©, the MS potentials are stronger at smaller atomic
distances: The absolute value of the MS strenglDj is higher and the
stretch length ; (cf. equation (3.13)) is shorter in the non-polarizable po-
tentials. This seems to indicate that in this case MS is requied to describe
the atomic interactions for nearest neighbours, while the dpolar interac-
tions provide these contributions for the force elds with polarization.

A better insight is uncovered by inspecting in detail, how acurate the
reference ab initio forces and stresses are reproduced by ehparticular
force elds: Figure 6.6 depicts scatter plots, where for edg single quantity
(force component, stress component) the value computed byhe potential is
plotted against its reference data value. Hence, for perféenatching a point
is placed on the bisecting line. As can be seen from the left lee graphs
of gure 6.6 showing the force components of each single atonboth force
eld types and © yield distributions scattered around the bisecting line.
The only dierence between and © is how accurate the bisecting line
is hit. In the right graphs, however, where the stress compoeants of each
con guration are depicted, clear deviations are uncovered For silica, 2
just reproduces the stresses slightly worse thans. However, §, produces
unnatural meanderings from the optimal matching at the left end of the
graph (negative stress component values). The failure beecoes even more
apparent in the alumina case, where § underestimates the stresses over
the whole data set. To sum up, the scatter plots predict less aecuracy for
the ©, when investigating system properties with a strong dependnce on
stress and pressure.

In summary, the strongest in uence of polarizability is observed in macro-
scopic thermodynamic properties as the equation of state ahthe cohesive
energy. The dipole contributions are indispensable, whenisulating sys-
tem properties, where collective atomic behavior is imporant; here, the
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dipole interplay seems to be of signi cant importance. Therfore, the col-
lective phenomena, which are investigated in the followingtwo chapters
(cracks in chapter 7 and exoelectricity in chapter 8) are modelled with

the polarizable force elds (as presented in chapter 5). Als on a micro-
scopic scale, the role of dipoles is visible. However, the imences are more
relevant for bond angle formation than for atomic distancesin both liquid

and crystalline structures. Simple pair potentials with Coulomb interac-
tions seem to be compatible to describe local radial distrintions. Collec-
tive dipole mechanisms, however, are important to model thecorrect bond
angles. The in uence of polarizability on microscopic distibutions always
decreases with increasing temperature.
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Chapter 7.

Cracks in -alumina

Below, the rst MD simulations of crack propagation in a metal oxide with

a potential that takes into account the polarizability of ox ygen atoms are
presented. The simulations which are detailed in the folloving were per-
formed by Stephen Hocker [32] with the force eld introducedin section
5.3. The rst section (7.1) addresses the analysis of the prpagation direc-
tions obtained by cooperation with Hocker [32]. The second ection (7.2)
focusses on the investigation of the in uence of cracks in -alumina on the
dipole eld which was done by the author with the visualizati on support
of Sebastian Grottel [28].

7.1. Crack propagation

To investigate crack propagation at constant energy releas rate, con g-
urations were prepared with dimensions b;b,;b,) of 21 3 13 nm?3
which contain about 80 000 atoms. Lateral planes of these culids are
the (0001), (0110) and (2110) crystallographic planes. An elliptical initial
crack of 5 nm length in x-direction was inserted on one side of the samples
by moving atoms in z-direction (see gure 7.1). The opening of the crack
is always calculated with the Gri th criterion: In front of t he crack tip the
sample is linearly strained until the elastic energy due to &ain is equal
to the Grith energy G o which is twice the surface energy of the crack
plane. This criterion was full lled at about 4% strain. Thes e structures
were then relaxed to obtain the displacement eld of a stablecrack. Pe-
riodic boundary conditions were applied in the direction albng the crack
front, whereas xed displacement boundary conditions wereapplied in the
other directions. Initial con gurations for crack propagation simulations
with di erent energy release rates were obtained by a linearscaling of this
displacement eld. During the crack propagation simulations, the NVE
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a)

b)

c)

Figure 7.1.: Crack propagation in -Al,O3 (Al-atoms blue, O-atoms
red). a) Initial crack in ( 2110) plane, b) initial crack in (0001) plane, c)
initial crack in (0 110) plane.

ensemble and a starting temperature of 0 K were applied.

Since e ects from the boundary conditions (which involve umatural sur-
faces in some directions) should be excluded, a crack propatijon test sim-
ulation with periodic boundary conditions in all direction s was performed.
In this case, a symmetrical crack was inserted in the middle bthe sample.
As long as the two crack tips are far away from each other (whih is true up
to about 5 nm distance), the same result as with the boundary onditions
described above are observed. Hence, possible boundary dition e ects
can be excluded.



7.1 Crack propagation 113

7.1.1. Cracks in a (2110) plane

Initial cracks were inserted in a (2110) plane with crack propagation direc-
tions [0001] or [AL10]. In both cases, the initial crack is stationary at enery
release rates up to 1.5@. Higher energy release rates lead to crack prop-
agation in the initial ( 2110) plane. It is known that the discrete character
of interatomic bonds which reveals itself in the so called I&ice trapping
e ect can retard crack propagation to energy release rates &yond the criti-
cal energy release rate determined by the Gri th criterion. As can be seen
from gure 7.1 a), yet at high energy release rates bond breaikg between
the two crack lips is not continuous. Chains of atoms bridgirg the crack
lips stay intact during the simulation. Furthermore, considerable disorder
is observed at the resulting crack surfaces. In [010] propagation direction,
these e ects are slightly more pronounced than in [0001] prpagation di-
rection. It cannot be ruled out that these very strong bonds ae caused
by inaccuracies of the force eld. However, the observatiorof intact bonds
bridging the crack lips agrees with previous simulations ofalumina, where
it was stated that these atomic chains were observed in expénents as well
[98]. The present results show that cracks are able to propage in (2110)
planes in both [0001] and [@10] directions. This is in accordance with elec-
tron micoroscopy experiments [59], where it turned out that cracks occur
in a (2110) plane although these are not the preferred fracture pines.

