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gFI smpt on therml reti(tion of the shpe of the thermosttsX men )ux in the two diretionsD reti(tionD nd numer of independent runs for the gyEgExERFRF F F F F

Résumé

À l9éhelle nnométriqueD les propriétés thermiques et virtoires sont intimement liées et dépendent de l forme et de l omposition des mtériuxF qrâe à l nnostruturtionD les nnoomposites permettent un meilleur ontrôle du trnsport thermiqueF gei permet notmment d9méliorer les performnes des générteurs thermoéletriques en o'rnt de meilleurs isolntsD mis ussi une meilleure gestion de l hleur dns les omposnts életroniquesF hns e trvilD les propriétés therE miques de quelques nnoomposites sont étudiées en utilisnt des luls à l9éhelle tomiquesD pr le iis de l modélistion de hynmique woléulireF hns un premier tempsD l9ent est mis sur des nnoomposites onstitués d9une mtrie morphe et de nnoEinlusions ristllinesF v9pprohe développée pour les morphesD séprnt l prtie listique du trnsfert thermique qui prend l forme d9onde plne se propgent dns le mtériu et l prtie di'usive reprtissnt lenteE ment l9énergie dns le mtériuD est mise à pro(tF v séprtion de es ontriuE tions montré que si l struturtion 'ete systémtiquement l prtie listiqueD mîtriser l9impt sur le trnsport di'usif est plus omplexeF geluiEi peut notmE ment être réduit pr l présene de pores ou d9inlusions plus molles que l mtrieD mis dns des proportions vrilesF ne deuxième prtie est onsrée à l9étude des nno(ls de siliiumD et à l9impt de l9morphistion de euxEiF our elD le trnsport d9énergie en fontion de l fréquene dns des nno(ls ve une âme ristlline et une oque morphe est étudiéF v oque morphe provoque l9pprition d9un trnsport di'usif et une isse de trnsmission ux sses fréquenesF insuiteD l dynmique moléulire est ouplée ux équtions hydrodynmiques du trnsport de hleurF ge ouplge est mis à pro(t pour étudier l distriution rdile du )ux de hleur en régime étlie dns les nno(ls ylindriques ve une ouhe morphe régulièreF gette nlyse suggère que l rédution de l ondutivité thermique due à l9jout de l oque n9est ps uniquement liée ux hngements des propriétés de l9interfeD mis plutôt à un e'et glol de l oque morphe sur le lire prours moyenF pinlementD l struturtion en ône de l ouhe morphe est utilisée pour inE duire une reti(tion thermiqueD 9estEàEdire une symétrie sptile dns le trnsE port thermiqueF gette reti(tion semle être due à l perturtion de l propE gtion des porteurs de hleur à sses fréquenesF Mots-clés : Nanocomposite, Nanothermique, Matériaux Amorphe, Transport Balistique, Nanols, Simulations Atomistiques, Rectication Thermique Abstract et the nnosleD therml nd virtionl properties re intimtely linked nd deE pend on the shpe nd omposition of the mterilF hnks to the nnostruturE tionD nnoomposites llow etter ontrol of the het trnsferF his n e used to improve the performnes of thermoeletri genertors through etter insultionD ut lso to improve the het mngement in miroeletronis pplitionF sn this workD the therml properties of some nnoomposites re studied using tomisti level simultionsD thnks to moleulr dynmisF sn (rst prtD the fous is lid on nnoomposites omposed of n morphous mtrix nd rystlline nnoEinlusionsF he pproh seprting the propgtive nd di'usive ontriutionD developed for morphous mterilsD is usedF he llisti ontriution where the het is propgted y plne wves is systemtilly impted y the nnostruturtionF heres 'eting the di'usive ontriutionD tht spreds the het slowly t the nnosleD is more hllengingF his n e doneD for instneD through pores or inlusions softer thn the mtrix ut in vrile proportionsF e seond prt is dedited to the study of silion nnowiresD nd the impt of morphiztionF por thisD the trnsport of energy s funtion of frequeny in rystlline ore morphous shell nnowire is studiedF en morphous shell uses the pprition of di'usive trnsport nd the derese in trnsmission t low frequeniesF henD moleulr dynmis re oupled to hydrodynmi het equtions to study the rdil distriution of )ux in those nnowiresF his nlysis suggests tht the redution of the therml ondutivity upon the ddition of shell nnot e linked solely to modi(ed interfe propertiesD ut re rther due to glol e'et of the shell on the men free pth of het rriersF pinllyD it is shown tht struturtion of the morphous lyer in onil shpe n e used to otin therml reti(tionD tht isD sptil symmetry in therml trnsportF his reti(tion ppers to e used y the perturtion of trnsmisE sion t low frequeniesF Keywords: Nanocomposite, Nanoscale Thermal Transfer, Amorphous Materials, Ballistic Transport, Nanowires, Atomistic Simulations, Thermal Rectication Remerciements in premier lieuD j9imeris remerier mes direteurs de thèse X uonstntinos erE mentzidis et enne nguyF evoir deux direteurs de thèseD 9est pro(ter d9un omE pgnement régulier et omplémentireF weri à eux d9voir pris le temps m9éouter tout u long de m thèseF t9imeris ussi remerier les di'érentes personnes ynt idé à l rélistion de e trvil X F qiordnoD F weriD F feltukovD tF uioseoglouD toute l9équipe wix du girsv et eux qui y sont pssé et en prE tiulier F qonlvesF weri ussi à mes oEdotornts roming vuo et iorui ng pour les onseils et éhngesF weri ux di'erents memres du girsv et du vwgo qui m9ont idéD ve une pensée prtiulière pour vF quilmrdD fF qovE ehovith qui m9ont ssisté dns mes errnes informtiquesF g9est ussi pour moi l9osion de remerier les étudints ve qui j9i trvilléD elieD wtthis et engD pour leur implition et leur ptiene ve mes explitionsF weri églementD ux dotornts du girsv ve qui j9i pu éhngerD en prtiulier ve toute l9équipe de feu l puse féF te voudris églement dresser un remeriement prtiulier à eline felErunon et ghristin frndl 1 sns qui e trvil n9urit jmis pu omE menerF weri elexndr pour ton ide préieuse pour l iliogrphieF weri à vouise pour son soutient sns fille durnt toute l9venture qu9est le dotortF ves ironstnes prtiulières de es dernières nnées m9mène à remerier églement mes ompgnons de on(nement pederio et teroen grâe à qui un miniElortoire à vu le jour à vyon Q durnt quelques seminesF weri églement à tous mes utres mrdes dotornts ou non qui m9ont éouté râler et fourni à l9osion de préE ieux onseilsD notmment von et inent qui m9ont ompgné tout le long de mes longues étudesF te voudris ussi remerier m fmille et mes prohes qui m9ont soutenu et enourgé pendnt es trois nsF ""! Introduction 1
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( ∂E ∂t ) + ∇ • j = 0, @IFPA
with E the energy in the sene of het soureF sf the energy vritions re due only to temperture vritionsD it n e rewritten sX

ρC p ( ∂T ∂t ) + ∇ • j = 0 @IFQA
with ρ the density of the mteril nd C p the het pityF gomining the equE tions @IFIA nd @IFQA the usul eqution governing the di'usion of het for onstnt κ t the mrosle is otinedX

( ∂T ∂t ) = κ ρC p ∇ • (∇T ) @IFRA
his is typil di'usion equtionF st n e solved nlytilly for simple iniE til onditionsF snterestinglyD the onept of pourier series ws reted to solve this equtionF st n lso e solved using numeril methodsD s (nite or disrete elementsF roweverD eing phenomenologil equtionD estlished on empiril oservE tions in IVPPD it hs its limitsF st is n urte desription of therml trnsfer in solids t the mrosleF he min shortoming of this model is thtD it ssumes tht the temperture grdient is instntneously felt ross the systemF sn other termsD the response time of the system is negleted olz PHHUF sf this pproximtion is resonle for reltively long timeslesD it strts to fil for shorter timeslesF o explin this shortfll nd other limittions of this theoryD the wy het is trnsported t the mirosopi level must e onsideredF 1.1.2 Lattice Thermal Conductivity es stted in the introdutionD the sope of this work is the study of het onduE tionD the rditive nd onvetive het trnsfer re thus negletedF woreoverD in this setionD supplementry hypothesis is mdeD tht isD tht toms do not move signi(ntly wy from their equilirium positionF es onsequeneD there re only two possiilities left to rry hetD through eletrons or through mehnil wve propgtionF he therml ondutivity due to the virtion of the toms is lled lattice thermal conductivityD it is the min ontriutor to het trnsfer in insultors nd in most semiEondutorsF sn this setionD the theoretil modeling of this lttie therml ondutivity is presented through the onept of phononsF One Dimensional Atomic Chain he virtionl modes of periodi disrete systemD suh s rystl lttieD n e qunti(edF hese disrete modes re lled phononsF e quik exmple n e given for n tomi hin suh s the one repreE sented in (gure IFI uittel IWUTF sn this modelD the toms re point msses linked y springs with their (rst neighorsF 

m ∂ 2 u n ∂t 2 = k(u n+1 -u n ) + k(u n -u n-1 ), @IFSA
with u n the displement of the tom nD k the spring onstntF olutions for this eqution n e found in the form of plne wve u n = u 0 exp (i[ωt -qna])D with a the intertomi distne t equiliriumD ω the eigenfrequeny of the mode nd q its wve vetor @redued to slr in the se of the Ih hinAF snjeting this solution in eqution @IFSA gives the reltion etween ω nd qX

ω = 2 k m sin qa 2 , @IFTA
this reltion is lled the dispersion reltionF o omplete the solutionD oundry onditions must e setD here periodi oundry onditions re used to model n in(nite rystl eshroft et al. IWUTF por N tomsD the tom N is linked with the tom N -1 on the left nd the (rst tom on the rightF sing thisD one (nds q n = 2πn N a

with n leling the mode numerF sn most pplitionsD N is su0iently lrge for q to e onsidered ontinuousF sn periodi lttiesD q hs mximl vlueF sndeedD due to the disreteness of the lttieD multiple wve vetors n desrie the sme mode @u n = u 0 exp {i[ωt -qna]} is the sme if q is inresed y 2π/aAF ell possile virtionl modes n then e de(ned with eshroft et al. IWUTX

- π a < q < π a .
@IFUA his spe of uniquely de(ned modes is lled the frillouin zoneF he group veloity of phonons n e derived from the dispersion reltion with v g = ∂ω ∂q F he modes so desried re lled ousti phononsF sf two types of toms with di'erent msses or sti'ness onstnts re introduedD other modes pperF he two di'erent toms n now move in phse s desried erlierD or out of phseF he out of phse solutionD onerning higher frequeniesD gives the optil phonons uittel IWUTF Three Dimensional Lattice he onepts given for one dimensionl tomi hin n e extended to threeEdimensionl rystl lttie uittel IWUTF his inE reses the numer of degree of freedom to three per tomF here re now 3N modesD for eh mode desried erlierX there re three possile rnhesD one longitudinl orresponding to movement prllel to the propgtion diretion kin to ompresE sion @see (gure IFPA nd two trnsverse for the two diretions perpendiulr to the propgtion kin to sher modes @see (gure IFPAF q is now threeEdimensionl 1.1. Nanoscale Thermal Transport 9 wve vetorF he di'erent diretions possile for q orrespond to the di'erent ltE tie diretions hove IWWQF he notion of frillouin zone is now extended in eh diretionD depending on the periodiity of the lttie in these diretionsF he desription of the rystl lid out in this setion orresponds to the vision of lttie dynmisD fundmentl (eld for the understnding of virtionl nd therml properties t the mirosleF st is presented shortly in setion IFUFIF Phonon Distribution ih qunti(ed virtionD lled phonon is hrterE ized in rystls y its wve vetor qF he energy rried y eh phonon deE pends on its frequeny nd is given y ω D with the lnk onstntF he phonons re indistinguishle qusiEprtilesD oupying disrete sttes nd not onE erned y the uli exlusion prinipleF es suhD they oey foseEiinstein distriuE tion eshroft et al. IWUTX

f BE = 1 exp ( ω k b T ) -1 , @IFVA
with k b the foltzmnn onstntF his gives pulstion distiution of phonons t given temperture T F his distriution funtion s funtion of frequeny nd temperture implies tht t low temperture the high frequeny phonons hve very low proility of existeneD or equivlentlyD very low impt on the physil properties of the systemF he temperture elow whih the quntum nture of phonons mtters is lled the heye temperture Θ D F sn other wordsD elow Θ D D not ll the modes re llowedD the high frequeny modes re 4frozen4D tht is there proility of existene re very low s desried y the foseEinstein distriution of modes @eqution IFVA eshroft et al. IWUTF eove this tempertureD the foseE iinstein distriution strts to e equivlent to the wxwellEfoltzmnn distriution for indistinguishle lssil prtilesF his distriution is given yX

f M B = 1 exp ω k b T .
@IFWA p to this pointD the phonons hve een desried s wvesD howeverD within the wveEprtile dulity pitureD they n lso e seen s prtilesF his prtile piture is useful to desrie their ontriution to the therml ondutivityF 10 Chapter 1. Theoretical Background and Methods

Phonon Scattering

sn the model introdued in this setionD with perfet lttie nd hrmoni potenE til @intertomi fores represented y springsA phonons do not intert with eh otherD nd there is nothing limiting their propgtionF es phonons re the lttie het rriersD this trnsltes into n in(nite therml ondutivity hove IWWQF sn relityD the lifetime of the virtionl modes is limited either through dmping @nE hrmoniity of the intertion potentilA or through imperfetions tht rek the lttie periodiityF sing the prtile pitureD the nhrmoniity n e understood s ollision etween phononsF he most ommonly desried type of ollisionsD re the 4three phonon proesses4 where two phonons ollides to rete third or one phonon splits in twoF emong those ollisionsD two types re distinguishedD the elsti ollisions tht onserve the overll rystl momentum @sum of the wve veE torsA nd the inelsti ollisions or mklpp proesses tht do not onserve itF sn ll sesD the onservtion of energy imposes thtX

ω 1 + ω 2 = ω 3 @IFIHA
with ω 1 nd ω 2 the frequeny of the inident phononsD ω 3 the frequeny of the resulting oneF

Normal Scattering he elsti ollisions re lled normal scatteringF he onE servtion of wve vetor in the se of norml sttering n e written sX q 1 + q 2 = q 3 , @IFIIA with q 1 nd q 2 the wve vetors of the two inident phononsD nd q 3 the wve vetor of the resulting phonon @see (gure IFQAF his kind of sttering does not hnge the overll diretion of the phonon )owX the resulting phonon diretion orresponds to the sum of the diretion of the two inidents phononsF gonsequentlyD it does not 'et the overll trnsport of het uittel IWUTF Umklapp Scattering roweverD due to the periodiity of the lttieD phononGphonon sttering does not neessry onserve the wve vetor sumF sf the wve vetor of the reted phonon exeeds the mximum vlue llowed @de(ned in Ih y eqution IFUAD the eqution @IFIIA eomesX

q 1 + q 2 = q 3 + G, @IFIPA
with G reiprol lttie vetorD orresponding to the inverse of the lttie distne in the Ih seF hese proesses hnge the orienttion of the wve vetor sum @see (gure IFQA nd thus slow the propgtion of hetD induing redution of the therml ondutivity uittel IWUTF 1.1. Nanoscale Thermal Transport 11

q 1 q 2 G q 3 q 3 ' q 1 q 2 q 3 a) b)
Figure 1.3: Schematic representation of Normal (a) and Umklapp scattering (b), q i represents the phonon i through its wave vector. The square in dashed line represents the rst Brioullin zone, G is a reciprocal lattice vector represented by the blue arrow.

"Geometrical" Scattering sn rel rystlsD there re defets tht reks the periodiity of the lttieD this perturs the propgtion of phononsF hi'erent defet types hve diverse impt on phononsF he (rst kind re point defetsD tht is rystlline vnies or interstitilD impurities or isotopesF hese point defets intert mostly with high frequeny phononsD tht hve wvelength omprle to the size of the defet ritt PHHSF he seond kind re unidimensionl defetsD typilly dislotionsF he dislotions 'et the trnsport through the distortion of the lttie they indueF eginD this perturs mostly the high frequeny phonons due to the redued size of the dislotion ore imn IWTHF he third types of defet re surfe defetsD typilly grin oundries or Ph lttie imperfetions @twins or stking fultsAF his kind of defets usully indues prtil re)etion of the phononsD distriuting the energy of the inident phonon etween the two side of the oundry @re)etion nd trnsmissionA imn IWTHF he e'et of interfes on the therml trnsport is very tive sujet ermentzidis PHIUF he lst type of defets re volume imperfetionsD typilly inlusions of nother phseF heir e'et depends on their size nd ompositionD these defets re the sujet of hpter PF o frD it hs een shown tht the phonons n e seen s prtiles whose trjetories re modi(ed y ollisionsD either with other phonons or defetsF his piture is lled the phonon gs modelF he evolution of the distriution of prtiles nd thus het trnsfer within this piture n e desried using the foltzmnn rnsport iqution @fiAF 1.1.4 Boltzmann Transport Equation he fi is n eqution desriing the evolution of the distriution funtion of prtilesF st ws derived originlly to desrie tomi di'usion in monotomi gsesF st supposes tht in these gsesD the ollisions etween toms re rreD onserve momentum nd hppen instntneously 1 F 12 Chapter 1. Theoretical Background and Methods st is derived from the viouville theorem ottier PHHU desriing the time evoE lution of distriution funtion with n dditionl ollision termF he originl eqution for distriution f (r, v, t) of moving prtiles with positions r nd veloE ity v is uittel IWUTX

∂f ∂t + v∇ r f + α∇ v f = ( ∂f ∂t ) coll . @IFIQA he ( ∂f ∂t
) coll is the ollision termD it desries the vrition of the distriution due to ollisions etween prtilesF v∇ r f is the dvetion term nd α∇ v f the fore term oming from the viouville theoremF sn the se of monotomi gsD f is the wxwellEfoltzmnn distriution @see eqution IFWAF sn this seD the ollision term is derived using the e'etive setion of the toms to estimte the proility of ollision hiu 8 quthmnn IWVWF fefore going onD it is worth mentioning thtD the ext form of eqution @IFIQAD inluding every kind of nonEliner intertions etween oupled prtiles @nd not only the ollisionsAD is set of oupled equtionsD eh involving higher order terms forming the ffqu hierrhy ureuzer IWVIF he form given here is simpliE (tion for independent prtilesD the orreltion etween pirs of prtiles eing hidden in the ollision termF sn the se of phononsD the equilirium distriution funtion is the foseEiinstein distriution @see eqution IFVAF end the eqution @IFIQA is simpli(ed y negleting the fore termD onsidering tht there is no externl (eld ting on the phononsF he v in the dvetion term orresponds to the group veloity of ousti phononsF he ollision term is often estimted thnks to the relxtion time pproximE tionX

( ∂f ∂t ) coll = f -f 0 τ @IFIRA
with τ the relxtion time nd f 0 the equilirium distriution funtionF he relxE tion time is prmeter desriing the time needed to return to equilirium one the system is perturedF sn the se of phononsD τ orresponds to the lifetime of phononsD tht is the verge time etween two ollisions uittel IWUTF fy using these pproximtionsD the eqution @IFIQA redues toX

∂f ∂t + v∇ r f = f -f 0 τ , @IFISA
nd in the stedy stteD the (rst term is nullF his prtiulr form of the fi used for rre(ed phonon gs is the eierlsEfoltzmnn eqution ottier PHHUF he distriution funtion nd group veloity n e used to ompute the het )ux due to phonons imn IWTHX j = 1 3 q f q ω q v q , @IFITA with q sum over eh mode leled y its wve vetor q nd f q the proE ility density ttriuted to prtiulr modeF sf the devition to the equilirium 1.1. Nanoscale Thermal Transport 13 distriution is used y therml grdientD eqution @IFITA n e trnsformed in imn IWTHX j = 1 3 ∇T q ω q ∂f q ∂T v 2 q τ q , @IFIUA with τ q the relxtion time of the mode qF fy dividing the eqution @IFIUA y ∆T the kineti theory results n e reognizedX

κ = 1 3 q C latt v 2 q τ q , @IFIVA
with C latt = ω ∂fq ∂T the lttie het pity eshroft et al. IWUTF he equE tion @IFIVA is useful to understnd the role of timeGlength sle in the shortoming of the pourier lwF por thisD the wen pree th @wpA Λ = v q τ q is introduedD it orresponds to the verge distne trveled y phonon efore sttering eventF sf this distne is smll in front of the system size @s represented in (gure IFR AD κ does not depend on size nd geometry nd the pourier lw @eqution IFIA is vlidF sf Λ is of the order of the size of the systemD the trnsport is llisti @s represented in (gure IFR AF sn this seD the vlue of κ depends on the size nd geometry of the systemF he fi is very useful tool to model therml trnsportF st is widely used to estimte the therml ondutivity t the nnosle using ontinuous modelD some of those models re presented in setion IFPF 1.1.5 Thermal Transport in Amorphous Material he development of setion IFIFR relies on the phonon gs pitureF his represenE ttion of lttie therml ondutivity ssumes tht the lttie virtions tht rry hetD re moving in stright line t given veloity with given frequenyD wve vetor nd polriztionF he distne trveled y these phonons eing limited y ollisions with other phonons or rystl defets eshroft et al. IWUTF his model ws designed for perfet rystlsD nd is still e'etive for rystls with defetsD ut reks down for disordered systemsF sndeedD in disordered systemsD like morphous mterilsD phonons with well de(ned eigenvetor re no more eigenmodes of the systemF 14 Chapter 1. Theoretical Background and Methods he virtionl modes in morphous mterils hve een extensively desried y nguy et al. nguy et al. PHHPD nguy PHISD feltukov et al. PHITF hree types of virtions were identi(edX plne wves @propagonsAD virtions with roE ttionl struture @diusonsAD nd multifrtl modes @loconsAF he rekdown of the phonon gs model ws introdued erlier y ellen nd peldmnn ellen 8 peldmn IWWQF hey hve shown tht for disordered solidsD the fi nnot e ppliedF sn these solidsD the men free pth of some plne wves exittions is of the order of the intertomi distneF hue to the smll propgtion lengthD these exittions do not hve wellEde(ned group veloity nd wve vetorF hereforeD their ontriution to the therml ondutivity n not e estimted through eqution @IFIVAF roweverD those virtions still ontriute to the het trnsportF o tke those ontriutions into ountD new model ws developedF por thisD they hve introdued n intermediry trnsport regime eE tween the loliztion nd the propgtion of virtionsX the di'usive regime ellen 8 peldmn IWWQD ellen et al. IWWWF hey hve extended the notion of phonon s het rriers nd estlished distintion etween propgtive nd nonEpropgtive phononsF por the propgtive oneD the phonon gs model n e pplied nd the eqution @IFIVA used to estimte their ontriution to the lttie therml ondutivityF sn the frequeny rnge of the propagonsD plne wve exiE ttion keeps its strutureD nd wve fronts show well de(ned group veloity @see (gure IFSAF ellen nd peldmn hve lled the eigenmodes of the dynmil mE trix in this frequeny rnge propagonsD y nlogy with the dynmis of plne wve exittions in the sme frequeny rnge peldmn et al. IWWWF yn the ontrryD for the nonEpropgtive phononsD no proper wve veE torGveloity n e de(nedF he nonEpropgtive phonons n e deomposed into two tegories of eigenmodesX the loons nd the di'usonsF voons re lolized modesD with low prtiiption rtio2 s desried y enderson in disordered sysE tems enderson IWSVD pez et al. PHHW @see (gure IFSAF hese virtions re lwys supported y the sme sitesF es suhD they do not ontriute to the trnsporttion of energy through the system feltukov et al. PHIVF Diusons designte the eigenmodes in the frequeny rnge where plne wves re strongly sttered @see (gure IFS for the dynmil evolution of plne wves with (nite extent in the frequeny rnge of diusonsAF hey were originlly interpreted s o' digonl terms in the het urrent opertors ellen 8 peldmn IWWQF sn the frequeny rnge of di'usonsD the virtionl energy is neither trnsported t (nite veloityD neither lolizedD ut it is spred di'usivelyF his n e shown s resulting from the deomposition of the plne wves on rndom virtions tht rek the front wve nguy et al. a Obtained by exciting a slice of Amorphous Silicon (a-Si) at 1 (a), 12 (b) and 19 THz (c) with a longitudinal force excitation at a given frequency on a nite temporal window (see section 1.5.3), the rst image is obtained 1.7 ps after the excitation, the others 12 ps after it.

κ = i C latt D i .
@IFIWA hese regimes eing desriedD di0ulty risesX how to distinguish them nd ompute the di'erent ontriutions to the therml ondutivityF his di0ulty ws irumvented in the seminl pper of ellen nd peldmn y onsidering the onE triutions of the di'erent regimes using wtthiessen rule peldmn et al. IWWQF wultiple uthors hve simply used frequeny limit to disriminte etween propE gtive nd di'usive modes feltukov et al. PHIQD vrkin 8 wqughey PHIRF he used frequeny limit is set y the so'eEegel riterionF his riterion relies on the omprison etween the wp nd the wvelength peldmn et al. IWWQF st re)ets tht for wp lower thn the wvelengthD no group veloity nor wve vetor n e de(nedF roweverD oth propgtive nd di'usive regimes oexist round this frequeny heneD the di'usons progressively tkeEover the propgons nd there is no shrp limitF he distintion etween loons nd di'usons is sed on the prtiipE tion rtio peldmn et al. 1.2 Continuous models sn the setionD ontinuous medium models relying on the eqution @IFIVA re preE sentedX strting with the diret use of eqution @IFIVAD it ontinues with stohsti pproh to solve fi @the wonteEgrlo methodA nd onludes with the hydrodyE nmi het equtions tht uses the fi to rederive het eqution tking oundE ries nd relxtion time e'ets into ountF 1.2.1 Model Based on Kinetic Theory of Gases he eqution @IFIVA is used in mny models to predit the therml ondutivity of solidsF hese models hve een (rst desried y gllwy gllwy IWSWD nd ulemens ulemens IWSSF hey ontin estimtions of the lifetime due to di'erent sttering proessesF hese lifetimes re then summed using the wtthiessen ruleX

τ -1 T = i τ -1 i . @IFPHA
his pproh is vlid if the sttering phenomen re independent of eh othE ersF por exmpleD ulemens gives n estimtion of the lifetime redution due to the di'erent sttering soures nmed in setion IFIFQ depending on the temperture rnge ulemens IWSVF his kind of method hve een widely used sine the sixE ties lk 8 qlginitis IWTRD nd ontinue to e populr ng 8 hmes PHIQF roweverD the determintion of the oe0ient often requires (tting to experimentl dt of the therml ondutivity s funtion of the tempertureD nd the method thus ppers to e minly phenomenologilF 1.2.2 Monte-Carlo Resolution of the Boltzmann Equation sn generlD wonteEgrlo methods refer to pprohes using rndom smpling from distriution to ompute n pproximtion of numeril quntity y verging over numerous inputsF sn the ontext of therml trnsportD it n e used to ompute n pproximte solution of the fi vroix et al. PHHTF he ide is to rete two 1.2. Continuous models therml thsD eh one smpling phonons from the foseEiinstein distriutionD nd to let the phononsD represented y prtilesD propgte in the struture @see (gure IFTAF he phonons9 energyD veloityD nd diretion re hosen to represent the physil distriution of the phonons in the strutureF his depends on the temperture set for the therml ths nd mteril eing modeledF he system is

T h T c
Figure 1.6: Schematic view of the starting point of a MC simulation, the phonons (dots) are generated in the hot (T h ) and cold (T h ) heat baths and have a velocity distribution taken from equation (1.8).

disretized in volume elementsF hese elements hve distint properties depending on their tempertureD nd mteril ompositionF hen the movement of the phonons ross the mteril @phonon driftA is simulted itertivelyF et eh time stepD the position of the phonons re updtedD y multiplying their veloity vetor y the time stepF huring this propgtion stepD it is heked tht the phonons do not intert with oundries or interfesF he eventul ollisions result in either speulr re)etion or di'usionD depending on the surfe propertiesF efter the phonon drift phseD the phonons hve set proility to e sttered y di'erent mehnisms @tomi defetsD phononEphonon proessesD etc.AF he proility of eh sttering mehnism is determined y the temperture nd some mteril properties of the volume elementsF he temperture of eh volume element is determined y the energy of the phonons inside the volume t the given time stepF efter ertin numer of time stepsD stedy stte is rehedF et this pointD the het )ux nd therml ondutivity n e omputedD using the phonons veloity nd energy ermentzidis PHIUF his method is prtiulrly useful to ompute the therml properties of nnoomE posites in the stedy stteF gontrry to the method desried in the previous setionD it n e used to model ritrry omplex geometriesF he size limittion is given y the numer of time steps needed to reh stedy stteF his mounts to few mirometersF qiven tht the foseEiinstein distriution is respetedD provided tht the di'erent sttering proilities re dpted to the onditionsD this method is vlid from 0 K up to the melting point ermentzidis PHIUF 1.2.3 Hydrodynamic Heat Transport Equations he fi n lso e used to otin ontinuous medium eqution desriing the het trnsport t the mirosleF his is the ide ehind the hydrodynmi 18 Chapter 1. Theoretical Background and Methods het equtionsF por thisD eqution @IFISA is used to derive the lne eqution of energy endr et al.

PHPIX ∂e ∂t + ∇ • j = 0, @IFPIA nd of momentumX ∂p ∂t + ∇ • Π = qC(f q )dq, @IFPPA
with e = ω q f q dq the energy density dq eing the sum over the modesD j = ω q f q v q dq the het )uxD p = qf q dq the momentum densityD Π = qv q f q dq the )ux of rystl momentum nd C(f q ) the linerized ollision opertorF fy linking the energy density vrition nd the het )uxD eqution @IFPIA ensures the energy onservtionF fy expending the distriution f q round the equilirium fose iinstein distriution nd omining equtions @IFPIA nd @IFPPA one n oE tin quyer 8 urumhnsl IWTTD quyer 8 urumhnsl IWTTD endr et al. PHPIX

j + κ∇T + τ ∂j ∂t = l 2 [∇ 2 j + α∇(∇ • j)], @IFPQA
where is the non lol lengthD τ the het )ux relxtion time nd α non lol oe0ientF hese prmeters depend on the dispersion reltions nd lifetimes of the di'erent phonon rnhes endr et al. PHPIF he nonElol length hrterizes the distne over whih the )ux is 'eted y the oundryD nd it n e understood s length over whih the )ux is self orreltedF his dependsD in the derivtion this work relies onD on the dispersion reltion in the rystl nd the relxtion time endr et al.X

2 = 1 5 v 3 g,q /v p,q τ 2 q v g,q /v p,q @IFPRA where x λ = ω λ ∂ T f eq λ dλ/C v refers to the verge over eh wvelength weighted y the ontriution of eh mode to the therml pityD v g is the group veloityD v p is the phse veloity nd τ q is the relxtion time of the modeF he het )ux relxtion time τ is de(ned yX τ = v 2 g,q τ 2 q v 2 g,q τ q . @IFPSA sn the sme wyD the therml ondutivity is reoveredX

κ = 1 3 C v v 2 g,q τ q , @IFPTA
whih is equivlent to eqution @IFIVAF his desription ssumes tht the mteril is isotropiF he relxtion time nd veloities re usully extrted from ab initio simultionsF he (rst two terms of eqution @IFPQA orrespond to the usul pourier lwF he lst term in the leftEhnd side introdues the therml inertil e'etD this term is importnt when the timesle is lose to the phonon lifetimeF he terms in the rightEhnd side introdue nonElol e'ets tht pper when the size of the system 1.3. Molecular Dynamics (MD) 19 is of the order of the men free pthF his lst term is nlogous to visous termF his eqution hs some similrity with the xvierEtokes eqution @xiAF he het )ux here orresponds to the )ow veloity in the xiD the temperture grdient orrespond to the pressure grdient nd the non lol length to the visous termF por these resonsD eqution @IFPQA is lled the phonon hydrodynmi equtionF woreoverD it is to e noted tht the xi n e derived from the fi pplied to toms hiu 8 quthmnn IWVWF sf the originl derivtion ws mde for lowEtemperture pplitions for spei( mterils where xEproesses dominte like grphene quyer 8 urumhnsl IWTTD gepellotti et al. he equtions @IFPQA nd @IFPIA n e solved for omplex geometries using the (nite element methodF por thisD oundry onditions re neededD the slip @xeumnnA oundry ondition for the tngentil het )ux j t is often usedX

j t = -C ∇j t • n, @IFPUA
with n the norml vetor pointing towrd the exteriorD nd C the slip oe0ientF C is determined s funtion of the speulr nd di'usive phononEoundry re)eE tions ferdo et al. PHIWF C sets the het )ux t the oundryF st is lso worth to note tht the ppliility of the hydrodynmi het trnsport model derived in endr et al. PHPI is limited to smll enough unudsen numersF e limit of vlidity is given y the ft tht the e'et of the oundries should not overE lp tht is < L/2 with L hrteristi lengthF his methodD implemented using (nite elementsD hs lredy suessfully modeled the therml relxtion of nnosE trutured het soures on i sustrte ferdo et al. he therml nd virtionl properties t the nnosle re ditted y the miroE strutureF o re)et thisD mny methods tht onsider the tomi strutures expliE itly were developedF yne of them is whD in this setionD the si onepts of this method re reviewedF 1.3.1 Movement of Particles woleulr hynmis is simultion method in whih the movement of eh tom onstituting the mtter is modeledF st ws developed in the (fties t the very eginE ning of omputer simultion elder 8 inwright IWSWF he ide is rther simpleD 20 Chapter 1. Theoretical Background and Methods the movement of eh tom is derived from the newtonin eqution of motionF he fores ting on eh tom re omputed from n intertomi potentilX

m i d 2 r i dt 2 = - ∂U ∂r i , @IFPVA
where r i is the position of the tom iD m i its mssD nd U the intertion potentilF his eqution is then solved y stepwise integrtion shemeD giving the evolution of the position nd the veloity of eh tomF he most ommonly used integrtion sheme is the erlet veloity sheme wope et al. IWVPX

r i (t + ∆t) = r i (t) + v i (t)∆t + 1 2 a i (t)∆t 2 @IFPWA
with t the timeD ∆t the integrtion timestepD a i = d 2 r i dt 2 the elertionD the veloity v i (t) is omputed withX

v i (t + ∆t) = v i (t) + a i (t) + a i (t + ∆t) 2 ∆t. @IFQHA
his integrtion sheme hs the dvntge of eing simpleD stleD nd time reE versile prenkel 8 mit PHHIF he time step used depends on the simultionD ut hs to e short enough to insure energy onservtionF por the systems studied in this workD the time step is I or 0.5 fsF prom this time stepD the time nd length sle limittions of wh re esy to understndD 1 × 10 6 times steps re needed to reh 1 nsF husD on modern monoproessor omputers it tkes few hours to ompute the trjetories of 1 × 10 4 toms over 1 nsF roweverD wh simultions re esily prE llelizleD nd thus the simultions n e performed on mssive omputeEnodesF feuse it uses lssil eqution of motionD wh is fully lssil nd deterE ministiF here is no quntiztion of energy sttesD nd the sme initil stte of the simulted systemD sme initil positions nd veloitiesD leds to the sme evolution @if the integrtion errors re negletedAF o rry out the di'erent wh simultions desried in this mnusriptD the openEsoure softwre veww limpton IWWS is usedF 1.3.2 Interaction Potential et the length nd time sles of wh the e'et of grvity is negligileF he only fores onsidered re the intertomi foresD omputed from the potentil U F sn lssil whD the eletroni struture of the toms is not onsideredF he intertions re estimted through n intertomi potentil tht depends solely on the positions of the toms reltive to eh otherF he simplest wy to design n intertion potentil is to hve toms tht ttrt eh other when fr prt nd repel eh other when too loseF his is the ide ehind erly intertomi potentils suh s the vennrdEtones potentilX

U (r ij ) = 4ε σ r ij -12 - σ r ij -6
, @IFQIA 1.3. Molecular Dynamics (MD) 21 with r ij the distne etween tom i nd jD ε setting the intertion energy nd σ setting the equilirium intertomi distneF iqution @IFQIA represents the interE tion etween toms i nd jY the fore ting on one tom is simply the sum of ll the fores due to toms surrounding itF hile siD this potentil n model reltively urtely the ehvior of solid ergon eshroft et al. IWUTF o redue the omputtionl ostD eh tom only interts with the toms within uto' rdius @see (gure IFUAF Figure 1.7: Schematic representation of the cuto radius: the force on the red atom results from the sum of the interaction forces due to every atom within the cuto radius (in dark blue). The circle in dotted line represents the interaction range (cut-o distance) of the central atoms. The interaction with the other atoms in light blue are ignored.

roweverD these simple pir potentils re limited to few prtil pplitionsF por instneD the energetilly fvored struture is systemtilly loseEpked strutureF he ttrtionGrepulsion etween the toms orgnizes them s hrd spheres wouldF o otin other rystllogrphi struturesD other intertions hve to e introduedF hese intertions re lssi(ed y the numer of simultneously interting toms they involve tillinger 8 eer IWVSX

