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Abstract

<da_ fZW ZW^[g_ %>W& b^Se_S [ddSV[Sf[a`e fa fg`YefW` bWdXad_WV [` fZW CSY`g_(FH? VWh[UW' fZW W!WUfe aX VWbae[f[a` aX _WfS^e

a` fZW ZW^[g_(b^Se_S [`VgUWV  TWdXad_ `S`aefdgUfgdWe %Xgll& SdW V[eUgeeWV) ?f iSe Xag`V fZSf Xgll iSe `af Xad_WV Sf fZW UW`fWd

aX fZW b^Se_S Uk^[`VWd [X fZWdW iWdW e[Y`[ US`f _WfS^^[U [_bgd[f[We Xda_ fZW eagdUW) :Wbae[f[a` aX _WfS^^[U [_bgd[f[We %_S[`^k

_a^kTVW`g_ S`V UabbWd& Uag`fWdSUfWV fZW YdaifZ aX Xgll) ?` SVV[f[a` fa fZW W!WUfe aX _WfS^e Xda_ fZW eagdUW' iW [`efS^^WV S

ebgffWd[`Y eagdUW `WSd fZW eS_b^W fa dWb^[USfW fZW VWbae[f[a` W`h[da`_W`f [` Xge[a` VWh[UWe) IZW fZ[U]`Wee aX Xgllk ^SkWd iSe #1

_' iZ[UZ iSe STagf  hW f[_We YdWSfWd fZS` fZSf i[fZagf VWbae[f[a`' Sf fZW >W !gj aX +)-!+*,0 _ ,' egYYWef[`Y fZSf fZW YdaifZ dSfW

aX Xgll ^SkWd iSe e[Y`[ US`f^k SUUW^WdSfWV VgW fa fZW VWbae[f[a` aX fg`YefW`)

1. Introduction

F^Se_S(XSU[`Y Ua_ba`W`fe [` Xge[a` VWh[UWe SdW egT\WUfWV

fa VWgfWd[g_ %:&' ZW^[g_ %>W&' S`V ea_W [_bgd[f[We egUZ Se Sd(

Ya`' `Wa`' S`V `[fdaYW`' iZ[UZ SdW geWV Se dSV[Sfade fa Uaa^

Vai` fZW WVYW b^Se_S) 7_a`Y fZW_' fZW >W W!WUfe ^WSV fa5

hSd[age _adbZa^aYk UZS`YWe a` fg`YefW` %L& [`U^gV[`Y ZW^[g_

TgTT^We P+Q' T^[efWde P,Q' S`V  TWdXad_ `S`aefdgUfgdWe %<De&' ea

US^^WV fuzz P-Q' iZ[UZ [e SdYgST^k fZW _aef e[Y`[ US`f _adbZa^(

aYk UZS`YW fa aUUgd [` Xge[a`(dW^WhS`f Ua`V[f[a`e) 9a`UWd`(

[`Y fZW Xgll YdaifZ' WjfW`e[hW WjbWd[_W`fS^ [`hWef[YSf[a`e ZShW10

TWW` Ua`VgUfWV fa dWhWS^ fZW bZW`a_W`a` Xda_ hSd[age SebWUfe4

Email address: A7@?I7"H>?D1D7=EN7!J"@F %HZ[` AS\[fS&

YdaifZ Ua`V[f[a` P.Q' YdaifZ dSfW P/' 0Q' S``WS^[`Y bZW`a_W`S

P1' 2' 3Q' S`V ebgffWd[`Y W!WUf P+*' ++' +,Q) 7 dWUW`f _aVW^ [`(

U^gV[`Y fZW YdaifZ S`V S``WS^[`Y W!WUfe ZSe dWhWS^WV fZSf fZ[U](

`Wee aX fZW Xgllk ^SkWd' h<D' VWbW`Ve a` fZW TSeW fW_bWdSfgdW'15

fZW W`WdYk VW`e[fk Xda_ WVYW ^aUS^[lWV _aVWe %;BCe&' S`V fZW

XdWcgW`Uk aX ;BCe P+-Q)