7.1.2. Cracks in a (0001) plane

The (0001) planes are the closest packed planes ofAl,O3; therefore cleav-
age of these planes is improbable. The present simulationson rm that
cracks do not propagate in the (0001) plane in which the inital crack was
inserted with crack propagation directions [2110] or [AL10]. At energy re-
lease rates below 1.7 @ a damaged region in front of the crack tip was
generated with atomic disorder similar to the case of the 2110) plane.
However, the crack tip did not move. More interesting is the (0001)[QL10]
oriented initial crack at higher energy release rates: As ca be seen from
gure 7.1 b), the crack propagates in a (10L2) cleavage plane. Due to the
boundary conditions, the crack surfaces cannot separate copletely, but a
row of oxygen atoms stays in the crack path. In contrast to thecracks in
a (2110) plane, there is no disorder along the crack surfaces.hE observed
crack propagation in a (101L2) cleavage plane agrees well with electron mi-
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croscopy investigations [59] which revealed that fracturesurfaces of the
(1012) cleavage planes are frequently observed in-alumina.

7.1.3. Cracks in a (0 110) plane

Cracks initially inserted in a (0110) plane in R110] direction propagated
in this orientation starting at energy release rates of 2.2G. In the case
of a [0001] crack propagation direction ( gure 7.1 c), the maement of the
crack tip was observed at energy release rates above 1.9G Similar to
the case of the (0001)[@10] orientation, the crack changed its propagation
plane. As can be seenin gure 7.1 c, the crack moved partiallyn the initial
(0110) plane, but also partially in a (1012) cleavage plane. As in the case of
cracks in (2110) planes, the initially (0110)[2110] or (QL10)[0001] oriented
cracks generate disorder at the crack surfaces during cracgropagation;
some atomic bonds stay intact across the crack opening.

In summary, simulation results performed with the force eld presented
in section 5.3 agree well with recent electron microscopy westigations
[59]. Propagation directions as well as microstructural b&avior of di erent
cracks in -alumina coincide in both studies.

7.2. Inuence of crack on dipole eld

The crack samples have a non-vanishing and heterogeneousran eld.
The orientation of electric dipole moments in crack propagdion simulations
can then dier signi cantly from the orientations in other ¢ on gurations
of the same material due to e ects of strain. In addition, the presence of
charged surfaces in uences dipole orientations. In the fabwing, the two
most meaningful crack simulations are picked to investiga¢ the electro-
static dipole eld:

(1) crack in a (2110) plane propagating in [@10] direction as analyzed
in section 7.1.1 and shown in gure 7.1 a),

(2) crack inserted in a (0001) plane propagating in a (102) cleavage
plane as analyzed in section 7.1.2 and depicted in gure 7.1)b

Charged crack surfaces depend on the crack propagation plas. As
shown in gure 7.1 a), the initial surfaces of type (1) cracksare oxygen
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Figure 7.2.: Type (1) crack, aluminum atom sphere glyphs are removed
for a clear view. The oxygen terminated surfaces of the crack show
the expected alignment of induced dipole moments: Above the crack,
dominant blue arrows point to the crack, below the crack, dom inant
yellow arrows point to the crack. Dipoles are aligned in the r egion in
front of the crack tip which corresponds to the strained part of the
con guration. Surface e ects, however, induce stronger di pole moments
as can be seen from the length of the arrows.

terminated. Therefore, it can be expected that the dipoles & the oxygen
atoms at each crack surface are aligned in the same directicend the align-
ment on the other crack surface is the other way round. This agustment
is reproduced in simulation, as can be seen in gure 7.2. It isigni cantly

more pronounced at the surfaces of the initial crack (left pat of the crack
in gure 7.2), but it can be seen also along the crack surfacesreated by the
propagation (right part of the crack). In the latter case, th e disorder along
the crack surfaces and the intact atomic chains across the eck opening
reduce the alignment.

Collective orientation mechanisms of electric dipole momets due to
strain can only be observed in crystals, where the inversiorsymmetry is
broken. Therefore, in bulk -Al,O3 usually no dipole alignment is ob-
served. In the crack propagation simulation, however, the mversion sym-
metry is broken by the crack itself, because it causes a hetegeneous strain
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Figure 7.3.: Same situation as in gure 7.2, but moments with magni-
tudes smaller than 40% of the maximal magnitude are ltered o ut.

situation. As can bee seen from gure 7.2, collective orierdtion of the elec-
tric dipole moments is observed. Dipoles are aligned in theegion in front
of the crack tip which corresponds to the strained part of the con gura-
tion. On the contrary, in the unstrained regions below and alove the crack
surfaces the dipoles show no preferred orientation. The dierent orienta-
tion regions are more pronounced by the shading mechanism situssed in
section 4.2.2. These so-called exoelectric e ects of hetegeneous strain
on the dipole eld are investigated in more detail in chapter 8.

All e ects of collective dipole behavior become even more gparent, when
a lter (introduced in section 4.1) is applied. Figure 7.3 shows the same
dipole eld asin gure 7.2, but moments with magnitude small er than 40%
of the maximal magnitude are ltered out. From this it follow s that the
region in front of the crack not only features collective oriented but also
stronger dipole moments than regions below and above the cck.

Figure 7.4 nally shows four snapshots taken out of the 5 ps tajectory of
a type (1) crack simulation (1 ps simulation time between eab snapshot).
This time, iso surfaces in the FA eld are shown to separate tte regions
with high dipole order in front of the crack from regions with low order
above and below the crack. In this way, a time-resolved obseation of the
in uence of the crack on the dipole eld is possible. During the whole crack



7.2 In uence of crack on dipole eld 117

analysis, an iso value of 0.81 was found to be su cient. In thefollowing, it
is detailed, how the crack disturbes the eld of oriented dipole moments.
Several mechanisms were uncovered by the FA visualizatiorechnique and
are presented below.