U (1, . . . , N ) = i u 1 (i) + i,j u 2 (i, j) + i,j,k u 3 (i, j, k) + • • • + u N (1, . . . , N ) @IFQPA
with N the totl numer of tomsD u n the prt of the potentil involving n tomsF u 1 represents the intertion of one tom with n externl (eldD u 2 two ody intertion where only the distne etween the prtile i nd j mttersD u 3 three ody intertion involving the ngle formed y the prtiles @or ny omintion of the three distnesAF sn most sesD there is no externl (eld @u 1 is nullAF elsoD s n inreses the ontriutions get smllerD so tht usul potentils rrely use terms ove u 4 F sn the se of iD ommonly used potentil is the tillingerEeer @interE tomi potentilA @A tillinger 8 eer IWVSD it is sed on two nd three ody termsX

u 2 (r ij ) = A ij ε ij B ij σ ij r ij p ij -1 exp σ ij r ij -a ij σ ij @IFQQA
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u 3 (r ij , r ik , θ ijk ) = λ ijk ε ijk (cos θ ijk -cos θ 0 ) 2 exp γ ij σ ij r ij -a ij σ ij exp γ ik σ ij r ik -a ik σ ik @IFQRA
with AD BD εD σD λD aD θ 0 D γ nd p set of prmeters (tted to reprodue the properties of iD espeilly the diretionlity of the ovlent ondingF hese prmeter re set to insure tht the dimond phse is the most stleD nd tht the melting pointD the frequeny of di'erent modes nd the elsti properties re in rnge with the experimentl vluesF o model morphousGrystlline nnoompositesD in this thesisD the prmeters desried y ink et al. ink et al. PHHI prtiulrly dpted for rystlline nd morphous i prneEvnord et al. PHIR re usedF por the simultion of iy 2 nd the meltEquenh proedure of i the erso' potentil is lso used erso' IWVVF he formlism is di'erentD ut lso inludes two ody @distneA nd Q three ody @ngleA dependeniesX 

u ij = f C (r ij )[f R (r ij ) + b ij f A (r ij )] @IFQSA f R (r) = A exp(-λ 1 r) @IFQSA f A (r) = B exp(-λ 2 r) @IFQSA f C (r) =          1, r < R -D 1 2 - 1 2 sin π 2 (r -R)/D , R -D < r < R + D 0, r > R + D          @IFQSdA b ij = (1 + β n + ζ ij ) -1/2n @IFQSeA ζ ij = k( =i,j) f C (r ik )g(θ ijk ) exp λ 3 3 (r ij -r ik ) 3 @IFQSfA g(θ) = 1 + c d 2 - c 2 d 2 + (h -cos θ) 2 @IFQSgA η ij = k( =)i,j f C (r ik ) exp λ 3 3 (r ij -r ik ) 3 , @IFQShA with AD BD λ 1 D λ 2 D λ c D
(r ij ) = q i q j r ij + A ij exp(-b ij r ij ) - c ij r 6 ij , @IFQTA
with q i nd q j the hrges of the tomsD AD bD c other ond prmetersF he prtiulr implementtion of grré et al. hi'erent intertomi potentil re useful in di'erent onditionsD for instne the erso' potentil desries well the liquid phse of i nd the tillinger eer desries etter the melting pointF 1.3.3 Boundary Conditions hespite the limittion in the numer of tomsD wh is not limited to the simultion of nnoEojets nd n e used for the study of ulk propertiesF o irumvent the size limittionD periodi oundry onditions re usedF ith periodi oundry onditionsD the toms do not only intert with toms in the simultion oxD ut lso with toms on the other side of the oundryF ht isD in (gure IFV the toms ner the oundry t x = L intert with the toms ner the oundry t x = 0F iverything hppens s if the system interted with n imge systemD opy of itselfD loted ehind the periodi oundry onditionsF es resultD in the diretion where periodi oundry onditions re usedD the system is 4in(nite4 ut with periodiity given y the ox sizeF yn the ontrryD t (xed oundry ondition the system ends up with free surfesD euse the toms only intert with toms within the simultion dominF es onsequeneD in Qh simultionD if periodi oundry onditions re set in the three rtesin oordinte diretionsD there re no surfe e'ets nd this pproximtes ulk mterilF sf periodi oundries re used in two diretions thin (lm properties n e simultedD nd if it is used in only in one diretion n in(nite nnowire n e modeledF st is to e noted tht the rti(il periodiity introdued y periodi oundry onditions hs onsequene in terms of mximum wve length llowedF sndeed the wveElength nnot e lrger thn the simultion ox lengthF his hs reperussions on the omputtion of the dynmil struture ftor tht re disussed in setion IFSFPF 24 Chapter 1. Theoretical Background and Methods 1.3.4 Microstructure Relaxation en importnt step in wh simultions is the struturl relxtionF wost ppliE tions require reting or modifying the mirostruture of the ojet simultedF his implies tht the toms re put in ritrry positionsD without tking into ount whether the position is energetilly fvorle or notF sf the position of the toms re not energetilly fvorleD too lose to nother tom for instneD this n rete instilitiesF sf onstnt energy simultions re performed right wyD some toms ould e sumitted to lrge fores nd e ejeted out of the simultion oxF o void thisD one the geometril onstrution is doneD the position of the toms re usully relxedD with the ojetive of (nding lol energy minimumF his is usully done thnks to gonjugte qrdient @gqA method olk 8 iiere IWTWF his is stepwise optimistion method tht uses the fore grdient s well s inE formtion from the previous itertions for quiker onvergeneF es most itertive optimistion methodsD it n e stuk in lol minimumF sf the minimiztion proedure is suessfulD the toms should e in lol miniE mum of potentil energy nd the movement of toms t the eginning of simultion should e due to their initil veloity onlyF 1.3.5 Energy, Thermostats, and Barostats ith the methods desried up to this pointD it is possile to set up simultion of nnoEojet or of ulk mterilF por thisD the geometry @position of the tomsA must e setD the pproprite intertion potentil hosenD nd the struture relxedF end only then the integrtion sheme n simulte the evolution of the system t onstnt energyF sn wh simultionsD the energy is expressed sX

E = i U (r i ) + i v 2 i m i 2 , @IFQUA
the (rst term eing the potentil energy depending on the position nd intertion potentilD nd the seond one the kineti energy depending on the veloity of the tomsF huring onstnt energy simultionsD energy onservtion implies tht the evolution of the system is due to potentil energy eing trnsformed in kineti energy nd vie versF he glol energy of the system is thus set y the initil onditions @positions nd veloities of the tomsAF he numer of prtiles nd volume of the simultion ell eing (xed t the eginning of the simultionD it reprodues the mirononil thermodynmil ensemle ellen 8 ildesley PHIUF his ensemle is lso lled xiD for (xed numer of prtile x (xed volume nd (xed energy iF st represents the possile evolutions of n isolted systemD without intertions with the environmentF roweverD prtillyD it is useful to e le to simulte system tht interts with the environmentF sn prtiulrD one my wnt to set the temperture of the systemD this is the role of thermosttsF sn wh simultionsD the instntneous temE perture T of volume V is de(ned thnks to the men kineti energy of the toms 1.4. Congurations and Structural Characteristics (MD) 25 inside the volume if the verge veloity of eh tom is zero @otherwise it is given y the veloity )ututions hiu 8 quthmnn IWVWAX

T (V ) = i∈V v 2 i m i 3nk B , @IFQVA
where the sum runs over the n toms in the volume V F husD the temperture n e ontrolled through the regultion of the veloity of the tomsF his is the ide ehind the simplest thermosttX the veloity resling thermosttF his therE mostt works y hnging homogeneously the veloities of some toms t regulr intervls to otin the hosen tempertureF roweverD this pproh is rude nd introduing rndom veloity hnges n hve strong in)uene on the dynmi of the systemF o void thisD other thermostts hve een developedD the most populr one is the xoséEroover thermostt xosé IWVTF his thermostt uses reformulE tion of the equtions of motion of the toms to inlude the oupling to therml th ellen 8 ildesley PHIUF uh thermostt llows performing simultions in the nonil ensemle or x @(xed numer of tomsD volume nd tempertureAF elterntivelyD for other pplitionsD one my wish to monitor nd ontrol the pressureF his is useful in prtiulr to void therml stresses when the temperture is modi(edF sn whD the pressure in Qh system is omputed through prenkel 8 mit PHHIX SF he energy is minimized using the gq method TF he intertion potentil is swithed to potentil UF he system is nneled t 100 K for 10 ps VF he energy is minimized using the gq method his method omines the relisti miroEstruture llowed y using the erso' potentil for the meltEquenh proedure nd the mehnil properties dequy of the potentil t lower temperture lili et al. PHIWF Amorphous Silica he morphous sili on(gurtion ws reted using the proedure desried in wntisi et al. PHIPF IF e βEgrystollite rystl is formed PF he energy is minimized using the gq method with the fu potentil QF he system is heted up 5200 K in I ns t onstnt volume RF he system is nneled for 10 ps t this temperture SF he system is quenhed to 300 K with rte of 5.3 × 10 12 K s -1 3 Although at a much faster quench rate. 

P = N k b T V + i∈V v i • f i 3V , @

Nanocomposites

his work does not fous on the properties of morphous silion nd siliD ut on the properties of nnoomposites involving these mterilsF he spei( nnoomE posites re desried in the following hptersF roweverD the si proedure to otin them is ommon to llX spei( shpe is ut in the morphous struture nd then the rystlline phse is dded inside the hole retedF o void hving overlpping tomsD the hole is either ut slightly lrger thn the shpe of the inE lusion @of FIÅA or the overlpping toms re deleted @tht is toms within less thn thn P Å of eh othersA he otined struture is then relxed using enE ergyGfore relxtion methodsD to further relx the struture it is lso nneled t 100 K for few thousnd time stepsF his method ws suessfully used in previE ous works prneEvnord et al. wo exmples of hp re given in (gure IFIHX the hp of grystlline ilion @EiA nd EiF he hp of Ei shows lerly wht is expeted for rystlD the toms re t set distne from eh othersD this distne eing de(ned y the rystlline strutureF yn the other hndD in the glss some peks orresponding to the verge distne to (rstGseond or third neighor re visile ut re less shrpF he toms re not t set distne from eh othersD ut distriuted round themF Bond Angle Distribution he fond engle histriution @fehA gives the distriE ution of the ngles formed y eh tom with two (rst neighorsF por every tomD the ngle etween eh pir of (rst neighors is mesuredD then from the ngles list histogrm n e onstrutedF he (rst neighor distne is hosen thnks to the hpF por instneD in the se of Ei in (gure IFIH toms within 3 Å of eh other re onsidered (rst neighorF his quntity is useful to verify tht the onding diretionlity is respetedF por instneD for EiD the feh is expeted to e round 108 • portner 8 vnnin IWVWF en exmple of feh for Ei is given in the (gure IFIIF st shows tht the distriution is entered round the expeted vlue nd is symmetri round itF Coordination Analysis he oordintion numer of n tom orresponds to the numer of toms tht re onded with itF sn other wordsD it is the numer of (rst neighorsF por rystlline struturesD it n e dedued from the lttie geometryF por instneD for Ei in the ui dimond on(gurtionD it is RF por morphous mterilsD this numer hs to e omputed expliitlyF por eh prtileD the numer of toms within onding distne re ountedF wo toms n e onsidered onded if they re within the mximum distne of the (rst neighor dedued from the hpF he oordintion numer distriution n e used s mesure of the qulity of simulted morphous strutureF o nlyze itD histogrmD s the one visile in (gure IFIPD n e plottedF he (gure ontins the oordintion numers of the toms of the Ei smple usedF por EiD the oordintion numer is supposed to e RD lose to the vlue of EiF end this is wht is otined for 94 % of the tomsF here is some overEoordinted toms nd very few underEoordinted tomsD s expeted puso et al. PHIHF Q-speciation he Espeition is quntity tht n e omputed for oxide glssesF st orresponds to the numer of inding oxygen toms per silion tom 30 Chapter 1. Theoretical Background and Methods in the se of iy 2 F ht isD the numer of oxygen toms onded with given i tom tht re lso onded to nother i tomF he Q n nottion gives the numer of ridging oxygen for i tomX Q 1 i tom hs only one oxygen tom tht is lso onded with nother i tomD Q 2 hs two oxygen toms onded with other i toms nd so onF por pure iy 2 D it is expeted tht the overwhelming proportion of toms re Q 4 D the onding of y toms with i eing muh more energetilly fvorle thn the others en 8 oungmn PHHQF rtillyD it is omputed similrly to the fehX for every i tomsD eh oxygen tom within onding rnge is onsideredF hen for eh oxygen tom the presene of nother i tom with onding distne is hekedD if there is oneD the Q numer of the tom is inresedF his omputtion is repeted for eh i tomF his is disussed in ppendix eFIF

Vibrational properties (MD)

xot only is wh useful to study the struture of mterils nd ompre it to exE perimentl resultsD ut it n lso e used to estimte virtionl properties of struturesF his overs wide rnge of hrteristisX from the eigenfrequeny distriution to the dmping hrteristisF sn this setionD the di'erent methods used to ompute the virtionl properties with wh re reviewedF 1.5.1 Vibrational Density of States he hy of system desries the spetrl distriution of its eigenfrequeniesF st is useful quntity to get n ide of the importne of prtiulr frequeny rngeD or the llowed virtionl frequenies in systemF wore importntlyD it is lso useful omprison point with experimentl resultsF por instneD the dequy etween the otined nd experimentl hy ws one of the ontrol point during the de(nition of the potentil used for i in this work ink et al. PHHIF here re multiple methods tht n e used to ompute the hyD one method relying on sttistil nlysis of the movement nd two others relying on the dynmil mtrix will e desriedF Velocity Autocorrelation Function he hy n e evluted thnks to the pourier trnsform of the mss weighted eloity eutoEgorreltion puntion @egpA hove IWWQX

g(ν) = N k b T F i∈N m i |v i (t) • v i (0)| , @IFRIA
with F {} the pourier trnsformD g(ν) the hy t frequeny νF his quntity n e omputed for the whole system or only prt of it y seleting the prtiles over whih the sum is performedF es for every quntity omputed through pourier trnsformD the mximum frequeny is given y the smpling rte ν max = (2τ samp ) -1 1.5. Vibrational properties (MD) 31 nd the frequeny resolution is given y the quisition time ν min = τ acqu -1 F rE tillyD efore reording the egpD the system is (rst equilirted t SH or 100 K using xoséEroover thermosttF he egp is then omputed over 100 ps without thermosttF pinllyD pourier trnsform of the resulting egp is performed nd then (ltered using vitzkyEqoly polynomil (lter vitzky 8 qoly IWTRF Dynamical Matrix he hw is mtrix representing the system through its hrmoni intertionsD tht isD s point mss linked y springF sts usge nd de(nition ome prtilly from vttie hynmis @see setion IFUFIAF he elements of this mtrix re de(ned for ny periodil or (nite ojet sX

M iα,jβ = ( √ m j m i ) -1 ∂U ∂r iα ∂r jβ
, @IFRPA with i nd j indexing tomsD α nd β indexing the sptil diretionsD m i the mss of tom iD r jβ the position of the jth tom in the diretion βD nd U the potentil energy of the systemF veww evlutes the hw y omputing the fore vrition on n tom resulting from single tomi displementF he hw redues the system to 3N × 3N mtrix with N the numer of tomsF he eigenvlues of this mtrix give the eigenfrequenies squres of the systemD nd the eigenvetors give the ssoited virtionl modes @sled y the squre root of tomi mssesAF he hndling of the mtrix is filitted y its sprsenessX eqution @IFRPA redues to H if the tom i lies outside the uto' rdius of tom jF o ompute the hyD the eigenvlues of this mtrix hve to e estimtedF his n e done with di'erent methodsF Direct Diagonalization por the smll systems @elow 1 × 10 4 tomsA the hw n esily e digonlized expliitlyF wny methods nd pprohes exist to do thisD in this mnusript the smpliitly estrted ernoldi wethod vehouq et al. IWWV implemented in i y for ython ws usedF he diret digonliztion gives eigenE modes together with the frequeniesF end thusD y using itD one n esily ompute the rtiiption tio @A for eh modeF he prtiiption rtio indites the proportion of toms tking prt to virtionl modeF st is omputed sX

P R = 1 N ( N i=1 r i 2 ) 2 N i=1 r i 4
@IFRQA with r i the displement of the ith tom for given mode nd N the totl numer of tomsF es mentioned efore @see setion IFIFSA the prtiiption rtio n e used to identify the lolized mode @tht hve low prtiiption rtioA nd thus ompleE ments the hy tht gives the spetrl distriution of the eigenmodes regrdless to their ontriution to the therml onduivityF Kernel Polynomial Method por lrger systemsD for whih the hw n e otined ut not digonlized expliitlyD the eigenvlues re estiE mted thnks to the uernel olynomil wethod @uwA desried y eiÿe et Figure 1.13: VDOS of a-Si estimated using the dierent methods.

he di'erent results for the hy of Ei re represented in (gure IFIQF he dvntges nd drwks of the di'erent methods re disussed more in depth in the setion PFIF 1.5.2 Dynamical Structure Factor he hpD similrly to the hyD is representtion of the virtionl properties of the systemF he hp ontins informtion oth out the wve vetor nd the frequenyF st is essentilly sptil nd temporl pourier trnsform of the tomi displementsF st is used to hrterize the virtionl properties of systemD s mesured y Ery or y neutrons sttering experiments foon 8 ip IWWIF st n e de(ned sX

S η (q, ω) = 2 N T Nat i exp(-iq • r i ) τ 0 u i (r i , t) • m η exp(iωt)dt 2 @IFRRA
with q the wve vetorD u i nd r i the displement nd position of the i th tomD m η the polriztion vetor @prllel or perpendiulr to qAD T the temperture nd N the totl numer of toms feltukov et al. PHIQF he wve vetor resolution is given y 2π/L with L the length of the simultion ox in the diretion of the wve vetorF he diretion of the vetor q n e hosen ritrrilyD this llows to smple the dispersion reltions in the di'erent diretions of the lttie in the se of rystlsF 1.5. Vibrational properties (MD) 33 he tomi trjetories used for the omputtion of S(q, ω) re otined s folE lowsX the smple is heted t (nite temperture @in this work 100 K if not otherwise mentionedAD equilirted t this temperture for 5 × 10 -3 ns using xoséEroover thermostt nd the tomi trjetories re then reorded during 1 × 10 -2 ns long onstnt energy simultionF prom the hp the phononi dispersion urves n e otinedF o do soD the hp is (rst onvoluted with typil energy resolution urve of lineEwidth 1.35 meV @s suggested y lili et al. lili et al. PHIWAF henD the dispersion is estimted from the frequeny for whih S(q, ω) hs the highest vlue for eh wve vetor within the ousti phonon frequeny rngeF his dispersion is (nlly (tted to sine funtionDν = c 1 sin(2πqc 2 ) with c 1 nd c 2 onstnts @see setion IFIFPAD llowing the nlytil derivtion of the group veloityX

v g = ∂ν ∂q = 2πc 1 c 2 cos(arcsin(ν/c 1 )) @IFRSA
he hp for Ei nd the (tted dispersion reltion for longitudinl modes is disE plyed in (gure IFIRF4 elterntivelyD the hp n e used to extrt oth the dispersion reltion nd the lifetime of phononsF o this endD the low frequeny region n e (tted with the hry model feltukov et al. PHITX

S η (q, ν) = A 4π 2 (ν 2 -ν 2 η (q) 2 + ν 2 Γ 2 η )
@IFRTA with Γ η = 1/τ η the inverse lifetimeD ν η (q) the phonon dispersionD A the mplitudeD nd η leling either the longitudinl or trnsverse polriztionF he prmeters of eqution @IFRTA re (tted to mth the hp otined with eqution @IFRRA for every wve vetorF husD this model enles the omputtion of oth the lifetime nd the 

f = A sin[2πν(t -3τ )] exp - (t -3τ ) 2 (2τ 2 ) , @IFRUA
imposed to the toms to e exitedF he exited slie is generlly loted in the enter of the nnoompositeD t symmetry plne so tht the propgtion is the sme on eh side of the exited plneF he mplitude A is hosen to e su0E iently low to study only the impt of the geometry nd mirostruture on the wve propgtion @typilly e≈1 × 10 -4 eV Å -1 AF e lrge mplitude ould use nhrmoni e'ets to pperF he spreding of the qussin window τ is hosen to e su0iently smll to o'er ompromise etween sptil extension of the ompred to the system lengthD nd the resolution in the frequeny speF he purthermoreD ontrry to pump proe experimentsD wh simultions llow to hoose the polriztion of the wve retedF sf the fore is pplied perpendiulrly to the slieD it retes longitudinl wve @see (gure IFITAF sf the fore is pplied in the diretion prllel to the slieD the wve reted is trnsverse @see (gure IFITAF elterntivelyD the fore n e pplied in rndom diretionD di'erent for eh exited tomD s shown in (gure IFITF his rndom exittion prevents the ppriE tion of oherent single plne wve nd thus keeps only the di'usive5 prt of the motion feltukov et al. PHIQF efter the exittionD the tomi kineti energy s funtion of the position is reorded every 0.01 ps from the retion of the exittion until the wve rehes the limits of the nnoompositeF his llows studying the sptil nd time dey of the wveEpketF Mean Free Path he nlysis of the dey rte of longitudinl or trnsverse exittion llows omputing its wpF he mplitude of the wveEpket dereses due geometril defets @interfeGdisorderAD euse of the very temperture the e'et of nhrmoniity n e negletedF o do soD the envelope of the wveEpket is omputed (rstF he envelope is de(ned s the mximum mplitude of the wveE pket s funtion of the distne from the exittion soure @see (gure IFIUAF henD the wp is estimted from the exponentil dey rte of the wveEpket envelope feltukov et al. PHIVF his is very similr to the estimtion of n optil wp with the feerEvmert lwF sn some ourrenesD like t high frequenies in morphous mterilsD the exE ponentil dey n e illEde(nedF sn these sesD the penetrtion length is used insted of the wpF he penetrtion length is de(ned s the distne to the exE ittion for whih the energy hs een divided y exp (1) feltukov et al. Figure 1.17: The envelope is dened as the maximal amplitude of the wave at a given position (black solid line), the energy distribution for some time steps is represented with dierent colors. Here, the reference position (0) is the position where the excitation is made, and the initial time corresponds to the 0 in equation (1.47).

ttenutionD tht is for llisti propgtion6 F Diusivity he energy di'usivity is used to estimte the ontriution of the non propgting modes @see setion IFIFSA to the therml ondutivityF st is omputed thnks to the wveEpket with rndom exittion diretion feltukov et al. PHIQF st is derived from the verge squre distne to the di'usion frontX

R 2 (t) = 1 E tot N i=0 x 2 i E i , @IFRVA
with N the numer of sliesD i the slie indexD x i the distne to the exittionD E i the kineti energy of the i th slieF he di'usivity is linked to the time dependene of R 2 y the eqution of oneEdimensionl di'usionD

R 2 (t) = 2D(ν)t @IFRWA
D(ν) is then omputed through lest squre (tF his n e done for the di'erent exittion frequeniesD ut it is illEde(ned in the purely propgtive regime @when the het rriers trvel through the system rther thn spredAF 1.6 Thermal Conductivity Estimation (MD)

here re numerous methodsD tht n e used to ompute the therml onduE tivity using whF sn the following setionD the fous is on the non equilirium moleulr dynmis @xiwhAD the equilirium moleulr dynmis @iwhAD the pE proh to equilirium moleulr dynmis @eiwhA nd the reonstitution of the therml ondutivity through the kineti theoryF he (rst two re quite popuE lr in the litertureD ut lterntives existD suh s the iinstein reltion sed method u%n % et al. PHIPF fefore strting the desription of the methodsD it is worth mentioning tht euse wh is fully lssil simultionD ll virE tionl modes re essile t ll temperture @no quntiztion of energyAF husD the phonon distriution does not follow the fose iinstein distriution @see equE tion IFVAD ut rther the wxwell foltzmnn distriution @see eqution IFWAF es onsequeneD the methods tht do not orret for the ontriution of the di'erE ent frequenies s funtion of the tempertureD re vlid only ove the heye temperture Θ D where ll mode re populted @see setion IFIFPAF 1.6.1 Non Equilibrium Molecular Dynamics he xon iquilirium woleulr hynmis @xiwhA method relies on the retion of temperture grdient ross the systemF he @e'etiveA therml ondutivity of the system is then estimted thnks to the pourier lw using the reltionX

κ = J∆x S∆T @IFSHA
where J is the therml )ux going from one thermostt to the otherD S the rossEsetionD ∆T ∆x the therml grdientF hi'erent thermostt lyouts re possiE le helling et al. PHHPD here the fous is on the one desried in (gure IFIWF sn this lyoutD (xed oundry onditions re used in the diretion of the therml grdientD nd the position of the toms ner the extremity re (xed to void free surfe e'etsF he )ux is omputed diretly from the energy exhnge rte t eh thermoE sttF he omputtion of the )ux in this wy voids the di0ulty of determinE Chapter 1. Theoretical Background and Methods ing per tom )ux desried in setion IFTFPF he temperture grdient is esE timted diretly from ∆T ∆x = (T h -T c )/L with L eing the distne etween the thermostts @see (gure IFIWAF yther possiilities for the omputtion of the )ux exists tund 8 tullien IWWWD wüllerElthe IWWUD nd other possiilities for the esE timtion of the therml grdient re disussed y vi et al. vi et al. PHIWF qlollyD the xiwh method is oneptully simple wy to ompute the efE fetive therml ondutivity of nnoompositeF his method llows omputE ing the therml ondutivity in given orienttionD with given )ux diretionF husD with this methodD n eventul therml reti(tion n e mesured @see hpter QAF roweverD due to llisti trnsportD the results my depend on the length helling et al. PHHPF 1.6.2 Equilibrium Molecular Dynamics he iwh relies on the )utution dissiption theoremD linking the dey of the )utution of n internl vrile to its response funtionF rereD the )ux utoE orreltion integrl is linked to the therml ondutivity using the qreenEuuo formul uuo IWSUX

κ αβ = 1 V k B T 2 ∞ 0 J α (0)J β (t) dt @IFSIA
with α nd β indexing the grtesin oordintesD V the volume of the system nd J β (t) the therml )ux in the diretion β t time tF e disretized version is de(ned s helling et al. PHHPX

κ αβ = ∆t V k B T 2 M m=1 (m -p) -1 p n=1 J α (m + n)J β (m) @IFSPA
with ∆t the time step etween two suessive )ux omputtionsD M the totl numer of time stepsD nd p the numer of steps over whih the utoEorreltion funtion is vergedF he system hs to e equilirted t set temperture efore the omputtion of the )uxE)ux orreltionF his equilirtion is performed thnks to xoséEroover thermosttD stilizing the temperture over few hundred thousnd time stepsF efter this equilirtion stepD the thermostt is removed to ensure tht )ux utoE orreltion is smpled from the xi ensemleF henD the )ux utoEorreltion is omputed over few million times stepsF his equilirtionGomputtion proess is repeted few times using di'erent initil veloities to get etter sttistisF iqution @IFSPA gives ess to the therE ml ondutivity tensor diretly without performing di'erent set of simultionsF es it is sttistil mesure of the therml ondutivityD it is less sensitive to size e'ets helling et al. PHHPF roweverD this method hs few shortfllsX long simuE ltions re neessry to onverge on vlue helling et al. PHHPD the omputtion of the )ux is not trivil for mnyody potentils urlys et al. PHIW nd it is not possile to ompute therml reti(tion with this methodF Heat Flux in Molecular Dynamics he omputtion of the therml onduE tivity vi the qreen uuo eqution @IFSPA requires the de(nition of the het )uxF sn wh the het )ux in volume V n e de(ned s rrdy IWTQX

j = 1 V ( i E i v i + σi • v i ), @IFSQA
with E i the totl energy of the tom iD v i the veloity of tom iD nd σi the tomi stress 7 on tom iF his orrespondsD to the energy )ux due to the movement of toms @onvetive term E i v i AD nd prt due to the )utution of potentil energyF his lst prt n e omputed using the viril stresses σi tht is sum of the intertion fores etween toms times their distne rrdy IWTQX 40 Chapter 1. Theoretical Background and Methods σi = -

k∈K i 1 N k j∈k r k j ⊗ F k j , @IFSRA
with K i the numer of intertion involving the tom iD N k is the numer of toms involved in the intertion @two for pir intertionsAD r k j the position of the toms j involved in the intertionD F k j the fore ting on tom i due to the intertion with tom j for the k ody intertionF roweverD this method is stritly vlid only for pir potenE tils urlys et al. 

k∈K i 1 N k (r k j -r k 0 ) ⊗ F k j , @IFSSA
with r k 0 the position of the entroid of the toms involved in the k intertion r k 0 = 1 N k i∈k r k i F his method is pproprite for mny ody potentilsD nd strts to e implemented in vewwF roweverD lrge setion of the literture @nd this workA still uses the implementtion of eqution @IFSRAF his pproximtion is resonle if the Q ody intertions do not ontriute to lrge portion of therml ondutivity s for i nd qx pn et al. PHISD hou PHPID ermentzidis et al. PHIVF 1.6.3 Approach to Equilibrium Molecular Dynamics he pproh to equilirium moleulr dynmis is n lterntive wy to ompute the therml ondutivity using wh vmpin et al. PHIPF es its nme sttesD it is sed on the monitoring of on the evolution of system from n out of equiliE rium stte s it relxes towrd the equilirium to estimte its therml propertiesF rtillyD temperture grdient is set up in system thnks to old nd hot thermosttD fter n equilirtion period the thermostts re swithed o' nd the system then evolves t onstnt energy towrd equiliriumF he theoretil evolution is displyed in (gure IFPID the lue line represents the temperture pro(le efore swithing the thermostts o'D the ornge nd green lines represent the temE perture pro(le s the system evolves towrd equiliriumF he temperture pro(les displyed use the pourier series used to (t to the pro(le otined in whF he pE rmeters needed to reprodue the wh distriution re used to estimte the therml properties of the systemF sn this spetD this method is very similr to the lser )sh method used to estimte the di'usivity t the mrosleF his method hs the dvntge over the iwh nd xiwh tht only short simE ultion times re needed @hundreds of psA nd tht it does not require the ompuE ttion of )uxF woreoverD it n e used to study ulk mteril in generlD interE fes rhn et al. 1.6.4 Thermal Conductivity from the Kinetic Theory he therml ondutivity of nnoomposites n lso e evluted using their virE tionl propertiesD for this the method developed y lili et lF lili et al. PHIW n e usedF he ontriution of the propgtive nd di'usive modes re seprtedD s for morphous mteril @see setion IFIFSAF his method is thus relevnt for morphousGrystlline nnoompositesF he ontriution of the propgtive modes @modes with de(ned wvevetor nd wpA @κ P A is estimted with the following expressionX

κ P = η νmax 0 m η 3 C(ν, T )v 2 η (ν)τ η (ν)g η (ν)dν, @IFSTA
with C(ν, T ) the het pity 8 t the temperture T nd frequeny νD v η the group veloityD τ η the phonon lifetimeD g η the density of stteD nd m η the degree of freedom ssoited to the polriztion η with m l = 1 for longitudinl n m t = 2 for trnsverseF ν max is the frequeny for whih there is no propgtion nymoreD this orresponds in glsses to the so'eEegel frequeny @see setion IFIFSAF iquE tion @IFSTA is otined y sustituting the sum of the modes in eqution @IFIVA y sum of the integrls over the frequeny elow so'e egel for eh polriztionF por the propgting modesD the phonon gs model n e used nd thus this eqution orresponds to eqution @IFITA he phonon lifetime n e estimted thnks to the wp omputed through wveEpket divided y the group veloityD or lterntively through the (t of the hp with the dmped hrmoni osilltors solution @see eqution @IFRTAD elow the so'eEegel frequenyF 42 Chapter 1. Theoretical Background and Methods he di'usive9 ontriution to therml ondutivity @κ D AD of the modes without de(ned wp n e estimted through vrkin 8 wqughey PHIQX

κ D = ∞ νmax 3C(ν, T )g(ν)D(ν)dν, @IFSUA
with D the di'usivity omputed using eqution @IFRA10 F his eqution is equivlent to the eqution @IFIWAD the sum eing repled y n integrlF he het pityD using the heye model eshroft et al. IWUTD is given s followsX

C(ν, T ) = N k b V ( 2πν k b T ) 2 exp ( 2πν k b T ) (exp ( 2πν k b T ) -1) 2 , @IFSVA
with k b the foltzmnn onstntD the lnk onstntD V the volumeD nd x the numer of tomsF st is worth mentioning tht the usul de(nition of the het pity inludes the hyF rereD the virtionl density of sttes is seprted for the ske of seprtion of nlytilly derived terms nd terms estimted with whF hnks to the weighting of the ontriutions of eh frequeny s funtion of the tempertureD this desription of the therml ondutivity is vlid elow the heye temperture ontrry to the methods previously desried in this setionF he method for the estimtion of other omponents of the equtions @IFSTA nd @IFSUA re detiled in the setion IFSF he totl therml ondutivity is simply the sum of the di'usive nd propgtive ontriutionsF Lifetime Estimation and Temperature Eect he omputtion of the therE ml ondutivity through eqution @IFSTA relies on the estimtion of the phonon lifetime s funtion of frequeny nd polriztionF he lifetime is onsidered to e limited y two phenomenX interfes or defet stteringD nd the phononEphonon stteringF he former is ssumed to depend only on the geometry nd is estimted thnks to the wp omputed t H u with the wveEpket method nd the group veloityX

τ -1 geom = v η (ν) Λ η (ν) , @IFSWA
with Λ η (ν) the wp t frequeny ν for the polriztion ηD nd v η the group veloityF he wveEpket propgtion simultions tking ple t 0 KD the redution of lifetime due to nhrmoniity is underestimtedF o ompenste for thisD lifetime due to phononEphonon intertions is introduedF his lifetime my e estimted with the empiril reltion desried in the gllwy model s funtion of temE perture nd frequeny gllwy IWSWF 

τ -1 ph-ph = P (2πν) 2 T exp(-C U /T ),
τ -1 = τ -1 geom + τ -1 ph-ph . @IFTIA
1.7 Other Atomically Resolved Models glssil wh is not the only tomilly resolved method llowing the estimtion of therml ondutivityF wny other methods hve een developed over the yersF sn this setionD vttie hynmisD etomi qreen puntionD nd Ab Initio moleulr dynmis re presented shortlyF 1.7.1 Lattice Dynamics yne of the erliest methods tht onsiders the tomi struture of mterils is vttie hynmisF st ws developed to ddress the limittion of the stti lttie model hove IWWQF st uses the model introdued in setion IFIFPX the toms re modeled either y mss points or y oreEshell strutures interting with eh othersF o model ulk mterilD it is onsidered tht the simulted pttern @usully primitive ell of rystl lttieA is repeted inde(nitely in ll diretions of spe @see (gure IFPPA reting n in(nite mediumF o ese the nlysisD the smll displement pproximtion is mdeF por most pplitionsD the intertion potentils etween toms re onsidered hrmoniF his mounts to study network of point msses linked to their nerest neighors y springsD s introdued in setion IFIFP nd depited in (gure IFPPF his is resonly urte desription of perfet rystls t low temperturesF st provides good desription of the dispersion reltion of phonons in the di'erent lttie diretions nd of the hy hove IWWQF roweverD the hrmoni pproximtion predits n in(nite therml ondutivity for perfet rystlsF o remedy to this prolemD higher order estimtions of the intertion potentil n e usedF hen higher order terms re ddedD the method is sometimes lled 4nhrmoni lttie dynmis4F he onsidertion of those terms llows introduing the phononEphonon intertions desried in setion IFIFP tht limit the phonon lifetime nd thus the therml ondutivityF he dded terms re often limited to the ui nd sometimes qudrti ontriutions eshroft et al. IWUTF vttie dynmisD lthough not diretly used in this workD is relevnt s some onepts derived from itD suh s the dynmil mtrix @see setion IFSFIAD re usedF st lso provides useful formlism for the derivtion of sttistil quntities from the movement of the prtilesF 44 Chapter 1. Theoretical Background and Methods Figure 1.22: Schematic representation of a 2D lattice, with springs representing the interaction between the atoms. The dark blue atoms in the square represent the pattern that is repeated to simulate the bulk.