?` SVV[f[a` fa fZW STahW ]`ai` W!WUfe' dWUW`f efgV[We ZShW

dWhWS^WV fZSf Ua(VWbae[f[a` Uag^V TW S`afZWd [`!gW`f[S^ W!WUf

Xad fZW YdaifZ aX Xgll P+.Q) KSd[age W!WUfe aX VWbae[f[a` aX _Wf(20

S^e %L S`V afZWd _SfWd[S^e& a` >W [`VgUWV _adbZa^aYk UZS`YWe

ZShW TWW` V[eUgeeWV fa VSfW) <ad WjS_b^W' [f iSe V[eUgeeWV

TSeWV a` WjbWd[_W`fe i[fZ e_S^^ S_ag`fe aX [_bgd[f[We %Sd(

Ya`' `Wa`' S`V `[fdaYW`& fZSf fZW [ea^SfWV `S`aefdgUfgdWe US^^WV

`S`a(fW`Vd[^ Tg`V^We Xad_WV [` >W b^Se_Se Uag^V TW dW^SfWV fa25
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fZW VWbae[f[a` aX ebgffWdWV L P+/Q) 7^ea' [f ZSe TWW` dWhWS^WV

fZSf __(fZ[U] ^SdYW(eUS^W  TWdXad_ `S`aefdgUfgdWe %B<De& US`

TW Xad_WV Sf S` SUUW^WdSfWV YdaifZ dSfW i[fZ S` SVV[f[a`S^ VW(

bae[f[a` P+0' +1Q) ?` fZW CSY`g_(FH? VWh[UW' b^Se_S [ddSV[(

Sf[a`e fa S L _a`aT^aU] _aU]gb ZShW dWhWS^WV fZSf _WfS^^[U30

[_bgd[f[We Xda_ fZW eagdUW ^WV fa ea_W g`WjbWUfWV bZW`a_W`S

egUZ Se S` W`ZS`UWV V[!ge[a` aX _a^kTVW`g_ %Ca& S^a`Y fZW

YdS[` Tag`VSd[We S`V eba`YW(^[]W f[` efdgUfgdWe P+2Q) ?` eZadf'

fZW W!WUfe aX VWbae[f[a` aX _WfS^e a` >W b^Se_S [`VgUWV _ad(

bZa^aYk UZS`YWe ZShW `af TWW` Xg^^k g`VWdefaaV' S`V fZWk i[^^35

TW [_badfS`f fa SeeWee fZW [_bSUf aX >W W!WUfe [` Xge[a` VW(

h[UWe) 9a`UWd`[`Y fZW SUUW^WdSfWV YdaifZ aX Xgll Tk S` Sgj[^(

[Sdk VWbae[f[a`' fZW W!WUfe ZShW TWW` [VW`f[ WV [` fia VWh[UWe

%D7=:?H(?? S`V S _SY`Wfda` ebgffWd[`Y VWh[UW&) ?f [e [_bad(

fS`f fa [`hWef[YSfW fZW W!WUfe [` afZWd VWh[UWe' bSdf[Ug^Sd^k g`(40

VWd Z[YZWd b^Se_S VW`e[fk Ua`V[f[a`e' TWUSgeW fZW fdS`ebadf aX

_WfS^e Uag^V TW S^fWdWV i[fZ [`UdWSe[`Y fZW VW`e[fk)

?` fZ[e efgVk' iW [`hWef[YSfW >W b^Se_S [ddSV[Sf[a` aX L'

XaUge[`Y a` _WfS^^[U [_bgd[fk W!WUfe [` CSY`g_(FH? [` fia

V[!WdW`f iSke) <[def' iW Ua`VgUf bgdW >W b^Se_S [ddSV[Sf[a`45

S`V V[eUgee fZW dW^Sf[a`e TWfiWW` `a`(g`[Xad_[fk [` fZW Xgll

YdaifZ S`V [ddSV[Sf[a` bSdS_WfWde [`U^gV[`Y [_bgd[f[We Xda_ fZW

b^Se_S eagdUW) 7 ebgffWd[`Y eagdUW [e fZW` [`efS^^WV `WSd fZW

eS_b^W fa [`hWef[YSfW fZW Sgj[^[Sdk VWbae[f[a` W!WUfe)
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<[YgdW +4 %S& 7 eUZW_Sf[U aX fZW WjbWd[_W`fS^ eWfgb [` CSY`g_(FH? S`V %T& S

eUZW_Sf[U Sdag`V fZW W`V fSdYWf S`V ebgffWd[`Y b^SfW Xad VWbae[f[a` WjbWd[_W`fe)