7.2.1. Vesicular disorder regions

Figure 7.5 depicts a type (2) crack at rsta snapshot at the v ery beginning
of the simulation. Although the crack did not yet change its propagation
direction, it already has an in uence on the alignment of the surrounding
dipole moments. This can be seen through the considerably dirent iso
surface shapes above and below the crack. Above the crack ooan observe
a large region of uncorrelated orientation, whereas belowrdy a very small
similar area exists. This behavior can be understood when cewidering the
strain situation: The type (2) crack energetically prefersa (1012) cleavage
plane which can only be entered by bending up. Bending down wad result
in a backwards motion that can be excluded due to the crack setp. Hence,
the mechanical in uence of the crack on the region above is dérent than
on the region below.

The lower picture of gure 7.5 shows the same simulation run dter 2.4
ps. At this point, the crack has changed its propagation direction and
a vesicular disorder region moving away perpendicularly fom the crack
can be seen (blue arrow); its averaged diameter is 42 A. Thisype (2)
setup most clearly uncovers one of the disturbance mechaniss of a crack
on the dipole eld: No homogeneous realignment in the eld of dipoles
takes place, but vesicular disorder regions coming from therack enter the
formerly correlated regions and act as nuclei for disturbirg the correlations
and nally yield isotropic orientations of dipole moments.

7.2.2. Circular waves

Another observation revealed by the FA approach are waves irthe elec-
tric dipole eld. They are the second disturbance mechanismcaused by
the propagating crack. Figure 7.6 shows a circular wave of ghole disorder
coming from the crack tip. Whereas waves in the atomic lattiee (phonons)
caused by a crack are already known and analyzed in detail, thse dipole
waves are a rst-time observation in atomistic simulations. An investiga-
tion of the correlation of dipole waves with phonons is not reuired, because
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it is intrinsic: The dipole moments are calculated self-cosistently in each
MD step; hence collective dipole and atomic behavior are cquled by the
method of the force eld.

7.2.3. Stationary waves

It is expected, that stationary waves can be caused by introdcing xed
boundaries. Figure 7.7 shows six snapshots taken out of a ty (1) crack
simulation at intervals of 20 fs. In this visualization, the scalar eld of FA
reveals a stationary wave in the dipole eld between the cra& tip and the
xed boundary on the right. The disturbance coming from the crack tip is
stabilized by the xed boundaries on bottom and on top of the sample. It
is very interesting that the crack although its front takes less than 20% of
the samples width also acts as a xed boundary for the wave. With the
given colormap (see gure 4.5), wave peaks can be identi edThe brighter
whitish color of the large area in front of the crack in the rst and the
last image show the positive wave peaks while yellow-orangm the two
center images represent the negative wave peak. Hence, thefod of this
stationary wave is around 100 fs.

In summary, the in uence of a crack on the dipole eld can be described
by two phenomena: Perpendicular to the crack propagation diection,
vesicular disorder regions enter the aligned dipoles and aas nuclei for
disturbing the correlations. In addition, a wave-like disturbance is coming
from the crack tip. The MD simulations with the force eld pre sented in
section 5.3 are able to make a statement concerning typical awelengths
and periods of time.
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Figure 7.4.: Four snapshots taken out of the full simulation trajectory
of a type (1) crack (above left at the beginning, above right a fter 1 ps,
below left after 2 ps and below right after 3 ps). Iso surfaces in the
FA eld are shown to separate regions with high dipole order i n front
of the crack from regions with low order above and below the crack.
In addition, vesicular regions of higher order inside the un correlated
regions above and below the crack are uncovered. This indicdes that
the in uence of the crack on the dipole eld is a heterogeneou s process.
The more the crack is advanced, the more homogeneous the FA €d
above and below the crack becomes. The occuring vesicular rgions are
detailed in section 7.2.1. From [28].
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Figure 7.5.: Above: Snapshot of a type (2) crack at the very beginning
of the simulation, from [28]. A higher degree of disordered dipole ori-
entations above the inserted crack than below is visible thr ough the iso
surfaces. Below: Same situation after 2.4 ps and after changd crack
propagation direction. A vesicular disorder region propag ates approxi-
mately perpendicular to the crack (blue arrow).
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Figure 7.6.: The FA scalar eld of a type (2) crack simulation reveals a

circular wave of dipole disorder coming from the crack tip. T he wave-
length is about 7.4 A. The vesicular disorder regions are agan visible
(red areas). From [28].
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Figure 7.7.: Scalar FA eld of type (1) crack simulation at intervals of 20
fs (progression from above left to below right), from [28]. A stationary
wave in the dipole eld between the crack tip and the xed boun dary
on the right is revealed. The brighter whitish color of the la rge area
in front of the crack in the rst and the last image show the pos itive
wave peaks while yellow-orange in the two center images repesent the
negative wave peak.



Chapter 8.

In uence of strain gradient on dipole
eld

8.1. Piezoelectricity

In 1880, Pierre and Jacques Curie discovered the phenomenaalled piezo-
electricity, where voltage emerges from a deformation of th material. In
a microscopic view, oriented electrostatic dipole momentsoccur in some
materials due to external strain. There exist two kinds of piezoelectric
processes: In the rst case, the unstrained material has no igole moments
(dielectric medium). Then, the strain causes a displacemenof oppositely
charged ions against each other forming a dipole moment. Inhe second
case, the material already features dipole moments, but thg are randomly
oriented (paraelectric medium). Then, the strain causes cliective align-
ment of the available dipoles. Both processes can be invegtted with MD
simulations by use of the TS force eld model. However, one hato keep
in mind, that the rst process is approached in the TS model by always
attaching an arising dipole moment to the oxygen ion. As show during
the whole thesis, this approximation yields very resonableand accurate
results for metal oxide systems.

In general, the linear piezoelectric coupling between polazation P and
strain _ can be expressed by a three-stage tensar (threefold underlining
is omitted for a clear view),

P=d (8.1)
which in principle has 27 independent components. Existingsymmetries
reduce this number. In this context, the polarization P is associated with
the dipole momentsp; inside of a given volumeV by

1 X
P = v p;: (8.2)

123
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The corresponding free energy density (with the electric dd E) is then
written as e

fpiezo = %EP = %E d:: Ek dkij ij (8.3)
[HHS
with Ey, dgy and j (i;j;k = 1;2;3) the respective tensor components.
These equations also include the description of anti-piezslectricity (anti-
ferroelectric alignment of dipole moments due to strain), kecause only the
amplitude P of a generalized polarization

P=PpPe¥ (8.4)

enters the free energy contribution  is the wavevector of a periodic po-
larization eld).