Atomic Green Function

he etomi qreen puntion @eqpA is formlism very similr to vttie hyE nmisF st models toms osillting round n equilirium positionD interting through hrmoni intertomi potentilF roweverD ontrry to vttie hynmE is it fouses on the properties of devie of limited dimensions with two therml ths @onttsA nd not on the properties of ulk mterilF e simple represenE ttion of n exmple system is given in (gure IFPQF es indited y its nmeD the methods relies on qreen funtion formlism used to determine the interE tions of the devie with the ths nd with itselfF his llows omputing the trnsmission rte of phonons through the system nd (nlly the therml ondutivE ity hng et al. his method is prtiulrly useful to model nnosle devies t low temperE tureF et low temperturesD the mplitude of the osilltion is limitedD nd thus the nhrmoni e'ets re negligile in front interfe nd oundry e'etsF his pproximtion is prtiulrly justi(ed for nnosle deviesF st is notly used to model the phonon trnsmission through interfes ng et al. PHIV or the therml ondutivity of superltties in et al. PHIPF

ab initio Molecular Dynamics

ab initio woleulr hynmis is method in whihD similrly to lssil whD the trjetories of the toms re estimted through stepwise integrtion of the equE tion of motion @see setion IFQFIAF roweverD the fores ting on eh tom do not depend simply on the position of the toms through n intertion potentilD ut re estimted diretly from the eletroni intertions tht re expliitly tken into ountF his is done y solving the hrödinger eqution t eh time steps using the pproprite pproximtionsD s using the time independent solution nd solve using density funtionils wrx 8 rutter PHHWF his llows for etter reproE dution of the intertions etween the tomsF es the eletroni intertions re modeledD the eletroni nd lttie ontriutions to the therml ondutivity n e omputed eoules 8 groomette PHHSF roweverD ab initio simultions re limited to few hundredD or thousnd toms simulted over few pioseonds euse the resolution of the hrödinger eqution is omputtionlly intensive wrx 8 rutter PHHWF his sle does not llow for the omputtion of therml ondutivity with the usul wh method iwh nd xiwh @see setion IFTAD t lest not without some modE i(tions grogno et al. sn this setionD the impt of the size of qx xsD nd whether they re free or emedded in n morphous iy 2 mtrixD on their hy is t hndF st will strt with the desription of the on(gurtionsF efter thisD the hy nd prtiiption rtio of free nd emedded xs s well s the therml ondutivity of free xs will e studiedF his is lso n osion to ompre the methods for the evlution of the hy desried in hpter IF 2.1.1 Modeling of the Congurations he qx nnoinluision studied here re simply nnospheres ut out of qx rystl @wurztite rystlAF heir rdii R rnge etween I nd 4 nmF rerefterD the di'erent of di'erent rdii xs will e lelled x R F hey ontin QTW to 23 000 tomsF yne ut out of the rystlD the free xs @pxsA re relxed in n equilirium position using onjugted grdient methodD then equilirted t 300 K for 20 psF pixed oundry onditions re used for the simultion ox to void ny rtift due to periodi oundry onditionsD suh s intertions etween neighoring xsF he emedded xs @ixsA re pled in the enter of ui simultion ox ontining the Eiy 2 mtrix with side length orresponding to twie the x dimE eterF he Eiy 2 mtrix ws ut out of the lrger smple otined using the method desried in setion PFRFID the veri(tion of its struturl properties n e found in ppendix eFIF he ox size ws hosen to limit the intertions etween neighoring xs through periodi oundry onditions while limiting the totl numer of tomsF he xs re emedded in spheril pore with rdius lrger thn the rdius of the xs y 0.1 ÅD to prevent ny overlpping etween mtrix nd xs tomsF he system is then relxed thnks to onjugted grdient method energy minimizE tionD nd n nneling t 300 K for 20 psF he resulting on(gurtions for given dimeter re depited in (gure PFIF he erso' intertion potentil developed y uioseoglou et al. uioseoglou et al. PHIU is used to desrie the intertomi interE tionsF st omines intertomi potentil developedX for iy 2 wunetoh et al. PHHUD for qx xord et al. PHHQD for oxynitrides ykeke 8 vowther PHHW nd for silion nitride de frito wot et al. IWWVF his omined intertomi potentil llows the simultions of sili nd gllium nitride nnoomposites using the sme potentil form nd it hs een used previously with suess ermentzidis et al. PHIVF he rtil dil histriution puntion @hpA of the free xs ws exminedF he peks positions nd shrpness do not hnge reltive to the ulk hpD even for the smllest dimeter x studied hereD whih is n indition of miniml surfe reonstrution nd morphiztion of the free surfe of the xs @see ppendix eFP for more detilsAF 

Vibrational Density of States of Free Nanoparticles

he virtionl density of sttes o' free nnoprtiles @pxsA of di'erent sizes @olE ored plin linesA nd for ulk qx @dshed lk lineA for omprison re depited in (gure PFPF et (rst glneD one n notie tht ulk nd xs hy re quite similrD even for smller xs omposed of few hundreds of toms @see tle PFIAF he two ousti peks t S nd 10 THz pper lerlyF hey n e linked to the n rove singulrities n rove IWSQF es the dimeter of the xs is reduedD three min e'ets pperX the (rst one is the popultion of the ndgp y Q min modes t IRD IV nd 20 THzF heir intensities inrese s the xs derese in sizeF heir reltive importne in the hy spetr is on(rmed y the di'erene in rtiiption tio @A for di'erent sizes @see left olumn of (gures PFQAF es the rdius inresesD their deresesD inditing tht these modes onerns less nd less importnt frtion of tomsF hese modes re relted to surfe modesD nd they hve een oserved for other sssE semiondutors rn 8 fester PHIIF he inrese in of those modes with the inrese in the surfe to volume rtio @see tle PFIA tends to on(rm their loliztion t the surfeF st is lso worth notiing here tht the frequenies of these modes do not depend on the size of the nnoprtilesF his mens tht they nnot e linked to vm9s modes or other resonnt modesF xote lso hereD tht with the egp method @(gure PFPA the pek t 14 THz is less shrpF he seond e'et is redshift ndGor lurring of the (rst ousti pek for rdii up to 20 ÅF his shift inreses with deresing xs rdiusF his phenomenon ppers more lerly when the hy is estimted through uw @(gure PFPA nd with the diret method @(gure PFQ left pnelAF his redshift di'ers from wht ws previously oserved y gome et al. he lst dimeterEdependent feture of hy is the intensity derese of the optil peksF e rodening of optil peks ws lredy oserved nd ttriuted to hnges in the rystlline struture rn 8 fester PHIIF fut the rystllinity of the xs does not seem to hnge @see eFPAF woreoverD the derese of optil peks intensities ompred to ousti ones ppers lso in the diret digonliztionF husD this phenomenon is independent of the method used to lulte the hyF 56 Chapter 2. Nanoclusters and Nanoinclusions he surfe e'et is the most prole explition of the intensity dereseD s the rtio of q to x is onstnt for ll the xsF vst ut not lestD the opti peks otined with this intertomi poE tentil is lue shifted when ompred to the one otined from experimenE tl results xipko et al. he nd gp is still popultedD ut this time in muh more uniform wyF his n e understood s the in)uene of the iy 2 mtrix on the modesF wtrix modes re indeed ville t those frequeniesD s n e seen in (gure PFS where the iy 2 hy is represented with dotted lineF revious works showed thtD t the interE fesD modes of the di'erent phses omine together prneEvnord et al. pinllyD the only ommon tendeny etween free nd emedded nnoprtiles is the reltive derese of the optil peks for smll sizesF his e'et is even more visile in (gure PFS ompred to (gure PFPF st is prtilly due to the normliztion of the hy re @the hy is sled @normlizedA so tht the integrl is oneAD ut the ousti peks seem less imptedF es this e'et is present for oth free nd emedded nnoprtilesD it nnot e due to free surfe e'et onlyF st is most proly relted to the morphiztion of the surfe or interfeF sndeedD the emedded nnoprtiles seem to show more morphiztion thn the free onesD s disussed in ppendix eFPF he previous oservtions on the hy of emedded nnoprtiles re vlid for the two methodologies egp nd uwF he uw shows shrper de(nition of modesD nd it is thus seleted to mke more rigorous omprison etween the hy of free nd emedded nnoprtilesF he omprison etween the two in 2.1. Size Eects: Free and Embedded GaN Nanospheres in a-SiO 2 59 (gure PFT llows underlining the previously ited di'erenes @highlighted in red in the (gureAF pirstD the di'erene in intensity of the optil peks etween the free nd emedded nnoprtiles n e oservedY the peks for the emedded prtiles re lower ompred to free ones @red rrowsAF his di'erene is enhned when deresing the size of the xsF hen the redshift of the trnsverse ousti pek for free nnoprtiles ppers lerly for rdii up to 20 ÅD while the distint modes in the ndgp visile for free nnoprtiles dispper for the emedded nnoprtilesF his on(rms the ftD mentioned in the previous prgrphD tht these modes re relted to free surfe e'etsF pinllyD one n oserve in the hy of emedded nnoprtiles kground modesD whih re relted to the mtrixF sn few wordsD s the xs re inluded in n morphous mtrix the redshift nd distint surfe modes oserved erlier dispper nd there is hyridizE tion with the modes of the mtrixF fefore going onD it is worth ompring the three methods used to estimte the 60 Chapter 2. Nanoclusters and Nanoinclusions hy of emedded nd free xs nmelyX diret digonliztion of the dynmil mtrix @hwA 2 D uw pproximtion for hw digonliztionD nd egpF o do soD the hy of xs with two di'erent sizes re depited in (gure PFU for eh methodF he estimtions of the hy through the hw led to shrper fetures in the hyD espeilly for the smllest dimeters nnoprtiless @top pnels of (gure PFUAF his n hve two originsX the poor sttistis of the egp due to the redued numer of prtilesD ndGor the nhrmoniity minly due to the gittion of surfe toms during simultionsF sn se of emedded nnoprtilesD the virtion of the surrounding mtrix is llowed only in the egp methodD nd ontriutes to roden the hyF por igger dimetersD the similrities etween the methods using the hw nd the egp vlidte the (xed interfe onditions used when omputing the hwF pinllyD this shows tht the omputtion of the hw restrited to the x toms only is glolly dpted to the omputtion of hy of xs emedded in n morphous mtrixF sn generlD the three methods onverge for xs with dimeters lrger thn 5 nmF xeverthelessD for smller xs one should e reful out the methodology seletionD s the impt of temperture n only e onsidered diretly with the egp methodF yn the other hndD the hw pproh detets detiled fetures tht the egp looses due to therml gittion nd poor sttistis @smll numer of tomsAF he hw is omputle only for smll xs with mximum 1 × 10 4 toms euse lrger numer nnot e onsidered due to g limittions relted to the diret digonliztion shemeF sn ontrstD uw sheme n overpss the diret method limittionsD ut it is lso onstrined due to mtrix size limittion ompred to ville ewF o omplete the studyD in the next setion will fous on the therml ondutivity s funtion of the rdii for pxF 2.1.5 Thermal conductivity of Free Nanoparticles he therml ondutivity is evluted using the iquilirium woleulr hynmE is @iwhA method desried in setion IFTF he inlusions re (rst heted t 300 KD using n initil veloity distriution without overll trnsltionl or rottionl moE mentumF he system is then equilirted t this temperture for 0.5 ns using xoséEroover thermosttF he )ux omputed through eqution @IFSQA is extrted every 10 fsD nd the )ux utoorreltion omputed dey over 40 psD while the verE ge is done over S to 10 nsF o otin etter sttistisD the results re verged over S to IH runs with di'erent seeds for initil veloitiesF ell these simultions were done t 300 K using xoséEroover thermosttF he xs were free to moveD neverE thelessD very few trnsltion or rottionl olletive movements hve een oservedF he simultions in whih they ourred hve een exluded in the sttistis for the 2.1. Size Eects: Free and Embedded GaN Nanospheres in a-SiO 2 61 omputtion of κF st is ssumed tht the )ux given y eqution @IFSQA is orret nd n e used to ompute κ through eqution @IFSPA he therml ondutivity @κA of the pxs of rdii IHD ISD PHD PSD QH nd 40 Å re depited in (gure PFV nd reorded in tle PFIF sn the sme tle the perentge of surfe tomsD elonging to spheril shell of 2 Å thikness re reportedF 2 Å is hosen to enompss every tom ppering visully t the surfeF 10 20
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) Figure 2.8: Thermal conductivity of free nanoparticles computed with EMD at 300 K, the error bars correspond to the standard deviation between the 5 to 10 independent runs. The blue line is a t to a cubic scaling law as a guide to the eye. he κ of pxD s expetedD is only smll frtion of ulk qx one @≈ ITHE 220 W K -1 m -1 tezowski et al. PHHQAF por the smllest x studied hereD it is three orders of mgnitude less thn the ulk vlueF hen inresing the size of xD the κ inreses nonElinerlyD in ontrst to previous study for ilion free x using the sme method @iwhA with dimeters P to 12 nm in whih liner size dependene ws reported png et al. PHHTF he previously reported hy modi(tions due to the size e'et n impt the κ when onsidering the seprte ontriution of eh phonon frequenyF por inE 62 Chapter 2. Nanoclusters and Nanoinclusions stneD modes elow 5 THz ontriute to 50 % of the therml ondutivity ording to ng et al. ng et al. PHPHF purthermoreD the surfe modes in the ndgp gin intensity upon deresing the rdius of xsF roweverD these surfe modes do not penetrte in the xsD so they do not ontriute muh to the overll )uxF ize e'ets re lso known to promote phonon mode hyridiztion tht n impt the therml ondutivity xomur et al. PHIVF he few points in (gure PFV nnot give the ext tendeny nor the whole pitureD ut ui sling dependene of κ with the dimeter seems to pperD whih might e relted to volume @r 3 A dependeneF yne ould question the mening of therml ondutivity in suh smll nnojetsD in the present on(gurtion it qunti(es how e'etive the energy exhnge inside the prtile isF his is n importnt e'et tht one should onsider when e'eE tive medium pproximtion @iweA models re used to estimte the e'etive κ of nnoompositeF woreoverD here the prtiles re ig enough to disply hy similr to the one of ulkD mening tht energy n e propgted y phonons nd )ux e omputed in mnner similr to ulk F sn riefD the therml ondutivity of qx free nnoprtiles ppers to sle with the ue of the dimeter rther thn linerly s predited for i nnoprE tilesF

Conclusion

o onludeD the virtionl density of sttes of qx xs free or emedded in n iy 2 mtrix ws studiedF hree di'erent phenomen pper for the free nnoprE tilesX redshift of the (rst ousti pekD the pperne of surfe modes in the ndgp nd n intensity derese of the optil modesF es the prtiles re emE edded in iy 2 mtrixD only the ltter e'et persistsD nd modes indued y the interfe with the mtrix inrese in intensity s the rdius of the nnoprtiles deresesF xo spei( peks for the vms modes hrterized y frequeny inversely proportionl to the rdius of the inlusions hve een oservedX they re indeed hidden in the hy spetrD ut n e identi(ed esily t low frequenies with the hwF he lowest frequeny modes indeed sle with the inverse of the rdius @see ppendix eFQAF gonerning the therml ondutivity of the pxsX it does not follow the liner dependene oserved for the se of silion xsF sn sssE semionduting xs nd more spei(lly in qx xs the therml ondutivity pper to inrese in ui power low of nnoprtiles dimeterF he nonliner size dependene of the therml ondutivity underlines tht the men free pth limittion to the xs size is not the only prmeter to onsiderD otherwise liner dependene with the size would e oservedF his nonlinerity might e due to surfe modes nd how these modes intert with the het )ux )ututions in the ore of the xF xote tht olletive modes involving the full mtrix oupled to the nnoprE tile re not tken into ount y the hw methods due to the (xed sn the introdution of this hpterD it is mentioned tht the reltive rysE tlline orienttion of the nnoinlusion3 n in)uene the therml ondutivity of nnoompositesF his e'et hs een oserved for qx spheril nnoinluE sion in n morphous sili mtrixD where the therml ondutivity is 70 % higher when the inlusion9s rystl ltties re ligned thn for n ritrry orienttion ermentzidis et al. PHIVF st is known tht the reltive rystlline orienttion n in)uene the therE ml trnsferF por instneD the orienttion of neighoring grins will impt the grin oundry resistne of wo 2 thin (lms ledzinsk et al. PHIUF he lttie orienttion lso in)uenes the therml resistne ross grphene sheets wohmmd xejd et al. PHIWF sn these sesD the orienttion will selet whih modes n go through the interfeF roweverD in the se of nnoinlusionsD there is sustntil distne etween the inlusionsD so tht the origin of this enhnement is not well understoodF sn this setionD the e'et of the reltive orienttion of qx xss in iy 2 over the virtionl properties is studied with the gol to understnd the origin of the therml ondutivity enhnementF wore preiselyD the gol is to identify n eventul diret trnsmission of energy etween the inlusionsF 2.2.1 Modeling of the Congurations he on(gurtions used here re similr to the one desried in setion PFIF sing the sme morphous iy 2 smpleD two di'erent on(gurtions re retedD one with Q inlusions shring the sme orienttion @ssoEoriented xss or sExssA nd nother where the two externl xss re rotted 60 • out the x nd then y xis @nisoE oriented xss eExssAF he two on(gurtions re represented in (gure PFWF o reprodue the onditions of the erlier studyD the inlusions hve rdius of 23 Å nd their enters re 107 Å prtF he overll simultion ox is retngle of RHH y VP y 85 ÅF his geometry llows hving symmetri ox to perform propgtion simultions esilyF roweverD the inter inlusion distne is only respeted over the x diretionD so tht only this diretion will e studiedF eriE odi oundry onditions re used in every diretionF he uilding nd relxtion proesses re the sme s in setion PFIF 

Eect of the Orientation of Nanoinclusions

Vibrational Properties

sn the originl pulition ermentzidis et al. PHIVD the inrese in therml onE dutivity is ttriuted to phonon tunnelingF sn this setionD phonon tunneling is interpreted s llisti trnsport from one inlusion to the nextF he possiility of suh trnsport n e ssessed y studying the wen pree th @wpA in morphous siliF sf modes with wp of the order of the distne etween inluE sions existD there my e diret energy trnsmission etween the inlusionsF his llisti trnsmission ould e in)uened y the orienttion of the inlusionsD the trnsport in qx eing nisotropi tu et al. PHITF o identify those modesD the wp in ulk morphous sili is omputed through veEket @A propgtion simultions s desried in IFSFQD with fore mplitude of 3.773 × 10 -4 eV Å -1 F sn (gure PFIH the wp omputed from the dey rte of the envelope of the wveEpket re displyed for trnsverse nd longitudinl polriztionsF st ppers tht the wp is quikly redued to 1.5 nm or elowF ynly the very low frequenies pper to e le to trvel more thn few nnometersF he vlues of wp re onsistent with the results of vrkin et lF vrkin 8 wqughey PHIRF st is notiele thtD mong the frequenies studiedD only 0.5 THz ppers to e le to rry energy over distne lrger thn the distne etween two inlusions @82 ÅAF enother wy to study the trnsmission of energy etween the xss is to fous on the ville modes in the di'erent prts of the nnoompositesF st n e done y ompring the hy of the emedded xs nd of the iy 2 in (gure PFSF felow 1 THzD frequeny for whih het rriers n trvel the seprting the inlusions llistillyD only few modes re ville in the xsF his mens tht it is unlikely tht they ontriute signi(ntly to the therml ondutivity inreseF roweverD there is strong overlp of the ousti phonons peks etween S nd 10 THz with morphous sili modesD nd smll overlp of optil phonons round 25 THzF xeverthelessD one n ompre the propgtion ross the nnoomposites t low frequenies through wveEpket simultions t low frequeniesF his ould show energy pthwys etween the inlusions tht re in)uened y their orienttionF o test thisD wveEpket simultion is rried out with n exittion mde in entrl slie of thikness 2 Å in the entrl inlusionF he results re displyed in (gure PFIID where the propgtion of energy fter n exittion t 0.5 THz in 66 Chapter 2. Nanoclusters and Nanoinclusions oth on(gurtions is representedF e longitudinl exittion is hosen euse it ppers to e the est se for the llisti trnsmission of energyF he olor sle gives the verge kineti energy s funtion of spe @x positionA nd timeF xo signi(nt di'erene etween the two sptioEtemporl representtion n e notedD the trnsmission through the inlusions is very similr in oth sesF here is no pprent re)etion or loliztion of energy t the interfe of the externl inlusionsF his shows tht there is no energy trnsmission tht is in)uened y the orienttion for this modeF he energy in the enter orresponds to the prt of the wveEpket tht is refrted in nother diretion y the interfe of the mtrix nd the entrl inlusion nd trvels in the y nd z diretions through the periodi oundry onditionsF p to this pointD only the longitudinl low frequenies hve een investigtedF his hoie is motivted y the higher wp ross the morphous sili mtrixF roweverD it does not men tht other modes nnot penetrte through the mtrix nd tunnel from one inlusion to the otherF e roder spetrum is investigted in the hynmil truture ptor @hpA displyed in (gure PFIPF sn this (gureD oth for iso nd nisoriented nnoEinlusionsD di'erent fetures of the hy n e identi(edF pirstD the propgtive modes of sili show up s high intensity modes for wve vetors elow 1 Å -1 nd elow 12 THzD this is visile through the thik yellow line strting from the ottomEleft ornerF hen smll depletion is visile round 12 THzF e horizontl nd ppers round 23 THzD this orresponds to the opti pek in the qx xssF pinllyD high frequeny modes of sili pper ove 30 THzF roweverD no ler di'erenes pper etween the iso or nisoEoriented nnoinlusionF his lk of di'erene shows tht there re little di'erenes in the virtionl properties of the nnoompositesD whether the inlusions re ligned or notF roweverD the on(gurtion presented here is not sme s the one of the originl pulition ermentzidis et al. PHIVX the prtiles re trnslted in order to hve 2.3. Rigidity Eects: Example of c-Si Inclusions in a-Si Matrix 67 three ligned prtileF es resultD the prtiles do not present the sme rystlline orienttion to eh othersD this might e why no e'et of orienttion ould e seenF he study of the longitudinl modes in the qx iy 2 nnoomposite did not show ler di'erenes etween on(gurtion where the inlusions hve n ligned lttie orienttion nd on(gurtion with n ritrry orienttion of eh inlusionsF es the longitudinl inlusions hve the highest wpD they re onsidered s the most likely to perolte through the strutureF his thus indites tht the inrese in the therml ondutivity due to the lignment of the inlusions nnot diretly e linked to the llisti trnsport etween the inlusionsF he origin of the therml ondutivity vritionD is proly more omplex nd multiftorilF o go further other reltive orienttion of the inlusions ould e studied nd xiwh simultion performed to insure tht the therml ondutivity enhnement is oservle with the struture studied in this workF

Rigidity Eects: Example of c-Si Inclusions in a-Si Matrix

rving disussed the e'ets of inluding rystlline nnospheres in n morphous mtrix in the previous setionsD this setion will fous on the e'et of the sti'ness of the nnoinlusions over the nnoomposites virtionl nd therml propertiesF es disussed eforeD the introdution of nnoinlusions modi(es the properties of the mtrixD key ftor in this modi(tion is the ousti mismth etween the phsesF his ousti mismth promotes sttering t the xsGmtrix interE fe nd dereses the therml ondutivity tungs et al. PHIUF purthermoreD it promotes the pinning of energy @some energy is trpped t the interfeAD deresE ing further the therml ondutivityD s hs een shown using ontinuum modE els vuo et al. PHIWF o study spei(lly the e'et of the ousti mismthD the model system of rystlline i xss in n morphous i mtrix n e usedF sndeedD the sti'ness of siliE on n esily e tuned in wh using the preEftor of the three ody term in the intertomi potentil @λ in eqution IFQQAF his possiility hs lredy een used to study the mehnil puso et al. PHIH nd virtionl feltukov et al. PHIT properties of morphous silion with di'erent sti'nessesF end the impt of sti'er inlusions hs een studied originlly in lili et al. PHIWF sn this setionD n extension of the study of lili et al. is mde with wider vriety of systemsF sing the wveEpket propgtion methodD the impt of the sti'ness of spheril xss in n morphous mtrix on the virtionl properties of the nnoomposites will e studiedF he qulittive desription of the di'erent phenomen will preede the nlysis in terms of wp nd di'usivityF 68 Chapter 2. Nanoclusters and Nanoinclusions

Modeling of the Congurations

he nnoomposites studied in this setion re omposed of n morphous mtrix elorted using the meltEquenh method desried in setion PFRFIF he originl smple is ue of side 17 nmD out of whih the ue of side 6 nm used in this studyD is ut outF he nnoinlusions re reted y hollowing out sphere of rdius 2.5 nm of the ue nd then (lling it with rystlline iF he rystl hs the 100 diretions ligned with the grtesin oordintes xisF hese dimensions orrespond to nnoomposite with rystlline volume frtion of 30 %D ontining 10.7 × 10 3 toms in totlF he sme ue without inlusion is lso studied s refereneF eriodi oundry onditions re used in ll the diretions to simulte the ulk propertiesF fefore relxing the strutureD the intertion potentil is setF he ide is to explore the e'et of the rigidity ontrst etween the mtrix nd the inlusionF por thisD the preftor of the three ody term in the intertion potentil λ is modi(ed @see eqution IFQRAD y doing so the ending rigidity is tuned nd this 'ets the sti'nessF hree possiilities re studiedD the usul vlue @λ = 21AD sti'er @λ = 100A nd softer silion with @λ = 5AF o ompre the properties of the di'erent phse the elsiti properties of morphous silionD nd of the di'erent rystlline phses re reported in tle PFPF he di'erent modulii n e omputed from the three independent vlues in the sti'ness tensor for ui isotropi ltties C 11 D C 12 nd C 44 D using oigt indiesF por the rystlD they re omputed from the stress resulting from smll deformtion fter relxing the tomi position to minimize the energy of ui smples @equivlent to qusiEstti deformtionAF hey depend on the orienttion of the lttie nd re here omputed with the three xis orresponding to IHHD HIHD nd HHI roproft et al. will this orresponds to the speed of sound in the 100 diretionD tht isD hereD in the propgtion diretionF es (rst pproximtionD the density is onsidered onstnt etween the phses so tht the rtio of the speed of sound orresponds roughly to the impedne rtioF Table 2.2: Elastic properties of the amorphous matrix, and bulk pristine crystalline Si for dierent values of λ, the parameter used to modify the stiness.
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sn tle PFP it ppers tht the ulk modulus is not 'eted y the vrition of λF roweverD the oisson rtio nd sher modulus re strongly 'eted y this hngeF he oisson rtio @νA is redued when inresing λD t λaIHH the mteril is slightly uxetiF he redution of ν ws lredy doumented for morphous smples puso et al. PHIHF he sher modulus inrese is onsistent with sti'er ngle etween the tomsF his results in strong e'et of λ on the group veloity of trnsverse wvesD ut less on the longitudinl wvesF ghoosingD λ = 100 or λ = 5 indeed results in n impedne mismth tht is muh more sensile on the trnsverse wvesF woreoverD the mismth is more mrked for the sti'er inlusions @λ = 100AF edditionllyD the elsti properties with the stndrd vlue λ = 21 re reported in tle PFPD the vlues otined orrespond to the vlues reported y gowley IWVVF snterestinglyD even t onstnt λ there is n impedne mismth etween Ei nd EiF sn the nnoompositeD the modi(tion of the prmeter λ onerns only the intertion etween the toms in the nnoinlusionF por the intertions involving toms in the inlusion nd in the mtrixD the regulr vlue of λ = 21 is usedF yne the intertion potentils for the inlusion nd for the mtrix re setD the resulting on(gurtion is relxedF por thisD onjugted grdient minimiztion is performed on the tomi positions to relx the foreF efter thisD the on(gurtion is nneled t 100 K during 10 ps @with simultion time step of 1 fsAF pinllyD the system is relxed gin using gq minimiztion of the fores to reh lol mehnil equiliriumF he resulting nnoomposite is displyed in (gure PFIQF 70 Chapter 2. Nanoclusters and Nanoinclusions 2.3.2 Wave-Packet Propagation he on(gurtions previously desried re studied using the wveEpket propgE tion method desried in setion IFSFQF he medium in whih the wveEpket propE gtes is reted y repeting the on(gurtion otined previously twelve times in the x xis diretionF efter the ssemlyD lst onjugted grdient energy miniE miztion is performed to ensure tht the system lys in lol energy minimumF o void surfe e'etsD the simultions re performed using periodi oundry onditions in ll the diretionsF he resulting on(gurtion is displyed in the (gure PFIRF sn this (gureD two imge strutures re depited for etter representtion of the system eing studied hereD nnoomposite omposed of Qh rry of rystlline nnoinlusionsF he wveEpket simultions re performed using the method desried in seE tion IFSFQF sn this prtiulr implementtionD entrl slie of 2 Å is exitedF es represented in the (gure PFIR the exited slie @in whiteA lies etween two inlusions in the morphous mtrixF he exittion fore mplitude is 3.773 × 10 -4 eV Å -1 F end the simultions were performed from I to 15 THz with step of 1 THzF hese simultion re done t H u so tht energy is mostly sttered y geometril defets rther nhrmoniity @very low for low temperture nd low exittion mplitudeAF Propagative, Diusive and Mixed Regimes hepending on the frequenyD di'erent ehviors pperD (rst t low frequenies the trnsport is mostly llisti @propgtive without lot of energy eing stteredAD t higher frequeny the veE loity of the wveEpket eomes illEde(nedD nd the trnsport is di'usive @tht is the energy ppers to e spred y di'usons s disussed in IFIFSAF roweverD the trnsition from one to nother is not shrpD nd for frequenies etween the two regimes mixed regime ppersF he three di'erent regimes pper more lerly for longitudinl exittionsD this polriztion will thus e the enter of ttentionF he di'erent regimes re represented in (gures PFIS to PFIUF he (rst oneD represents the propgtion t 1 THzD is the propgtive regimeF his regime is hrterized y mehnil wve trveling t onstnt speed through the on(guE rtionD with some energy eing sttered long the pthF his propgtive trnsport is lerly visile in the top left pnel of (gure PFIS for the fully morphous smE pleD two red stripes orresponding to wveEpket 4 trveling t onstnt speed re visileF ome energy is stteredD it is visile in tht fter the pssge of the wveEpket the kground energy is higher due to the energy left ehind y the wveEpketF por the regulr intertion λ = 21 the ehvior is very similr to the one of the fully morphous on(gurtionF he only notle di'erene is tht the intensity of the is deresed t the end @the stripes fde in intensity ner the endAF his is the sign tht more energy is eing sttered thn for the morphous smpleF por the sti'er nd softer inlusions the sitution is di'erentD the propE gtion is muh more ttenuted nd most of the energy seems pinned etween the 72 Chapter 2. Nanoclusters and Nanoinclusions inlusionsF sn prtiulrD etween the (rst nd seond inlusionsD the pper to e trppedF ispeillyD for the nnoomposite with the sti'er inlusions @λ = 100A in the inlusionsD the seems to e re)eted multiple times etween the seE ond nd third inlusions @round aT nmAF e similr ehvior hs een oserved in nnoporous i thin (lms de ous yliveir et al. PHPHF hese re)etions ould led to interfereneF yverllD the dominnt trnsport mehnism seems propgtiveD with prt of the energy re)eted t the interfesD in prtiulr when the impedne mismth is lrgeF pinllyD it ppers in this representtion tht the trvels fster in the system with sti'er inlusions thn in the one with the softer inlusionsF his is onsistent with the di'erene in group veloity reported in tle PFPF his shows tht the higher group veloity in the mtrix is enough to inrese the e'etive group veloity of the whole strutureF he seond ehvior is di'usiveD this hppens t high frequeny when the energy of the wveEpket does not propgte nymoreD ut slowly spred through the smpleF his ehvior is visile in (gure PFIT t 10 THzD in whih the red stripes hrterizing the propgtive trnsport hve disppered nd the energy slowly di'use from the enterF et this frequenyD the ttenution in the morphous mtrix is strong feltukov et al. PHIVD so muh tht the wveEpket nnot propgte from inlusion to inlusionF sf the ehviors re very similrD there is di'erene etween the morphous smple nd the nnoompositesX for the nnoomposites the spreding seems to e fster for regulr nd sti'er inlusions @λaPI nd λaIHHAD proly oosted y the inlusionsF his fster spreding is visile mostly in tht the entrl energy pek fdes out muh more quikly in the presene of these inlusionsF por the softer inlusionsD on the ontrryD the di'usion ppers to e slowerD whih is onsistent with the mteril eing softerF he lst regime represented in the (gure PFIU where ν = 2 THzD is the mixed regimeD for whih oth ehviors re visileF por this frequenyD oth phenomen re visileX there re the stripes hrteristi of propgtive trnsportD nd enE trl spot slowly spreding hrteristi of di'usive trnsportF por the propgtive prtD s in the (gure PFISD the ttenution of the is stronger for the nnoomE posites nd even more in se of lrge impedne mismthF et this frequenyD some 74 Chapter 2. Nanoclusters and Nanoinclusions energy is trpped etween the (rst nd seond inlusion for oth regulr nd sti'er inlusions @λaPI nd λaIHHAF roweverD no suessive re)etions re visileF por the softer inlusions @λaSAD the energy seems trpped in the (rst inlusionF fefore going onD it must e ddressed tht even for the morphous smpleD some energy seems to e trpped fter the pssge of the F his is visile s vertil strip round 15 nmF his proly orresponds to smll defet induing the pinning of energy lollyF sn riefD the qulittive visuliztion of the llows the distintion eE tweenD the propgtive regime t very low frequeny nd the di'usive regimes t higher frequeniesF hese regimes orrespond to the propgons nd di'usons whose existene ws proposed y ellen nd peldmn in morphous systems ellen 8 peldmn IWWQF sn etween those two regimesD the energy trnsport regime is mixedX prt of the energy trvels llistilly nd prt of it spreds di'usivelyF he inlusions pper to redue the intensity of the propgtive prt of the D with mrked e'et of the inlusion sti'er thn the mtrixF he inlusions seem to lso 'et the di'usion of energyD softer one slowing down the di'usion while the others elerte itF Mean Free Path por the evlution of the wpD the dey rte of the envelope of the wveEpket is estimted from 10 nm wy from the exittion to 30 nm wy from the exittion @see setion IFSFQAF his hoie llows omitting the eventul di'usive prt of the tht is usully limited to the (rst inlusionF foth positive nd negtive x diretions re onsidered @wheres only one is displyed in (gures PFIS to PFITAD nd the verge etween the two diretions is onsideredF he (nl vlues of the wp in (gure PFIV orresponds to the wp omputed through the (t of n exponentil derese up to 12 THz for the longitudinl polriztion nd up to 6 THz for the trnsverse polriztionD ove these frequeniesD the penetrtion length method is used feltukov et al. PHIVF he longitudinl wp of the di'erent strutures displyed in the left pnel onE (rm wht ws visile in (gures PFIS to PFIUX the wp t low frequeny is redued y the presene of inlusionsD nd this e'et is stronger in the se of impedne mismth etween mtrix nd inlusionsF he derese of wp is stronger for the softer inlusionsF st is lso notieleD tht the morphous smple nd the nnoomE posites with homogeneous inlusions hve smll wp pek round 8 THzF his pek ws lredy oserved for Ei y feltukov et al. feltukov et al. PHIVF st hs een ssoited to the deresed numer of trnsverse modes ville for oupling t this frequenyF his pek is sent in the se of sti'er or softer inlusionsF por the wp of the trnsverse wveEpketD the sitution is very similrF et low frequeniesD the sti'er nd softer inlusions indue derese of wpF et higher frequeniesD only the softer inlusions indue wp dereseF he frequeny limit for the trnsition etween the evlution of the wp with (t to feerEvmert lw nd the use of the penetrtion length is hoE sen to e the sme for ll the on(gurtionsF roweverD s doumented in the pulition lili et al. PHIW nd the relted work using the (nite element method vuo et al. PHIWD the inlusions n lower the trnsition etween the propE gtive nd di'usive regimeF es resultD the qulity of the (t t higher frequenies @ove 5 THz for the longitudinl nd ove 3 THz for the trnsverseA is questionE leF his is prtiulrly mrked when there is n impedne mismth etween the mtrix nd the inlusionsF woreoverD t low frequenies @elow 3 THzAD the wp mesured for Ei is lower thn the one otined y feltukov et al. feltukov et al. PHIVF his di'erene might e explined y the Ei smple usedD in the previous work the Ei smple is used s reted nd here the Ei smple is ut out of igger smple nd then repeted in the x diretionF st retes n rti(il periodiityD nd modi(es the struture t the juntion etween two repetitionsF his retes 4interfes4 tht re likely to redue the wp t low frequeny when it is of the order of the size of the unit ox tht is repetedD in spite of the nnelingF e on(rmtion of the e'et of the size of the repeted simultion ox is tht for lrger ox ut out of the sme morphous smpleD the wp is higher @see (gure PFPQ in setion PFRAF frie)yD the inlusions t s stterers nd tend to derese the men free pthF his e'et is stronger for nnoomposites with mrked impedne mismth etween inlusion nd mtrix @inlusions sti'er or softer thn the mtrixAF Diusivity he di'usivity is estimted fter n exittion where eh tom in the white region in (gure PFIR is exited in di'erent rndomly distriuted diretion with the method desried in setion IFSFQF he di'usivity s funtion of the frequeny for the di'erent on(gurtions is displyed in (gure PFIWF he overll shpe of the di'usivity orresponds to one previously desried feltukov et al. PHITF st strts high t low frequenyD hs plteu etween Q nd 7 THzD pek round 8 THz nd dereses fter thtF roweverD the inlusions modify the pro(le for λa PI or IHH this mnifests s lrger di'usivity t high frequenies nd less mrked pekD with stronger e'et of the sti'er inlusion @λa IHHAF he pek orresponds to the end of the trnsverse phonon dispersion urve nd ws lredy oserved y ellen nd peldmn ellen et al. IWWWF he softer inlusionD indues mrked derese in di'usivity t ll frequeniesD this is onsistent with the slower spreding of energy t high frequenies visile in (gure PFITF he high vlues t low frequeny pper euse the di'usive ehvior of the energy propgtion is questionnleD the Ih di'usion lw does not ny desrie the energy propgtionF his n led to divergene in the vlue of DD tht is why the grph is trunted t R mm 2 s -1 F frie)yD the ddition of inlusions does not suppress the min fetures of the di'usivity s funtion of frequeny in EiD ut mkes them slightly fdeX inresing the vlues t high frequeny for homogeneous or sti'er inlusions @λ a PI or IHHAD or deresing the overll level for softer inlusions @λ a SAF

Conclusion

sn this setionD the e'et of the sti'ness of the inlusions in n EiGEi nnoomE posite ws studiedF he propgtiveD di'usive nd mixed regimes hve een idenE ti(ed through qulittive nlysis of the energy propgtion fter longitudinl exittionF hen it omes to the nlysis of the wp nd di'usivityD it ppers tht homogenous nd sti'er inlusions indue n overll redution of the propgE tive trnsport nd n inrese in the di'usive trnsport t high frequeniesF st hs een shownD for homogeneous nd sti'er inlusionsD tht overll the therml onE dutivity is not 'eted y the sti'nessD the derese in propgtive trnsport is ompensted y the inrese in the di'usive trnsport lili et al. PHIWF he purpose of the following setion is to explore the e'et of the grdul interE onnetion of rystlline inlusions on the therml ondutivity nd llisti trnsE portF o this endD severl strutures re studiedD using iwh to ompute their therml ondutivity nd wveEpket propgtion method to distinguish the propE gtive nd di'usive ontriutionsF efter desription of the on(gurtionsD the qulittive impt of the inlusions on energy propgtion t di'erent frequenies will e onsideredD then the virtionl properties of the di'erent on(gurtions will e studiedF hese properties re used to estimte the therml ondutivityD vi the kineti theory of gses frmeworkD nd (nlly this therml ondutivity will e ompred to the results otined with the iwh methodologyF pinllyD the impt 78 Chapter 2. Nanoclusters and Nanoinclusions of llisti trnsport nd nnoinlusions interonnetion on the e'etive therml ondutivity re disussedF 2.4.1 Modeling of the Congurations he nnoomposites studied here re omposed of rystlline i inlusions emedded in n morphous i mtrixF he nnoinlusion shpes nd interonnetions re vried to study their impt on the e'etive therml ondutivity nd on the llisti trnsportF he inluisions re grdully interonnetedD from n rry of spheres to Qh nnowire meshF he host mtrix is n morphous i ue of side 11.9 nm ontining 84 × 10 3 toms ut out of the sme smple s in setion PFQF he length of the ox is dpted to get n integer numer of rystlline primitive ells nd thus monorystl in se of struturl peroltion of the rystlline phseF eriodi oundry onditions re used in ll diretionsF he nnoomposites re formed in the following mnnerX the xs shpe is (rst hollowed out of the mtrixD nd then (lled y rystlline i @EiAF he dded rystl hs the 100 diretion ligned with the x xisF por the g on(gurtionD the entrl sphere hs rdius of 4.6 nm nd the dded ones hve n opening ngle of 40 • F he pex of the ones re 0.3 nm wy from the simultion ox edgesD nd the sis of the ones re prolonged until it intersets with the entrl sphereF his results in nek of 0.6 nm etween two inlusionsF por the g on(gurtionD the ones hve rdius of 1 nm t their juntion with the ox oundry nd re prolonged with n opening ngle of 34 • until the intersetion with the entrl sphere of rdius 3.7 nmF husD only the g nd the xEw hve ontinuous rystlline pth ross their simultion oxD this ontinuous rystlline pth ross the struture will e referred to s rystlline struturl peroltionF his struturl peroltion hs minimum dimeter of 2 nm for the g nd of 5 nm for the xEwF edditionllyD porous smpleD with spheril pores of the sme dimeter s the spheril inlusion @see tle PFQ (rst olumnAD nd fully morphous smple re lso studied for the ske of omprisonF he porous on(gurtion ontins 58 × 10 3 tomF sn tle PFQD the di'erent xss re represented in Qh in the (rst row nd in the seond row rossEsetion t the middle of the orresponding nnoomposite re depitedF efter the geometril onstrutionD the di'erent on(gurtions re nneled in the following mnnerF he tomi positions re relxed using onjugted grdient @gqA methodD then the system is nneled t 100 K for 1 ps nd (nlly seond onjugted grdient fore minimiztion is performed 5 F sn this setionD modi(ed tillingerEeer potentil ink et al. PHHI ws used for its more relisti modeling of the interfes etween Ei nd E 5 At this point, it can be mentioned that the relaxation induces small recongurations at the surface of the NIs. This interfacial reconguration causes a reduction of up to 3 % of the crystalline fraction and can change slightly the surface to volume ratio of the NIs. To take this into account, when computing the surface to volume ratio, only the particles recognized as diamond structure and rst and second neighbors by a modied common neighbor analysis [Maras et al. 2016] are considered.