2. Experimental setup50

<[YgdW +%S& eZaie S eUZW_Sf[U aX fZW WjbWd[_W`fS^ eWfgb [`

CSY`g_(FH? P+3Q) ?` CSY`g_(FH?' S TWS_ eZSbWV b^Se_S US`

TW bdaVgUWV [` S efWSVk efSfW' S`V fZW VW`e[fk S`V fW_bWdSfgdW

SdW ST^W fa TW _WSegdWV Tk S ^SeWd IZa_ea` eUSffWd[`Y %IH& eke(

fW_ P,*Q) IZW Sj[S^ bae[f[a` aX fZW IH _WSegdW_W`f iSe Sf #-*55

U_ Xda_ fZW fSdYWf) IZW fkb[US^ VW`e[fk S`V fW_bWdSfgdW dS`YWe

[` fZW CSY`g_(FH? iWdW dWebWUf[hW^k' +m+*!+*,* _ - S`V *)-m

/ WK P,+Q) 7f fZW eS_W Sj[S^ bae[f[a`' iW [`efS^^WV S dWU[bdaUSf(

[`Y bdaTW) 7^fZagYZ [f iSe ShS[^ST^W a`^k Xad ea_W [ddSV[Sf[a`

USeWe' iW US` VWVgUW fZW bda ^We aX fZW ebSUW bafW`f[S^ %b^Se_S60

bafW`f[S^&' iZ[UZ iWdW `af aTfS[`WV Xda_ fZW IH _WSegdW_W`fe'

Tk ge[`Y fZW bdaTW) HWhWdS^ ebWUfda_WfWde %7hS`fWe 7hSHbWU(

,*.2& SdW ShS[^ST^W Xad abf[US^ W_[ee[a` ebWUfdaeUabk %E;H& [`

CSY`g_(FH?' S`V a`W aX fZW_ %iZ[UZ eSi fZW fSdYWf h[Wi& iSe

geWV fa aTeWdhW fZW W_[ee[a` Xda_ fZW b^Se_S)65

7 +(__(fZ[U] L eS_b^W %ba^k UdkefS^' ' 33#31" L& i[fZ

-* __ V[S_WfWd %F^S`eWW& iSe Wcg[bbWV a` fZW W`V fSdYWf i[fZ(

agf S`k bdWfdWSf_W`f) IZW eS_b^W iSe  jWV a` fZW eS_b^W

Za^VWd i[fZ S !Wj[T^W USdTa` eZWWf %=G7<E?B& TWZ[`V) IZW

egdXSUW fW_bWdSfgdW' Ts' iSe _WSegdWV Xda_ fZW dSV[Sf[a` [`70

fZW `WSd [`XdSdWV dS`YW) 7 _g^f[(iShW^W`YfZ bkda_WfWd %fkbW

<CF?' <Sd 7eeaU[SfWe& P,,Q' iZ[UZ VaWe `af dWcg[dW bd[ad ]`ai^(

WVYW aX W_[ee[h[fk' iSe geWV) JeWV iShW^W`YfZ dS`YW iSe Xda_

+)+ fa +)1 _) IZW eS_b^W fW_bWdSfgdW Vgd[`Y fZW [ddSV[Sf[a`

iSe VWfWd_[`WV Xda_ fZW TS^S`UW TWfiWW` fZW ZWSf ^aSV S`V fZW75

fZWd_S^ Ua`VgUfS`UW fa fZW fSdYWf Za^VWd) HagdUW eWff[`Y iSe

hSd[WV fa Ua`fda^ fZW egdXSUW fW_bWdSfgdW5 ZaiWhWd' e[`UW fZW

eS_b^W iSe f[YZf^k U^S_bWV a` fZW eS_b^W Za^VWd' [f iSe ea_W(

f[_We faa ^ai fa dWSUZ fZW _[`[_g_ Xgll YdaifZ fW_bWdSfgdW

aX 3**m+*** A P.' ,-Q iZW` fZW b^Se_S VW`e[fk iSe ^ai) IZge'80

[` ea_W USeWe' iW _SVW S Za^W a` fZW =G7<E?B fa [`UdWSeW fZW

fZWd_S^ dWe[efS`UW TWfiWW` fZW eS_b^W S`V fSdYWf Za^VWd) IZW

eS_b^W iSe T[SeWV faYWfZWd i[fZ fZW Za^VWd fa VW Tk S` W^WUfd[U

baiWd egbb^k)
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<[YgdW ,4 >W^[g_ !gjWe Sf V[!WdW`f bae[f[a`e %T^SU]4 r % * __' T^gW4 r % /

__' S`V dWV4 r % +* __& Xad fZW eS_b^We L+(L0 S`V :+(:,) IZW ha^fSYW

aX fZW eS_b^W %VW & iSe V[!WdW`f TWfiWW` eS_b^We L+(L0 %L+4 (+-K' L,4

(,, K' L-4 (-. K' L.4 (./ K' L/4 (// K' S`V L04 (0, K& S`V Ts dS`YWV

++**(+-1* A) Da ebgffWd[`Y eagdUW iSe [`efS^^WV Xad L+(L0 eS_b^We' iZ[^W

ebgffWd[`Y b^SfW iSe [`efS^^WV S`V T[SeWV fa (,/*m-** K Xad :+ S`V :,)