The electric eld is expressed by a polar vectorE, which changes its
sign when inverting spatial coordinates. On the other hand,the strain
matrix _ is inversion-invariant. Hence, the free energy in equation(8.3)
would change its sign when inverting spatial coordinates ad therefore has
to vanish in this case: There is no piezoelectricity in crysélline systems
with inversion symmetry.

8.2. Flexoelectricity

In chapter 7 it was shown, that there is very well appearance bcollective
antiferroelectric dipole alignment in front of a propagating crack in -
alumina, although the point group D34 contains the inversion. It was stated
in section 7.2, that the crack breaks the inversion symmetryby generating a
heterogeneous strain situation. This linear exoelectric coupling between
polarization and a strain gradient was rst predicted in 1964 by Kogan
[40]. Although the analytical description [56, 72, 74, 86] a@vanced as well
as experimental [3, 10, 13, 26, 51, 101] and ab initio [34, 58}udies, there
exists no molecular dynamics simulation approach up to now. Indeed,
there is one single atomistic approach [54] where also an almitio based
polarizable force eld was adopted to model dipole orientaton phenomena.
However, only the dependence of polarization on the sampleze is depicted
there. The following results Il the gap.

The linear exoelectric coupling between polarization P and a strain
gradient r _ (which is a three-stage tensor) is described by a four-stage
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tensor h (again fourfold underlining is omitted),
P=hr_ (8.5)

which in general can have 81 independent components in the sa of a total
unsymmetric system. The belonging free energy density is t#n written as

1 1 X
fexo = EEP = éEhr _= Ex hk”j o (86)
ikl
with the tensor components hy; (i;j;k;I = 1;2;3). On the lines of the

analysis of piezoelectricity, also anti- exoelectric e ects are included with
the generalized polarization introduced in equation (8.4)

In contrast to the strain matrix _, the strain gradient r _ is not inversion-
invariant. Hence, exoelectricity in principle can also occur in crystalline
systems with inversion symmetry, which establishes a new ntarial class
for industrial products that are based on generating voltag by deformation
of the material or even more relevant for technological apdications the
other way round: generating speci ¢ current-controlled dformation.

8.3. Periclase

By investigating periclase (crystalline magnesia with cubic sodium chlo-
ride structure), a preferably simple crystalline system ischosen at rst to
investigate the in uence of strain on the dipole eld.

8.3.1. Piezoelectric behavior

Following the symmetry argument in section 8.1, no piezoeletricity can
occur in periclase, because the respective point group f{Ocontains the in-
version. The underlying representation theory illustrates symmetry con-
sequences in more details and is shown in preparation for thanalysis of
exoelectric coupling.

Table 8.1 depicts the character table of @y containing ten inequivalent
irreducible representations. The representation of the ptar electic eld
vector E in the space of G, is given by

DE(On) = Tuu: (8.7)
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On 6C4 3C2Z 8C3 6C, i 3, 64 85S¢ 6S4
Aiqg 1 1 1 1 1 1 1 1 1

Axg =1l 1 =1L 1 1 =1L 1 =1l
Ay 1 1 i -1 -1 -1 -1 -1

1
1

-1 1 1 -1 -1 -1 1 -1 1
2

m
«
WWWWNNRRPREPRREPOD

0 -1 0 2 2 0 -1 0
Eu 0 2 -1 o -2 -2 0 1 0
Tig 1 =1L 0 -1 3 -1 -1 0 1
Tog -1 -1 0 1 3 -1 1 0 -1
T1iu 1 -1 0 -1 -3 1 1 0 -1
Tou -1 -1 0 1 -3 1 -1 0 1

Table 8.1.: Character table of Oy with the cubic symmetry elements:
identity e, n-fold rotations Cp, inversion i, re ections -4 and rotary
re ections S,. The index g stands for even representations, u for odd
ones (de nition on the basis of the sign of the i-character).

The representation of_ can be constructed by building the representation
product of the representation of a polar vector as with itself and then
taking the symmetric part:

D (On)=[Tw Twls = Agg Eqg Tog: (8.8)

To nd the tensor components of d, one has to search for the appearance
of the trivial representation Aig when contracting _ with E (see equation
(8.3)). Following the relationship for the appearance ofA 14 in the Clebsch-
Gordan-coe cients (representation D has character ),

( j M= (8.9)

one only has to look for identical irreducible representatons inside of
DE(Oy) and D (Op). Each irreducible representation, which occurs in
both representations, gives reason to an independent entrin the coupling
tensor d. As easily can be seen (and as expected) E (Oy) contains only
even andD (Oy) only odd representations. Henced does not have any
non-vanishing entry and no piezoelectricity occurs in pertlase.

Molecular dynamics simulations with the force eld presented in section
5.2 are consistent with group theoretical results: A perichse bulk sam-
ple was strained homogeneously in di erent directions and ader di erent
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Figure 8.1.: Glyph representation of a periclase snapshot without any
Iter options. The sample is homogeneously extended in a dir ection
parallel to one of the cubic crystal axis until the edge lengt h in the
elongated direction is nearly 50% longer than the perpendicular ones.
Nevertheless, no collective alignment of electric dipole moments is visi-
ble.

loads and no correlated orientations of dipole moments ocau Figure 8.1
shows a snapshot of a simulation with periodic boundary conttions, where
the periclase sample is homogeneously extended in a directi parallel to
one of the cubic crystal axis until the edge length in the elogated direc-
tion is nearly 50% longer than the perpendicular ones. Nevéheless, no
collective alignment of electric dipole moments is visible The dipoles are
randomly oriented over the whole sample, the net dipole momet is neg-
ligible. Everywhere, the FA scalar eld takes insigni cant values. Figure
8.1 can be taken as a reference for the following alignment gmomena.
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Figure 8.2.: Glyph representation (without Iter) of the periclase trap e-
zoid sample. The dipoles of each ion, which do not belong to the xed
boundary, are oriented exactly in the same direction (unifo rm purple
arows), namely perpendicular to the direction of the strain gradient.