Table 2.3: Freestanding nanoparticles (rst row) and a cross-section of nanoinclusions embedded in an a-Si matrix (in blue) cross-section (second row).

Pore

Sphere SC STC NW-M i in terms of interfil energy nd of tomi energies inside the two phses prneEvnord et al. PHIR @see setion QFIFI for disussion of the inE terfil energyAF

Ballisticity through Wave-Packet Simulations

o study the properties of the nnoompositesD wveEpket simultions s desried in the setion IFSFQ re performedF he exittion is the one desried y the eqution @IFRUAD similrly to setion PFQ in the enter of the on(gurtion etween the inlusionsF he fore mplitude hosen is 3.773 × 10 -4 eV Å -1 F e qulittive nlysis of the time evolution of the kineti energy distriution n give physil insights out the impt of nnostruturing on energy propgtionF pigure PFPH shows the tomi kineti energy on rossEsetion for the di'erent on(gurtions fter 2 THz exittion @orresponding to the mixed regime disussed erlierAF he exittion is mde in the middle of the system nd propgtes in oth the negtive nd positive x diretionsF he two diretions eing symmetriD only one diretion @x positiveA is representedF his kind of representtion is used here s it gives etter visuliztion of the sptil distriution of energy thn the hetmps of the previous setionsF he (rst hlf of the tle orresponds to the longitudinl polriztionF he min oservtion for most on(gurtionsD is tht most of the energy trvels through the smple s plne wveF he nnoinlusions do not strongly 'et the propgtion t this frequenyX the wveEpket trvels through the nnoomposites nd the Ei similrlyF roweverD there is still some sttering visile through the smll spots of high energy onentrtion fter the pssge of the wveEpketF hese spots re minly loted in Ei nd t the interfes etween inlusions nd mtrixF his mthes losely wht ws visile for homogeneous sti'ness inlusions in setion PFQF por the porous on(gurtion plne wve is lso visileD leitD its intensity is strongly redued y the time it rehes the end of the simultion oxF fut more importntlyD most of the energy stys in the enter nd Figure 2.20: Cross-sectional view of a wave-packet going through the dierent systems after a longitudinal excitation at 2 THz (rst part of the table) or a transverse excitation at the same frequency (second part of the table) every .9 ps. The rst line represents the geometry of the cross-sections at the middle of the simulation box, with inclusions in red and matrix in blue, note that for the porous conguration a slice is shown, whereas below a cross-section (with the bottom) is used. The color scale going from 0 (blue) to 3 × 10 -9 eV (dark red) gives the atomic kinetic energy.

slowly di'uses through the smpleF yne n note tht no re)etion is visile for ny on(gurtionD thus the wve propgting in the right does not 'et the wve on the left nd vie versF por the trnsverse wves t the sme frequeny @displyed in the seond hlf of (gure PFPHAD the dispersion is more mrkedF he vertil red linesD hrteristi of plne wvesD n e distinguished in the (rst few imgesD ut dispper efore rehing the simultion ox oundryF he wves re quikly stteredD nd this even for ulk EiF sn the on(gurtions ontining xssD the vertil lines mteriE lizing the plne wves re distortedF his distortion of the wveEfront is due to the wveEpket trveling fster in the rystl thn in the glss mtrixF he porous on(gurtion isD ginD the on(gurtion for whih the sttering is the strongestF o sum up out the low frequeny wveEpket propgtionD one n oE serve tht the shpe of the inlusions hs no impt on either the longitudinl or trnsverse wvesF he longitudinl plne wves preserve their shpe for oth interonneted nd not interonneted inlusionsD nd the trnsverse wves re di'used quiklyF he sitution is quite di'erent for the nnoporous morphous silionD for whih the plne wves dispper rpidly for oth polriztionsF his stresses the ft tht n morphousGrystlline nnoomposite ould e 4trnsE prent4 for low frequeny longitudinl wvesF he ehvior of the nnoomposites fter high frequeny exittion is displyed in (gure PFPIF he (rst prt ontins the evolution of longitudinl wveEpket t 10 THz or two thirds of the mximum frequeny for whih group veloity n e de(nedF st ppers tht there is no propgtion in the morphous mtrixF por ll on(gurtionsD the energy slowly spreds through the morphous mtrixF roweverD on top of this di'usionD propgtive ehvior6 limited to the rystl lso ppersF his is prtiulrly notiele in se of struturl peroltionF sn this seD the wveEpket tkes n ovl shpe nd trvels through the struturl peroltionF sn sene of peroltionD the propgtive prt of the wveEpket is sttered t the (rst rystllineGmorphous interfeF snterestinglyD no energy ppers to e trpped in the perpendiulr rnhes of the perolting on(gurtionD this proly linked to the exittion propgting extly perpendiulr to itF por the trnsverse polriztionD the seleted frequeny is 4 THzF es for the longitudinl polriztionD this frequeny orresponds pproximtely to two thirds of the frequeny for whih the group veloity eomes illEde(ned @see (gure PFPQAF he ehvior is very similr to the longitudinl polriztionX there is llisti @or propgtiveA trnsport limited to the struturl peroltion region nd di'usive trnsport ting on slower timesleF his di'usive ehvior is visile lose to the left of the imgesD where the exittion is mdeF roweverD in this seD oth the rystlline inlusions nd the morphous mtrix prtiipte in di'usive energy trnsportF hi'usive energy trnsport is not restrited to the morphous phseD ut surprisinglyD it spreds s well in the rystlline phseF o sum upD onerning the propgtion t high frequeniesD there is ler di'erentition of the rystlline nd morphous phsesF here is no llisE ti propgtion in the morphous phseF fllisti trnsport through the smple is only possile in the rystlline phse through the struturl peroltionF e lso oserve tht there is no ksttering nor importnt devition of energy in the perpendiulr rnhes of the interonneted inlusionsF pirstD the di'erent omponents of the propgtive ontriution to the therml ondutivity @κ P AD s de(ned y eqution @IFSTAD re displyed in (gure PFPQF sn the top left pnelD the wps of the longitudinl for the di'erent on(gurtions re given s funtion of the frequenyF hese urves on(rm wht ws visile in (gure PFPHX the wp is high t low frequenies for ll on(gurtionsF felow 5 THzD the wp of the nonEporous on(gurtion re very similrF ynly the pores derese the wp t low frequeniesF his on(rms the oservtions of setion PFQX without strong impedne mismthD the inlusions do not impt the wp t low frequeniesF et higher frequeniesD the on(gurtions without struturl peroltion hve low wpF his ontrsts with the on(gurtions with struturl peroltionD for whih the wp rises etween S nd 10 THz nd dereses strongly fter thtF he wp for those on(gurtionsD round its mximum etween V nd 12 THzD is lmost one order of mgnitude higher thn without peroltionF woreoverD the interonnetion degree hs n in)ueneF he wp is higher for the xEw thn for the gF woreoverD ontrry to the results displyed in (gure PFIVD for nnoomposite with similr volume frtion ut smller inlusion dimeterD the wp of nonEperolting nnoomposite is higher thn the morphous one ove 4 THzF roweverD the di'erene is smllD nd my e explined y the lrger size of the inlusions of this setionF imilrly to wht ws oserved in the previous setion PFQD the porous nd fully morphous on(gurtions hve smll wp pek round 8 THzF por the trnsverse polriztionD in the top right pnel of (gure PFPQ the ehvior is similrF es for the longitudinl polriztionD the wps of the on(gurtions with struturl peroltion hve mximumF sn this seD the mximum lys etween SE6 THzF ithout struturl peroltionD the wp dereses s the frequeny inE resesF eginD similrly to the longitudinl polriztionD most on(gurtions shre very similr wp t 1 THzD the only exeption eing the porous on(gurtionD tht hs lower wpF he group veloities for the longitudinl nd trnsverse polriztions re disE plyed in the seond row of (gure PFPQF st is estimted with the method desried in setion IFSFPF ell the on(gurtions shre very similr group veloityF his is espeilly true for the longitudinl polriztion t low frequenies @elow 5 THzAF et higher frequeniesD the group veloities for the morphous nd porous on(gurE tions re lower thn the group veloities of the othersF he v g of the on(gurtions ontining rystlline inlusions re very similr to the v g of EiF por the trnsE verse polriztionD there is lso group veloity di'ereneD lthough spnning over the whole spetrumF por this polriztionD the v g of the nnoomposites ontining inlusions lys in etween those of Ei nd EiF pinllyD the trnsverse polriztion hs null veloity for frequenies higher thn 7 THzF he third row from the top ontins the hy ttriuted to the longitudinl nd trnsverse polriztions for the omputtion of κ P F por this pplitionD the trnsverse nd longitudinl hy usedD re the one omputed vi the uw method feltukov et al. PHIS on n Ei smpleF his llows for good pproximtion in the HE12 THz frequeny rnge @see ppendix eFR for more detilsAF yn these grphsD it n e noted tht the mxim of hy t 10 THz for the longitudinl polriztion nd t 5 THz for the trnsverse lso orrespond to wp mximF hue to the higher lifetime onjunt with high hyD these modes will ontriute signi(ntly to κ P F he di'erent terms prtiipting to the di'usive ontriution to therml onE dutivity κ D D s de(ned y eqution @IFSUAD re shown in (gure PFPRF he top pnel orresponds to the di'usivity omputed with eqution @IFRWAF wo min oservE tions n e mdeX (rstly ll the on(gurtions ontining rystlline phse shre very similr di'usivity ross the whole spetrumD seondly only the porous onE (gurtion indues redution of di'usivity with respet to the morphous smpleF rereD the ddition of rystlline nnoinlusions inreses the di'usivityF he hy omputed through the egp for the di'erent on(gurtions re displyed in the ottom pnel of (gure PFPRF ell the hy re very similr up to 14 THzF et higher frequeniesD the on(gurtions ontining xss nd the others show di'erenesF he hy of Ei strts to derese from 14 THz while the others ontinue to inreseF roweverD this di'erene hs little e'et on the κ D given tht the di'usivity is very low t those frequeniesF he di'erent terms displyed in (gures PFPQ nd PFPR re used to ompute κ P nd κ D through eqution IFIV nd IFIWF he results for tempertures etween IH nd 400 K re shown in (gure PFPSF he (rst olumn ontins the trnsverse @κ T A nd longitudinl @κ L A propgtive ontriutionsF st on(rms tht the struturl xss n e mdeF sn this set of on(gurtionsD only the pores seem to derese the di'usive ontriution elow morphous vluesF he propgtive ontriutionsD for oth polriztionsD inrese with the degree of interonnetionF hen looking t the propgtive ontriutions s funtion of the tempertureD it ppers tht κ L inreses t higher temperture thn κ T F his is linked to the wp pek t 10 THz nd to C(T, ω) tht limits the impt of high frequenies t low tempertureF his importnt high frequeny ontriution lso results in mximum of κ L round 200 K for the xEwF his is due to the empirilly dded phononEphonon term @eqution IFTHA tht redues the ontriution of high frequeny phonons s the temperture risesF he di'erent ontriutions @propgtive nd di'usiveA n e ompred in the entrl pnelF he di'usive nd propgtive ontriutions for the nonEperolting on(gurtions hve similr vlues t 300 KF he sum of the di'erent ontriutionsD κ T ot D is displyed in the lst olumn of (gure PFPSF et ll temperturesD the sme order of κ T ot is preservedF his order isD from the highest to the lowest therml ondutivityD the xEwD the gD the g nd the t very similr vluesD the morphousD nd (nlly the porous on(gurtionF he mximum oserved for κ L of the xEw is still visile on the sum nd hppens t 244 KF st is due to nhrmoni e'ets @see eqution IFTHAF he di'erent ontriutions to the therml ondutivity t 300 K re lso shown in (gure PFPTF ith this representtionD it ppers lerly thtX the struturl perE oltion inreses κ P nd does not 'et κ D F es resultD the propgtive prt represents up to 75 % of κ T ot for those nnoompositesF his (gure lso shows tht the ddition of nonEperolting xss in n morphous mtrix inreses more the di'usive thn the propgtive trnsportF por the nd g on(gurtionsD the difE fusive trnsport is dominntF pinllyD it ppers tht despite the overestimtion of the therml ondutivity of nnoomposites ontining xss y the kineti method ompred to the results of iwhD the hierrhy in the di'erent strutures is preE servedF he disrepenies etween the methods will e disussed in the following of the hpter @see setion PFRFSA 
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Chapter 2. Nanoclusters and Nanoinclusions o sum up rie)y on the results otined with the kineti theoryD it ppers tht s predited previouslyD the ddition of xss inreses κ ove ulk Ei vlues lili et al. PHIWF he rystlline xss inrese the overll therml onE dutivityF his is prtiulrly visile in the se of struturl peroltionD where the wp pek t high frequenies is onomitnt to hy pekD resulting in lrge inrese of κ P F his inrese ours minly t high tempertures @see (gure PFPSA due to the temperture dependent frequeny weighting of C(ν, T ) @see eqution IFSVAF es high frequenies t high tempertures re lso more impted y the phononEphonon term @eqution IFTHAD mximum of κ T ot (T ) ppers for the xEwF his mximum ontrsts with experimentl results for single nnowires of dimeter similr to the x onstituting the xEwF por these single xsD no mximum of the therml ondutivity hs een oserved s funtion of temperture vi et al. PHHQF his is (rst sign tht the propE gtive ontriutionD the only whih n use the pprition of mximum of κD is overestimted y this implementtion of kineti theoryF woreoverD κ P domintes t these temperturesD ontrsting with the preditions of ghill et al. ghill 8 ohl IWVVF 2.4.4 Global Estimation of the Thermal Conductivity he therml ondutivity n lso e estimted from the qreenEuuo reltion @equE tion IFSPAF por thisD the following proess is performed on one inlusion in the morphous ueD s represented in the ottom row of tle PFQF hey re (rst heted t 50 KD using rndom initil veloity distriutionF usequentlyD the temE perture is inresed from SH to 600 K t onstnt pressure in HFHS nsD tht is 1 × 10 5 time stepsF hen the system is nneled t 600 K with xosé roover thermostt for HFPS ns @5 × 10 5 time stepsA to ensure etter temporl stilityF his nneling does not impt the rdil distriution funtion t 300 KD on(rming tht there is no rerystlliztionF efter thisD the temperture is deresed to 300 K t onE stnt pressure in 0.05 ps @1 × 10 5 time stepsA nd then equilirted t 300 K for 1 ns @2 × 10 7 time stepsAF he )ux utoEorreltion funtion is (nlly mesured during 10 ns @2 × 10 8 time stepsA in onstnt energy simultionD using veloity erlet integrtion shemeF por ll the simultionsD time step of 0.5 fs is usedF por the omputtion of the utoEorreltionD the )ux is smpled every 10 fs nd the )ux utoEorreltion dey is omputed over 20 psF hese simultions re repeted S timesD with di'erent set of initil veloities for eh repetitionD to get etter sttistisF he (nl vlue is the men κ ross the simultionsD nd the unertinty rnge is de(ned y the highest nd lowest vlues of the individul runsF he κ omputed for ulk Ei through iwh is 1.9 W m -1 K -1 whih is lose to previously reported vlues vv 8 renry PHITD vrkin 8 wqughey PHIRF he nnoporous Ei hs suEmorphous κ due to the dditionl sttering t the surfe of the poresF hen the pores re (lled with rystlline xssD the κ is inresed y ftor PFS to Q ompred to the porous κ nd ftor IFP to IFS ompred to EiF he results of the iwh omputtions re ompred to κ T ot otined in the previous setion in tle PFRF es visile in (gure PFPTD even if the therml onduE tivity predited y equtions @IFSTA nd @IFSUA re higherD oth methods predit the sme hierrhy of κF he di'erene of predition etween the two methods is more pronouned for the on(gurtions ontining xss nd even more if there is struturl peroltionF he lst row of the tle shows the results for the estimtion vi the kineti theory if τ phonon-phonon is negletedF st ppers tht the redution of therml ondutivity indued y this term is mrked only for the on(gurtions with rystlline ontinuityF o onlude on the iwh omputtionsD ll on(gurtions ontining rysE tlline nno inlusions hve κ etween PFQ nd 2.7 W m -1 K -1 @see tle PFRAF he nnowire mesh is the only on(gurtion tht hs distintively higher κ thn the nnoomposites with nonEperolting spheril inlusionsF sts therml ondutivity is 20 % higher thn the one of the nnoomposite with spheril inlusionF he vlues otined with iwh re notly lower thn the vlues oE 90 Chapter 2. Nanoclusters and Nanoinclusions tined with equtions @IFSTA nd @IFSUAD ut they oth give the sme hierrhy of therml ondutivity of the di'erent on(gurtionsF xkmur et al. otined experimentlly therml ondutivity etween IFU nd IFW W m -1 K -1 for i nnorystllite of similr size in Eiy 2 xkmur et al. PHISF he di'erene proly omes from the Eiy 2 hving lower κ thn EiF woreE overD ounterEintuitivelyD when going from the spheril inlusions to the nnowire meshD κ seems to inrese with the surfe to volume rtioF roweverD usullyD n inresed density of interfes leds to redution of κ winnih 8 ghen PHHUF he inresed surfe to volume rtio is here onsequene of the grdul interE onnetion of the nnoinlusionsX s the shpe shifts from sphere to xEw the surfe to volume rtio indeed inresesF sn the present seD the interonnetion hs proly stronger e'et on κ thn the surfe to volume rtioF sn dditionD similr therml ondutivity hs een found efore for smller prtiles hving higher surfe to volume rtio ut shring the sme volume frtion thn the nnoEspheres lili et al. PHIWF his mens tht the surfe to volume rtio hs little e'et on rystlline i nno inlusions in Ei mtrixF his lk of impt of the surfe to volume rtio ontrsts with the results otined for qx xss in iy 2 ermentzidis et al. PHIVF he origin of this di'erene my e found in the impedne mismth etween qx nd iy 2 F purthermoreD the κ of Ei estimted here is onsistent with previous reE sults otined with similr method vv 8 renry PHIT nd with experimentl results ghill et al. IWWRF orous Ei is less studiedD neverthelessD the results n e ompred with results otined on porous Ei morphized y irrdition ssiev et al. PHIRD wssoud et al. PHPHF he experimentl results rnge etween Q nd 1.8 W m -1 K -1 D thus higher thn the 0.89 W m -1 K -1 otined hereF his di'erene n hve multiple originsD two of whih re importntX the shpe of the pores nd the presene of gs @humid irA in the pores in the experimentl set upF he results for the xEw n e ompred to similr study of free stnding nnowire meshes erdier et al. PHIVF hey hve found lower therml ondutivE ity @0.5 W m -1 K -1 A for xs of similr ross setionF roweverD diret omprison is hrder to mkeD the geometry @shpe of the ross setion nd distne etween rossingsA eing di'erentF qiven tht the therml ondutivity of porous Ei nd of the xss lone re known png et al. PHHTD it is tempting prediting κ in the orresponding nnoompositeY howeverD simple sum of the two therml ondutivE ities does not predit the orret therml ondutivityF woreoverD even n e'etive medium pproh sed on mixing rule etween the xss nd the mtrix κ is not le to predit the orret therml ondutivityF e more omplex modelD suh s the one presented y ng et lF ng 8 n PHHVD my e le to predit the therE ml ondutivityF roweverD s the uthors point outD the e'etive model pproh often fils to predit the properties t the nnosleF Thermal conductivity he grdul interonnetionGstruturl peroltion eE tween the xss inreses the e'etive therml ondutivity of the studied nnoomE positesF his enhnement is due to n inrese of the propgtive prtF he di'usive prt @κ D A on the ontrry is not 'eted y the shpe of the inlusions nor y the struturl peroltionF st nD howeverD e noted tht κ D is inresed y the introdution of xssF he only wy to derese the di'usivity elow morphous vlues seem to introdue pores s proposed here or softer inlusion s proposed in setion PFQF pinllyD it ws shown tht the two methods used to evlute κ onserve the sme hierrhy etween the inlusionsF rving estimted therml ondutivity through two methods @the wveEpket method nd the iwh simultionAD the respetive results n e ompredF pirstlyD it ppers tht the two methods give di'erent resultsF iqutions @IFSTA nd @IFSUA of the wveEpket method overestimte the therml ondutivity of ll on(gurtions ompred to the iwh methodD nd prtiulrly in se of struturl peroltion tht mkes the therml response very inhomogeneousF st lso does not tke propE erly into ount the possile therml sensitivity of the wp s the wveEpket re performed t low tempertureF eondlyD in oppositeD the iwh simultions might not pture ll the e'ets indued y the xssF edditionl xon iquilirium woleuE lr hynmis @xiwhA helling et al. PHHP simultions ontining multiple xss ould e interesting to performF sn the se of struturl peroltionD the het )ux will likely onentrte in the rystlline peroltion nd the e'et of this onentrE tion mye lost in the )ux utoEorreltion over the whole smple tht is used to ompute κ with the iwh methodF roweverD the disrepnies etween the vlues of oth models lso question the quntittive urteness of the omputtion of κ with the kineti theoryF he roE ustness of the methodD in prtiulr for nnoompositesD is not estlishedF o rry out the omputtionsD multiple ssumptions re mdeF hese di'erent sE sumptions will e reviewed lter in this setionF Ballistic and Diusive Transport gonerning llisti trnsportD the ehvE ior t high nd low frequenies must e distinguishedF et low frequenies for the longitudinl polriztionD no distintion n e mde etween the di'erent nnoomE posites ontining xssF he trvels through xss nd mtrix likeF et higher frequeniesD the wves re strongly ttenuted in the morphous mtrix nd llisti trnsport is possile through the struturl peroltion onlyF 92 Chapter 2. Nanoclusters and Nanoinclusions et low frequeniesD llisti trnsport ws expeted in the morphous mtrix feltukov et al. PHIVF woreoverD t these frequenies there is no impedne misE mthX the group veloity in Ei nd Ei re similr @s n e seen when ompring the v L (ν) etween Ei nd Ei in the entrl pnel of (gure PFPQAF he long wp t low frequenies for EiGEi nnoomposite is onsistent with results otined with (nite elements simultions vuo et al. PHIWF woreoverD the trnsmission rte through EiGEi interfe is known to e high 7 for single interfe nd for grin oundries in nnorystlline i ng et al. PHIUD ng et al. PHIVF he omiE ntion of high wp in the mtrixD lk of n impedne mismth nd good trnsmission through the interfe results in redued impt of the xss on the wp t low frequenies for longitudinl polriztionF por the trnsverse polrizE tionD still t low frequeniesD the wp is similr for ll the on(gurtionsD exepted for the porous oneF his similrity hppens in spite of the ousti mismth eE tween mtrix nd xs @mterilized y the group veloity di'erene visile in (gure PFPQA nd the stronger sttering oserved in (gure PFPHF he ltter indites tht llisti trnsport t those frequenies is dominted y the mtrix nd tht the inlusions hve little e'et despite the distortion of the wve frontF o onlude on this pointD the most e'etive wy to derese the trnsmission of low frequeny reltive to ulk Ei in these nnoomposites is to introdue poresF hile only few di'erenes pper etween the on(gurtions t low frequeniesD t high frequenies strong disprities etween the nnoomposites eome lerF et high frequenies the wp in Ei is smll feltukov et al. PHIV nd there is n impedne mismth etween Ei nd Ei for oth polriztions @see entrl pnel of (gure PFPQAF es resultD the is strongly ttenuted in the mtrix ut trvels well through the struturl peroltion t high frequeniesF e similr ehvior ws oserved for xs with n morphous shell @see hpter QAF woreoverD di'erenes in wp etween the lrge inlusions of this setion nd the smller inlusions of setion PFQ rise from 4 THzX the wp is higher when the inlusions re lrgerF his n e understood s the e'et of the high interfe densityF roweverD it is lso importnt to note tht the wp is eh time of the sme order thn the inlusions nd tht the di'erene in wp is of 4 nm t mostF his di'erene might thus not e signi(ntF snterestinglyD if the wp is 'eted y the shpe of the inlusionsD the di'usivity is notF ell the on(gurtions with rystlline inlusions hve very similr di'usivE ityF his di'usivity is distintively higher thn the ulk Ei one @see (gure PFPRAF he inrese in di'usivity indued y the nnospheres is more mrked for these 10 nm nnospheres thn for the 5 nm nnospheres studied in setion PFQF vrger rystlline inlusions seem to inrese the di'usivityD hinting tht the di'usivity is deresed y the interfe densityF pinllyD it ppers lerly tht the only methods to redue the di'usivity re to introdue pores or softer inlusionF o sum up on the llisti trnsport propertiesX nnoinlusions were lredy known to 'et the trnsmission of phononsD for instneD smll spheril xss t s low pss (lter hmrt et al. PHISD nd here it hs een shown tht if there is struturl peroltion in the nnoomposite it n e used to let high frequeny phonons go through the strutureF his n hppen thnks to the rystlline ontinuity t the nnosleF Discussion of the Hypotheses iqutions @IFSUA nd @IFSTA rely on di'erent hypothesesF sn the following prgrphsD the vlidity of these hypotheses long with the possile origins of the disrepnies etween κ omputed through those equtions nd through iwh will e reviewedF pirstD oth the di'usive nd the propgtive ontriutions re onsidered t ll frequeniesF sn previous works the di'erent ontriutions were seprted either sed on frequeny rngesD or on the periodiity of the modes heengelis et al. PHIWF rereD oth ontriutions re inluded for ll the frequenies onsideredF his is moE tivted y the ft tht oth propgtive nd di'usive prt pper t ll the oserved frequenies for those on(gurtionsD espeilly in the mixed regime eviE dened here @see (gures PFPI nd PFPHAF his ontriutes to the overestimtion of the therml ondutivity y the model used hereF sndeedD some modes re onsidE ered twieD one s di'usive nd one s propgtiveF his is espeilly true in the low frequeny rngeD where oth wp nd di'usivity re highF sn suh regimeD the reltive ontriutions of expressions @IFSTA nd @IFSUA should e weighted y the reltive mount of initil energy in itF eondlyD the propgtive ontriution is lso very likely overestimtedF his overestimtion lredy ppers for the ulk Ei for whih the propgons re exE peted to ontriute up to 40 % of κ vrkin 8 wqughey PHIR nd the present model gives 50 %F his overestimtion n e ttriuted to the lk of utEo' frequeny for the propgtive ontriutionD s previously disussedF he e'et is muh more mrked for the g nd xEw nnoompositesD for thoseD only smll frtion of the system @restrited to the enter of the rystlline prtA tkes prt to the llisti trnsport t high frequenies @see (gure PFPPAF he trnsport only hppens in the struturl peroltion nd not in the whole nnoompositeF e mnifesttion of this phenomenon lso ppers in (gure PFPID prt of the energy is stteredD nd prt of it trvels llistillyF he di'usive ehvior is visile through the grdul )ttening of the entrl pek @HEIH nmAF he propgtive prt ppers s loe shifting through the smpleF his loe orresponds to the wveE pket trvelling in the struturl peroltionF etD in eqution @IFSTAD it is ssumed tht the whole on(gurtion ontriutes to κ P F his leds to n overestimtion of κ P D espeilly t high frequenies where nonEpropgting modes re onsidered in the hy ut do not ontriute to the llisti trnsportF he group veloities re extrted from the (tting of the dispersion reltions y sine funtionD y doE ing so the eventul on(nement e'ets re negletedF his on(nement hs een 94 Chapter 2. Nanoclusters and Nanoinclusions predited for free x ou 8 flndin PHHI nd oserved experimentlly reently urgr et al. PHITF woreoverD in the simultions the propgtion diretion is ligned with the struturl peroltionF his lignment dereses the intertions of the with the interfes nd with the rnhes perpendiulr to the propE gtion t the rossings for the xEw nd gF his my rti(illy inrese the wp mesured y propgtionF he oundry sttering is known to e the min ftor limiting the therml ondutivity of xsD model hs een develE oped to tke it into ount y onsidering speulrity prmeter for re)etion t the interfe olz 8 ghen IWWWF st ws even showed reently for rgon x tht this speulrity prmeter hs stronger e'et on the therml ondutivity thn the on(nement e'et retikov 8 ry»orek PHPIF woreoverD due to the geometryD oundry sttering impt might e even more importntD espeilly in the se of the xEwD where k sttering t intersetions is expeted to ply n importnt role erdier et al. PHIVD wheres no impt of the intersetion of the x is visile in (gure PFPIF por omprison purposesD the wp n lso e estimted through the hyE nmil truture ptor thnks to the dmped hrmoni osilltor model @see ppendix eFSAF etD this method is known to give lower lifetimes thn the estiE mtion through mplitude dey rte feltukov et al. PHIVF edditionllyD the hp is n verged quntity omputed over the whole unit ells represented in tE le PFQF husD it nnot tke into ount the longer wp due to trnsport in the struturl peroltionF es resultD if the wp omputed through the hp is used to estimte κ P D the hierrhy of κ etween the nnoomposites otined with iwh is not reproduedF his underlines the neessity to use sptilly resolved method to ompute the therml ondutivity in nnoomposite systemsF pinllyD the hypothesis mde on the e'et of temperture re importntF xmelyD the wp nd the di'usivity re omputed t 0 KD then for κ P phononEphonon lifetime term is dded to onsider the therml e'etsF his phononEphonon stterE ing prmeter is pproximted thnks to empiril oe0ients derived for ulk EiF hese oe0ients were lredy suessfully used for xsD leit xs with lrger hrteristi dimensions thn the strutures studied here ng 8 hmes PHIQF elterntivelyD one my onsider the expression derived y ulemens ulemens IWSV for mklpp proessesF woreoverD the phononEphonon sttering in morphous mE terils is negligileF sts e'et eing smll in front of the e'et of disorderF husD the ulk Ei sttering oe0ients seem to e the est villeF xonethelessD these pE rmeters might e impted y interfe nd size e'etsF he di'usivity n lso e in)uened y the tempertureF o void using temperture orretion oe0ientsD the wveEpket propgtion simultions ould e performed t higher tempertureF roweverD t higher tempertureD the mplitude of the exittion hs to e inresed to distinguish the wveEpket from the therml gittionF his lrger mplitude my indue other isD s the overestimtion of the e'et of nhrmoniityF ell those ftors led to n overestimtion of the therml ondutivity omE puted through the kineti theory nd prtiulrly of the propgtive prtF sn future workD the estimtion of the therml ondutivity using the kineti theory ould e improved y inluding the e'et of the re)etion t the interfeD for instne y introduing speulrity prmeter olz 8 ghen IWWWF sn riefD the quntittive estimtion of the therml ondutivity vi the viE rtionl properties @equtions IFSU nd IFSTA relies on strong ssumptions nd ould e improvedF he min possile improvements reX the weighting of the di'usive nd propgtive ontriutions depending on the frequenyD the onE sidertion of di'erent orienttions nd more preise onsidertion temperture e'etsF 2.4.6 Conclusion he virtionl nd therml properties of grdully interonneted Ei nnoinluE sions in n Ei mtrix host mtrix hve een studiedD with the gol of gining etter understnding of the e'ets of rystlline ontinuity t onstnt rysE tlline volume frtionF simultions reveled tht the struturl peroltion hs strong impt on the trnsmission of energy t high frequenies @VEIP rzAD the wp eing inresed y n order of mgnitude in se of struturl peroltionF he interonnetion lso results in therml ondutivity inreseF his enhneE ment ppers for the two methods used for the estimtion of κX propgtion nd iwh omputtionsF roweverD the kineti theory predits twofold inrese of κ etween the nonEinteronneted nd the interonneted inlusionsD while the iwh simultions predit more modest inrese of 20 %F wore generllyD the use of equtions @IFSTA nd @IFSUA seems to overestimte κD espeilly its propgtive prt κ P F his di'erene etween the preditions of the two methods hs multiple rootsX the ontriution of ll frequenies to oth κ D nd κ P D the overestimtion of the wp due to the lignment of the wveEpket with the peroltion nd the inomplete onsidertion of temperture e'etsF his leds us to onlude tht if very strong inrese in llisti trnsport n e oserved t high frequenies for perolting xss it does not indue mrked solute therml ondutivity inreseF his kind of on(gurtions ould thus e used for pplitions where low κ is needed while keeping the oherent trnsport of phonons t high frequeniesF uh properties ould e useful for informtion proessing or phonons engineering in strutureF his setion o'ers study of the impt on phonon trnsport of the presene of deorted srew dislotions in In X Ga 1-X NF wo ompositionsD X = 0.025 nd X = 0.1D re onsidered in four di'erent on(gurtionsD to evlute the nisotropy nd ompre the deorted dislotion with rndom lloysF 2.5.1 Modeling of the Congurations he on(gurtions studied in this setion re the one reted for pulition of qiremis et al. qiremis et al. PHPHD more detiled desription n e found in the pperF pour di'erent qx wurztite on(gurtions re studiedD two with R srew dislotions with opposite signsD nd two with rndomly distriuted sn tomsF sn eh seD one on(gurtion ontins 1.25 % @X = 0.025A of sn toms nd the other 5 % @X = 0.1A @see (gure PFPV nd AF he simultion oxes ontining the dislotions re S y W y 5 nm retngulr uoid ontining 1.92 × 10 3 tomsF he dislotions re reted using the displement (eld desried y liner elstiity theory rirth et al. IWVQX with b the furgers vetor @displement mgnitudeAD x nd y the rtesin oordiE ntesF b is hosen to orrespond to the lttie onstntF he furger vetors of the dislotions nel eh other y pirD so tht periodi oundry onditions n e usedF he resulting dislotion density is of 1 × 10 11 cm -2 F yne retedD the four dislotions re deorted with the hevier sn tomsF o do soD the q toms in the ore nd the neighorhood of the dislotions re sustituted y sn tomsF e su0ient numer of toms re repled to reh 1.5 % or 5 % of sn tomsF he rndom lloys re modeled s right prllelogrmmi prisms @RFS y QFW y 8 nmA ontining 11 × 10 3 tomsD in whih some q toms re repled y sn toms in energetilly fvorle ples qiremis et al. PHPH to reh the desired proportion of sn toms overll @see (gure PFPV nd dAF he on(gurtions desried re relxed to reh mehnil equiliriumF por thisD the tomi positions re relxed using onjugted grdient method nd then ressinEfree trunted xewton lgorithm with fore riterionF he intertomi potentil used for this study is modi(ed tillingerEeer @interEtomi potentilA @A vei et al. PHHWF 98 Chapter 2. Nanoclusters and Nanoinclusions 2.5.2 Wave-Packet Propagation he rndom lloys nd deorted dislotions 'et the therml ondutivity difE ferently depending on the sn onentrtion qiremis et al. PHPHF por instneD the temperture 'ets di'erently the on(gurtions depending on the sn frtionF he wveEpket propgtion simultions provide mirosopi representtion of the pth nd ostle over energy propgtionF his mirosopi visuliztion n help interpret the vrition of therml ondutivity in the di'erent sesD y showing whih on(gurtion hinders the propgtionF he simultions re performed for di'erent sesF e propgtion prllel to the dislotion lineD in whih se the simultion ox is repeted IS times in the z diretion @see the two (rst olumns of (gure PFPWAD nd for propgtion perpendiulr to the dislotion lineD in whih se the on(gurtion re repeted IV times in the y diretion @see the third nd fourth olumns of (gure PFPWAF he rndom lloys re repeted IS times in the z diretion @see the two lst olumns of (gure PFPWAF his retes on(gurtions tht re t lest UH nm long to study the dey rte of the envelope of the wveEpketF he exittion is performed s desried y the eqution @IFRUA in the enter of the on(gurtionF he fore mplitude hosen is 3.773 × 10 -2 eV Å -1 F he propgtion of the in the di'erent on(gurtions re depited in the (gure PFPWD two frequenies re seletedD Q nd 6 THzF hey orrespond either to frequeny t whih the wp nd propgtion re similr in ll the on(gurtion @3 THzAD or very di'erent etween them @6 THzA @see (gure PFQHAF por the propgE tion t 3 THz in the (rst hlf of the tleD for ll on(gurtionsD undle of plne wves @vertil linesA trveling through the on(gurtions re visileF hese lines re slightly distorted y the dislotionsF por dislotions prllel to the propgE tion diretion @in the (rst two olumnsA the perturtion is ontinuousX the energy density of the wve front is less intense in nd round the dislotion oreF rowE everD if the dislotions re perpendiulr to the propgtion diretionD the wve front reovers fter rossing themF st n lso e noted tht the energy tends to e trpped in the dislotion oresD s it ws t interfes in the previous setion of this hpterF his might e enhned y the impedne mismth etwenn snx nd qxF his ppers lerly for the propgtion prllel to the dislotionD where red horizontl lines form fter the pssge of the D showing tht energy is trpped in the dislotionF por propgtion perpendiulr to the dislotionD this is less pprentD nd the energy seems to e sttered not only y the dislotions ut lso y the strin inhomogeneities etween themF sndeedD 44 shped red rosses pper fter the pssge of the D showing tht some energy is trpped in these regionsF he only notle di'ereneD indued y the di'erent sn ontent in the rndom lloysD is tht the sttering seems stronger for lrger X vluesF his ould e expeted due to the inresed impurity densityD tht inreses the lloy stteringF et 6 THzD in the seond prt of the (gure PFPWD the ehvior is di'erentF here is no propgtion in the sn rih regionF sndeedD t this frequeny there is no
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Figure 2.29: Visualization of the WP in the In X Ga 1-X N alloys with the dierent congurations (parallel and perpendicular to the dislocation and in random alloys). In the third row the congurations are displayed, with Ga atoms in red, the N atoms in blue and the In atoms in pale yellow. In each case, the cross-section is chosen to showcase the eect of the dislocation. Only the portion right of the excitation is represented, the other being symmetric. Each row gives the atomic kinetic energy in the cross-section every 9 × 10 -4 ns.