?` SVV[f[a` fa bgdW >W b^Se_S [ddSV[Sf[a`' iW [`hWef[YSfWV85

fZW W!WUf aX VWbae[f[a` i[fZ S` SVV[f[a`S^ [_bgd[fk eagdUW) <[Y(

gdW +%T& eZaie S eUZW_Sf[U aX fZW eWfgb Sdag`V fZW fSdYWf Xad

fZW VWbae[f[a` WjbWd[_W`fe) 7 ,(__(fZ[U] L fSdYWf' iZ[UZ ZSV

S i[VfZ aX ,* __' iSe [`efS^^WV `WSd fZW eS_b^W) IZW V[efS`UW

Xda_ fZW eS_b^W fa fZW ebgffWd[`Y fSdYWf iSe /(0 __) IZW eS_(90

b^W S`V ebgffWd[`Y fSdYWf iWdW W^WUfd[US^^k [ea^SfWV S`V Uag^V TW

,



T[SeWV eWbSdSfW^k) IST^W + eg__Sd[lWe fZW [ddSV[Sf[a` Ua`V[(

f[a`e) IZW eS_b^We `S_WV L+(L0 SdW WjbaeWV fa >W b^Se_Se

i[fZagf L VWbae[f[a`' S`V :+ S`V :, SdW fZW eS_b^We WjbaeWV

fa >W b^Se_Se i[fZ S` SVV[f[a`S^ L VWbae[f[a`) <ad eS_b^We95

L+(L0' fZW T[Se[`Y ha^fSYW iSe S^fWdWV S`V T s dS`YWV Xda_

++** fa +-1* A) 8WUSgeW fZW fW_bWdSfgdW aX fZW ebgffWd[`Y fSd(

YWf [`UdWSeWV e[Y`[ US`f^k S`V [f W_[ffWV e[Y`[ US`f dSV[Sf[a`'

iW Uag^V `af _WSegdW T s VgW fa fZW dW!WUf[a` aX fZW dSV[Sf[a`

Xda_ fZW ebgffWd[`Y fSdYWf) ?f iSe ^[]W^k fZSf Ts aX :+ S`V :,100

iSe U^aeW fa L+ %+-,* A&' TWUSgeW fZW >W !gj iSe e[_[^Sd' Se

eZai` `Wjf)

<[YgdW , eZaie >W !gj' >W Xad fZW W[YZf eS_b^We [` IST^W

+ Sf fZdWW V[!WdW`f bae[f[a`e Xda_ fZW UW`fWd' r' aX *' /' S`V +*

__)105

IZW >W !gj iSe VWfWd_[`WV ge[`Y fZW W^WUfda` VW`e[fk' ne'

S`V fZW fW_bWdSfgdW' Te' _WSegdWV Tk IH Xda_ fZW Xa^^ai[`Y

dW^Sf[a`4

>W % *#/ne

$
,eTe

m>W

# %+&

>WdW' e [e fZW W^W_W`fSdk UZSdYW [` 9' m>W [e fZW _See aX S >W

Sfa_' S`V iW Seeg_WV fZSf fZW [a` fW_bWdSfgdW [e WcgS^ fa Te'110

S`V fZSf fZW VW`e[fk Sf fZW eZWSfZ WVYW [e ZS^X aX fZW Tg^] W^WUfda`

VW`e[fk %ne& P,.Q) IZW >W !gj iSe #+*
,. _ ,e + a` L,(L/ Sf

fZW UW`fWd aX fZW b^Se_S Ua^g_`' iZ[^W [f iSe ^Wee fZS` -!+*,-

_ ,e + a` L+' L0' :+' S`V :,) IZ[e iSe _S[`^k TWUSgeW S

Za^W iSe _SVW a` fZW =G7<E?B Xad L+' L0' :+' S`V :,5 ^ai115

VW`e[fk b^Se_Se iWdW W`agYZ fa [`UdWSeW T s fa Z[YZWd fZS` +***

A)