8.3.2. Flexoelectric behavior

Contrary to piezoelectric behavior, exoelectric coupling in periclase is ad-
mitted to arise by symmetry aspects. The representation ofE in the space
of Oy, was already given in equation (8.7). The representation of _ can be
constructed by building the representation product of the representation
of a matrix as _ (see equation (8.8)) and a polar vector a£:

D' (On)=(A1y Eg Tag) Tu

(8.10)
= A2u Eu 3T1u 2T2u:

To nd the tensor components of h, one has to search for irreducible rep-
resentations which occur in both representationsDE (Op) and D" (Op).
In the present case, Ty, is found three times which implies three inde-
pendent tensor entries and the possibility of exoelectric behavior. The
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explicit structure of the coupling tensor h can be obtained by use of the
A1g-projector to nd the appearance of the trivial representation A1g when
contracting r _ with E. Details of the approach and the explicit exoelec-
tric free energy density are given in appendix C. The resulthg coupling
tensor components are given by

hgi =(h1r hio 2hag) Wi + how i + haa( i j + k5 0); (8.11)

where ; is 1 for all indices equal and zero otherwise. This result isni
accordance with the analyses of Maranganti [56] and Shu [81]

A simple way to introduce heterogeneous strain to the perichse sample
in MD simulation is to strain the sample in one direction with increas-
ing magnitude along a perpendicular direction. The resulthg geometry is
a rectangular trapezoid. Taking this trapezoid with dier ent amounts
of strain as input in IMD, one single NVE simulation step wit h open
boundary conditions was performed to get one full iteration cycle of the
TS dipole routine. Longer MD simulations would naturally di minish the
strain gradient, because this forced strain situation is urstable. As ex-
pected from the symmetry analysis, a strong exoelectric béavior appears
as shown in gure 8.2 (each of the periclase samples shown ithis section
depicts the most highly strained situation (50%) in order to visualize the
strongest exoelectric e ect). Without regard of the unnat ural xed single
layer boundary, the dipoles of the whole sample are orientegxactly in the
same direction, namely to the bottom right, which is roughly perpendic-
ular to the direction of the strain gradient (top right). Ano ther view of
the trapezoid sample was already depicted in gure 4.6 on pag 75 as an
example for directional similarity (DS).

The dipole alignment in IMD is in accordance with theory: In t he trape-
zoid sample, strain was introduced in z-direction (;; 6 0) with a gradient
in the yz-plane (r y 6 0 andr , 6 0). From equations (8.5) and (8.11), it
then follows that the polarization is given by

0O 1 O 1
Py 0
P=@pA = @hyyr y ,A: (8.12)
Pz hllr z 7z

The polarization and with it the dipole moments must be aligned in the
yz-plane. Furthermore, already the qualitative analysis d the IMD results
predicts a positive (negative) sign forhyy (hiz).
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Figure 8.3.: Magnitude P = jPj of the polarization and the components
Px, Py and P, plotted against strain gradient for the periclase trapezoi d
sample. In all cases, a linear scaling with increasing strain is apparent.
The curve of Py clearly shows, that dipoles are aligned in the yz-plane.
From the slope of the curves of Py and P., the exoelectric coupling
coe cients hjy; and hiz can directly be determined.

In the same manner as described before, 20 periclase trapedsamples
strained from zero up to 50% have been set up. As can be seen imgure
8.3, the magnitude P of the polarization (boundary atoms omitted) scales
linear with increasing strain. This does not only legitimate the previous
made assumption of a linear response theory, but is also in aordance
with recent experiments: Cross [13] has shown the linear cquling between
strain gradient and polarization for di erent ionic bulk ma terials as well as
the 2012 published work from Baskaran and He [3] where an ingigation
of exoelectric coupling in polyvinylidene ouride Ims pr edicts that the
exoelectric polarization is linearly proportional to the strain gradient.
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Figure 8.4.: Flexoelectric free energy density as a function of strain gra-
dient.

With equation (8.12), the simulation provides the coupling coe cients
hi11 and hy,. Figure 8.3 shows the three component®,, P, and P, of the
polarization, where also the linear coupling is veried. The curve of Py
clearly shows, that dipoles are aligned in the yz-plane. Frm the slope of
the curves of Py and P,, the exoelectric coupling coe cients can directly
be determined:

hiy=2 10 2 £;
cm (8.13)

hi,= 12 10 123:
cm

There is no prior literature specifying the exoelectric coupling constants
for periclase. There exist, however, several experimentdB, 13, 101] and
ab initio [57] studies, where the coupling coe cients of other cubic bulk
materials (GaAs, NaCl, KCI, barium and strontium titanate) have been
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measured/calculated. The resulting magnitude order for the coupling is
always comparably.
The corresponding exoelectric free energy density can be vitten as

1
fexo = E [hllEZr z zz T h12Eyr y 2z ] (814)

as shown in appendix C, equation (C.9). By means of equation§.6), the
relationship between magnitude of the polarization and enggy density can
be obtained: L Lvp v p2

feXOZEEPZE—P: 2
with polarizability = speci ed in table 5.3 (p. 85). The resulting exoelec-
tric free energy density is shown in gure 8.4. As the polariation scales
linearly with strain gradient (see gure 8.3), f ¢xo IS a quadratic function
of strain gradient. The order of magnitude off ¢ isin the range of 0 0.5
meV per particle.