The rst half of the table represents the propagation at 3 THz and the second half of the table at 6 THz.

ousti phonon rnhes in snx in et al. PHHRD nd some ville in qx ting et al. PHIUF his hs strong e'et on the propgtion prllel to the disE lotion @two (rst olumns of the tleAD espeilly for X = 0.1F por X = 0.025 the propgtion outside of the dislotions is not disturedD nd there is no energy propgtion in the ore of the inlusions @no virtionl modes re villeAF es resultD the propgtes without muh stteringF he sene of propgtion in the sn rih region lso results in the sene of loliztion in the dislotion ore for propgtion perpendiulr to the dislotion lineF his is espeilly notiele for X = 0.1F por the other on(gurtionsD the ehvior is not very di'erent from tht t 3 THzD with stronger ttenution of the for lrger sn ontentF 100 Chapter 2. Nanoclusters and Nanoinclusions frie)yD the propgtion t Q nd 6 THz show tht the sttering is more pronouned for X = 0.1F fut more importntlyD it showed tht t 3 THz the propgtes in the dislotion ore nd prt of it lolized in itF heresD t 6 THzD the does not penetrte in the dislotionsF Mean Free Path he wps of the di'erent on(gurtions s funtion of the frequeny re depited in the (gure PFQHF he six on(gurtions re represented for frequenies from I to 10 THzD 10 THz is the mximum frequeny of ousti phononsF o ompute the wpD the dey rte of the intensity from IH to 30 nm wy from the exittion is omputedF he result is verged etween the two diretionsF eove 7 THzD the (t to n exponentil dey filsD the pro(le strt to e more di'usiveD for those frequenies the wp is sustituted y the penetrtion length IFSFQF felow 3 THzD the wp of the longitudinl phonons in the rndom lloys @irlesA re mgnitudes orders lrger thn the size of the systemD rendering n urte estimtion di0ultF he (rst phenomen tht n e noted is tht the wp is higher in similr on(gurtions @prllelD perpendiulr or rndom lloyA for lower sn ontentD this is onsistent with the role of lloy stteringF here is n exeptionX for the propE gtion perpendiulr to the dislotion line ove 5 THz the wp is higher for X = 0.1F he smller ore for X = 0.025 might impt more the high frequeny propgtion thn the lrger ore for X = 0.1F gompring the propgtion perpenE diulr or prllel to the dislotion linesD it ppers tht the wp is higher when the dislotions re perpendiulr up to 3 THz for the X = 0.025 nd up to 6 THz for the X = 0.1F efter thisD the tendeny is reversedD the wp is higher prllel to the dislotionsF his trnsition seems due to the trnsition etween regime where energy n lote in the ores to regime where no modes exist in the dislotion oresD nd they interfere less with the propgtionF his trnsition seems to pper t higher frequenies for higher sndium ontentD proly euse of the stronger reduing the overll wpF snterestinglyD the wp for rndom lloys nd for propgtion perpendiulr to the dislotion line dereses monotonouslyD nd the wp prllel to the dislotion line hve mximum t higher frequeniesF here is n interesting link etween the mxim oserved hereD nd the one oserved for xEw in (gure PFPQD defets prllel to the propgtion 'et strongly the propgtion when modes re ville in oth phses nd muh less if it is not the seF he wp showed the nisotropy of propgtionD depending on the frequenyD the wp redution is higher in the prllel or perpendiulr diretionF 2.5.3 Conclusion he e'et of deorted dislotion in In X Ga 1-X N lloys ws studiedF e (rst oE servtion is tht t low frequeniesD the deorted dislotion 'et more the propE gtion thn the rndom lloysF his is onsistent with the long wvelength eing less 'eted y lloying thn the shorter wvelength pdhyy 8 eksmij PHITF he dislotions representing either n interfe prllel to the )ux @see hpter QAD or n rry of defets s desried in the previous setions tend to 'et more the low frequeniesF pollowing the sme ptternD the dislotions perpendiulr to the propgtion diretion hve higher e'et t low frequeny reltive to the disloE tion perpendiulr to itF he dislotion ting s lrge 4point4 defets when perpendiulr to the propgtionF st is lso interesting to ompre qulittively the therml ondutivity reported in the pulition qiremis et al. PHPH nd the wp otined hereF pirstD κ is higher for lower sn ontentD this is onsistent with the higher wp in most sesF eondlyD κ is higher in the diretion prllel to the dislotionD whih is onsistent with the higher wp t high frequeniesF st ppers lso tht the nisotropy is stronger for the lower sn ontentD this is lso onsistent with the results in (gure PFQHF roweverD the vrition of κ with the temperture nnot e explined using the wp t 0 KF o onludeD sn deorted dislotions in qx 'et di'erently the propgtion of phonons depending on the orienttion nd the frequenyF et low frequenies the dislotions intert strongly with the propgtionD wheres t higher frequenies no modes re ville in the sn rih dislotion oresF st lso ppers tht the wp perpendiulr to the dislotion line dereses monotonouslyD the wp prllel to it tend to inrese t high frequenyF he vritions of wp seem to e onsistent with the vrition of therml ondutivity qiremis et al. PHPHF e deeper nlysis of the wp of the trnsverse nd longitudinl modes s well s n nlysis of the phonon dispersion would e neessry for etter understnding of the phenomen t hndF roweverD this ws not done in the frme of this short nlysisF 102 Chapter 2. Nanoclusters and Nanoinclusions et pointD it is interesting to summrize rie)y the oservtion of this hpterF pirstD the virtionl properties of nnoEojets used s nnoinlusion in nnoomposites re 'eted y the mtrixF his hs een shown through the exmple of qx in iy 2 F he min e'ets of the insertion in mtrix reD the suppression of the surfe modes nd of the redshift of low frequeniesD nd the pprition of mtrix modesF eondlyD riefer study of the e'et of the impedne mismth exempli(ed the di'usiveD propgtive nd mixed propgtion modesF grystlline xs in n morE phous mtrix do not seem to impt strongly the propgtive regimeD unless n impedne mismth is introduedF sn the other hndD the di'usive trnsport is inresed y the ddition of inlusions unless these inlusions re softer thn the mtrixF hirdlyD the e'et of shpe of the xs ws studiedF sn prtiulrD it ws shown tht struturl rystlline peroltion n inrese the llisti trnsport without induing lrge inrese of therml ondutivityF por this studyD the propgtive nd di'usive ontriutions to the therml ondutivity were evlutedF sf the model used systemtilly overestimte the therml ondutivityD itD neverthelessD respets the hierrhy of the nnoompositesD otined thnks to iwh simultionsF et the osion of this studyD it lso ppered tht the wp n e nonEmonotonous with frequeny in the se of interfe prllel to the propgtionF he study of di'usive trnsport lso showed tht the di'usivity is inresed y the presene of inlusions nd is not 'eted y their shpeF pinllyD rief study of the e'et of deorted dislotions on the propgtive trnsportD showed n interesting dependene to the orienttion nd the frequenE iesF his dependene n e linked to the therml ondutivity s funtion of the diretionF snteresting links etween dislotions perpendiulr or prllel to the propgtion nd perolting or nonEperolting xs rrys n e drwnF por instneD for oth on(gurtionD there is wp mximum t high frequeniesF sn the next hpterD the fous will shift from ulk nnoomposites to ore shell nnowiresF he pristine x is reted y (lling 50 nm long ylinder with rdius of 2.5 nm with EiF he growth diretionD xD is ligned with the 100 diretion of the rystl lttieF he ext length is dpted to get n integer numer of primitive ellsD here it is 49.95 nmF his insures tht x is monorystlline through the periodi oundry ondition in xF he ylindril ore shell nnowire is reted from the ssemly of hollow ylinder of morphous silion @the shellA nd rystlline oreD with the method proposed y prneEvnnord prneEvnord et al. PHIR nd similr to the one used in hpter P to generte nnoompositesF pirstD the ylindril shell is ut out of the sme Ei ulk lok s in the previous hpter @see IFRFIAF he originl smple is ue with side length of 17.4 nm repeted Q times in the x diretion to reh the pproprite length efore rving out the shellF he empty shells re then (lled with the sme Ei ylinder thn for the pristine xF pree oundry onditions re used round the free surfeD for this purposeD the nnowire re emedded in ox of fr lrger dimensions in the perpendiulr diretions @25 nmAF hese strutures re then relxedF por thisD onjugted grdient energy minE imiztion is performed to reh lol mehnil equiliriumF efter thtD the system is nneled t 100 K during 10 psF fefore this nnelingD the ox size is inresed in the growth diretion to prevent therml stresses leding to uklingF he x is then quenhed using onjugted grdient energy minimiztionF e seond energy minimiztion is (nlly performedD t zero tensile stress induing smll reep in the periodi diretion @tht isD strin evolution t glol onstnt stressAF his step insures tht there re no remining therml stresses fter the nnelingF o vlidte tht the system is t equiliriumD the ft tht the spontE neous evolution of the system over 10 ps does not result in tomi kineti energy he (rst oservtion is tht E p at is onstnt in the rystlline oreY wy from the surfe nd interfeD oth strutures hve E p at of -3.29 eVF his vlue is set y the potentil used nd is the sme s the one reported in previous pulition prneEvnord et al. PHIRF his shows tht the morphous shell does not strin the ore nd tht the struture is free of defets tht would lolly inrese the tomi potentil energy 1 F gloser to the interfeGsurfeD E p at strts to inreseF his inrese ppers for lower rdius for the ore shell xD thn for the pristine oneF his shows tht the rystlline morphous interfe hs more penetrting e'et thn the free surfeF sn the se of the pristine xD during the relxtion proessD the toms t the free surfe move to minimize the surfe energyD without externl in)ueneD wheresD in the se of gvEgEx the toms of the shell intert 3.1. Eect of the Free Surfaces and the Amorphous/Crystalline Interfaces Heat Transport in Shell Nanowires 109

with the toms in the oreF his indues lol reorgniztion ner the interfe nd thus hnge of potentil energyF he vritions of E p at in gvEgEx orresponds to typil vrition oserved t interfesF pirstD E p at inreses to reh -3.29 eVD to then derese to -3.08 eVF efter the interfeD the potentil energy reEinreses due to the proximity of the free surfeF he vlue rehed t the interfeD nd the plteu in the shellD orreE spond losely to the vlues oserved for EiGEi superlttie nd oreEshell x prneEvnord et al. PHIRF sn the forementioned studyD they used these vlues to ompute the interfil energy nd showed tht they re resonly onsistent with experimentl resultsF iventullyD it is worth mentioning tht the 4ulk4 vlue of E p at for Ei is rehed in the shellD showing tht t lest smll lyer of the Ei shell is not 'eted y the interfe nor y the surfeF he pristine nd gvEgEx reted hve potentil energy distriution pro(le omptile with previously reported vluesF sn the followingD the e'et of the interfe nd surfe nd their intertions on the virtionl properties re studiedF 3.1.2 Vibrational Density of States he irtionl hensity of ttes @hyA gives n overview of the frequeny disE triution of the virtionl modesD nd thus llows determining whih frequenies re 'eted y interfe nd surfe e'etsF he hy of the struture were omE puted using the eloity eutoEgorreltion puntion @egpAD s desried in setion IFSFIF o showse the e'et of the surfe nd interfeD the system is deomposed in di'erent lyersD this strts with entrl ylinder of rdius 25 Å nd ontinues with 5 Å thik hollow ylinders until the externl rdius is rehedF he resulting deomposition for the pristine nd ylindril ore shell x re shown in the insets of (gure QFQ where the hy re depitedF por omprison purposesD the hy of ulk Ei nd Ei re lso depitedF hese hy were otined using ues of side 10 nm with periodi oundry onditions in ll diretionsF he Ei ox ws otined y utting the sme Ei smple used for the shellF vet9s (rst fous on the e'et of surfeD for thisD one n tke look t the prtil hy of the externl lyers @red urve for the pristine x nd rown urve for the gvEgExAF hen ompring those urves with the hy of Ei fulkD two phenomen pperX the lowest frequeny pek is red shifted nd the highest frequenies re depopultedF hese phenomen hve lredy een oserved for i xnoprtile @xAs of very smll dimensionD where the surfe e'ets re domiE nnt weyer 8 gomtesse PHIIF sn the se of the pristine xD only the outermost lyer @PHE25 ÅA hs hy tht di'ers from the one of ulk EiF sf the surfe hs the strongest e'et on the hyD the morphous rystlline interfe lso 'ets the hyF vet9s (rst fous on the outermost rystlline lyer of the ore shell nnowire @PHE25 ÅAF he prtil hy orresponding to this region @dshed red line in (gure QFQAD hyridizes oth Ei nd Ei hyF sn the low frequeny region @HEV rzAD it mthes the one of EiF et lrger frequeniesD the fetures of the Ei hy pperF hese fetures reX the vrition round 12 THz nd the pek t 15 THzF his hyridiztion etween Ei nd Ei hy hs lredy een desried in the literture prneEvnord et al. PHIRF he interfe e'et is lso visile through redshift of the low frequenies ompred to Ei in the innermost lyer of the shell @PSE30 ÅAF sn the high frequeny regionD ove 14 THzD there is depletion of modes ompred to the ulk EiF he interfe ppers softer thn the ulk EiF hese oservtions out the interfe were lredy mde for EiGEi superlttiesD inditing tht the free surfe hs no e'et on the hy of tomes t the morphous rystlline interfe prneEvnord et al. PHIRF o summrizeD the surfe nd interfe mostly impt the low frequeniesF e redshift ppers t the surfe nd interfeD nd in the inner ore the hy mthes the one of EiF he impt on higher frequenies is less mrkedD there is mode depletion t the surfe in oth sesD nd hyridiztion etween Ei nd Ei hy t the interfe n nevertheless e notedF 3.1.3 Dynamical Structure Factor o omplete the oservtion mde thnks to the hy nd give more detiled deE sription of the modes 'eted y the ddition of n morphous shellD the hynmil truture ptor @hpA is omputed using the method desried in setion IFSFPF es the interest t hnd is the trnsport properties long the xD only the hp orresponding to the wve vetor ligned with the growth diretion is studiedD tht 3.1. Eect of the Free Surfaces and the Amorphous/Crystalline Interfaces on Heat Transport in Core Shell Nanowires 111 isX 100 in the diret speD or ΓX in the reiprol speF he hp of the pristine x is displyed in the (gure QFRF sn this (gureD the longitudinl nd trnsverse ousti rnhes nd the opti rnh pper lerlyF he kground noise is low nd the white lines (tting the dispersion reltions seem to mth to the hpF his is prtiulrly true for the longitudinl ousti rnhF he trnsverse ousti rnh is more lurredF st is to e noted tht for the longitudinl polriztionD seond rnh t low frequenies seems to pperF his rnh hs lredy een oserved ushi et al. his hp n e ompred with the hp of the ore shell nnowire in (gure QFSF et (rst glneD the two hve very similr spetD so muh so tht the dispersion reltions re unhngedF he di'erenes ly minly in the inresed linewidthD nd kground noiseF he inrese linewidth is ssoited to redued wpF e deresed wp ws expeted in this seF ht ppers s kground noiseD orresponds to the hp of Ei hmrt et al. PHISF hese hps would e worth further exploittionD notly to give etter overview of the size e'ets on the distriutionsF por thisD thorough omprison with the hp of ulk i would e neessryF roweverD this is not the sope of this study fousing on the omprison etween pristine nd ore shell xF xeverthelessD it n e the seond rnh oserved t low frequenies for pristine x disppers when the morphous lyer is ddedD on(rming tht is linked to the surfeF he min oservtions re tht for the ylindril ore shell nnowire suE perposition of modes orresponding to the rystl nd the morphous lyer is visileF he morphous lyer does not seem to pertur the dispersion reltionF gonsidering the hpD it ppers tht two frequeny rnges re worth studyingD the low frequeny rnge where the surfe e'et mtters nd higher frequenies rngesF hese higher frequenies re prtiulrly interesting in tht no propE gtion is expeted in the morphous lyer @no more propgonsX see setion IFIFSAF tht the free surfe hs strong impt on the propgtionF his is true for oth polriztions nd oth on(gurtionF por the longitudinl polriztion @(rst prt of the tleA in the se of the pristine xD wve t the surfe ppers lerlyF he propgtion in the inner ore of the nnowire ppers more dmped thn the wve t the surfeF sn the ylindril ore shell x seD the wveEpket n trvel in oth ore nd shell nd the wve t the surfe is less mrked thn for the pristine xF he propgtion in the ore ppers less dmpedF por the trnsverse polriztionD the ehvior is very similrF vstlyD fter the pssge of the wveE pketD some energy ppers lolized t the free surfe nd in the morphous shellF his strong e'et of the free surfe t low frequeniesD ould e expeted given tht the wvelength of the wve pket nd dimeter of the xs re of the sme orderD in prtiulr for the longitudinl polriztionF his explins prtilly why they re strongly 'eted y the geometry wlhotr 8 wldovn PHITF et high frequenyD the ehvior is more homogeneousD ler propgtion is visile in the enter of the xF feuse no propgtion is possile in the morphous lyer t this frequeny feltukov et al. PHIVD no energy propgtes either t the free surfeD interfe or in the shellF he wveEpket only propgtes in the ore in the form of n ovl shpeF his shpe results from the omintion of the timeElimited exittion nd interfeGsurfe e'etsD s seen for the emedded x mesh in (gure PFPIF es the wveEpkets goes through the xD some energy is dispersed in the xF sn the se of gvEgExD di'usive ehvior ppers in the viinity of the exittion lotionF hereD prt of the energy does not propgte ut slowly spreds in the xF his ehviorD expeted for morphous mterils @spreding of het y di'usonsAD hppens mostly in the morphous shell ut lso in the rystlline oreF e di'usive pek @spike of energy slowly di'using from the spot of the exittion rther thn wveEpket exiting the spot of exittionA ws expeted in the shellD s for most frequenies etween P nd 12 THz the di'usive regimes n e oserved fter n exittion in Ei feltukov et al. PHITF fut its presene in the rystlline ore ws unexpetedF o summrize on wveEpkets propgtionD t low frequeniesD propgtion tkes ple in the ore nd shell nd is strongly 'eted y the free surfeF he surfe prtiiptes oth in the propgtionD nd in loliztion of energy t low frequenyF et higher frequeniesD the propgtion does not seem 'eted y surfe e'ets nd only tkes ple in the inner prt of the rystlline oreF Distribution in the section o omplete the nlysis of the kineti energy distriE ution during wveEpkets propgtionD visuliztion of the men kineti energy s funtion of the rdius is displyed in (gure QFU for the longitudinl exittionF por thisD the energy of toms in rnge of W to 16 nm wy from where the exiE ttion is mde of the x is verged for suessive oxil hollow ylindersD this orresponds to the middle of the piture in the representtions in (gure QFTF he 3.1. Eect of the Free Surfaces and the Amorphous/Crystalline Interfaces on Heat Transport in Core Shell Nanowires 115 deomposition in oxil hollow ylinders is similr to the one done of the hy @see inset of (gure QFQA ut this time the shells onsidered hve thikness of pE proximtely hlf lttie lengthD or 2.71 ÅF he energy distriutions for these shells re displyed for di'erent time steps with di'erent olorsF ith this representtionD the e'et of the free surfe is lerly visileF et 2 THz for the pristine xD the energy density inreses (rst t the free surfe nd only then in the enter @the lue lines hve their mximum vlues for lrger AF his is mnifesttion of the wves t the surfe shown in (gure QFTF he kineti energy in the enter of the x t aH rises with some dely reltive to the surfeF efter the wve pssgeD the energy density stys high t the free surfe nd to lesser degree in the enterF his is the signture of energy loliztionF sn the se of the ylindril ore shell nnowireD the e'et of the free surfe is lessened y the presene of the morphous shellF he wve t the surfe is still visileD ut is less penetrtingF edditionllyD the energy pek t aH is higher thn for the pristine x nd dereses fster fter the pssge of the wveEpketsF his shows tht the wveEpkets is less dispersedF st lso ppers tht wve trvels through the interfeF pinllyD s for the pristine xD energy loliztion t the free surfe is visileF et high frequeny the pristine nd ylindril ore shell nnowires hve very similr ehviorD there is n energy pek in the middle orresponding to the pssge of the wveEpketsF woreoverD little to no energy propgtes in the outer lyer of the rystlline ore nd even less when there is n morphous shellF pinllyD little energy is lolized fter the pssge of the wveEpketD nd the energy dispersed y the wveEpkets is evenly distriutedF he representtion of the rdil distriution of energy s funtion of time showses wht ws visile in (gure QFTF xmelyD the free surfe nd interfe impt the propgtion t low frequeny nd tht the shell seems to ttenute the e'et of the surfeF Analysis of the Displacement he e'et of free surfe nd interfe on the propgtion of wveEpkets n e understood more in depth thnks to the visuE liztion of the tomi displements in the rossEsetion of the xs displyed in (gure QFVF he displements visuliztion showses the phse shift ppering in the wve frontF o llow etter visuliztion of the phse shiftD snpshot every 0.3 ps is givenD tht is Q times more often thn for (gure QFTF ith this representE tionD it ppers lerly tht the wve t the surfe is slower thn the wve in the rystl for trnsverse nd longitudinl polriztionsD the modes t the surfe re slowerF his derese in group veloity of the wves t the surfe is onsistent with the redshift oserved in (gure QFQD the pprition of the seond rnh in (gure QFS nd ws lredy predited ushi et al. PHIRF sn the se of the longitudinl polriztionD it ppers tht the displement in the ore is mximum when the shell nd ore wve re phse shifted y πF he slower propgtion of energy in the ore visile in (gure QFU ppers to result from intertion etween the wve in the x nd t the free surfeF he pttern of displements suggests superposition of di'erent modesF he morphous shell delys the pprition of the phse shift nd thus llow etter propgtionF pigure QFV llows identifying lerly the phse shift ppering etween the inner ore of the x nd the free surfeF his phse shift ppers to indue n intertion etween the wveEpkets in shell nd the wveEpkets in oreD this intertion seems to pertur the trnsmissionF st lso ppers tht the dded lyer of Ei mitigtes this phse shiftF Mean Free Path o further nlyze the propgtion of the wveEpketsD the wp ws omputed from the dey of the envelope of the wveEpkets @see setion IFSFQAF his ws done for the longitudinl nd trnsverse polriztions for frequenE ies etween I nd 15 THzF he results re displyed in (gure QFWF por the longituE dinl polriztionD elow 2 THzD the wp in the pristine x is lrger thn in the ylindril ore shell xF his orresponds to frequenies where wve t the surE fe n e oservedF hen they oth show minimum t 3 THzF his minimum proly orresponds to the point where surfeGinterfe wves stop interting with the propgtion in the inner prtD due to lrge veloity di'ereneF efter 3 THz the wp reEinreses shrplyD until 7 THzD where the wp of the pristine x peks the disorder eing the min sttering phenomenF snterstingly the vrition of the wp oserved here re similr to the one oserved for the nnoomposites with struturl peroltion of setion PFR in the diretion of the rystlline ontinuityF he wp of trnsverse wveEpkets follows similr trendD it strts t high vlues t 1 THzD t 2 THz it dereses to then reEinrese until QE4 THz to then follow stedy dereseF hue to the wy the wp is omputedD smll peks t high frequenies pper ut nnot orrespond to propgtion given tht no propgting modes re de(ned t those frequenies @see (gure QFSAF hey re rtifts due to the (tting of n exponentil (t on very low energy levelsF o void these rtiftsD the wp n e sustituted y the ttenution lengthD s done in hpter PF roweverD t this stte of the work this ws not doneF egrding the wpD the min oservtions re tht two frequeny rnges n e distinguishedX the low frequenies where the wp dereses stedilyD nd the high frequenies where the wp peksF he derese oserved t low freE queny n e linked to surfeGinterfe e'etsD while the high frequeny pek orresponds to the propgtion tking ple in the enter of the x un'eted y the free surfe or shellF 3.1.5 Conclusion he free surfe hs strong e'et on the 5 Å thik lyer eneth itD these e'ets inlude redshift of the hyD the pprition of wve t the surfe nd loliztion of energyF hey re minly visile t low frequenies euse t higher frequenies the free surfe nd eventul morphous shell does not prtiipte in 3.2. Continuous Modeling of Heat Flux 119 the energy propgtionD the energy propgtion hppens only through the enter of the rystlline oreF edditionllyD the surfe e'et pper to e lessened y the ddition of n morphous shellF pinllyD the wp spetr is lso interestingD rther thn to derese stedily it hs minimum round 3 THzD nd then reEinresesF his nonEmonotonous ehvior ppers to e signture of the swith etween surfeGinterfe dominted propgtion t low frequeny nd rystlline ore dominted trnsport t higher frequeniesF sn the next setionD the study will e extended to xs of di'erent dimensionsF he results of wh simultions will e ompred to the results otined with ontinuous model to study the het )ux in these struturesF

Continuous Modeling of Heat Flux

reviouslyD the fous ws lid on the impt of the nnostruturtion on therml trnsferF sn prtiulrD the veEket @A simultions hve een used to study the di'erent energy pthwys s funtion of the frequenyF hese nlyses showed tht the interfesD whether perpendiulr or prllelD 'et the trnsport di'erently depending on the frequenyF sn this setionD the study of the energy pthwys will e tken further with n nlysis of the rdil distriution of het )ux in i xsF he redution of therml ondutivity in xsD is often linked to size e'etsD nd prtiulrly to oundry sttering olz 8 ghen IWWWD xF j et al. PHIUF he min ftor limiting the therml ondutivity is thought to e the surE fe sttering wrtin et al. PHHWD wlhotr 8 wldovn PHITF wore preiselyD di'usive sttering t the interfes is interpreted s the min resistive proE ess wlhotr 8 wldovn PHIWF his interprettion is used to explin the therE ml ondutivity of ultrthin nnowiresD up to dimeter of few nnomeE tersD for even smller smller nnowires regime hnge due to the inresed role of long wvelength phonons is thought to tke ple hou et al. sn (gure QFIID the distriution of kineti energy in rossEsetion of the xs fter longitudinl exittion t P nd 12 THz re representedF et low frequeniesD in the (rst two olumnsD the wveEpket strts s plne wveD ut is quikly dispersedF et these frequeniesD the wveEpkets trvels t di'erent speeds in the di'erent regions of the xF his gives rise to intertions etween the wve in the shell nd the wve in the oreD s disussed in setion QFIF eginD the strong perturtion is onsistent with the wvelength eing of the order of the dimeter of the xF roweverD it n e noted tht more energy is rried y the enter of the xD thn for thinner xs @see (gure QFTAF he rdil distriution of the kineti energyD etween WH to 160 Å wy from the exittionD is displyed in (gure QFIPF he (rst line represents the propgtion t 2 THzF ith this representtionD wve ppers lerly t the surfeF his wve t the surfe hs lrger mplitude when there is n morphous shellF purthermoreD it is visile tht the energy (rst omes in the enter nd then t a 20 ÅD this lg etween the positions is orresponds to the ptterns ppering in the rossE 122 Chapter 3. Core Shell Nanowires and Continuous Modeling setions @see (gure QFIIAD they rell interferene ptterns nd re more mrked without morphous shellF et 12 THzD the energy propgtes di'erentlyX most of the energy is rried y the enter of the rystlline prtD ut sttered di'usive ontriution spns the entire rossEsetionD inluding the rystlline prtD ehind the llisti entrl prtF he pro(le of the entrl prt of the wveEpkets is similr with or without shellD s depited in the ottom pnels of (gure QFIPF vittle to no energy propgtes in the viinity of the interfeGsurfeD nd even less in the morphous shellF he energy onentrtion peks in the enter of the x nd dereses when going towrd the surfeF his shpe indites strong e'et of the free surfeGinterfe tht dereses with the distneF he min e'et of the morphous shell is the dditionl pprition of energy di'usionF his di'usive trnsport ppers s slowly expending red pth in the rightmost olumn of (gure QFIIF his kind of highEfrequeny di'usive trnsport ws lredy oserved nd disussed in setion QFIF en overview of the ehvior t the di'erent frequenies is given in (gure QFIQF sn this (gureD the energy distriution pro(le is given for the timestep t whih the mximl mplitude is rehedF his orresponds to the urve of (gure QFIP t the time step where the energy is the highestD for eh frequenyF ell the frequenies shre ommon tendenyD there is little energy trnsmitted in the viinity of the free surfeGinterfeF he only exeption is t 14 THz where the mximum is ner the interfeF here re other frequeny dependent ehviorsD nmelyD the trnsport 3.2. Continuous Modeling of Heat Flux 123 t the free surfeD visile t 2 THzD disppers t 4 THzF his mens tht surfe wves only pper elow this frequeny3 F woreoverD the mximl mplitude is not lwys rehed in the enter of the xX for V nd 10 THz without shell nd for 8 THz with shellD the mximum is round a20 ÅF st is worth noting tht the mount of energy injeted in the system depends on the frequeny usedD so tht the quntity of energy t the di'erent frequenies re not diretly omprleF et higher frequeniesD more energy is injetedD withD t mostD n inrese proportionl to the frequenyF yverllD prt from omplex ptterns tht pper t 2 THzD the rdil disE triution of energy during wveEpkets propgtion is not strongly impted y the presene of the shellF he min e'et ppers to e the derese in the intensity in the enter of the nnowire for frequenies elow V nd ove 12 THzF his short study of the system through wveEpkets propgtionD shows tht even if the free surfe seems to trnsport energy t low frequeniesD most of the energy is rried y the inner prts of the xs wy from the interfe or free surfeF roweverD the relisti reonstrution of the rdil )ux distriution from these simultions is not trivilF o ess it more esilyD xiwh simultions re performedF 124 Chapter 3. Core Shell Nanowires and Continuous Modeling 3.2.3 Radial Distribution of Flux: Eect of the Shell o study the )uxD xiwh simultions re rried outF he proedure used is the one desried in setion IFTFIF fefore setting up the temperture grdientD the x re equilirted t 300 K for 500 ps with n x @isothermlEisoriA thermosttsD to prevent uklingF efter this thermliztionD the oundry onditions in the growth diretion re swithed from periodi to (xed to void diret intertion etween the het thsF he toms within 10 Å of the extremities re (xed to void free surfe nd the toms from PH to 10 Å wy from those extremities re thermostted t 320 K on one side nd t 280 K on the otherF sn these thermosttsD simple veloity resling method is used4 F he )ux is verged over the lst 1000 ps of 2000 ps simultionD when the stedy stte is rehedF he stedy stte is onsidered rehed when oth the temperture pro(le is stilized nd the energy exhnged t the thermostts inreses linerly with timeF por etter sttistisD these simultions re repeted S times for eh on(gurtionD with eh time di'erent initil veloity distriutionF his n give n ide of the unertintyD n exmple is given in ppendix fF R Cry e dr Figure 3.14: Schematic representation of the cross-section with R Cry the radius of the crystalline core (in red) and e the thickness of the amorphous layer (in blue). The dotted lines represent the discretization for the computation of the ux as a function of the radius. he )ux is omputed in onentri shells of thikness δr = PFS or 5 Å @see (gure QFIRA from 10 Å wy of the thermostted regionsF ih studied on(gurtion is listed in tle QFIF por the lrgest on(gurtionsD smller shell thikness is used to derese omputing timeF he )ux is omputed through the eqution @IFSQAD smpled every 0.5 ps nd verged over the stedy stteF iqution @IFSQA involves sum over the tomsD so tht in the enter of the x there re fewer toms per shellF his deresed numer of toms inreses the vriility of the omputed )uxD in prtiulrD when the onentri shell hve thikness of 2.5 ÅF por this resonD the verge over two shells is used for rdii inferior to 20 ÅF he results for the nnowires of R Cry a 37.5 Å re reported in (gure QFISF pirstD it ppers tht with or without shell the )ux is mximum in the enter of the xD stys high until a 20 Å nd dereses s it omes loser to the free surfeGinterfeF he het )ux pro(le of the pristine nd ore shell xs re very similrD the only notle di'erene is the derese of the )ux in the enter of the rystlline oreF en overll redution of the )uxGtherml ondutivity in the rystl due to the ddition of n morphous lyer hs lredy een oserved for thin (lms erdier et al. PHIWF e (rst explntion for the )ux derese oserved ner the surfeGinterfeD n e looked for in modi(tions of the ville virtionl modes in the rystlline oreF por instneD high frequeny lolized modes ould pper in the region where the )ux is deresedF elterntivelyD softening ould e oservedD explining therml ondutivity dereseF o test this hypothesisD the prtil hy in the di'erent lyers of the xs with or without shell re represented in the (gure QFITF he sme proedure s in setion QFIFP is usedF es for the nnowires of smller rdius of setion QFID only the rystlline lyer within 5 Å of the surfeGinterfe @red dshed lineA is 'etedF his orresponds to the lyer where the struture of the rystl di'ers the most from ulk Ei due to the surfe reEstruturtion or in)uene of the rystlline shell s disussed in setion QFIFID more inEdepth nlysis is given in ppendix fFRF yn the ontrryD in the inner oreD the prtil hy is very lose to the one of EiD nd in the shell very lose to the one of EiF sn the endD the perturtions of the prtil hy does not extend to the whole region where the )ux is reduedF es resultD the lol )ux vritions nnot e explined simply y modi(tions of the ville modes in the x oreF he het )ux pro(le otined n e modeled with the hydrodynmi het trnsE port equtionsF es explined in the setion IFPFQD the hydrodynmi het trnsport 42. 5-47.5 37.5-42.5 32.5-37.5 27.5-32.5 22.5-27.5 0-22.5 Figure 3.16: Partial VDOS of the dierent layers in the nanowires of R Cry = 37.5 Å and e = 0 (left panel) or 10 Å (right panel), the VDOS of bulk c-Si and a-Si are also depicted in, respectively, dark blue and black full lines. The insets give the dierent colors associated with the dierent layers of the NW. In the inset, the black dashed line represents the interface.
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equtions re ontinuous equtions derived from the foltzmnn trnsport equE tionsF hey tke into ount the usul therml ondutivityD ut lso relxtion time nd non lol e'ets endr et al. PHPIF rereD to reprodue the het )ux pro(leD the sme temperture grdient is imposed ross the xD nd the di'erent prmeters of the equtions @IFPQA nd @IFPUA re (tted to reprodue the results otined with xiwh simultionsF his is done using the (nite element methodD with the softwre COMSOL Multiphysics ferdo et al. PHIWF xote thtD s the stedy stte is onsidered rehedD eqution @IFPQA is simpli(edD nd the memory term vnishesF gonsequentlyD the only nonEpourier term tht survives is the vplE in term ssoited to sher visosity e'ets @l 2 [∇ 2 j)]AF o otin the (tsD eh prmeter is djusted one fter the otherD κ is set (rst to (t with the entrl plteu otined with whD then the derese is djusted y modifying nd (nlly C is (tted to orrespond to the )ux t the interfeF ih (tting is performed using lest squre minimiztion on the onerned regionF he solid lines in (gure QFISD re otined using this methodD for the )ux in the rystlline oreF sn the morphous shellD the )ux does not depend on the rdius nd is modeled y pourier lw with κ a 1.5 W m -1 K -1 D whih is onsistent with the vlue reported for Ei in hpter PF he prmeters used to otin the pro(les in the rystlline prt re reported in the tle QFPF he esiest prmeter to interpret is CD it de(nes the )ux t the interfeGfree surfeF st depends on the speulrity of phonon sttering t the interfe ferdo et al. PHIWF st ppers lerly in the (gure QFIS tht the )ux within the lst 2.5 Å rystlline lyer efore the interfe is the sme whether there is n morphous shell or notF his explins why the vlue of C does not depend on the presene of the shellF sn the other hndD the non lol length hrterizes 3.2. Continuous Modeling of Heat Flux 127 the distne over whih the )ux is 'eted y the oundryD it n e understood s length over whih the )ux is self orreltedF his depends on the dispersion reltion in the rystl nd the relxtion time endr et al. PHPIF sn the present situtionD hrterizes how deeply the het )ux in the ore is impted y the free surfe or interfeF eginD in (gure QFIS the )ux strts high in the enter nd plteus until a 20 ÅD with or without shellF husD neither nor C n explin the het )ux pro(le modi(tions ppering with the ddition of n morphous shellF hereforeD the in)uene of the morphous shell n not e diretly relted with signi(nt modi(tion of oundry sttering within this modelF he derese of the sturtion vlue is est modeled s derese of the e'etive intrinsi therml ondutivity κ in eqution @IFPQAF sndeedD the vlues otined re very low ompred to the one of Ei @≈ISH W m -1 K -1 AD nd of the order of the therml ondutivity of nnowires of lrger dimeterF sn the following of this setion the origin of this therml ondutivity derese will e studiedF Table 3.2: Values of the parameters of equation (1.23) used to obtain the ux prole of the dierent NWs.