9a`UWd`[`Y :+ S`V :,' fZW ebgffWd[`Y fSdYWf iSe [`efS^^WV

S`V T[SeWV fa (,/* S`V (-** K' dWebWUf[hW^k) 8WUSgeW fZW [`U[(

VW`f [a` W`WdYk iSe Z[YZ S`V `a SUf[hW Uaa^[`Y iSe ShS[^ST^W'120

fZW fW_bWdSfgdW aX fZW ebgffWd[`Y fSdYWf [`UdWSeWV cg[U]^k) IZge'

iW Uag^V `af Ua`f[`gW fZW [ddSV[Sf[a` Xad S ^a`Y f[_W) LW dW(

bWSfWV fdS`e[W`f [ddSV[Sf[a`e Xad ,/ ad ,* e S`V SUUg_g^SfWV fZW

[ddSV[Sf[a` f[_W fa 0** e' iZ[UZ iSe a`W fZ[dV aX fZW VgdSf[a`

Xad L+(L0)125

3. Non-uniform fuzz growth

3.1. Morphology changes

<[YgdW -%S(X& eZaie b[UfgdWe aX L+(L0 eS_b^We' dWebWU(

f[hW^k' SXfWd fZW WjbaegdWe) K[egS^^k' `a e[Y`[ US`f UZS`YW iSe

[VW`f[ WV a` L+) 8^SU]W`[`Y aUUgddWV Sf fZW bWd[bZWdS^ dW(130

Y[a` aX L,' L-' S`V L.' S`V fZW T^SU]W`WV SdWSe a` L, S`V

L. ZSV `a`(g`[Xad_[fk) 7^fZagYZ L/ egdXSUW V[V `af TWUa_W

T^SU]' e_S^^ T^SU] ebafe iWdW Xag`V a` fZW bWd[bZWdS^ dWY[a`'

iZ[^W fZW UW`fWd aX fZW b^Se_S Ua^g_` TWUS_W iZ[fW) 8^SU]W`(

[`Y aUUgddWV a` fZW iZa^W egdXSUW aX L0)135

<[YgdW .%S(U&' %V(X&' %Y([&' %\(^&' %_(a&' S`V %b(d& eZaie H;C

_[UdaYdSbZe aX L+' L,' L-' L.' L/' S`VL0' dWebWUf[hW^k' Sf

fZdWW V[!WdW`f ^aUSf[a`e' [)W) Sf fZW UW`fWd %S'V'Y'\'_'b&' r % , /

__ %T'W'Z']'`'c&' S`V / +* __ %U'X'['^'a'd&' iZWdW r [e fZW V[e(

fS`UW Xda_ fZW [ddSV[Sf[a` UW`fWd' iZ[UZ iSe VW `WV Tk h[egS^140

aTeWdhSf[a`) 7e iSe eWW` [` fZW b[UfgdWe %<[Y) -%S&&' S^_aef `a

UZS`YWe iWdW [VW`f[ WV a` L+ WhW` i[fZ H;C S`S^ke[e) E`

(a)

(c)

(e) (f)

(d)

(b)W1 W2

W3 W4

W5 W6

<[YgdW -4 %S(X& F[UfgdWe aX L+(L0 eS_b^We' dWebWUf[hW^k) IZW bafW`f[S^ aX fZW

eS_b^W %VW & iSe %S& (+-K' %T& (,, K' %U& (-. K' %V& (./ K' %W& (// K' S`V %X& (0,

K)

L,(L.' Xgll iSe Ydai` Sf r % / +* __' iZ[^W bdafdge[a`e

iWdW Xad_WV Sdag`V fZW UW`fWd) IZW bdafdge[a`e a` fZW UW`fdS^

dWY[a` aX L, S`V L. %<[Y) .%V'\&& iWdW e[_[^Sd fa [`[f[S^ efSYWe145

aX Xgll YdaifZ5 fZW dagYZ egdXSUW Xad_WV Sdag`V fZW UW`fWd aX

L- %<[Y) .%Y&& eWW_WV fa TW USgeWV Tk VWbae[f[a`) E` L/'

WhW` fZagYZ fZW bafW`f[S^ aX fZW eS_b^W' VW ' iSe VWWbWd fZS`

fZSf aX L+(.' fZW Xgll YdaifZ V[V `af aUUgd' iZ[^W Xgll YdaifZ
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L/ Xgll 1/)+"++)3 +.)-"*)0 -)0",)1 * 1)* "++),