(8.15)

8.3.3. Flexoelectric domains

Further insights were obtained by combining two previous ugd samples to
get a douple-trapezoid as input for IMD. Thereby it has to be mentioned
that the merging was done before starting an IMD run and calcudating the

dipole moments via TS model. Otherwise one would simply comine two

constructed domains. However, the aim was to reveal how theigoles align
from the start in a sample with the new situation of two di ere nt directed

strain gradients. Let the trapezoid in gure 8.2 be copied ard re ected

horizontally. Then, the two trapezoids are connected at itslongest edges.
The result is the following: In the upper trapezoid, the strain gradient

is oriented in bottom-right direction, whereas in the lower trapezoid, the

strain gradient is oriented in top-right direction. In the p revious section,
the dipoles aligned roughly perpendicular to the strain gralient. Hence,
in the described double-trapezoid each single trapezoid stuld become a
separable exoelectric domain. Indeed, this behavior can b achieved as
shown in gure 8.5. Two clean and well separated domains are igible

within which the dipole moments are oriented almost perpendcular to the

direction of the strain gradient. Because the strain gradiets of the two

domains are orientated perpendicular, also the total dipot moment of the
two domains are at right angle.
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Figure 8.5.: Glyph representation (without Iter) of the periclase doub le-
trapezoid sample. Two well separated exoelectric domains (upper do-
main green arrows, lower domain purple arrows) are formed by the di er-
ent directions of strain gradient. Between the two domains, a Néel-Wall
(blue arrows) is visible. DS iso surfaces emphasize the wellseparated
domains. Visualization support from [79].
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Figure 8.6.: Zoomed view on the Néel-Wall of the same sample as de-
picted in gure 8.5. Moments with magnitude smaller than 5% o f the
longest ones were Itered out for a clear view.

The scenario of two exoelectric domains reveals a new ndimg: Inside
of the domain wall, which stresses across four atomic layer@wo oxygen
layers are visible in gure 8.5 via blue arrows), the dipole noments rotate
around an axis parallel to the wall plane. From magnetism, ths kind of
domain border crossing is known as Néel-wall. Figure 8.6 sk a zoomed
view on the wall.

Finally, four trapedoids have been combined similarly to the previous
case to get a fourfold-trapezoid as input for IMD. The constuction is
not done by merging two double-trapezoids because this hexgn-scenario
yields a symmetric sample, in which again two domains are faned. In fact,
four single trapezoids are merged in a manner to construct angferably un-
symmetrical strain situation. The resulting arrow-like periclase sample is
shown in gure 8.7. As can be seen clearly, four well separate exo-
electric domains arise. In each domain, the dipole momentsra oriented
approximately perpendicular to the direction of the local strain gradient.
Unfortunately, the color coding is not accurate enough to dstinguish be-
tween the dipoles of domain top-left and domain bottom-right (or between
domain top-right and bottom-left). However, the direction s are directly
given by the arrow-glyph representation. Due to the descriled alignment,
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Figure 8.7.: Normalized glyph representation (without lter) of the per -
iclase fourfold-trapezoid sample. Four exoelectric doma ins, separated
by Néel-walls, arise. DS iso surfaces emphasize the well segrated do-
mains. Visualization support from [79].

the direction of dipoles of domain top-right and bottom-rig ht are oriented
away from one another. In contrary, the direction of dipoles of domain
top-left and bottom-left are oriented to each other. This di erence may
explain the domain wall alignment detailled in the following. Figure 8.8
shows the same situation with additional Itering of dipole s which do not
belong to any domain. This view further highlights the clear separation of
four exoelectric domains.

Two domains are in each case separated by Néel-walls which é@npha-
sized in gure 8.7 by four zoomed-in views. Due to the previos described
dipole alignment inside of the domains, the domain walls dier among each
other. Because the four walls converge in the center of the saple, the ver-
tically running walls are not homogenously. Between the ceter and the
edges of the sample, those walls exhibit a rotation of orierdtion (from blue
near the center to orange near the edge).
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Figure 8.8.: Same situation as in gure 8.7 with ltering of dipoles which
do not belong to any domain. Visualization support from [79] .

8.4. -Alumina

The second selected and more complex crystalline system is-alumina,
which has hexagonal scalenohedral crystal structure (seegure 5.9).

8.4.1. Piezoelectric behavior

On the lines of the periclase analysis, no piezoelectricitys allowed to occur
in -alumina, because the point group By contains the inversion. Again,
representation theory is applied for detailing the symmetly analysis.
Table 8.2 shows the character table of [y containing six inequivalent
irreducible representations. The representation ofE in the space of B4 is
given by
DE (D3g) = Az Eu: (8.16)

The representation of _ is constructed again by building the representation
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Figure 8.9.: Glyph representation of the -alumina double-trapezoid
sample. Moments with magnitude smaller than 30% of the longest ones
were ltered out. Several domains of anti- exoelectric dip ole alignment
are visible. There are no well de ned domain walls visible but sharp
domain borders.

product of the representation of a polar vector asg with itself and then
taking the symmetric part:

D (Dsd) = [( A2u Eu) (A2u Eu)]+ = 2A19 ZEQ: (8-17)

To nd the tensor components of d, one has to look for identical irreducible
representations inside oD & (D3q) andD (D3q). Eachirreducible represen-
tation which occurs in both representations gives reason t@n independent
entry in the coupling tensor d. As again expected,D (D3q4) contains only
even andD (D3sq) only odd representations. Henced does not have any
non-vanishing entry and no piezoelectricity occurs in -alumina.

Similarly to the periclase case, MD simulations with the new -alumina
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Figure 8.10.: Zoomed view on the double-trapezoid sample as depicted
in gure 8.9. Moments with magnitude smaller than 50% of the | ongest
ones were ltered out for a clear view. Three anti- exoelect ric dipole
domains can be identied (1, 3 and 4). There exists also an area (2),
where the domains 1 and 3 merge uently.

force eld (section 5.3) are able to reproduce the theoretial analysis:
On the lines of the periclase simulations, an -alumina bulk sample was
strained homogeneously in di erent directions and under dierent loads
and no correlated orientations of dipole moments occur.