R cry @ÅA e @ÅA κ @W m -1 K -1 A @ÅA C QUFS H IPFS S HFQ IH IHFU S HFQ PH IHFU S HFQ SH H IR V HFQ IH IPFQ V HFQ PH IPFQ V HFQ
Impact over the Dispersion Relation e (rst pproh to understnd the deE rese of κ is to monitor the dispersion reltions with or without shellF he in)uene of the shell on the prmeters of the hydrodynmi het trnsport eqution ould e explined y modi(tion of this reltionF sndeedD oth κ nd depend on the group veloity nd the relxtion time endr et al. PHPIF he hynmil truE ture ptor nd dispersion reltions re displyed respetively in (gure QFIU nd QFIVF iven efore the extrtion of the dispersion reltionsD it ppers tht the min fetures of the hpD with or without morphous shellD re very similrF sn oth sesD the ousti rnh ppers lerly etween H nd 17 THzF he min di'erene etween the two is the kground noiseD ppering in the hp when there is n morphous shellF his orresponds to Ei modes s disussed in setion QFI5 F he dispersion reltions extrted from the hpD re displyed in (gure QFISF por more meningful omprisonD the dispersion given y the mximl intensity is (ltered with polynomil (lter rther thn (tted to sine funtion s suggested Impact over the Mean Free Path he remining mirosopi quntity tht n e linked to the mesosopi trnsport prmeters is the wpD or phonon life timeF he phonon lifetime n e extrted from the hp using the hmped rrmoni ysilltor @hryA @see setion IFSFPA nd is given y the enlrgment of the hp round the line of mximum intensity @linewidthAF o otin the wpD the life time is simply multiplied y the group veloityF he results re displyed in (gure QFIWF
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he wp without shell isD overllD lrgerD in prtiulr ove 6 THzF his inrese n e linked to the linewidth inrese @nd thus wp dereseA due to the morE phous modes visile in (gure QFIU for the x with n morphous shellF wo smll peks re lso visile in the wp of the pristine xD round T nd 10 THzF he wps otined with this method re notly smll ompred to the results otined for similr xs using the time domin normlEmode nlysis hou 8 ru PHIT ut of the sme order s the results otined with wveEpket propgtion in (gure QFWF 0.0 2.5 5.0 7.5 10.0 12.5 15.0 ν (THz)

10 0 10 1 Λ (nm)
Figure 3.19: MFP as extracted using the DHO from the DSF for the nanowires of R Cry = 37.5 Å and e = 0 (orange) or 10 Å (blue).

his wp derese due to the ddition of the morphous shell ould prtilly explin the derese in therml ondutivityF sf the relxtion time ppers in oth the de(nitions of nd κ @see equtions IFPR nd IFPTA it is not weighted equivlently in oth expressionsF end the wpGrelxtion time vritions my 'et mostly one over the otherF vow frequenies re less impted y the ddiE tion of the shellD proly euse the interfe is trnsprent for these frequenies ho et al. PHIVD ng et al. PHIVF es is less sensitive to the vrition of the relxtion time t high frequenies thn κD the vrition of the wp s funtion of frequeny my explin why κ is 'eted y the shell nd not F roweverD s the wp is mesured on the whole x inluding the morphous shell the derese might e overestimtedF sn this setionD it is shown tht the het )ux in rystlline x is ompE rle to oiseuille )owF sts mximum is in the enter of the x nd dereses s it omes loser to the free surfe or interfeF he )ux t the interfe is similr whether there is n morphous shell or notF he min e'et of the shell is to redue the sturtion vlue in the enter of the xF uh )ux pro(le n e reprodued with the hydrodynmi het trnsport equtionsD the vrition due to the ddition of the shell eing reprodued y derese of the e'etive κ in the rystlline oreF sn the morphous shellD the )ux does not depend on the rdius nd n e modeled y pourier lwF fefore pushing the nlysis 130 Chapter 3. Core Shell Nanowires and Continuous Modeling furtherD it is interesting to study the e'et of the vrition of the shell thikness nd rystlline ore rdiusF 3.2.4 Modulation of Diameter and Shell Thickness sn this setionD size e'ets re explored with study of the impt of the R cry nd eF o this endD the lrger x nd the two shell thiknesses re onsideredF sn the (gure QFPH the )ux for the di'erent R cry re representedD without shell @left pnelA or with IH or 20 Å shell @right pnelAF sn oth sesD the pro(les re very similr for the two rystlline rdiiF he only di'erene is the sturtion level tht inreses with the rystlline rdiusF es in (gure QFISD the )ux dereses in the viinity of the interfe nd hs the sme vlue in the morphous shell for the two rdiiF he )ux distriutions for shells of IH nd 20 Å re displyed in the right pnel of (gure QFPH @red nd olive dots for a50 ÅD lue nd gry dots for a 37.5 ÅAF he reported vlues re very similr for oth thiknessesF his shows tht the shell thikness does not 'et the )ux in the rystlline oreF he two (rst vluesD for rdii elow 15 ÅD for the smller x with the thik shell @R cry a 37.5 Å nd e a 20 ÅA do not (t this nlysisF roweverD s in the (rst onentri shellsD the verge in eqution @IFSQA is performed over less toms nd thus more sttistil vritions n e expetedD this di'erene is not onsidered relevntF 
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RCry=37.5 Å e=10 Å RCry=37.5 Å e=20 Å RCry=50 Å e=10 Å RCry=37.5 Å e=20 Å Figure 3.20: Radial ux distribution for R cry =37.5 and 50 Å, without shell (left), and with a shell (right). The orange, blue, and gray represent respectively the value without shell and with a 10 or 20 Å thick shell for R cry =37.5 Å. Likewise, the green, red, and olive represent respectively the value without a shell and with a 10 or 20 Å thick shell for R cry =50 Å. The dots report the values in the dierent layers computed with equation (1.53), and the full lines the distribution modeled by the hydrodynamic heat transport equations (1.23) and (1.27). The vertical black full and dashed line represent, respectively, surface/interface position for R cry =37.5 and 50 Å.

he prmeters used to reprodue the distriutions using the hydrodynmi het trnsport equtions re reported in tle QFPF st (rst ppers tht the sme vlue is used for the slip oe0ient C in eh seF his ould e predited from 3.2. Continuous Modeling of Heat Flux 131 the similrity of the )ux t the interfe in the di'erent sesF hen s the rdius inresesD κ is inresed to reh the higher sturtion level in the enter of the xF eginD this vlue is slightly redued upon the ddition of shellF he non lol length is lso inresed when swithing from R cry aQUFS to 50 ÅF e similr e'et hs lredy een found for telesopi xs welis et al. PHIWF eginD it is worth noting tht oth κ nd in eqution @IFSQA re linked to the wpF he wp inreses s the rdius inreses @see (gure fFRAD this n thus explin the vritions of κ nd F st is worth noting tht the thikness of the shell does not impt these vluesD only the presene or sene of the shell impts the )ux distriutionF sn this setionD it ppered tht inresing the morphous shell thikness does not 'et the )ux in the rystlline oreF sn the other endD inresing the rdius of the ore inreses the )ux in the enter of the xD ut does not hnge the shpe of the rdil )ux distriution pro(leF 3.2.5 Discussions he rdil energy distriution of the wveEpket in (gure QFIQ n e ompred with the xiwh resultsF por instneD little energy is trnsported llistilly in the morphous shellF his is onsistent with di'usive trnsport in morphous i lili et al. PHIWF his di'usive trnsport explins tht the het )ux in the morphous shell n e pproximted y pourier lwF eondlyD s one gets loser to the interfeGsurfeD there is less energy trnsE mittedF por most of the explored frequeniesD the energy mximum is rehed in the enter of the xF his energy distriution n e seen s qulittive mesure of the )ux t di'erent frequeniesF he energy density reportedD multiplied y the group veloityD would give n pproximte )ux t eh frequenyF roweverD this pproh is too rude for diret het )ux estimtionD s the frequenies need to e weighted ording to the fose iinstein distriution nd the other propgtion diretionGpolriztion onsideredF xeverthelessD the rdil distriution of energy in the wveEpkets indite tht the individul het rriers my lredy fvor oiseuille like )ux rdil distriutionF he results from the xiwh simultionsD on(rms tht the intensity of the het )ux is low t the interfeGsurfe nd in the morphous shellF woreoverD the overll )ux is )t eginning from the enter of the x nd dereses s it omes loser to the interfeF his derese ppers t distne of 20 Å from free surfe or rystllineGmorphous interfeF his is similr to wht ws found through wh nd wonteEgrlo simultions erdier et al. in their de(nition of speulrity they inluded the di'usion in the shellD wheres here only the interfe mttersF his lso ontrdits the interprettion of the derese in therml ondutivity in the g x s n e'et of the rystlline morE phous interfeD deresing the speulrity of oundry sttering ompred to the free surfe wlhotr 8 wldovn PHIWF st is lso to e notedD tht the rysE tllineGmorphous interfes re not visully rougher thn the free surfe of the rystlF he only prmeter of eqution @IFPQA tht is 'eted y the ddition of the morphous shell is κF he inrese of R cry inreses oth nd κF es in the xs studiedD the dispersion reltions re not 'etedD neither y R cry nor y the shell presene or thikness @see ppendix fFQAD the vritions of those prmeters re proly due to vrition of the wpGrelxtion timeD s disussed in QFPFQF rowE everD derese of wp is not the only hypothesis tht ould explin derese of κF fy de(nitionD the therml ondutivity in eqution @IFPQA onsiders tht the ehvior is llisti t the mirosle @it is sed on the phonon gs pitureAF rowE everD (gure QFII shows tht t high frequenyD prt of the trnsport is di'usive in the ore nd in the shellF e prtilly di'usive trnsport usully orresponds to n morphous like therml ondutivityD for whih the phonon gs model reks down ellen 8 peldmn IWWQD vrkin 8 wqughey PHIQD feltukov et al. PHIVF his trnsition ontriutes to derese of κD sine the di'usive prt eomes more importnt t the expense of the dominnt llisti prtD nd mnifests itself s dey of the e'etive κ in eqution @IFPQAF ine the speulrity t the interfe does not pper to e modi(ed y the ddition of the shellD the hydrodynmi het trnsport equtions suggest tht the redution of therml ondutivity due to the ddition of shell nnot e solely explined y redued speulrity t EiGEi interfe thn t free surfeF Limitations and Perspectives he simultions rried out n e ompred to the ontinuous models within the limit of their vlidityF es stted in seE tion IFPFQD in the originl implementtion of hydrodynmi het trnsport equE tionD nd κ re estimted from ab initio simultions on the ulk properties of silion endr et al. PHPIF his estimtion gives vlue of few hundred of nnometers for F roweverD in the present seD the dimeter of the x @7.5 nmA is elow hlf this vlueD so tht the ab initio derived prmeters re no longer vlid endr et al. PHPIF hey re repled y empiril vluesD to (t the results otined with the xiwh methodF he resulting urves orrespond well to the xiwh resultsD not only in the present studyD ut lso in previous work welis et al. PHIWF iven though the ab initio lulted prmeters n not e usedD it is shown here tht the phenomen oserved in the xiwh simultions n e ptured with eqution @IFPQAF xeverthelessD s the dimeter is further deresedD this nlysis ppers to reh its limitF por instneD for rdius of 25 ÅD to (t the wh pro(les with eqution @IFPQA oth κ nd hve to e inresed @see ppendix fFSAF woreoverD round this dimeterD other uthors suspet hnge of regime 3.2. Continuous Modeling of Heat Flux 133 induing n inrese in therml ondutivity due to the seletion of the modes y the geometry hou et al. PHIUF elsoD it is importnt to note thtD here the surfe re very smoothD so tht the results might di'er if roughness is introduedF yne of the oservtion of the study is tht when rereting the pro(les with eqution @IFPQA nd oundry ondition @IFPUA the ddition of the shell indues derese of the 4glol4 prmeter κ nd does not 'et nd CD tht in)uene the )ux ner the interfeF his relies on the hypothesis the speulrity of the interfe 'ets the )ux lollyF roweverD t the sle onsideredD it might 'et the whole strutureF sndeedD the wp is of the order of the dimeterD nd the wvelength is not negligile in front of the dimeter so tht oundry e'ets might 'et the )ux in the whole x nd not just t the interfeF he determintion of therml ondutivity with xiwh shows strong size efE fets helling et al. PHHP so tht the rdil distriution otined my depend on the length of the xF his my 'et more the pristine xs thn the g xs qo et al. PHIRF roweverD the point of this study is to ompre the disE triution of energy upon the ddition of n morphous shell t onstnt lengthF roweverD n impt is expeted s even in xs of the dimeter onsidered hereD phonon with lrge wp re expeted to ply n importnt role on therml onE dutivity oui et al. PHITF his importne of long wp phonons n indue size e'etsF here is smll disrepny etween the )ux omputed with eqution @IFSQA nd the )ux omputed from the energy exhnge rte t the thermostt @see pE pendix fFPAF his disrepny is lower thn the unertinty due to the sttistil distriution of the results over the repetitionsF roweverD trend n e notedD without shell the disrepny is higherD nd it inreses for thiker xsF

Conclusion

sn this setionD the rdil )ux distriution otined y xiwh simultion of nnowires of dimeter of QUFS nd 50 ÅD pristine or with n morphous shellD re omputedF por ll xsD the distriution in the rystlline prt is similrX it resemE les oiseuille )uid )owF he ddition of n morphous shell dereses the het )ux in the enter of the xD ut the )ow t the oundry of the rystlline prt is not 'eted y the presene of shellF o go furtherD this pro(le n e reprodued with the hydrodynmi het trnsport equtions @equtions IFPQ nd IFPUAD for this the prmeters need to e dptedF hoing soD it ppers tht the ddition of the shell n e reprodued y derese in the therml ondutivity used to model the trnsport in the rystlline oreD suh ehvior hs lredy een predited for other geometries erdier et al. PHIWD ho et al. PHIVF he non pourier prmeE ters of the eqution do not pper to e impted for the geometries onsideredF es resultD within this modelD the e'et of shell is glolD rther thn lolized t the interfeF st is interpreted s lk of impt of the shell on the speulrity t the interfe @s it is tken into ount inside the modelAF he e'etive therE ml ondutivity derese my e linked to prtilly di'usive het trnsportD nd 134 Chapter 3. Core Shell Nanowires and Continuous Modeling to modi(tion of the wp spetrF e lerer piture my e otined with frequeny dependent nlysis of the therml ondutivity ääskilhti et al. PHISF sn this hpterD the study of virtionl properties of silion nnowires with rystlline dimeter of 5 nm showed tht the ddition of n morphous shell modi(es the trnsport of phononsF he morphous shell not only impts the properties of the free surfeD ut lso the trnsport in the rystlline oreF his impt is notiele on the wp spetrumF sf low frequenies seem to e the most impted y the ddition of n morphous shellD the whole spetrum is 'etedF pollowing on these resultsD the het )ux in these xs n e modeled using mesosopi pprohF he model used shows tht the ddition of the shell does not orrespond to modi(ed oundry ondition ut to redued e'etive therml ondutivityF sn symmetri geometriesD where more mss or mss density is present on one sideD the mjority of the existing literture reports n inresed het )ux towrd the diretion of deresing mss or mss densityF his mss grdient is reted either y using n symmetril shpe or y mss loding one sideF his is diretion hs een linked to the inresed sttering rte in the lighter @smllerA prt ng et al. PHIUD the dependene of κ on spe nd temperE ture hettori et al. PHITD or the irtionl hensity of ttes @hyA mismth etween the smller @lighterA nd lrger @hevierA sides ng et al. PHHWF roweverD tu et al. tu 8 ving PHIP hve predited higher het )ux from the smller to the lrger rossEsetion of i trpezoid thin (lmD showing tht the het ondution is not lwys higher from the hevier regions to the lighter onesF imilrlyD ng et al. es for the ylindril ore shell nnowire @gvEgExAD let9s (rst study the hyD to see the eventul impt of the shell geometry on the frequeny distriution of the modesF por thisD the hy of the di'erent oxil hollow ylinder of the rystlline ore of the x re plotted for di'erent longitudinl setions of the x @see (gure RFRAF st ppers thtD the hy of the ore of the onil ore shell nnowire with φ = 4.4 • is not 'eted y the position long the growth diretion @here represented y the olorsA ut only y the proximity to the rystllineGmorphous interfe @see (gure RFRAF he hy in the rystlline ore is not 'eted y the thikness of the morphous lyer ove itD ut only y the proximity to the rystllineGmorphous interfeF Figure 4.4: Vibrational density of state for dierent coaxial hollow cylinder of the crystalline core (four columns) and for dierent section along the CO-CS-NW-4.4 (colored lines). The insets left of each gure link the column and the considered hollow cylinders. The black circle in the insets represents the part of the nanowire core considered, the gray the whole crystalline core, and the amorphous shell is represented by the purple outer circle and is not to scale. The mixed line represents the crystalline amorphous interface. The inset in the upper right links the section and the colors of the lines. he nlysis of the hy t the di'erent length portion does not indite ny strong dependene to the thikness of the shellF he hy of the di'erent lyers re very similr to the hy of the onstnt shell thikness gExF es resultD symmetri ehvior n e noted y simple study of the hyF 4.1.3 Wave-Packet Propagation he hy does not indite hnge of virtionl properties of the ore s funtion of the positionF o showse eventul diretion dependent propertiesD wveE pket propgtion simultions n e usedF por thisD the sme method s for the gvEgEx is usedF e fore exittion t prtiulr frequeny is mde in the enter of the x t L/2F his llows distinguishing the propgtion in the smll to lrge diretion @vA nd in the lrge to smll diretion @vAF 142 Chapter 4. Thermal Rectication in Nanowires with a Conical Amorphous Shell

Qualitative Visualization of the WP es for the onstnt thikness ore shell xD let9s strt with qulittive desription of the displements nd kineti energy distriution in the onil ore shell nnowire with the lrgest opening ngleF he lrgest opening ngle hs een hosen s it mpli(es the di'erene etween the diretionsF he sme frequenies s in hpter Q re seleted for the qulittive nlysisF P THz IP THz 
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por this nnowireD the propgtion is symmetri t low frequeniesF his symE metry ppers in the energy distriution in the entrl olumn of (gure RFSF gonE trry to wht ws oserved for ylindril ore shell thikness nnowire @gvEgE xAD the wveEpket trvels without oherene losses in the mll to vrge ross setion diretion @vA @the mxim nd minim of kineti energy re visile during the whole propgtionAF sn the vrge to mll ross setion @vA diretion the is more dispersedGttenutedD the ehvior is similr to wht ws oserved for onstnt shell thikness @see (gure QFTAF he shpe nd redued thikness of the shell indues strong intertions etween the wves supported y the shell nd y the ore in the onverging v diretionD ut keep them prt in the diverging v diretionF his oupling is on(rmed y the nlysis of the displements in the left olumn of (gure RFSX in the v diretionD the wve front trvels through the x without oherene lossD through ore nd shell likeF fut in the v diretionD the wve in the shell is phse shiftedD with di'erent displement diretions for given xF es oserved for the gvEgExD this phse shifted surfe wve seem to intert with the wve in the oreF his phenomenon is 'eted y the shell thiknessX for thiker shellD the wve in the ore is less 'eted y the free surfe @see right olumn of (gure RFSAD wheres for thinner shellsD either for the gyEgExEVFV in the v diretion or for the gvEgExD ler phse shift ours t the interfe @see (gure QFVAF e su0iently thik shell seems to shield the trnsport in the ore from the e'et of the free surfeF por the trnsverse polriztion @(gure RFTAD still t low frequenyD the e'et of the shell thikness is less lerF he phse shift t the interfe does not dispper in the v diretionF roweverD shell nd ore seem to intert more in the v diretion thn in the v diretionD with lrger displements t the interfeF et higher frequeniesD here represented y 12 THz for the longitudinl polrizE tion nd y 4 THz for the trnsverse polriztionD the ehviors in the v nd in the v diretions re muh more similrF sn (gures RFS nd RFT @rightmost olumnsAD the propgtive prt1 D exiting the exittion zoneD tkes n ellipsoidl shpe limited to the inner ore s ws visile in (gure QFT for symmetri geometriesF he energy left ehind y those propgting wves is dispersed evenly in the ore setionF he sene of irregulrities on the pth ould explin why the wp is higher thn t lower frequeniesD where the interfes ontinuously hinder the propgtionF sn the gyEgExEVFVD the propgtion is diretion dependent t low frequeniesF hen the morphous shell is thik enoughD the wve t the surfe nd the wve in the ore stop deforming eh other nd trvels without oherene loss reting diretion dependent trnsmission2 F di'usive pekF sn (gure RFU the propgtive prt mnifests s distint loes tht re shifted in the propgtion diretion t every time stepF hese fetures re prtiulrly visile for the gyEgExEVFV t 12 THz @(gure RFU (rst (gure ottom rowA ut re present to some extent in ll gyEgEx t ll frequenies elow 15 THzF he di'usive pek is present in oth shell nd oreD s for the gvEgE xF his entrl pek is mostly visile t 12 THz for the longitudinl exittionD 146 Chapter 4. Thermal Rectication in Nanowires with a Conical Amorphous Shell nd t 4 THz for the trnsverse exittionD ut is nevertheless lredy present t 2 THz for oth polriztionsF his di'usive ehvior of thin ore shell i xs ws lredy oserved y hondio et al. hondio 8 qlli PHHWD lthough this ehvior ws thought to e limited to the morphous lyerF es purely propgtive ehvior is expeted in EiD di'usive prt indites either n energy trnsfer from the shell to the ore or n in)uene of the interfe on the propgtionF he in)uene of the morphous shell on the rystlline ore virtionl properties hs lredy een ssessed in (gure QFQF etoms in the oreD within 0.5 from the interfe hve very similr hy to the one of EiD ut this limited e'et is not su0ient to explin the di'usive trnsfer inside the whole rystlline oreF his must e due to strong dynmil e'et indued y the longErnge in)uene of the morphousGrystlline interfeF edditionllyD there is no importnt propgtion of highEfrequeny phonons in the shell nd the propgtion in the ore is not 'eted y the shell thikness t those frequeniesF roweverD for the di'usive trnsportD slight symmetry is visile in the di'usive pek in the shell fter trnsverse exittion t 5 THz @(gure RFUAF enother mrk of the intertions etween the shell nd the ore n e seen in (gure RFUX the energy distriution in the ore for the gyEgExEVFV in the vrge to mll @vA diretion fter trnsverse exittion does not follow monotonous deE rese from the exittion origin to the end of the xF yn the ontrryD it inresesD on(rming tht there is n energy trnsfer from the shell into the oreF he visuliztions of the tomi kineti energy n e ompleted y the visulE iztion of E K s funtion of the rdius @see (gure RFVA with this time distintion 4.1. Vibrational Properties of Asymmetrical Core Shell Nanowires 147 etween the v nd v diretionsF por the 2 THz exittionD there is ler wve propgtion t the free surfeD s oserved for the pristine nd gvEgEx in (gE ure QFUF roweverD in this se the wve t the surfe is symmetriD it hs high mplitude in the v diretion nd low mplitude in the v diretionF his is most proly due to the onvergent nd divergent geometriesF he symmetry is lso visile in the oreD where the mplitude is higher in the v diretionD this higher mplitude n e linked to the rediretion of energy from the shell to the oreF vikewiseD it is notiele tht the energy remins high for longer while in the v diretionD inditing stronger dispersion of the F pinllyD the rdil kineti energy distriution of the gvEgEx in (gure QFU is very similr to the one of the gyEgExEVFV in the v diretionF his similrity hints tht the proximity of the surfe hs strong in)uene on lowEfrequeny phononsF et 12 THz the di'erenes etween the v nd the v diretions dispperY the energy minly )ows in the ore for oth diretionsF woreoverD for low frequeniesD there is net energy exhnge etween the ore nd the shellF his is visile through the unlned energy rtio etween the two sides of the exittion in (gure RFWF here is more energy in the shell nd less in the ore for the v prt of the x for ll gyEgExsF es the energy is overll evenly distriuted etween the v nd v prts when onsidering the whole xs @see upper pnels of (gure RFWAD this distriution is only possile through n energy trnsfer etween the ore nd the shellF he shell trnsfers energy k to the ore in the v diretionD espeilly in the lowEfrequeny rngeD on(rming tht the wve in the shell interts with the wve in the oreF he energy distriution for the shell of the onil ore shell nnowire with φ = • seems di'erent from the others opening nglesF his n e explined y the redued numer of toms in the shell @see (gure RFQA mking the energy rtio more sensitive to smll vritionsF o onlude on the qulittive nlysis of the propgtion in symmetri xsX in the lrge to smll diretion the onstrition tends to rediret energy from the shell to the ore t low frequenyD the strong intertion etween the wve t the surfe nd propgtion in the ore is distured in the lrge to smll diretionF Quantitative Analysis of the WP he e'ets of the geometry on the het trnsport n e estimted through the evlution of the ontriution of di'erent frequeniesD s done in setion PFRF he men free pth is wy to quntify the e'et of the geometry on the propgtion t di'erent frequeniesF por exmpleD higher wp in spei( diretion ould result in therml reti(tionF his is ssessed in (gure RFIH where the wp of longitudinl nd trnsverse phonons with frequenies etween I nd 15 THz in oth diretions of propgtion in the x @v nd vA re depited for the gyEgExs nd the gvEgEx for omprisonD long with the hy of the on(gurtionsF pirstlyD it is notiele tht the unusul frequeny dependene of the wps Figure 4.9: Kinetic energy ratio: Sum of atomic kinetic energy in the SL direction (e SL , right of the excitation) divided by the sum of atomic kinetic energy in the LS direction (e LS , left of the excitation), and the mean from the end of the excitation of propagation until the wave front reaches the boundaries. For the longitudinal (left column) and transverse (right column) excitation.

oserved for the gvEgEx in setion QFI ppers for ll the gyEgExF sn prE tiulrD the wp pek t high frequenies @II THzA is visile for ll on(gurtionsF henD the trnsport in the smll to lrge @full linesA nd in the lrge to smll @dshed linesA diretion n e ompredF por longitudinl phononsD the wp is higher in v thn in v diretion t low frequenies @IE3 THzA for onil ore shell nnowires of opening ngle 4.4 • nd 8.8 • F he trnsverse phonons t IE2 THz hveD similrlyD higher wp in the v diretionF his hrterizes n symmetri trnsport fvoring the v diretionF roweverD this is not the se for ll frequeny rnges nd ll on(gurtionsF por exmpleD the wp in the v diretion is higher in the QE5 THz frequeny rnge for longitudinl phonons nd in the IE6 THz frequeny rnge for trnsverse phonons for gyEgExEIFIF hile ompring the diretionsD it lso ppers tht the shoulder t 8 THz in the longitudinl wp tends to fde 4.1. Vibrational Properties of Asymmetrical Core Shell Nanowires 149 s the opening ngle inresesF his fding is more pronouned in the v diretionD on(rming tht this plteu is orrelted with the morphous lyer thiknessD s ws lredy visile for the pristine nd gvEgEx in (gure QFWF sf some symmetry ppers in the wpD it is not possile to onlude on glol symmetry in het trnsport from those representtionsF es the studied systems re omposed of lrge morphous prtD it is importnt to onsider the in)uene of the nonEpropgtive modes to omplete the studyF hese nonEpropgting modes re visile in the kineti energy distriution fter nonE rndom exittionD ut the di'usivity of the di'erent frequenies n e evluted in the v nd v diretions with the method desried in IFSFQF he results re shown in the (gure RFIH @third rowAF pirstD one n oserve tht the di'usivity in our systems is omprle to the ulk morphous silion di'usivity @see (gure PFPRAF his similrity ppers even for the gyEgExEIFI where the morphous shell is very thinD espeilly in the v diretionF sn inresing the overll morphous frtion @1.1 • to 8.8 • opening nglesA of the systemsD the di'usivity deresesF xeverthelessD when ompring the diretions for the lrger opening ngles 4.4 • nd 8.8 • D it ppers tht the di'usivity is higher in the v diretion where the morphous shell eomes thikerF his higher di'usivity suggests etter di'usive het trnsport in the smll to lrge diretionF pinllyD the glol hy in the lst row is worth tking look tF es the opening ngle inresesD the peks linked to Ei re smoothed outF his shows the grdul importne of the morphous shell s its thikness inresesF 150 Chapter 4. Thermal Rectication in Nanowires with a Conical Amorphous Shell he nlysis of the wp nd di'usivity hs shown tht the wp of the di'erent on(gurtions re very similr to the wp of the gvEgExF rowE everD for the symmetri struturesD di'erenes pper etween the v nd v diretionsD in prtiulr t low frequenyF he di'usivityD keeps very similr pro(le for ll the on(gurtions nd dereses with the rystlline frtionF etD these vritions with diretion re not systemti nor strong enough to onlude on strong symmetry in the overll het trnsferF 4.1.4 Thermal Conductivity Estimation he nlysis of the showed the het trnsfer in the gEx ontins llisti nd di'usive omponentF sing the method desried in IFTFRD the frequeny deE pendene of the therml ondutivity together with the rtio of llisti to di'usive ontriutions to the therml ondutivity n e estimtedF sn this setionD the omputtion for the gyEgExERFR is detiledF he di'usivity nd wp of the x eing lredy omputedD the only missing quntities re the group veloity nd the density of stte ssoited to the di'erent polriztionsF hese missing quntities re estimted thnks to the hynmil truture ptor @hpAF he hp of the gyEgExERFR is displyed in (gure RFIID long with the disperE sion estimtionF st ws otined using the method desried in IFSFP @tht is vi the di'usive nd propgtive ontriution to therml ondutivity estimted vi equE tions IFST nd IFSUAF es for the gvEgEx @see (gure QFSA the hp orresponds to the superposition of the hp of Ei nd EiF roweverD lines orresponding to the dispersion of reltion re less mrkedD the morphous frtion eing higher in the se of the gyEgExERFRF he polriztion dependent hy is estimtedD from the verge of the hp in the di'erent diretions of the frillouin zoneF he di'erent ontriutions to the therml ondutivity s funtion of temperE ture re represented in (gure RFIP @leftAF st ppers lerly tht the propgtive ontriution domintes the het trnsportF he di'usive modes ount for less thn 20 % of the totl therml ondutivityF he reltive ontriutions to κ s funtion of the frequeny t 300 K in the left pnel of (gure RFIPD shows tht κ P is higher thn κ D for ll frequeniesF st lso ppers tht the pek in wp round 10 THz hs strong e'et on the therml ondutivityF roweverD s seen in setion PFRD this ontriution might e overestiE mted due to the orienttion of D seleting for the less pertured diretionF xote tht here the orretion for temperture is not inludedF ith the exmple of the gyEgExERFRD it hs een shownD tht the di'uE sive ontriution to the therml ondutivity is S times smller thn the propE gtive oneD nd tht oth ontriutions pper to fvor the smll to lrge diretionF 4.1.5 Conclusion sn this setionD thnks to propgtion simultionsD it ppered thtX the lrger wvelengths seem to e more in)uened y the geometry of the shell nd the proxE imity of the interfeGsurfe thn smller wvelengthsF his n explin why the s re more strongly dispersed in the v diretion thn in the v diretion @see 152 Chapter 4. Thermal Rectication in Nanowires with a Conical Amorphous Shell entrl olumn of (gures RFS nd RFTAF he similrity etween the pttern of disE plements @left olumnA for the gyEgExEVFV in v diretion where the setion is smller nd the one of the gvEgEx indites tht the free surfe proximity impts the propgtion in the ore through the shellF woreoverD t low frequenies @round 2 THzA wve ppers t the surfe nd prt of the energy seems to e on(ned t the free surfe during the propgtionF he perturtion of long wvelength modesD loliztion t the free surfe nd their e'et on the therml ondutivity in thin xs is lredy well doumented urli PHIHF por the t 2 THzD phse shift ppers etween the enter of the ore nd the oreEshell interE feD s the wve propgtes in the gvEgEx nd gyEgExEVFV @see (gures QFT nd RFSAF roweverD this phse shift disppers in the v diretion for the gyE gExEVFVF sn the lrger setionD the wveEpket hs n ellipsoidl shpe with setion lrger thn the oreD mening tht the morphousGrystlline interfe does not pertur the propgtion t this frequeny in this diretionF his implies tht the free surfe plys more importnt role on the propgtion thn the interfe in this diretion t those frequeniesF heres t higher frequeniesD for instne t 12 THz @see (gures QFT nd RFS right olumnAD llisti trnsport hppens only in the inner prts of the ore where the interfes do not 'et the propgtion nymoreF he di'usive trnsport is lso in)uened y the presene of morE phousGrystlline interfesF sndeedD di'usivity omprle to the vlues found in the purely morphous smples is mesured even when the mount of morphous shell is negligile @see (gure RFIHAF he presene of the morphousGrystlline interE fes ligned with the diretion of propgtion is thus su0ient to indue di'usive trnsport in the rystlline ore s wellF his strong in)uene of the shell on the di'usive trnsport hs een lredy suggested here y the presene of di'usive prt in the ore fter nonrndom exittion @see (gure RFUAF roweverD the di'usive modes re not dominnt on the het trnsportF st ppers lerly in (gure RFIP tht the propgtive mode9s ontriution domintes the het trnsport in the gyEgE xERFRF sn summryD vrile thikness of morphous shell modi(es the ehvior of imposed in the enter of the xF et low frequeniesD diretion depenE deny ppers in the lrge to smll diretionD prt of the energy is trnsferred from the shell to the oreF he onil shell seems to modify the intertion etween the ore nd the shellD in the smll to lrge diretionD the phse shift oserved for gvEgEx disppersF roweverD t higher frequeniesD little difE ferene pperF pinllyD the quntittive nlysis of the trnsport properties otined from ppers to indite diretion dependent trnsportD withE out llowing de(nitive onlusionF por more de(nitive onlusion studies inluding expliitly the temperture e'ets re neededF 4.2. Thermal Rectication in Asymmetrical Core Shell Nanowires 153 4.2 Thermal Rectication in Asymmetrical Core Shell Nanowires sn the previous setionD it hs een shown tht the thikness vrition of the morE phous shell in ore shell xs used diretion dependent propgtion of sF roweverD using those results loneD it is not possile to onlude quntittively on n eventul therml diode e'etF sn this setionD the results from xon iquiliE rium woleulr hynmis @xiwhA simultions re used to study the diretionl dependene of therml trnsport in symmetri ore shell nnowiresF Supplementary geometries sn this setionD two supplementry geometries re introdued to omplete the studyF he (rst one is telesopiEshped x with 3.5 nm morphous thik shell overing hlf of its lengthD referred to s iEgE x @left of (gure RFIQAF st is introdued to investigte the e'et of n symmetri distriution of morphous shell without the grdul symmetryF he shell thikE ness is hosen to hve the sme morphous frtion s the gyEgExERFR for the hosen x length @50 nmAF he seond geometry is simply gyEgExERFR tht hs een prolonged to reh 100 nmF his geometry ws introdued to investigte eventul size e'ets @right of (gure RFIQAF hese on(gurtions re reted using the sme method s the other geometries of the hpterF he di'erent on(gurtions investigted in this setion re listed in tle RFIF CO-CS-NW-4.4-100 TE-CS-NW Figure 4.13: Telescopic core shell nanowire (TE-CS-NW) and conical core shell nanowire with an opening angle of 4.4 • and a length of 100 nm CO-CS-NW-4.4-100 crystalline core in red and amorphous shell in blue. Table 4.1: Eective radius, shell radius, length, total number of atoms and fraction of atoms belonging to crystalline phase for the 3 groups (in total 7 congurations) of NWs.
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Chapter 4. Thermal Rectication in Nanowires with a Conical Amorphous Shell 4.2.1 Estimation of the Rectication he e'etive therml ondutivity of ll the smples re evluted using the xiwh methodF por thisD temperture grdient is imposed ross the x nd the therml ondutivity is then derived from κ = J∆x S Ef f ect ∆T with J the kineti energy trnsfer rte etween the thermosttsD S Ef f ect the e'etive setion @tht is the smllest setion tht the )ux rossesAD nd ∆T ∆x the temperture grdientF es in hpter QD the position of the toms within 1 nm of the simultion ox edges re (xed @4f4 regions in (gure RFIRAF pinllyD the two thermostts re dded next to the (xed toms @T 1 nd T 2 in (gure RFIRAF he numer of toms in the thermostts

f f T 2 R Ef f ect R Shell S L T 1 J SL J LS
4.14: Schematic representation of the NWs, with the thermostats (T 1 , T 2 ) and xed atomic positions (f) on the conical CS congurations. Several characteristic elements, such as the eective, core, and shell radii, and the angle of the amorphous shell opening and large (L) and small (S) extremities of the NW are noted along with the ux direction J SL and J LS . R Ef f ect is the eective radius for the computation of the ux, it is here also the smallest radius that the ux crosses.