L0 * __ 3/)2"+)/ .),",)* * * *

L0 / __ 30)3",)0 -)+",)* * * *

:+ * __ 3/)/"+)0 .)/",)* * * *

:+ / __ 3/)1"+)/ .)-",). * * *

:, * __ 3/),"+)2 .)1"/)/ * * *

:, / __ 30),"*)2 -)0"-). * * *

Xad_ Xgll) IZ[e Uag^V TW fZW USeWe aX L+) 7^fZagYZ fZW bafW`(

f[S^ V[!WdW`UW TWfiWW` r % * S`V +* __ iSe `af YdWSf' fkb[(

US^^k %/ K Xda_ <[Y) 0' fZW V[!WdW`UW Uag^V TW UdgU[S^ XadL, fa285

USgeW fZW V[!WdW`UW [` fZW _adbZa^aYk UZS`YWe Sf r % * S`V +*

__' TWUSgeW fZW [`U[VW`f W`WdYk iSe ^[]W^k fa TW U^aeW fa fZW

fZdWeZa^V W`WdYk aX ,*(-* WK) >aiWhWd' TWUSgeW Xgll V[V `af

Xad_ Sf fZW UW`fWd WhW` iZW` VWWbW`[`Y fZW bafW`f[S^ Xda_ L,

faL/' [f iSe ^[]W^k fZSf VWbae[f[a` aX [_bgd[fk Uag`fWdSUfWV fZW290

YdaifZ aX Xgll Sdag`V fZW UW`fWd a` L-(L/) IZWdW iWdW fia

baee[T^W dWSea`e iZk fZW [_bgd[fk ZSe bdWhW`fWV Xda_ Ydai[`Y

Xgll) H[`UW fZW [a`[lWV [_bgd[f[We ZShW _gUZ YdWSfWd ebgffWd[`Y

dSfWe fZS` fZSf aX >W' fZW ebgffWd[`Y bdaUWee _[YZf ZShW Uag`fWd(

SUfWV fa Xgll YdaifZ) 7`afZWd dWSea` [e fZSf fZW fW_bWdSfgdW Sf295

fZW UW`fWd [e faa Z[YZ Xad fZW VWbae[fWV _WfS^e fa Xad_ Xgll' TW(

USgeW [_bgd[f[We ZShW _gUZ ^aiWd fW_bWdSfgdW dS`YWe fa Xad_

Xgll P-*Q) LW _WSegdWV fZW ZW[YZf V[!WdW`UW Sdag`V fZW TadVWd

aX fZW Xgll dWY[a` a` L. ge[`Y fZW 9BHC' S`V [f iSe Xag`V

fZSf fZW UW`fdS^ dWY[a` i[fZagf Xgll iSe WdaVWV Tk ,(- _ Ua_(300

bSdWV fa fZW dWY[a` i[fZ Xgll) IZW dWeg^f egYYWefWV fZSf ebgffWd(

[`Y Tk [_bgd[fk [a`e ^WV fa fZW Wdae[a`' iZ[UZ Uag`fWdSUfWV fZW

Xgll YdaifZ Sdag`V fZW UW`fWd) <da_ fZW [_bgd[fk bda ^We _WS(

egdWV Tk ;:H' fZW [_bgd[f[We iWdW ^[]W^k Ua`UW`fdSfWV Sdag`V

fZW UW`fWd' fZagYZ fZW _WUZS`[e_ iSe `af U^WSd^k g`VWdefaaV)305

E` L/' TWUSgeW Ts iSe ++** A Sf fZW UW`fWd' iZ[UZ iSe

^aiWd fZS` afZWd eS_b^We) IZge' fZW fW_bWdSfgdW Sf fZW bWd[bZ(

Wdk iSe ^[]W^k ^aiWd fZS` fZW fZdWeZa^V fW_bWdSfgdW' [)W) %+***

A' S`V Xgll iSe `af Xad_WV Sf fZW bWd[bZWdS^ dWY[a`) 9a`UWd`(

[`Y fZW ^aUS^ [ea^SfWV Xgllk [e^S`Ve' e[_[^Sd [ea^SfWV Xgll TS^^e310

ZShW TWW` [VW`f[ WV bdWh[age^k SXfWd S ^a`Y f[_W [ddSV[Sf[a`

P+2' -+Q) ?` fZ[e iad]' fZW XdSUf[a` aX Ca iSe Xag`V fa TW Z[YZWd

a` fZW ^aUSf[a` iZWdW Xgllk [e^S`Ve iWdW Xad_WV Xda_ fZW ;:H

S`S^ke[e) 8k fZW [`UdWSeW aX fZW [_bgd[fk XdSUf[a`' fZW fW_bWd(

SfgdW i[`Vai Xad Xgll YdaifZ US` TW UZS`YWV [` fWd_e aX fZW315

hSd[Sf[a` [` fZW _W^f[`Y ba[`f' Tm) ?f [e ]`ai` fZSf Tm VWUdWSeWe

i[fZ [`UdWSe[`Y fZW _[j[`Y dSfW) 9a`UWd`[`Y L(Ca S^^ak' fZW

_W^f[`Y ba[`f VWUdWSeWe Tk #,** A Sf fZW Ca XdSUf[a` aX ,/"