8.4.2. Flexoelectric behavior and domains

By symmetry aspects, exoelectric coupling in -alumina is admitted: The
representation ofE in the space of Byq was already given in equation (8.16).
The representation ofr _ can be constructed by building the representation
product of the representation of a matrix as_ (see equation (8.17)) and a
polar vector asE: -

D" (D3dg) =[(A2s Eu) (A2s Eu)l+ (Azy  Ey)

(8.18)
=2A1, 4, BE:

To nd the tensor components of h, one again has to search for irre-
ducible representations which occur in both representatias DE (D3q4) and
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2C; 3CY i 2Ss

D3y € d
Ay 1 1 1 1 1 1
Ay 1 1 -1 1 1 -1
A, 1 1 1 -1 -1 -1
Ay 1 1 -1 -1 -1 1
Eqg 2 -1 0 2 -1 0
E, 2 -1 0 =2 1 0

Table 8.2.: Character table of D 34. e is the identity, Cs rotation by 120
degrees (axis per de nition in z-direction), C9 rotation by 180 degrees
with axis not in z-direction, i inversion, Sg rotary re ection and ¢
re ection about a plane which bisects the angle between two r otation
axes C2. The index g again stands for even representations,u for odd
ones.

D" (Dsqg). In the present case,Ay, is found four times and E,, is found
six times. Hence, ten independent tensor entries are expestl and exo-
electricity is possible.

Also for -alumina, a double-trapezoid sample was generated to invés
gate domain building. In -alumina, the domain situation becomes more
complex than in the cubic periclase case as depicted in gur&.9. The two
perpendicular strain gradients result in several domains banti- exoelectric
dipole alignment. There are no well de ned domain walls visble but sharp
domain borders. This complex exoelectric behavior may be asigned to
the hexagonal scalenohedral crystal structure. Figure 8.0 shows a zoomed
view on the upper part of the sample. Three anti- exoelectric dipole do-
mains can be identi ed (1, 3 and 4). There exists also an areaZ), where
the domains 1 and 3 merge uently.

Finally, the dipole alignment in front of a propagating crack in -alumina,
which was shown in chapter 7, can now be understood. With the [gzo-
electric analysis, it remained unexplained, why there occts collective an-
tiferroelectric dipole alignment in front of a crack. These e ects can be
assigned to exoelectricity: The crack causes a heterogeioes strain situa-
tion which results in the same antiferroelectric dipole algnment as in the
case of a domain in the trapezoid sample.
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Chapter 9.

Conclusion

The present thesis presents a broad numerical investigatioof three relevant
metal oxides. Detailled analyses by atomistic MD simulations with novel
force elds for silica, magnesia and -alumina are shown. Specially tailored
visualization techniques further advance the nding of new phenomena in
ionic condensed matter systems. The investigation mainly geci es a three-
stage contribution with diverse facets to research:

1. Firstly, a new powerful force eld generation mechanism vas de-
scribed. It combines the polarizable potential model by Targney
and Scandolo with the direct Wolf summation method. It was veri-
ed, that the TS bene t of taking electrostatic dipole momen ts into
account and the linear scaling properties of the Wolf sum areuni ed
in the novel generation approach. The implementation in theforce
eld generation package pott by the author enables the simulation
community to apply the accurate, e cient and exible method to its
individual studies of ionic condensed matter.

2. Secondly, three high-quality force elds for silica, magesia and -
alumina were presented. In addition to its generation, a caeful vali-
dation was given in each case. The new force elds are not onlgp-
plied during the work of this thesis, but are accessible for lhe metal
oxide community to perform simulations, which could not yet be ad-
equately investigated with MD simulations due to large sysem sizes
or boundary condition restrictions.

3. By use of the new force elds, several rst-time simulation stud-
ies were performed (the fractional anisotropy visualizaton technique,
which emphasizes regions of correlated dipole behavior, didionally
revealed new ndings):

141



142

Chapter 9. Conclusion

The -alumina force eld was applied to crack propagation sim-
ulation studies, that were able to reproduce the recently ex
perimentally found propagation directions of cracks inseted in

di erent planes of alumina-samples. Furthermore, the in uence
of heterogeneous strain caused by the crack on the alignmeitf
oxygen dipole moments was depicted for the rst time: Vesic-
ular disorder regions and wave-like disorder, both comingrbm

the crack, propagate in regions of correlated dipole alignrant
and decrease the order.

Flexoelectric phenomena were nally investigated in detail both
by representation theory analyses and MD simulation studies.
The result was a consistent prediction of exoelectric behaior
in periclase as well as in -alumina, although those materials are
not able to exhibit piezoelectricity due to their inversion sym-
metrically crystalline structure. The analytical adopted and ex-
perimentally predicted linear relationship between exoelectric
polarization and strain gradient was con rmed in MD simula-
tions. For the rst time, exoelectric domain formation was
found in atomistic simulations. In periclase, visualization anal-
yses revealed, that exoelectric domains are well separatk by
Néel-walls.

9.1. Outlook

On each of the three stages of development previously desbed, the present
thesis o ers paths of further enhancement. Already now, the presented
force eld approach is used at the ITAP to develop suchlike face elds

for modelling other metal oxide systems, e.g. yttrium dopedzirconia. In

addition, the whole extension to electrostatics in pottis released [70] and
requested. Also the presented and online provided [70] foec elds were

already downloaded by other groups. In the end, the novel exelectric

simulation results are expected to be a starting point for abmistic studies
of such phenomena in an emerging research area.



Appendix A.
Wolf electrostatic energy expressions

A.1l. System with charges

The Wolf shifted and smoothly truncated Coulomb energy expession for
a condensed system of charges (C) as described in section 3slobtained
by combining equations (3.8) and (3.9) and can be written as

£, ) = %X\' 44 erfcr(i'r i) erfcr(cr c)

j6i J (A1)

erfe(r ¢) .
rg

+ (Tl e ]