on the lrge side nd the smll side re kept similr within 1 % y vrying their thiknesses etween HFS nd 5 nmF e simple veloity resling is used to mintin the old side t 280 K nd the hot side t 320 K for ∆T of 40 KD or 260 K nd 340 K respetivelyD for simultions with ∆T of 80 KF he time step used is 0.5 fsF por the SH npElongExsD the stility of the temperture pro(le otined fter the (rst 1000 ps indites tht stedy stte is rehedD the )ux is then omputed over the next 1000 psF por the 100 nmElongEx these times re douledF he )ux is verged over (ve independent simultions with di'erent initil veloity to derese the sttistil error @see setion gFP for detils on the )ux omputtionAF he het )ux is omputed twieD swithing the hot nd old thermostts to otin the het )ux in oth diretionsF he e'etive setion S Ef f ect onsidered for the omputtion of κD if not otherwise spei(edD is the limiting rossEsetion for het trnsportD tht isD the smllest setion tht the )ux rossesD t the end of the thermostt T 1 in (gure RFIR @the orresponding e'etive rdius R Ef f ect is reported in tle RFIAF he temperture grdient is de(ned s the temperture di'erene etween the thermostts divided y the distne seprting the two thermostts

∆x = L -L T 1 -L T 2 -2L f vi et al. PHIWF 4.2. Thermal Rectication in Asymmetrical Core Shell Nanowires 155 he therml reti(tion is omputed sX η = κ SL -κ LS κ SL , @RFIA
with κ the men therml ondutivity over (ve repetitionsF κ n e repled y J in the previous eqution s the therml grdient is the sme exepted for the signD provided tht the e'etive setion is the smeF he unertinty is derived from the stndrd devition σ of the therml ondutivity vlueX

∆η = η σ(κ SL ) κ SL + σ(κ LS ) κ LS @RFPA
4.2.2 Thermal Transport and Rectication in Core Shell Nanowires his setion reports nd disuss the e'et of the symmetry of morphous shells on the overll therml trnsportsF sn (gure RFIS oth the het )ux or the therml ondutivity nd the reti(tion @green right xisA for di'erent diretionsD s funtion of the opening ngles of the smplesD or s funtion of the morphous frtionF st ppers (rst tht the )ux nd the therml ondutivity in the smll to lrge diretion @red empty irleA is superior to the het )ux or therml ondutivity in the lrge to smll diretion @lue strAF his oservtion is onsistent with the less distured propgtion of phonons in the smll to lrge diretionF here re two wys to de(ne reti(tionY using the het )ux or the therml ondutivityF por onstnt rossEsetionD the two quntities will give the sme reti(tionF rereD s the studied on(gurtions re symmetriD the het )ux ws hosen euse it is independent of the hoie of the rossEsetion @in (gures RFIS nd AF xeverthelessD the results in terms of the e'etive therml ondutivity with two di'erent rossE setions re lso depited in (gure RFIS using the smllest rossEsetion @S Ef f ect AD relted to the vision of the nnoonstrition whih usully drives the phenomen t the nnosleD nd in (gure RFISd using the rossEsetion next to the hot thermostt relted to the vision of the energy dissiption re for given systemF he pertinene of the hoie etween the two rossEsetions is disussed lterF sn (gures RFIS nd D it ppers tht the symmetri morphous shell indues therml reti(tion for the onil ore shell nnowires with the two lrgest opening ngles @4.4 • nd 8.8 • A nd for the telesopi ore shell nnowireF he reti(tionD mesured on the het )ux @ηa S7AD is of the order of the reti(tion otined experimentlly for similr system ghng et al. PHHTF roweverD the reti(tion is lower for n opening ngle of 8.8 • thn for n opening ngle of 8.8 • D showing tht the reltion etween the opening ngleGmorphous frtion nd the reti(tion is not monotoniF woreoverD these simultions indite tht there is threshold e'et for reti(tion in either opening ngle etween 2.2 • nd 4.4 • or in morphous frtionD etween 50 % nd 70 % for the length L a 50 nm @(gure RFISAF he reti(tion mesured for the onil ore shell nnowires with the two smllest opening ngle re not signi(ntF husD n importnt thikness of morphous shell is neessry to indue reti(tionF woreoverD s the telesopi geometry indues less reti(tion thn the onil shell with φ = 4.4 • with similr morphous frtionD it follows tht the symmetry of the morphous shell plys n importnt roleD ut is not the only ftor responsile for the oserved reti(tionF pinllyD it is interesting to note here tht the preferred diretion for the )uxD from smll to lrge ross setionD is not the sme s the one otined for homogeneous smples with onil shpeD s shown y ng et al. ng et al. PHIRF snterestinglyD the totl het )ux inreses monotonously with the morphous frtion @(gure RFISAF es the rystlline prt hs onstnt dimeterD n inresE ing morphous frtion mens tht the setion through whih the het )ux n go through inresesF he ore dimeter eing onstntD signi(nt prt of the het )ux hs to go through the morphous shellF roweverD the therml ondutivity of Ei eing roughly two orders of mgnitude elow the Ei oneD smller enhneE ment ws expetedF his importnt di'erene in the totl )ux etween the onil ore shell nnowires with di'erent opening ngles indites onsiderle energy exhnge t the interfe etween the ore nd shellF ell the onil ore shell nnowires shre similr therml ondutivity vluesF yne normlized y S Ef f ect @see tle RFIAD the disprities in )ux dispper @see 
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J SL J LS Figure 4
.16: Power exchanged between the thermostat for all the 50-nm-long NWs as a function of the opening angle of the amorphous shell for every individual runs, the values within the blue shaded regions are individual runs for the same conguration. LS marks the large to small direction, while SL marks the small to large direction.

(gure RFISAF st is noteworthy tht the iEgEx hs muh lrger therml onE dutivity due to the fully rystlline redued e'etive setionY similrlyD the therml ondutivity of gvEgExD hving lrge e'etive rossEsetionD is lowerF ith this e'etive setion de(nitionD neither the e'etive rossEsetion nor the distne eE tween the thermostts vriesF husD the reti(tion is independent of the hoie of J or κF roweverD s lredy mentioned eforeD the therml reti(tion n hnge with nother hoie for the e'etive rossEsetionF por instneD in (gure RFISdD the estimtion of the therml ondutivity using eh time the setion orresponding to the hot thermostt @tht is the setion of the inoming )uxA is hosenF his hoie of e'etive rossEsetion results in very high η vlues @90 %AF roweverD this vrition is minly due to the hnge of the e'etive setion depending on the diretion of the therml grdientF o ompre the diretion of propgtionD omprison of the )ux or of the e'etive therml ondutivity using lwys the sme rossEsetion is more meningfulF sn ll sesD the therml ondutivity estimtions re of the sme order s in the previous simultion of erdier et al. erdier et al. PHIWF pigure RFIT fetures the het )ux omputed for the individul runs in oth nd v diretionsF his of the dispersion of the mesures shows tht the het )ux is systemtilly higher in the v diretion for the onil ore shell nnowires with the two lrgest opening ngle nd more dispersed in the se of the telesopi ore shell nnowireF woreoverD this visuliztion highlights the disprity of the mesure for the ylindril ore shell nnowire nd the two lowest opening ngleX depending on the simultion onsideredD the reti(tion is either positive or negtiveF his on(rms tht the reti(tion for these smll opening ngles is not signi(ntF 158 Chapter 4. Thermal Rectication in Nanowires with a Conical Amorphous Shell ummrizing on the interprettion of (gures RFIS nd RFITD it ws shown tht the ore shell nnowires with opening ngles of 4.4 • nd 8.8 • indue )ux reti(tion of out 5 %F his reti(tion fvors the )ux in the smll to lrge diretion over the )ux in the lrge to smll diretionF his diretion orresponds to the diretion in whih the propgtion of ws less impededF he next prgrphs fous on the prmeters in)uening the mesure of this reti(tionF Size Eects et the nnosleD size e'et mttersD to get n ide of the in)uene of the size on the reti(tion oe0ientD ore shell nnowire with φ a 4.4 • with douled length @100 nmA ws studiedF he results re displyed in tle RFPF por the long x two temperture di'erenes etween the thermostts re testedX one with the usul ∆T of 40 K nd one with ∆T of 80 K to keep the sme temperE ture grdientD ∆T /LD s for the 50 nm xsF hue to the omputtionl ost for the 100 nm x only two independent runs were performedF pirstD one n notie tht the reti(tion still ppers when the length is douled nd tht it n even inrese for the ∆T of 40 KF roweverD in inresing the ∆T to 80 KD the reti(tion deresesF Table 4.2: Size and temperature impact on thermal rectication: length of NW, imposed ∆T between the two thermostats, temperature gradient, mean ux in the two directions, rectication, and number of independent runs for CO-CS-NW-4.4. v @nmA ∆T @uA ∆T /L @K nm -1 A J SL @µWA J LS @µWA η @7A 5 run hese simultions on(rm tht the reti(tion oserved is not strongly deE pendent on the lengthF fut lso tht the temperture di'erene hs n e'et on the reti(tion oe0ientF sn the followingD the temperture e'et is invesE tigted more in depthF Temperature eect he e'et of temperture over the reti(tion ws invesE tigted y performing two di'erent sets of simultions for the gyEgExERFR one t 200 K of men temperture nd one with ∆T of 120 K to test the in)uene of the temperture grdientF he results reported in this setion re given for three independent simultions for eh thermostt set upF he therml trnsport in the x is mostly propgtiveD nd geometry sed reti(tion relies on the llistiity of phonons ng et al. PHIRF husD y deE resing the verge temperture the reti(tion is expeted to inreseD due to the deresed importne of phononEphonon proesses reltive to oundry sttering 4.2. Thermal Rectication in Asymmetrical Core Shell Nanowires 159 ng et al. PHHVF o vlidte this hypothesisD simultions t 200 K re performedF por themD the equilirtion temperture is 200 K nd set the hot thermostt t 180 K nd the old one t 220 KF he resulting )ux nd reti(tion re displyed in tle RFQF st ppers tht the temperture derese does not inrese the therml reti(tionD on the ontrryD it seems to derese itF he verge )ux does not seem to e 'etedD mening tht the overll het trnsfer is not strongly 'eted y the temperture dereseF his dependene on temperture seems to indite tht the reti(tion oserved does not simply rely on llisti e'et ut on more omplex proessesD sensitive to tempertureF Table 4.3: Average temperature impact on thermal rectication: average temperature, imposed ∆T between the two thermostats, mean ux in the two directions, rectication, and number of independent runs for the conical core shell nanowire with an opening angle of 4.4 • .

∆T @uA J SL @µWA J LS @µWA η @7A 5 run PHH RH HFISS HFISQ IFI Q QHH RH HFISV HFISH SFI S he temperture di'erene etween the thermostts is lso ftor in the reE ti(tion ong et al. PHPIF he reti(tion oe0ient usully inreses for lrge temperture di'ereneF husD the reti(tion e'et ws mesured for ∆T of 120 K with old thermostt t 240 K nd hot one t 360 KF he results re displyed in tle RFRD it ppers tht the reti(tion is smller with ∆T of 120 K thn with ∆T of 40 KF his result on(rms the tendeny oserved in tle RFPD lrger temperture di'erene does not inrese the reti(tion oserved hereF feE fore going furtherD simultions were ttempted using smller ∆T with 10 KD ut the simultion did not onverge properlyD the individul mesures re too dispersed to e interpretedF Table 4.4: Impact of the temperature dierence on thermal rectication: imposed ∆T between the two thermostats, average temperature, mean ux in the two directions, rectication, and number of independent runs for the CO-CS-NW-4.4.

∆T @uA J SL @µWA J LS @µWA η @7A 5 por the geometries of this hpterD the e'et of the shell shpe nd the interfe prllel to the het )ux on the propgtion of the lowEfrequeny phonons nd on the di'usive trnsport ppers to e the min uses of reti(tionF his is on(rmed y the ft tht e'etive medium models fils to predit the oserved reti(tionF en exmple is the interesting model proposed y eyrrd eyrrd PHHT sed on the pourier lwD where the )ux is estimted thnks to n itertive method tht uses κ s funtion of the temperture nd the position from the imposed temperture grdientF his )ux is then used to updte the temperture pro(leF his new temE perture pro(le llows updting κ(x, T ) for the next itertionF rereD the therml ondutivity κ long the nnowireD ssuming ommon temperture grdientD nd y simple summtion of the therml )uxesD ould e pproximted sX

κ(x, T ) = κ a-Si (T ) V a-Si (x) V a-Si (x) + V c-Si (x) + κ c-Si (T ) V c-Si (x) V a-Si (x) + V c-Si (x)
, @RFQA with V a-Si (x) nd V c-Si (x) the respetive volumes of the morphous nd rystlline phses s funtion of the position nd κ a-Si (T ) nd κ c-Si (T ) the therml onduE tivities of the di'erent phses s funtion of the temperture ellen et al. IWWWD qlssrenner 8 lk IWTRF his modelD howeverD fils to predit the reti(tion oserved for the gyEgExERFR nd VFVD sine it does not indue sensile diE retionl dependene t 300 KF roweverD reti(tion ould e expetedD ut in the opposite diretionD sine round ove 60 K nd thus t 300 K the therml ondutivity of Ei inreses with temperture while the κ of Ei dereses with tempertureF his model wouldD indeedD indue smller )ux in the v diretionD when the smll setion @omposed minly of EiA is t high temperture nd the lrger prt @where the Ei domintesA is t lower tempertureF roweverD with the xiwh simultionsD the opposite is is reportedF he sme remrk holds for the di'usivityD tht should dereseD sed on simple summtion 4.2. Thermal Rectication in Asymmetrical Core Shell Nanowires 161 ruleD in the diretion where the morphous frtion inreses @vAF his is lerly not the se hereF hese two points indite tht existing modelsD not onsidering interfesD n not explin the therml reti(tion in the geometries studiedF ret trnsport diretionlityD hereD results from the impt of the vrile shell thikness on the ehvior of phonon sttering t the rystllineGmorphous interfeY thinE ner shell inreses phonon sttering t these interfesF husD the propgtion of phonons depends on the diretion @see (gure RFSAF he therml reti(tion inreses in inresing the distne etween the two thermostts for onstnt ∆T of 40 KF his enhnement is surprising nd ontrsts with existing studies in whih the reti(tion either dereses ng et al. PHHW or is onstnt when the length is inresed tu 8 ving PHIPF sn the se of reE ti(tion due to interfil e'etD when the interfe etween the two mterils is perpendiulr to the het )uxD the reti(tion fdes wy s the length inE reses ng et al. PHHWF sn the gyEgEx seD the interfe is prllel to the het )ux nd this indues n opposite impt of the length on the reti(tionF he lrger interfil re seems to indue higher reti(tion for the longer symmetE ri nnowireF snresing the temperture di'erene dereses the reti(tion oservedF his ontrsts with the previous systems where reti ( he reti(tion does not inrese for lower men tempertureF his is in greement with tu et al. tu 8 ving PHIP who hve shown tht the reti(tion tends to derese when the temperture dereses elow 500 K for i nnorionsF he e'et of length nd temperture is thus not so trivilD sine it my result from omplex proesses nd there is no quntittive preditive explntion until nowF purther studies nd simultions re needed to understnd more in depth the results otinedF sn prtiulrD the preise role of the energy drift nd the signs of dependene to the nneling temperture disussed in ppendix g ould not e explinedF pinllyD it is worth mentioning tht the )ux reti(tion otined here is lower ompred to the results otined for nnorions ng et al. PHIU or nnohorns u 8 vi PHHVD for exmpleF woreoverD the present on(gurtion ould e improved y texturing the morphousGrystlline interfe with swtooth ptternD whih is known to promote reti(tion oerts 8 lker PHIID or y using sde of nnowires in pyrmidl shpeD s proposed y ng et al. ng et al. PHIUF es the interfes nd free surfes re the driving fores for the reti(tionD their symmetri roughness nd tomi struture ould enhne the oserved therml reti(tionF 162 Chapter 4. Thermal Rectication in Nanowires with a Conical Amorphous Shell sn this hpterD it is shown tht n symmetri shellD with vrying thikness morphous lyerD n rete diretion dependent phonon propgtionF sn prtiuE lrD the llisti trnsport t low frequenies is 'eted di'erently y the interfes in the two diretionsD with stronger sttering in the lrge to smll rossEsetion diretionF he trnsport in the morphous shellD t the oreGshell interfeD nd t the surfe of the shell re lso impted y the geometry of the shellF his diretion dependene of propgtion ppers to result in therml reti(tion fvoring the smll to lrge rossEsetion diretionD in ontrst to the mjority of the existing literture resultsF he het trnsport in the morphous shell seems to e n importnt ftor of the reti(tionD s only the on(gurtions with lrge morphous frtion showed signi(nt reti(tionF he opening ngle of the symmetri morphous shell does not seem to hve liner impt on the reti(tionY for smll opening ngles there is lmost no reti(tionD while for ngles 4.4 • nd 8.8 • the het )ux reti(tion is onstnt nd round 5 %F pinllyD the shpe of the shell is lso n importnt ftorY the telesopi xs hve lower reti(tion thn the onil gExsF he onil shpe inreses the reti(tionD proly y fvoring oupling etween the ore nd the shellF Synthesis of the Chapter en symmetri shell indues diretion dependent phonon trnsE mission e lrger shell thikness seems to protet the propgtion in the ore he symmetri geometries indues energy trnsfer etween the ore nd shell his diretion dependent trnsmission seems to results in therml reti(tion of S7 @WH7 if referred to the rossEsetion t the inE oming )uxAF his kind of reti(tion is deresed t lower temE pertures nd is sensitive to the temperture grdient etween the thermosttsF

General Conclusion

elong the di'erent hptersD the therml nd virtionl properties of severl nnoomposites nd nnostrutures hve een exploredF he fous hs een lid on morphous rystlline nnoompositesD either Qh or IhF he e'et of struturE tion nd interfes over the therml properties hve een studied using moleulr dynmis oth in trditionl wy @equilirium nd nonEequilirium moleulr dynmisAD nd y using the virtionl properties vi the wveEpket methodF hnks to this lst methodD oth the llisti nd di'usive trnsport hve een studiedD using the nlysis frme of morphous mterilF his distintion llows for etter understnding of the origin of the vrition of the therml ondutivity due to the struturtionF his pproh is (nlly ompleted y omprison to ontinuous modelX the hydrodynmi het equtionsF sn the (rst hpterD it is shown tht the simple models developed to desrie the therml ondutivity t the mirosle tend to fil when the periodiity is rokenF wore omplex modelsD suh s wonte grlo @wgAD etomi qreen puntion @eqpAD lssil nd ab initio moleulr dynmis @whAD hve een developed for di'erent pplitionsD depending on the time nd length sle s well s the geometry studiedF emong these modelsD two kinds hve een seprtedD the ontinuous models using mesosopi prmeters nd the disrete models relying on n tomi level desription of the mtterF es this work uses mostly n tomisti pprohD more inEdepth desription of whD used to rete nd study the nnoompositesD ws givenF his inludes the methods used for the estimtion of the therml ondutivityD ut lso for the nlysis of struturl nd virtionl propertiesF hese methods hve (rst een used to study di'erent ulk nnoompositesD minly morphousGrystlline onesD ut lsoD fully rystllineF sn (rst timeD qx nnoprtiles hve een studiedD in prtiulr the e'et of the sizeF he size reduE tion indues the emergene of modes in the oustiGopti ndgp nd n overll spetrl rodeningD s lredy predited rn 8 fester PHIIF hen inluded in n morphous sili mtrixD the properties of nnoptiles re modi(edD only the rodE ening persists nd the surfe modes dispperF et the sme timeD it s lso een oserved tht the therml ondutivity of qx nnoinlusions does not inrese linerly with the dimeterD ontrry to i nnoprtiles png et al. PHHTF uh (ndings my inform the prmeters used in e'etive medium modelsF his study ws lso the osion to uild on the originl pulition ermentzidis et al. PHIVD nd to investigte the e'et of the lignment of the rystl lttie of the inlusions on the llisti trnsmission of energy ross themF xo indition of diret trnsmisE sion of energy etween the inlusionsD nor vritions of energy trnsport due to the orienttionD hve een oservedF henD the e'et of inlusion sti'ness over energy trnsmission ws studied vi wveEpket propgtionF snlusions in n morphous mtrix redue the llisti trnsmission of energyF roweverD they lso inrese the di'usivityD so tht the overll therml ondutivity is inresedD on(rming erlier 164 General Conclusion results lili et al. PHIWF he only wy to redue the propgtive nd di'usive onE triutions is to use inlusions tht re softer thn the mtrixF efter thisD the e'et of the shpe of the inlusions over the trnsmission of energy is exploredF hpes rnging from sprse nnospheres to perolting network of nnowiress hve een studiedF his hs shown tht even though rystlline struturl peroltion inE reses gretly the llisti trnsmission in given diretionD its impt on the overll therml ondutivity is omprtively smllF sn the system studiedD with rystlline frtion of 30 % most of the het trnsfer ppers to e di'usiveD nd the shpe of the nnoinlusions does not impt the di'usivityF hese (ndings ould e useful for phonon engineeringD or to help to predit the therml ondutivity of nnoomposites with frtl shped inlusions u et al. PHIVD vuo et al. PHPIF e lst studyD foused on the e'et of deorted dislotionsD hs shown tht the lloyE ing level 'ets di'erently the propgtion s funtion of the frequenyD depending on their size nd orienttion with respet to the het )uxF sn third prtD similr methods hve een used for the nlysis of propgtion of energy in ore shell xsD with the gol of understnding the e'et of the morE phous shells on therml trnsportF his ws done (rst through omprison of the virtionl properties of pristine nnowire nd oreGshell nnowire shring the sme rystlline dimeterF st reveled tht t low frequeniesD propgtion t the surfeGin the shell is possileD s predited y ushi et al. for pristine nnowire ushi et al. PHIRF heres t high frequeniesD the propgtion is only possile in the inner ore of the nnowireF henD n e'ort is mde to understnd the e'et of rystlline morphous interfe more in depthD with the nlysis of the rdil )ux distriutionF he )ux pro(le otined y with moleulr dynmis simulE tions is similr to oiseuille )owD s hs lredy een shown y previous studies erdier et al. PHIVD welis et al. PHIWF his hs motivted the omprison with modelistion sed on the hydrodynmi het trnsport equtionsF hrough these simultionsD it is shown tht the ddition of the shell does not distur the )ow lose to the interfeD ut rther dereses the mximl intensity in the enterF his e'et is interpreted in the frmework of the ontinuous modellingD s dey of the e'etive therml ondutivity @on(rmed y glol menEfree pth nlysis t the mirosopi levelAD ut does not involve ny modi(tion of the nonElol length ndGor of the slip oe0ient t the oundriesF his nlysis points out tht the hnge of the speulrity of phonon re)etion t the interfes due to the presene of the morphous shell my not the leding phenomenon in the redution of the glol het )ux due to the ddition of the shellF his ppers to ontrdit erlier results wlhotr 8 wldovn PHIW ut indites simplyD tht the redution is rther due to glol e'et of the shell on the men free pth of het rriersF sn the (nl setionD the study of the e'et of the shell is ontinued y the exE plortion of the impt of onil shells of di'erent dimensionsF sn those onil ore shell nnowiresD wveEpket propgtion studies showed tht t low frequenE ies lrge shell thikness prevents the wve in the shell to deform the wve in the ore in the smll to lrge diretion while promoting it in the other diretionF xon equilirium moleulr dynmis simultions then showed tht the onil nnowires indued )ux reti(tion of 5 % fvoring the smll to lrge diretionF his result showsD tht the struturtion of the oxide lyer n in)uene the trnsport in the nnowireD s lredy suggested flndre et al. PHISD wlhotr 8 wldovn PHIWF hese kinds of struture might e usefulD for exmpleD in phononi omputing ehmeyer et al. PHIUF his thesis is entered on the impt of the nnostruturtion over the therE ml properties of nnoomposites @here morphousGrystllineAF st showed tht inlusions nd interfes hve n impt tht depends on their shpeD rigidityD inE teronnetion orienttion ompred to the het )uxF he e'et over the propgtive nd di'usive ontriution to the therml ondutivity hs een studied frequeny wiseF his work n thus inform the design of mteril with preise virtionl propertiesD for phonon engineeringF qiven the right strutureD it is possile to tilor energy pthwysD rete ndEpss (lters or even indue therml reti(tionF es suggested eforeD the therml trnsport inhomogeneities ould e useful for therml mngementD y reting 4het pipes4 t the nnometer levelF yne of the min theoretil tke out of this thesis is tht for nnoomE positesD it is useful to go eyond the study of therml resistne of interE fes tht is lredy well doumented vndry 8 wqughey PHHWD qiri et al. PHITD ru et al. PHHVD weri 8 ermentzidis PHIRF et the nnosleD the whole struE ture hs to e onsidered for n urte estimtion of the therml propertiesD the shpe nd size impting the therml trnsfer through di'erent forms of olletive dynmisF rere it hs een shown tht importnt hrteristis of the therml trnsfer n e estimted through wveEpket simultions ut lso through omE prison with ontinuous pprohF hese hrteristisD suh hs the propgE tive to di'usive rtio for the (rst oneD or non lol prmeters given y the ltterD might e used to develop more detiled pproh in e'etive medium models ng 8 n PHHVF he wveEpket propgtion nlysis is one of the entrl pprohes of this thesisF es it is implemented hereD it is rther simpli(ed wy to study the het trnsE port in nnoompositeF fut it llows oth for n estimtion of glol properties suh s men free pth or di'usivityD nd more lol qulittive vision of the energy pthwys nd potentil hot spots where the energy lolizesF yverllD the informE tion extrted from the wveEpket do not llow preise estimtion of the therml ondutivityD ut it n predit the glol trends nd ould e used to inform the deE sign of nnoomposites t low omputtionl ostF he pproh usedD exiting plne nd monitoring the propgtionD is quite simple ompred to other implemenE ttionsD where single modes re exited de ous yliveir et al. PHPHF roweverD suh n pprohD is justi(ed in morphous mterils nd lrge omplex strutures where the ext modes re hrder to identify or less relevnt for the estimtion of the therml ondutivityF woreoverD the results presented in this hpter re potenE tilly loser to the results of thermore)etne experiments nd llow the smpling over rod ndsF por the estimtion of therml ondutivity of fully morphous mterilD the min di0ulty is to weight orretly the di'usive nd propgtive ontriutionsF por nnoompositesD the issue of nisotropyD nd the verging over 166 General Conclusion multiple inlusions quikly risesD preventing n urte desription of therml onE dutivity utD ginD interestinglyD the glol trends re reoveredF yverllD is useful tool tht n omplement the more quntittive estimtion of the therml ondutivity with @nonA equilirium moleulr dynmisF ith it one n quiklyD not only estimte the spil nd frequeny dependent het trnsport ut lso sepE rte the di'usive nd propgtive ontriutionsF e wide spetrum of nnoomposites hs een studiedD with eh prtiulr pproh nd properties to evluteF roweverD efore generlizing the results to rod pplition (eldD further study using di'erent pprohesD theoretil or exE perimentl ould e usefulF sn prtiulrD point tht might e missing to omplete the nlysisD is frequeny resolved therml ondutivity omputtionF his would omplete niely most of the studiesF uh method exists ääskilhti et al. PHISD howeverD implementing them for the lrge simultion proposed in this work is quite hllengingF es more generl prospetiveD some other points re worth studying furtherF por instneD the study of the energy pthwys in nnoomposites ould e imE proved y onsidering the propgtion in other diretions nd onsidering n evenE tul nisotropy of trnsportF yn nother pointD the sme )ux distriution nlysis rried out for nnowires ould e extended to more omplex shpesF en nlysis of high symmetryD simpler strutures suh s super lttiesD with similr methods would lso e interesting nd might omplete the understnding of their therml propertiesF pinllyD the wveEpket method ould e used to study the e'et of phonon oherene on therml trnsportD in thin (lms or in nnowiresF Nanocomposites se for the proedure using the fu potentilD ut not the se when the erso' is used ll long the proedureF sn this setionD the dil histriution puntion @hpA of the xnoprtile @xAs studied in setion PFI re nlyzedF he hp of free nd emedded1 nnoprE tiles re represented in (gure eFPF he hp llows ompring the rystlline struE ture of the xs with deresing rdius nd the di'erenes with the ulkF he (rst pek represents the distne to the nerest neighorD the seond one the distne to the seond nerest neighor nd so onF rereD little to no hnges to the hp going from ulk to free xs re visileF e similr nlysis mde on i xs with erso' potentil showed reorgniztion t the surfe vi 8 hng PHIQD this disrepny my ome from the higher temperture @ITHHKA nneling of their xsF por the emedded xs on the oppositeD pek rodening n e oservedF st is visile from the seond nerest neighor onF his rodening inreses with deresing diE meterD whih is symptomti of morphiztion t the interfe due to the ontt with Eiy 2 F hese oservtions on(rm tht for the on(gurtions of this thesisD the qxEiy 2 interfe hs more impt on the virtionl properties thn the free surfe of pxsF the free nd emedded nnoprtiles the frequenies of the (rst modes sles with the inverse of the rdius s expeted for vm9s modes iringen 8 uhui IWURF hese modes olletive modes do not pper diretly in the hy in (gures @PFT nd PFUAD eing proly drowned in other modesF

A.4 Estimation of the Vibrational Density of States of Silicon Nanocomposites sn this setionD the method of estimtion of the longitudinl nd trnsverse hy used in the setion PFR is disussedF he hy n e estimted thnks to the integrl of the hp over the wve vetorsF his llows distintion etween the di'erent wve vetor diretions nd polriztionsF o onsider the nisotropy of Ei the sum for the di'erent vetor diretion of the frillouin zone @fA re onsideredF he hy otined re then (ltered using vitzkyEqoly polynomil (lterF roweverD hoie hs to e mde regrding the rnge of wve vetor onsidered for the integrtionF he di'erent possiilities tested re displyed in (gure eFRF hey re ompred with the results of the egpD whih will serve s referene pointF he (rst possiility is to onsider the whole hp omputedD tht is from H up to 2.25 Å -1 @4pull hp4 in (gure eFRAF enother possiility is to onsider the point t whih the estimted group veloity of the phonons is nil @4xil elF hp4 in the (gure eFRAD relying on the ft tht ner the f limitD the veloity is nilF he lst possiility is to onsider the theoretil end of the f omputed for the lttie prmeter used @4frillF idge hp4 in (gure eFRAF enother omprison point for the study is the seprtion of trnsverse nd longitudinl hy y the uw method feltukov et al. PHIS on fully morphous smpleD given tht the on(gurtions re mostly morphous @UH7 of Ei nd 30 % of EiAF hen ompring the di'erent hy it ppers tht the totl hy omputed Figure A.4: VDOS computed using dierent methods, the red and blue lines correspond respectively to the transverse and longitudinal polarizations, the solid blue and green dashed lines correspond to the total VDOS computed respectively via the DSF or the VACF. The rst panel starting from the left uses the full DSF, the second the DSF limited to the theoretical wave vector limit of the BZ of c-Si, the third the DSF limited to the wave vector giving a 0 velocity and the last displays the results using the KPM method for an amorphous sample.