P-,Q) IZW fW_bWdSfgdW i[`Vai US` TW _adW ad ^Wee Wjb^S[`WV

[` Ts&Tm' S`V fZW Ts&Tm i[`Vai iSe [` fZW dS`YW aX *),/(*)0320

Xad S^^ fZW _WfS^e iZWdW Xgll iSe Ydai` P-*Q) IZW _[`[_g_

Ts&Tm hS^gW Xad Xgll YdaifZ iSe S^_aef fZW eS_W TWfiWW` L

%*),1& S`V Ca %*),2&) 7 VWUdWSeW aX Tm [` ,** A i[^^ [`UdWSeW

Ts&Tm Tk *)*+/ [X T s [e Sdag`V +*** A) ?X [_bgd[fk _[j[`Y dSfW

iSe ^aUS^^k Z[YZ S`V Ts iSe e^[YZf^k ^aiWd fZS` +*** A' fZWdW325

iSe S baee[T[^[fk fZSf fZW Ua`V[f[a` aX Ts&Tm ' *#,1 iSe ^aUS^^k

eSf[e WV)

2 mm

(c)

(a) (b)

(d)

2 mm

<[YgdW 34 %S'T& F[UfgdWe aX :+ S`V :, eS_b^We' dWebWUf[hW^k' S`V %U'V& H;C

_[UdaYdSbZe Sf fZW [ddSV[Sf[a` UW`fWd aX :+ S`V :, eS_b^We' dWebWUf[hW^k) :[X(

XWdW`f Xda_ L+(0 eS_b^We' S `WYSf[hW^k T[SeWV %(,/* K Xad :+ S`V (-** K Xad

:,& L ebgffWd[`Y b^SfW iSe [`efS^^WV `WSd fZW eS_b^W Xad ebgffWd[`Y eagdUW)

4. Deposition experiments

4.1. Accelerated growth

<[YgdW 3%S'T& eZaie b[UfgdWe aX :+ S`V :, eS_b^We' dWebWU(330

f[hW^k) IZW egdXSUW TWUS_W T^SU] WhW` Sf fZW [ddSV[Sf[a` UW`fWd'

1



iZ[^W fZW T^SU]W`WV SdWS iSe e^[YZf^k e_S^^Wd fZS` L- S`V L0)

<[YgdW 3%U'V& eZaie H;C _[UdaYdSbZe aX :+ S`V :,' dWebWU(

f[hW^k' Sdag`V fZW UW`fWd aX fZW T^SU]W`WV SdWS) ?f [e eWW` fZSf

Xgll [e Ydai` S`V fZW XWSfgdW aX  TWdXad_ `S`aefdgUfgdWe %<De&335

[e S^_aef fZW eS_W Se fZSf aX L0 eZai` [` <[Y) .%b(d&) ?f [e

`afWV fZSf fZW ^[`W [`fW`e[fk dSf[a aX -,.)2 `_ fa ..1)+ `_ iSe

^Wee fZS` g`[fk g`VWd fZW TafZ Ua`V[f[a`e %*)3 Xad :+ S`V *)1 Xad

:,&) <da_ ;:H S`S^ke[e a` TafZ aX fZW eS_b^We %IST^W ,&' [f

iSe Xag`V fZSf fZW XdSUf[a` aX L iSe Z[YZWd fZS` 3*" Sf r % *340

S`V / __)

LW _WSegdWV fZW fZ[U]`Wee aX <D ^SkWd' h<D' ge[`Y S Ua`(

XaUS^ ^SeWd eUS``[`Y _[UdaeUabW %9BHC& %AWkW`UW' KA(31**'

.*2 `_& Tk _WSegd[`Y fZW ZW[YZf bda ^W SXfWd _S][`Y S eUdSfUZ

a` fZW eS_b^W' Se iSe Va`W [` GWX) P0Q) <[YgdW +*%S'T& eZaie345

fZW VWbfZ bda ^We Sdag`V eUdSfUZWe a` L0 S`V :, eS_b^We'

dWebWUf[hW^k) IZW VWbfZ aX fZW eUdSfUZ a` :, [e _gUZ VWWbWd

fZS` fZSf aX L0) ?f iSe _WSegdWV fZSf h<D a` L0' :+' S`V :,

iSe +)."*)-' 1)*"*),' S`V 0)2"*)/' dWebWUf[hW^k) Ia UZWU] fZ[e

eUdSfUZ _WfZaV' fZW eS_b^W :+ iSe Ugf Tk S XaUgeWV [a` TWS_350

%<?8&' S`V S` H;C _[UdaYdSbZ aX fZW Udaee eWUf[a` iSe fS]W`'