2 2.2
p—
Me

A.2. System with charges and dipoles

Shifting the Coulomb energy in a way that the rst two derivat ives vanish
at the cut-o radius was given in (3.28) by

dEqa 1 d?Eqa
qd(r. Y\ = EA9(r. qq i = Z(r. 22 =
EM(rij)=EM(ry) EY(r¢) (ry re) dr; y Z(r” re) drﬁ 3
(A.2)
With it, the rst derivative is
dEaa dEaa dEQd d2EQa
= ri re)——s— A3
dri,- drij drij ( I C) dl’-2 ( )

re ] [
and the second one becomes

d2 Eaq d2E qq dzE qq
drz— dr? dr2

(A.4)

e
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The Wolf shifted and smoothly truncated Coulomb energy expession for
a system with charges and dipoles (C+P) as described in sean 3.3 is
obtained by combining equations (3.8) and (A.2), which lead to

qq qq 1 X 2
Ecep (rj) = Ec'(rj) 7 GGy Teo)
j'gi (A.5)
2erfc( re)

C

NES p—)e e

The accordant expression for the interaction energy betwee a charge and
a dipole is obtained by damping and shifting Eq. (3.19) in corsideration
of the conservation of di erential relationship as discus®d in section 3.3.1.
Using Eq. (A.2), it can be written as

B2 (1) = }X\' ripy erfe(ry) erfe(r ()
c+p ij 5 G o 2 2
iij 1) c
i6i
* F’%e i Pz——e TE (g ro) (A.6)
i
2erfc(r c) 2,2

(19— p—)e ¢

C

Finally, the expression for the dipole-dipole interaction is determined by
damping and shifting Eqg. (3.18) in the same way to conserve th di erential
relationship and given by

X 3y p)(rypy)  Pip erfc(r i) erfe(r ¢)

PP (p.

Ece (i) = 2 r3 I r2 r2
i ! ¢
j6i

2 2r.2 2 2I’2
L p?e ¢ (ry o)
ij c
2erfe(r ¢) 4 2,2
TC (19— pﬁ)e fe
Cc Cc

(A7)



Appendix B.

Extension to electrostatics in pott

Charges and polarizabilites are given as global parameterfor each atom
type and enter pott via the potential model. All functions b elonging to
both Wolf and TS model were implemented in the pott repetoir e. Each
single atom can get the new propertydipole moment which is calculated
during the force routine. The latter determines the forces m each particle
by use of the given force eld model (These forces are then copared to the
ab initio reference data base.). For electrostatics, a newdrce routine was
implemented in pot t; a owchart is shown in gure B.1. The el ectrostatic
extension can be executed in parallel using the standard MRIDetails for
application are given at [70].
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[ calculate short-range forces

calculate charge-charge forces

[ calculate short-range dipoles ]

[ calculate full dipoles self—consistently]

[ calculate charge-dipole forces

calculate dipole-dipole forces

\J

Figure B.1.: Flowchart of electrostatic force routine in pott, which is
called at every optimization step. Each rectangular box den otes a triple
loop over all con gurations, atoms and neighbors. Inside of the second
loop, Eq. (3.16) is solved self-consistently for each con guration, until
the convergency criterion Eq. (3.17) is fullled. When the d ipoles of
each atom are known, the dipolar force contributions can be calculated.



Appendix C.

Flexoelectric coupling tensor and free
energy density

The explicit structure of the exoelectric coupling tensor h in a given
symmtery can be obtained by use of theA4-projector P(A19) to nd the
appearance of the trivial representationA.4 when contracting r _ with E.
Let a group G with group elements g be given. In general, a real projector
P ) onto a representationD of G can be de ned as

o). 1%

P = (9)D(9) (C.1)
€] g

with jGj the number of elements ofG and (g) the character of D (g).

The action of P(A19) on a scalar functionf (r) is then given by

X
PR (1) = Jéj Ata (g)D (g)f (r): (C.2)
g

Because “19(g) is equal to 1 for any g and the action of D(g) on f (r)
is de ned by acting with the inverse representation matrix D 1(g) on the
argument,

D(g)f ()= f(D *g)r); (C.3)
equation (C.2) can be rewritten as

X
P (A1) (1) = Jéj f(D (g)r): (C.4)
g

Using the natural representation asD (g), the action of P(A19) on the four-
stage coordinates directly speci es the independent tensocomponents and
the corresponding basis functions at once.
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C.1. Application to O

After setting up the natural representations of the 48 elemats of Oy, the
sum of equation (C.4) can be evaluated for each of the 54 foustage co-
ordinates (3 3 6 for electric eld, gradient and strain coordinates). In
doing so, one has to keep in mind the index symmetries diy; which can
be seen from equation (8.6) (p. 125): Due to the symmetry of, the free
energy is invariant when permutingi and j. The nal result for the exo-
electric coupling tensorh with components hy; (k index for electric eld,
| for gradient and i for strain written as vector in Voigt-notation) is:

0 1 0 1
h;; O 0 0 hyp O
hi, O 0 0O hy; O
h 0 0 0 h 0

hX|i = 62 h44 0 ; hyli = h44 62 0 ; (CS)
0 0 hyg 0 0 0
0 0 0 0 0 hy
0 1
0 0 hyp
0 0 hyp
0 0 h
aa 0 O
0 hyg O

This matrix notation corresponds with equation (8.11) (p. 129) and is in
accordance with the analyses of Maranganti [56] and Shu [81]The explicit
exoelectric free energy densityf (equation (8.6) on page 125) is given by

X X
2f exo = Exhgi 11 i
K;l i
hll[Exrxxx + Eyryyy + Ezrzzz]
hio [Exr x(yy + 2z) + Eyr y(xx + zz) + Ezl 2(xx + yy) ]
has [Ex(Fy xy ¥z xz2) ¥ Ey(rx xy +1 2 yz)
Ez(rxxz"'ryyz)]

+ + 4+

(C.7)
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with 0 1

=B “k: (C.8)

Xy

Let a strain be given in z-direction ( ;; 6 0) with a gradient in the yz-plane
(ry 80 andr , 6 0) as in the case of the trapezoid sample discussed
in section 8.3.2. The corresponding exoelectric free engy density then
becomes

2f exo = huEzr ;2 2z + hEyry 45 (C.9)

Note that the exoelectric coupling coe cient hyy in periclase cannot be
detected with the trapezoid strain situation. As can be seerfrom equation
(C.9), f exo does not depend orhy4. From equations (C.5) and (C.6) it is
reasonable that a sheared sample is required for detectinig,,.
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