using hp does not mth with the egp resultsD whtever the wve vetor limit usedF sf ll the peks seem to e presentD their reltive size does not mthD nd they re )ttenedF his is even more mrked when onsidering the theoretil end of the f @third pnel in pigure eFRAF he filure to reprodue the hy using the hp n prtilly e ttriuted to the ft tht the f is not de(ned for the morphous iF sn the other hndD the hy of Ei of omputed vi the uw method mthes omprtively well the hy of the xEw on(gurtion omputed vi egpF tillD in this se some di'erenes rise fter 12 THzD ut given the redued wp t those frequeniesD its impt on the omputtion of κ P is negligileF A.5 Estimation of the Mean Free Path through the Dynamical Structure Factor sn this setionD the hoie of the method of estimtion of wp in the setion PFR is disussedF he hp n e used to determine oth the dispersion reltion nd the wp using the method desried in setion IFSFPF he result of the (tting to hmped rrmoni ysilltor @hryA model for longitudinl polriztion for the xEw is displyed in the left pnel of pigure IFIS for few wve vetorsF he expresE sion @IFRTA seems to (t to the hp omputed vi qution @IFRRA resonly well t low frequeniesF roweverD s the frequeny inreses the hp is inresingly noisyD degrding the (t qulityF he wp n lso e extrted @left pnel of (gE ure IFISAF st then ppers tht the wp pek t 10 THz oserved with the disppersF he wp omputed with this method stedily deresesF his disrepE ny n e ttriuted to the low frequeny limit of vlidity of this (t disussed in feltukov et al. PHIT or to the ft tht this wp is omputed using quntity verged over the whole smpleF his sptil verge nnot pture the e'et of the struturl peroltionD showsed with the methodF he suessive (ts of di'erent wve vetors enle the omputtion of the disE persion reltions ω η (q)F hispersion reltions from whih the group veloity n e omputedF roweverD the method inludes more prmeter to (t thn the method desried in setion IFSFP nd is thus less roust pprohF material vlues re omprle in most sesF e smll disrepeny is nevertheless to e noted for the pristine xD eqution @IFSQA underestimtes the therml ondutivityF Table B.1: Comparison of the thermal conductivity obtained with the equation (1.53 and the average of the energy exchanged at the thermostats during steady state (see chapter 3). pinllyD in (gure fFR the wp estimted from the hp for the di'erent xs re givenF he derese of the wp t high frequenies indued y the shell ppers lerly for the two rdiiF roweverD from this pitureD it is not possile to onlude tht the inrese in therml ondutivity indued y the inrese of the rystlline ore rdius is linked to vrition of the wp in this diretionF his setion ontins short nlysis of the strinGstress stte of the x studE ied in the hpter RF his stress nlysis is nother wy to nlyze the eventul modi(tion of the properties of the x upon the ddition of shellF he omputtion of strin in wh is possile y omputing the displement vetors etween referene on(gurtion nd the present on(gurtion nd using it to ompute the strin tensorF his is wht is done in ysy tukowski PHHWF rereD to hve n estimtion of the strin stteD the referene on(gurtion will e the on(gurtion efore the nneling nd relxtion of the onstrution stressesF his llows to ompre the struture with the equivlent ulk struture @rystlline or morphousA nd thus to onsider the deformtion due to interfe or surfe e'etF roweverD this lso mens tht the therml strins re lso onsideredF o understnd the derese of κ upon the ddition of shellD it is interesting to nlyze the strin stte of the xsF iqution @IFSRA is used to represent the stress pro(le in the x in (gure fFS @left pnelAF por the pristine xD the stress inreses slightlyD from H to 20 MPa etween the enter nd 5 Å from the free surfe nd inreses up to 170 MPa in the lst lyerF uh free surfe stresses hve lredy een reported for i xs xsr isfhni 8 tri PHPHF hese surfe stresses re onsistent with the vrition of potentil energy oserved for thinner xs in (gure QFPF por the ore shell xsD the pro(le strts slightly in expnsion @positive stressA nd derese to 0 MPa 5 nm wy from the interfeF efter thisD it inreses to 50 MPa t the interfeF sn the morphous shellD the stress level dereses efore reE inresing t the interfeF eginD the pro(le is onsistent with the potentil energy pro(le oserved in (gure QFPF his mens tht the ddition of the morphous shell does not indue lrge stresses t the interfeD on the ontrryD the stress level t the interfe is lower thn t the free surfeF sn the sme (gureD it lso ppers tht the ddition of the shell mkes the stress stte in the x swith from relxed stte to n expended stte @positive stressAF ositive stressesD or more expliitly positive strinsD re linked to therml ondutivity derese vi et al. PHIHF o on(rm tht these stresses re linked with n expnsionD the volume vriE tions with respet to the on(gurtion s onstruted efore the relxtion re represented in the right pnel of the (gure fFSF por the pristine xD there is very little volume vritionsF here is only smll expnsionD uniform over RF roweverD in the se of the ore shell x there re more vritionsD with mrked volume inrese ner the oundryF his strin pro(le n explin the stress pro(leX in the oreGshell xs there re relxtions t the morphousGrystlline interfeD these relxtions derese the stresses nd inrese the strinsF st is importnt to note tht with the referene hosen @efore onstrution stress relxtionA the strins re ertinly overestimtedD in prtiulr t the interfe where there is sustntil reon(gurtion of the position of the tomsF he di'erene etween the pristine nd oreGshell x re very smllD elow 0.25 %D nd nnot justify lone the derese in therml ondutivity @20 %A vi et al. PHIPF he (rst (gure represents the energy distriution t di'erent frequenies during propgtionF he results re very similr thn for lrger dimeters @see (gure QFIQAF wo di'erenes re notleX the energy level t the surfe t 2 THz is muh higher in this seD nd for higher frequenies the energy level is mximl in material the enter nd dereses monotonouslyF here is no seond mxim s for lrger dimetersF he )ux rdil distriution is displyed in (gure fFUF por this seD the )ux does not pper to plteu in the enterD even though the vlue rehed in the enter is similrF xotie tht the sene of plteu is onsistent with the monotonous derese oserved for ll frequenies in (gure fFTF roweverD the other oservtions mde for the lrger dimeter still holdD the ddition of shell dereses the vlue of the )uxD the thikness of the shell hs no in)ueneD nd the )ux in the shell is onstntF wo independent simultions in eh )ux diretion re performed for this onE (gurtionD the results in therms of exhnged energy nd reti(tion re reported in tle gFIF st ppers tht the reti(tion is not suppressed nd seems inresedF he two simultions performed does not llow meningful quntittive omprison of the reti(tion vluesF he inrese would e onsistent with the reti(tion inrese upon the length inrese in setion RFPF his inresed distne etween the thermostts lso explins the )ux dereseF Table C.1: Impact on thermal rectication of the shape of the thermostats: mean ux in the two directions, rectication, and number of independent runs for the CO-CS-NW-4.4.
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hermostt J SL @µWA J LS @µWA η @7A 5 run snternl HFISV HFISH SFP S ixternl HFIRH HFIPV WFR P C.2 Power Exchanged at each Thermostat o ompute the therml )ux in eh diretionD the umultive energy exhnged y the thermostts is usedD s displyed in the (rst row of (gures gFP nd gFPF pirstD in order to ompute relile )uxD the trnsient ehvior due to the setting up of the therml grdient must e voidedF o this endD the exhnge rte is omputed from 1 ns fter the setting up of the thermosttsD when the temperture pro(le is stilizedD during the next 1 nsF he slope of the umultive exhnged energy y the thermostt during stedy stte gives the )ux imposed y this thermosttF his slope is omputed thnks to lestEsqures (t to liner funtionF his power exhnged is displyed in the seond row of (gures gFP nd D the symols @irles nd tringlesA representing the verge slope over (ve runsD with the error rs orresponding to the dispersionF por the omputtion of the reti(tionD the )ux @or power exhngeA in the v se @solid linesA is ompred to the v se @dshed linesAF por thisD the power exhnged t eh thermostt is omputed @see seond row of (gure gFPAF roweverD in spite of stle temperture pro(leD the power exhnged t the old thermostt @in lueA is higher thn t the hot thermostt @in redAD for oth the v nd v sesD represented respetively y irles nd tringles in (gure gFPF his mens tht more energy is retrieved thn ddedD in spite of the stle temperture pro(leF his is true for the gvEgEx in (gure gFP nd the gyEgExERFR in (gure gFPF husD this di'erene is not diretly used y the symmetri shpe of the smpleF he verge etween the power exhnged t the old nd hot thermostts is used to hve single representtive vlue for oth thermostts set up v nd v @see the third row of (gure gFPAF pinllyD s in eqution RFID this vlue is ompred etween the v nd v diretion to ompute the therml reti(tionF he power exhnged in the v se is systemtilly higher thn in the v seD for the geometries induing reti(tion like the gyE gExERFR in (gure gFPD inditing tht the reti(tion diretion is not sensitive to the hoie of the @old or hotA thermostt where the mesurement is mdeF The rst row represents the energy exchanged at each thermostat for ve runs, the blue lines represent the energy retrieved by the cold thermostats, and the red lines the energy injected by the hot thermostats. The dashed lines distinguish the SL from the LS thermostats set up represented by the continuous line. The second rows represent the estimation of the energy ux, computed from 1 to 2 ns, the red symbols represent the hot thermostats, the blue symbols represent the cold thermostats. In the third row, the black symbols represent ux taken as the average between hot and cold thermostat. The inverted triangles represent the LS case and the circles the SL.

C.3 Temperature Prole

his setion fetures the temperture pro(le during xiwh in the smll to lrge nd lrge to smll diretions for onil oreEshell nnowire of opening ngle 8.8 • @(gure gFQAF pirst it ppers tht the temperture pro(le is very stle during the simultionF eondly it is lso visile tht the pro(le is not linerD showing tht the therml ondutivity is not onstnt long the nnowireD it vries with XF woreoverD the ft tht oth urves re not symmetri @one is onve nd the other he visuliztion of the energy vritions n help to understnd the di'erene of power exhnged etween the hot nd old thermosttsD this is the gol of (gure gFR nd F sn these (guresD the di'erene of energy exhnged etween the hot nd old thermostt is displyed long the vrition of kinetiD potentil nd totl energy from the eginning of the simultion @upper pnelA or from 1 ns re represented @lower pnelAF sn the upper prt of these (guresD it ppers tht in oth ses @v nd vA the di'erene of energy etween the thermostts orresponds to the sum of the potentil nd kineti energy vritions sine the eginning of the simultionF his mens tht no energy is lost in the system other thn through the thermosttsF he lower prt of the (guresD with 1 ns s referene point for the omputtion of the di'erenesD showses the energy vritions during the time spn over whih the )ux is omputedF hoing soD it ppers tht the kineti energy is lmost onstntD there re still some vritions ut no glol tendenyD whih is onsistent with the stle temperture pro(leF he energy drift isD fter 1 nsD mostly due to potentil energy vritionsF edditionllyD this drift is similr for the v nd v on(gurtionsD mening tht it is not strongly dependent on the het )ux diretion nd thus should not impt the reti(tion mesuredF pigures gFR nd d depit the vrition of the kineti nd potentil energy s funtion of time in the morphous shell nd in the rystlline oreF sn these (guresD it ppers tht the vritions of energy re stronger in the morphous prtD nd even more so fter 1 nsF his o'ers n explntion for the energy driftX there re smll struturl relxtions hppening in the morphous prtD these relxtions relese energyD reting n energy driftF ux direction. The kinetic and potential energy are displayed in red and blue respectively, while the total energy is displayed in green, the dierence of the energy removed by the cold thermostat and added by the hot is displayed with a black dashed line. The energies are set to zero as the hot and cold thermostat are set up (upper graph) or when energy exchange begin to be considered to compute the ux (lower graph).

sn n ttempt to redue the energy driftD the proedure ws slightly modi(ed to inlude short nneling t 400 KF he ide eing tht the higher temperture nneling should relx more the struture nd redue the energy driftF roweverD not only did this not sensily redue the therml driftD ut it reverted the therml reti(tion oservedF snditing tht the therml reti(tion is dependent on the nneling of the systemF hue to the lk of repetitionD this result is not roust ut is worth mentioning for eventul future explortion of this systemF sn this setionD it is shown tht the energy exhnge rte t the old thermoE stt does not mth extly with the energy exhnge rte t the hot thermosttF he di'erene orresponds to derese of potentil energy in the morphous shellF es this di'erene in )ux ppers for oth gv nd gyEgExD nd simiE lrly for the two )ux diretions fter the equilirtion timeD it is sfe to ssume tht this energy drift is not the origin of the reti(tionD ut n 'et itF À l'échelle nanométrique, les propriétés thermiques et vibratoires sont intimement liées et dépendent de la forme et de la composition des matériaux. Grâce à la nanostructuration, les nanocomposites permettent un meilleur contrôle du transport de chaleur. Elle permet notamment d'améliorer les performances des générateurs thermoélectriques en offrant de meilleurs isolants. Dans ce travail, les propriétés thermiques de quelques nanocomposites sont étudiées en utilisant des calculs à l'échelle atomiques. Dans un premier temps, l'accent est mis sur des nanocomposites constitués d'une matrice amorphe et de nano-inclusions cristallines. L'approche développée pour les verres, séparant la partie balistique et la partie diffusive du transfert thermique est mis à profit. La séparation de ces contributions a montré que si la structuration affecte systématiquement la partie balistique, maîtriser l'impact sur le transport diffusif est plus complexe. Celui-ci peut être réduit, dans des proportions variables, par la présence de pores ou d'inclusions plus molles que la matrice. Une deuxième partie est consacrée à l'étude des nanofils de silicium, et à l'impact de l'amorphisation de ceux-ci. Pour cela, le transport d'énergie en fonction de la fréquence est étudié. La couche amorphe provoque l'apparition d'un transport diffusif et une baisse de transmission aux basses fréquences. La structuration de la couche amorphe en cône est ensuite utilisée pour induire une rectification thermique, c'est-à-dire une asymétrie spatiale dans le transport de chaleur. Finalement, la dynamique moléculaire est couplée aux équations hydrodynamiques du transport de chaleur. Ce couplage est utilisé pour étudier la distribution radiale du flux dans les nanofils cylindriques avec une couche amorphe régulière en régime établie. Cette analyse suggère que la réduction de la conductivité thermique due à l'ajout de la coque n'est pas uniquement liée aux changements des propriétés de l'interface, mais plutôt à un effet global de la coque amorphe sur le libre parcours moyen. 
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Figure 1

 1 Figure 1.1: Representation of a 1D atomic chain as point masses linked by springs.

  Figure 1.2: Example of a longitudinal/compression (a) and a transverse/shear (b) modes.

Figure 1 . 4 :

 14 Figure 1.4: Schematic representation of ballistic (a) and diusive transport (b). The blue region represents the cold and the red the hot thermal bath, each arrow represent the trajectory of a phonon between scattering events.

  Figure 1.5: Illustration a of the velocity elds in the dierent regimes: propagative (a), diusive (b) or localized (c) the blue arrows represent the velocity of the atoms.
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  Figure 1.8: Schematic representation of boundary conditions in 2D with periodic conditions in x and xed boundary conditions in y direction.
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 4 Figure 1.9: β-Crystoballite sample (a) and resulting Amorphous Silica (a-SiO 2 ) (b), Si atoms are represented by the large blue spheres and O atoms represented by the smaller pink spheres.

  Figure 1.10: RDF of crystalline (a) and amorphous (b) silicon.

  Figure 1.11: Bond angle distribution for a-Si.

  Figure 1.12: Distribution of the coordination numbers for a-Si.

  Figure 1.14: Dynamical structure factor of a-Si for longitudinal wave vector, the white lines correspond to the tted dispersion curve.

  Figure 1.16: Schematic view of a longitudinal (a), transverse (b) or random excitation (c).

  PHIVF es onsequeneD it orresponds to the wp in the se of perfet

  Figure 1.19: Schematic representation of a NEMD simulation, with the hot and cold thermostat represented in red and blue respectively, the region where the atoms are xed atoms are represented in black.

)

  Figure1.20: Example of convergence of the thermal conductivity computed through equation (1.52), the blue curves represent independent runs and the red curve the average between the runs.

  Figure 1.21: Theoretical evolution of the temperature prole during an AEMD procedure, approached via Fourier series.
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 1 Figure 1.23: Schematic representation of an AGF simulation set up with the device to be studied and the contacts.
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  Figure 2.1: Cross-sectional visualization of the free (a) and embedded (b) NPs in silica matrix. The Ga atoms are represented in red, N atoms in blue, Si atoms in light gray and O atoms in dark gray.

  Figure 2.2: VDOS of GaN free nanoparticles computed from the Dynamical Matrix (DM) with Kernel Polynomial Method (KPM) (a) and from the Velocity Auto-Correlation Function (VACF) (b). The colored lines represent the dierent NPs and the dashed black line the bulk GaN.

  IWWV nd even more ompred to ab initio omputE tions ng et al. PHPHD ting et al. PHIUF he empiril potentil used here shows good greement for the ousti modesD ut is less urte for the opti modes @
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 242 Figure 2.4: Comparison of the VDOS of bulk GaN using KPM, direct diagonalization and VACF along with results from ab initio calculation by Tang et al. [Tang et al. 2020] and experimental results by Nipko et al. [Nipko et al. 1998].
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 2 Figure 2.6: VDOS comparison for every NP diameter between free (in continuous line) and embedded (in dotted line), from the DM using KPM.

Figure 2

 2 Figure 2.7: VDOS for NP 10 and NP 25 free and embedded, using the dierent method for the evaluation of the VDOS.

  in reent rtiles tht the mtrix n lso ply role hmrt et al. PHISD espeilly from its dmping properE ties lili et al. PHIWD together with the impedne rek etween the prtile nd the mtrix vuo et al. PHIWF golletive modes my pper when nnoprtiles re emedded in host mtrixF 2.2 Eect of the Orientation of Nanoinclusions

  9: Cross-sectional visualization of iso-oriented nanoinclusions (a) and anisooriented nanoinclusions (b) congurations. The Ga atoms are represented in red, N atoms in blue, Si atoms in light gray and O atoms in dark gray.

  Figure 2.10: MFP in amorphous silica, for the transverse (orange full line), and longitudinal (blue dashed line) polarizations. The horizontal dotted line represents the distance between the inclusions.

  Figure 2.12: Dynamical structure factor in the x direction, projected on the longitudinal polarization for I-NI (left) and A-NI (right).
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 2 Figure 2.13: Single c-Si nanoinclusion (red) in a-Si matrix (blue).

  PHIHF his orienttion orresponds to the orienttion of the nnoinlusionF he ulk modulus hrterizing the ompression resistne is given y K = 1 3 (C 11 +2C 12 )D the sher modulus giving the sher sti'ness y G = C 44 D the oisson rtio hrterizing the deformtion perpendiulr to the loding diretion y ν = 1 (1+C 11 /C 12 ) nd the oung modulus y E = 2(1 + ν)KF he vlues for the morphous smple re those of puso et al. puso et al. PHIHF he veloity rtio for trnsverse v T nd longitudinl v L wves is omputed thnks to the usul formul for sound veloity in isotropi solidsD tht is v T = √ G/ √ ρ for the 2.3. Rigidity Eects: Example of c-Si Inclusions in a-Si Matrix 69 trnsverse nd v L = K + 3 4 G/ √ ρ for the longitudinlF o thtD hereD the vlues

  Figure 2.14: Cross-sectional representation of the nanocomposite studied with c-Si nanoinclusions (red) in a-Si matrix (blue). Two image systems are represented slightly shaded out. The excited slice is highlighted in white.

  Figure 2.15: Heat maps representing the evolution of average atomic kinetic energy (color) as a function of time (in the vertical axis) and position over x (bottom axis) after a 1 THz longitudinal excitation. Only the right side of the studied conguration is represented, the other being symmetric (see gure 2.14). For the nanocomposites, the positions of the inclusions are marked by dashed lines. The annotations give either the λ (stiness) of the interatomic potential or distinguish the fully amorphous sample.

  Figure 2.16: Heat maps representing the evolution of average atomic kinetic energy (color) as a function of time (in the vertical axis) and position over x (bottom axis) after a 10 THz longitudinal excitation. Only the right side of the studied conguration is represented, the other being symmetric (see gure 2.14). For the nanocomposites, the positions of the inclusions are marked by dashed lines. The annotations give either the λ (stiness) of the interatomic potential or distinguish the fully amorphous sample.

  Figure 2.17: Heat map representing the evolution of average atomic kinetic energy (color) as a function of time (in the vertical axis) and position over x (bottom axis) after a 2 THz longitudinal excitation. Only the right side of the studied conguration is represented, the other being symmetric (see gure 2.14). For the nanocomposites, the positions of the inclusions are marked by dashed lines. The annotations give either the λ (stiness) of the interatomic potential or distinguish the fully amorphous sample.
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 2 Figure 2.18: MFP as function of the frequency for the dierent congurations. The left and right panel contain respectively the MFP of the longitudinal and transverse polarization.

Figure 2

 2 Figure 2.19: Diusivity as a function of the frequency between 1 and 15 THz in the dierent congurations.

  Figure2.21: Cross-sectional view of a WP going through the dierent systems after a longitudinal excitation at 10 THz (rst part of the table) or a transverse excitation at 4 THz (second part of the table) every .9 ps. The rst line represents the geometry of the cross-sections at the middle of the simulation box, with inclusions in red and matrix in blue, note that for the porous conguration a slice is shown, whereas below a cross-section (with the bottom) is used. The color scale going from 0 (blue) to 3 × 10 -9 eV (dark red) gives the atomic kinetic energy.

  Figure 2.22: Representation of the propagation of an 10 THz longitudinal excitation in the NW-M, with the energy distribution at dierent time steps (colored lines), the envelope dened as the maximal value of the kinetic energy at a given position (black solid line) and the exponential t used to compute the MFP (dashed black line).

  Figure2.23: From top to bottom: rst row longitudinal and transverse mean free path, second longitudinal and transverse group velocity for the studied congurations, third row longitudinal and transverse VDOS of amorphous silicon. Additionally, the group velocity computed for a fully crystal line sample is displayed with a dotted gray line.

  Figure 2.24: Diusivity and VDOS as a function of frequency for the studied congurations.
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 2 Figure 2.25: Dierent contributions to the thermal conductivity, the rst column contains the contributions of the longitudinal phonons κ L (bottom) and the transverse phonons κ T (top), the second column the diusive contribution κ D (top) and the overall propagative contribution κ P = κ L + κ T (bottom), the last column contains the sum of the dierent contribution κ T ot = κ P + κ D .

  Figure 2.26: Thermal conductivities at 300 K, decomposed through equations (1.56) and (1.57) and computed with EMD. The proportional contribution to the thermal conductivity of the propagative mode is also represented in the right part of the gure (right axis).

  Figure 2.27: Thermal conductivity estimated with EMD for the studied congurations, as a function of their surface to volume ratios. S [Tlili] refers to results of Tlili et al. [Tlili et al. 2019] with the same crystalline volume fraction and NW-M-8 refers to a cube constituted by a 2x2x2 grid of the conguration NW-M.
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 5 From Nanoinclusion to Decorated Dislocation etions PFID PFP nd PFQ foused on the e'et of xssD viewed s volume defetsD over the properties of nnoompositesD setion PFR explored the e'et of xs shpes nd struturl peroltionF his setion ontinues with the study of the impt of line defets on the propgtion of hetD with the se of sn deorted dislotion in qxF hislotions represent very ommon defet in rystlline mterilsD in prE tiulr in sssE semiondutorsF heir role on elstiity nd plstiity hs een 96 Chapter 2. Nanoclusters and Nanoinclusions widely studied rirth et al. IWVQF heir e'et on the therml ondutivity hve een onsidered sine the erly kineti theory implementtions ulemens IWSVD grruthers IWTIF hey re introdued s supplementry sttering soureD reE duing the phonon lifetimeF heir role is lso onsidered in more modern impleE menttions of the kineti theory esenElmer et al. IWWUF por instneD phonon sttering y dislotions is nonEnegligile in i nd qe esenElmer et al. IWWUF qx nnodevies re used for mny pplitionsD suh s (eldEe'et trnsisE tor rung et al. PHHP or vei qrde£k et al. PHHSF hese pplitions neE essitte ontrol of the tempertureD nd in qx rystl the high dislotion density strongly dereses the therml ondutivity wion et al. PHHTF his imE pt of the dislotion over the het trnsport hs lredy een studiedD for ulk ermentzidis et al. PHIV or thin (lms ou et al. PHHP for instneF hislotions re often onsidered s line defetsD neverthelessD they n lso e used to tilor the properties of the mteril skuhr PHHWF he strin (eld round them ttrts the impuritiesD this ttrtion n rete the soElled deorted disE lotionsD whih re ultr thin emedded nnowiresF hreding edge dislotions hveD for exmpleD een used to rete ondutive el nnowires in qx thin (lms emm et al. PHIHF he srew dislotions re less ommon in qx ut re lso known to ttrt sn toms in In X Ga 1-X N lloys rorton et al. PHISF st hs een shown tht In X Ga 1-X N lloys n e used for thermoeletri genE ertion with performnes lose to iqe sed lloys nth et al. PHHVF st isD in prtiulrD useful t high tempertures urender et al. PHIVF he therml onduE tivity of those lloys hve een shown to e 'eted y ompositionl inhomogenities ong et al. PHIQF greting more sttering enters in the form of dislotions ould further derese the therml ondutivity nd inrese the (gure of meritF

Figure 2 .

 2 Figure 2.28: Dierent In X Ga 1-X N alloys samples studied: 4 screw dislocations decorated with In atoms for X=0.025 (a) and X=0.1 (b), alloys with randomly distributed In atoms for X=0.025 (c) and X=0.1 (d). The Ga atoms are represented in red, the N atoms in blue and the In atoms in pale yellow.

  Figure2.30: MFP in the dierent congurations, random alloys, perpendicular or parallel to the dislocation line for the In X Ga 1-X N with X = 0.1 and X = 0.025.

  Figure 3.1: Geometries studied in this section: pristine NW (a), cross-sectional view of the CL-CS-NW (b) with crystalline core in red and amorphous shell in blue. A quarter of the atoms are removed to visualize the core/shell structure.
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  Figure 3.2: Mean potential energy per atom as function of the radius for the pristine NW (red) and the CL-CS-NW (blue). The dashed line represents the position of the surface or crystalline/amorphous interface.

  Figure 3.3: Vibrational density of state of the dierent layers (solid lines) of the pristine NW (left) and the CL-CS-NW (right), the VDOS of bulk c-Si and a-Si are also depicted in, respectively, dark blue and black full lines.

  Figure 3.4: Dynamical structure factor for the pristine NW, in the ΓX direction, projected on the longitudinal polarization (left) and transverse polarization (right). The white lines represent the estimated dispersion relations.

  Figure 3.5: Dynamical structure factor for the cylindrical core shell nanowire, in the ΓX direction, projected on the longitudinal polarization (left) and transverse polarization (right). The white lines represent the estimated dispersion relations.

  Figure 3.6: Cross-sectional view of a wave-packet going through the pristine NW and the cylindrical core shell NW. The color scale going from 0 (blue) to 3 × 10 -9 eV (dark red) gives the atomic kinetic energy. Between each line 0.9 ps has elapsed.

  Figure 3.7: Atomic kinetic energy as a function of the radius averaged on a portion of the NWs 9 to 16 nm away from the excitation, for dierent time steps (colors), for the pristine NW (rst column), for the cylindrical core shell nanowire (CL-CS-NW second column) at 2 (rst line) and 12 THz (second line). The vertical black dashed line represents the end of the crystalline core.
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 1 Figure 3.8: Cross-sectional view of a wave-packets going through the pristine NW and the cylindrical core shelle NW (CL-CS-NW) with the representation of atomic displacement in the polarization direction with an excitation at 2 THz. Between each line 0.3 ps has elapsed.

  Figure 3.10: Representation of the dierent congurations, with amorphous atoms in blue and crystalline atoms in red. A quarter of the atoms are removed to visualize the core/shell structure.

  Figure 3.11: Cross-sectional view of a wave-packets going through the nanowires of R Cry = 37.5 Å and e = 0 or 10 Å. Only the right side of the NW is represented, the propagation on the left side being symmetric. The color scale in the bottom row going from 0 (blue) to 1 × 10 -9 eV (dark red) gives the atomic kinetic energy. Between each line 1.2 ps has elapsed.

  Figure 3.12: Atomic kinetic energy as a function of the radius averaged on a portion of the NWs 90 to 160 Å away from the excited layer, for dierent time steps (colors). For the nanowires of R Cry = 37.5 Å and e = 0 (rst column) or 10 Å (second column) at 2 THz (rst line) and 12 THz (second line). The values are normed by the maximum reached at 12 THz. The vertical black dashed line represents the end of the crystalline core.

  Figure 3.13: Atomic kinetic energy as a function of the radius averaged on a portion of the NWs 90 to 160 Å away from the excited layer, for the time step where the maximal intensity is reached. For the nanowires of R Cry = 37.5 Å and e = 0 (left panel) or 10 Å panel). The vertical black dashed line represents the end of the crystalline core.

  Figure3.15: Flux in the NW as a function of the radius for R Cry = 37.5 Å and e = 0 (blue) or 10 Å (orange). The dots report the value obtained with equation (1.53) in the dierent layers, and the full lines the ux obtained with the hydrodynamic heat transport equations([1.23] and [1.27]). The vertical black dashed line represents surface/interface position.
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  Figure 3.17: Dynamical structure factor in the ΓX direction, projected on the longitudinal polarization for the nanowires of R Cry = 37.5 Å and e = 0 (left) or 10 Å (right).

  PHIVD viu et al. PHIWD nd with wh nd hydrodynmi het trnsport eqution welis et al. PHIW without shellF Impact of the Amorphous Shell he lk of impt of the shell thikness over the )ux pro(le pprently ontrdits the results of ho et lF ho et al. PHIV who reported tht the speulrity deresed when the thikness inresesF roweverD 132 Chapter 3. Core Shell Nanowires and Continuous Modeling
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 41 Figure 4.1: Schematic representation of a thermal diode with J 12 as the preferential ux direction.

  Figure 4.2: Geometry of the CO-CS-NW, with the length L, opening angle φ, and core and shell radius. The dashed line represents the crystalline amorphous junction.

Figure 4

 4 Figure 4.5: Cross-sectional view of wave-packet evolution after a longitudinal excitation in the CO-CS-NW-8.8. Left column: Atomic displacement in the polarization direction with an excitation at 2 THz. Middle column: The atomic kinetic energy at 2 THz. Right column: The atomic kinetic energy at 4 THz.
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 4 Figure 4.6: Cross-sectional view of wave-packet evolution after a transverse excitation in the CO-CS-NW-8.8. Left column: Atomic displacement in the polarization direction with an excitation at 4 THz. Middle column: The atomic kinetic energy at 2 THz. Right column: The atomic kinetic energy at 4 THz.

  Figure 4.8: Atomic kinetic energy as a function of the radius in 7-nm-thick slice, 9 nm away from the excitation source after a longitudinal excitation, for dierent time steps, for the CO-CS-NW-8.8 at 2 Thz (upper row) and 12 THz (lower row). The energy values are normalized by the maximum value for each given frequency. The vertical dashed line represents the amorphous/crystalline interface.

  Figure 4.10: Longitudinal (rst row) and transverse (second row) MFP, diusivity (third row), and VDOS (last row) for all studied congurations. The solid colored lines represent the SL direction and the dashed ones the LS direction. The dierent congurations are identied by their opening angles for the CO-CS-NW and by CL for the constant thickness CS-NW.

  Figure 4.11: Dynamical structure factor for the CO-CS-NW-4.4, in the ΓX direction, projected on the longitudinal polarization (left) and transverse polarization (right). The white lines represent the estimated dispersion relations.

  Figure 4.12: Thermal conductivity of propagative modes κ P (in black), and thermal conductivity of the diusive modes κ D (in red) and total thermal conductivity κ P + κ D (in blue) for the CS-NW-CO-4.4: as a function of temperature (a) and contribution of the dierent frequencies (b) at 300 K in the right panel. The dashed and plain lines represents respectively the LS and SL directions.

Figure 4

 4 Figure 4.15: Power exchanged (ux) and rectication for all the 50-nm-long NWs as a function of the opening angle of the amorphous shell (a), of the amorphous fraction (b) or thermal conductivity and rectication as a function of the opening angle computed with the eective section dened in table 4.1 (c) or with the section next to the hot thermostat (d). The dierent congurations are identied by their opening angles for the (Conical Core Shell nanowire) CO-CS-NW and by TE for "telescopic" or CL (cylindrical). On the left y axis, κ LS or J LS are represented by blue stars and κ SL or J SL by red circles. The rectication values on the right y axis are represented by green triangles, with error bars determined from equation (4.2) and the green dashed line gives the zero rectication.
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 33 Figure A.3: Frequencies of the rst modes computed via direct diagonalization of the Dynamical Matrix (DM) for free NPs (a) and embedded NPs (b) as a function of the inverse of the radius.
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  Figure A.5: Dynamical structure factor as tted from equation (1.46) (left panel) and resulting MFP (right panel) for the NW-M conguration for the longitudinal polarization.
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  Figure B.2: Dynamical structure factor in the ΓX direct 50 Å and e = 0 (left) or 10 Å (right).

R

  Figure B.4: MFP as extracted using the DHO from the DSF for the nanowires of R Cry = 37.5-50 Å and e = 0 (blue-red) or 10 Å (orange-green).

BFigure B. 5 :

 5 Figure B.5: Trace of the stress tensor obtained with equation (1.54) (left panel) local variation of the volume estimated from the strain tensor (right panel) as a function of the radius for the R Cry =37.5 Å NW, the blue, green and red line represent respectively the case of e = 0, 1 and 2 nm. The vertical dotted line represents the interface.

  Figure B.7: Flux in the NW as a function of the radius for the nanowires with R Cry = 25 Å and e = 0 (blue), 10 (orange) and 20 Å (green). The dots report the value obtained with equation (1.53) in the dierent layers, and the full lines the ux obtained with the hydrodynamic heat transport equation. The vertical black line represents surface/interface position.

R

  Figure C.1: CO-CS-NW-4.4 with prolonged extremities, atomic representation (a), and position of the thermostats and xed atoms regions (b).

  Figure C.2: Energy exchanged by the thermostats, for the CL-CS-NW and the CO-CS-NW-4.4: The rst row represents the energy exchanged at each thermostat for ve runs, the blue lines represent the energy retrieved by the cold thermostats, and the red lines the energy injected by the hot thermostats. The dashed lines distinguish the SL from the LS thermostats set up represented by the continuous line. The second rows represent the estimation of the energy ux, computed from 1 to 2 ns, the red symbols represent the hot thermostats, the blue symbols represent the cold thermostats. In the third row, the black symbols represent ux taken as the average between hot and cold thermostat. The inverted triangles represent the LS case and the circles the SL.

  Figure C.3: Temperature prole of the CO-CS-NW-4.4 in the large to small (full lines) and small to large direction (dotted lines). For dierent time-steps (dierent colors)

C

  Figure C.4: Energy variations in the CO-CS-NW-4.4 conguration during a NEMD simulation for the global conguration for the SL (a) and LS (b) ux direction. The lower gures show the variation in the amorphous and crystalline parts for the SL (a) and LS (b)ux direction. The kinetic and potential energy are displayed in red and blue respectively, while the total energy is displayed in green, the dierence of the energy removed by the cold thermostat and added by the hot is displayed with a black dashed line. The energies are set to zero as the hot and cold thermostat are set up (upper graph) or when energy exchange begin to be considered to compute the ux (lower graph).
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 2 1: Characteristics of the FNP: number of atoms, percentage of surface atom, and thermal conductivity.
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 2 4: Thermal conductivity in W m -1 K -1 at 300 K for the dierent congurations, computed with EMD, or estimated with equations (1.56) and (1.57).
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 3 1: Dimensions of the dierent congurations with R Cry the crystalline radius, e the amorphous shell thickness, dr the radial resolution of the ux and N c /N t the proportion of crystalline atoms .
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  RDF for GaN atoms at 300 Kfor FNP (a) and partial RDF of GaN in ENP (b) compared with the RDF of bulk GaN.
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Danke sehr, deine Einführung in die Molekulardynamik hat meine letzten vier Jahre (und vielleicht noch mehr) bestimmt.

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI081/these.pdf © [P. Desmarchelier],[2021], INSA Lyon, tous droits réservés

Or at least, that the duration of a collision is negligible in front of the relaxation time of the system [Kittel 1976]. Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI081/these.pdf © [P. Desmarchelier], [2021], INSA Lyon, tous droits réservés

The participation ratio describes the proportion of atoms participating to a vibrational mode. The denition is given by equation 1.43 in the following of this chapter.Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI081/these.pdf © [P. Desmarchelier], [2021], INSA Lyon, tous droits réservés

The result can be compared with what was obtained by Damart et al. [Damart et al. 2015]. Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI081/these.pdf © [P. Desmarchelier], [2021], INSA Lyon, tous droits réservés

Diusive meaning here akin to a diuson 1.1.5, as opposed to ballistic, here that propagates as a plane wave. Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI081/these.pdf © [P. Desmarchelier], [2021], INSA Lyon, tous droits réservés

The ballistic regime being dened as the regime where the phonon or propagons dominate heat transport, as a opposed to diusive dominated by diusons Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI081/these.pdf © [P. Desmarchelier], [2021], INSA Lyon, tous droits réservés

Note that the so-called "atomic stress" components are computed from the interatomic forces. They are homogeneous to a volume times "mechanical stresses". The comparison between the discrete and the continuous expression of the total mechanical energy allows identifying this volume to the volume of the Voronoi cell around each atom[Alexander 1998] Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI081/these.pdf © [P. Desmarchelier],[2021], INSA Lyon, tous droits réservés

Note that C(ν, T )gη is equivalent to C latt in equations (1.18) and (1.19) Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI081/these.pdf © [P. Desmarchelier], [2021], INSA Lyon, tous droits réservés

As in for "diusons", or modes that have a diusive behavior at the microscale.

The diusivity is sometimes given as an average over v 2 η (ν)τη(ν), however here it is used to determine the contribution to thermal conductivity of modes for which Λ or τ is not dened Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI081/these.pdf © [P. Desmarchelier], [2021], INSA Lyon, tous droits réservés

In this section, the nanometric spheres will be referred to as nanoparticules.Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI081/these.pdf © [P. Desmarchelier],[2021], INSA Lyon, tous droits réservés

LAMMPS evaluates the DM by computing the force modication due to a single atomic displacement. The interactions between the atoms are reduced to their stiness, as the energy landscape is harmonic. The DM associated with the full system (for FNPs) or only part of it (for ENPs) can be computed. This last one is computed by the motion of every atom belonging to a chosen set. The SiO2 atoms are xed, which is equivalent to having a xed interface around the embedded NPs, allowing the computation of VDOS only for the NPs. Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI081/these.pdf © [P. Desmarchelier], [2021], INSA Lyon, tous droits réservés

From now one, the second phase added in the matrix is referred to as nanoinclusions.Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI081/these.pdf © [P. Desmarchelier],[2021], INSA Lyon, tous droits réservés

The two stripes correspond to the two maxima of kinetic energy appearing for a full wavelength. Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI081/these.pdf © [P. Desmarchelier], [2021], INSA Lyon, tous droits réservés

That is energy leaves the excited zone rather than slowly spreading.Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI081/these.pdf © [P. Desmarchelier],[2021], INSA Lyon, tous droits réservés

Above

% below 2 THz when computed via Atomic Green Function (AGF) Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI081/these.pdf © [P. Desmarchelier], [2021], INSA Lyon, tous droits réservés

The strain/stress values as a function of the radius in a similar structure is studied in the appendix B.4Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI081/these.pdf © [P. Desmarchelier], [2021], INSA Lyon, tous droits réservés

One could note that the values obtained here are larger than the nanowire length, however given that it corresponds to an exponential decay t one can get a value even if the total length is smaller than the MFP. Nevertheless, there are limitations, if the exponential decay is too low to be measured an accurate MFP cannot be extracted, and that is the case at 1 THz. Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI081/these.pdf © [P. Desmarchelier], [2021], INSA Lyon, tous droits réservés

Which is consistent with the interpretation of the minimum of mean free path around this frequency (see gure 3.9) Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI081/these.pdf © [P. Desmarchelier], [2021], INSA Lyon, tous droits réservés

Using a NH does not aect the results (see appendix B) Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI081/these.pdf © [P. Desmarchelier], [2021], INSA Lyon, tous droits réservés

Note that the small branch at low frequencies associated to surface modes discussed in sec-tion3.1 appears here also. Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI081/these.pdf © [P. Desmarchelier], [2021], INSA Lyon, tous droits réservés

Akin to a regular phonon or a propagon

Note that direction dependent propagation is dierent from region dependent that cannot lead to rectication without an additional temperature dependence [Chakraborty et al. 2019] Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI081/these.pdf © [P. Desmarchelier], [2021], INSA Lyon, tous droits réservés

P THzTHz

Here, partial radial distribution function since the matrix is ignored.Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI081/these.pdf © [P. Desmarchelier],[2021], INSA Lyon, tous droits réservés
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B.2 Comparison of Flux Computation Method
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