Se eZai` [` <[Y) +*%U&) ?f [e eWW` fZSf fZW eUdSfUZ' iZ[UZ [e [` fZW

d[YZf e[VW [` <[Y) +*%U&' ZSe i[bWV fZW Xgllk ^SkWd Ua_b^WfW^k'

S`V h<D iSe _WSegdWV fa TW 1)* _' iZ[UZ iSe Ua`e[efW`f i[fZ

fZW 9BHC)355
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<[YgdW +*4 %S'T& IZW VWbfZ bda ^We _WSegdWV Tk 9BHC Sdag`V eUdSfUZWe a`

L0 S`V :, eS_b^We' dWebWUf[hW^k' S`V %U& S` H;C _[UdaYdSbZ aX <?8 Ugf :+

eS_b^W Sdag`V fZW eUdSfUZ) <da_ fZ[e _WfZaV' fZW Xgllk ^SkWd fZ[U]`Wee iSe

_WSegdWV fa TW +#. " *#- S`V 0#2 " *#/ _ Xad L0 S`V :,' dWebWUf[hW^k) <da_

fZW Udaee eWUf[a` aX :+ eS_b^W eZai` [` %U&' fZW hS^[V[fk aX fZW _WfZaV iSe

Ua` d_WV)

?` <[Y) ++' S Ua_bSd[ea` [e _SVW [` <D ^SkWd fZ[U]`Wee

TWfiWW` fZ[e efgVk S`V bdWh[age efgV[We) ?` SVV[f[a` fa Ua`hW`(

f[a`S^ Xgllk ^SkWd fZ[U]`Wee i[fZagfL VWbae[f[a` Xda_D7=:?H(

?? P--Q' F?H9;H(8 P0Q' S`V CSY`g_(FH? P-+Q' fZW Xgllk ^SkWd

fZ[U]`Wee i[fZ Sgj[^[Sdk L VWbae[f[a` [` S _SY`Wfda` ebgffWd(360

[`Y VWh[UW P+1Q' ZW[YZf aX [`[f[S^ YdaifZ bZSeW aX B<De P+0Q' S`V

fZ[U]`Wee aX B<De [` fZW ^SffWd YdaifZ bZSeW P+.Q SdW eZai` Se

S Xg`Uf[a` aX fZW >W !gW`UW [` <[Y) ++) <ad L0 eS_b^W' Ua`e[V(

Wd[`Y fZW >W !gW`UW aX +).!+*,0 _ ,' h<D aX +). _ iSe Ua`(

e[efW`f i[fZ fZW fZ[U]`Wee aX fZW Ua`hW`f[a`S^ Xgll) E` fZW afZWd365

ZS`V' h<D aX :+ S`V :, iSe YdWSfWd fZS` fZW USeWe i[fZagf VW(

bae[f[a` Sf fZW e[_[^Sd !gW`UWe) ?` fZW F?H9;H(8 S`V CSY`g_(

FH? VWh[UWe' dWebWUf[hW^k' 0)/ _ fZ[U] S`V 1)/ _ fZ[U] Xgllk

^SkWde ZShW TWW` [VW`f[ WV bdWh[age^k P+2' 0Q) >aiWhWd' fZW

>W !gW`UW iSe STagf fia adVWde aX _SY`[fgVWe YdWSfWd fZS`370

fZSf aX :+ S`V :, %+!+*,2 _ , [` fZW F?H9;H(8 S`V -!+*,2

_ , [` fZW CSY`g_(FH?&) 7^fZagYZ fZW dSfW aX SUUW^WdSf[a` iSe

_gUZ ^Wee fZS` fZW USeWe aX B<De [` fZW D7=:?H(??' [f [e Z[YZ^k

^[]W^k fZSf S` SUUW^WdSf[a` [` fZW YdaifZ dSfW aUUgddWV Tk fZW SV(

V[f[a`S^ VWbae[f[a` aX L a` :+ S`V :, Tk S XSUfad aX .(/)375

   7.5 mm

(3e28 m-2)

   6.5 mm

(1e28 m-2)W6

D1,D2

<[YgdW ++4 7 Ua_bSd[ea` [` <D ^SkWd fZ[U]`Wee Se S Xg`Uf[a` aX >W !gW`UW TW(

fiWW` fZ[e efgVk %dWV ecgSdWe& S`V bdWh[age efgV[We4 Ua`hW`f[a`S^ Xgllk ^SkWd

fZ[U]`Wee i[fZagf L VWbae[f[a` Xda_ D7=:?H(?? P--Q' F?H9;H(8 P0Q' S`V

CSY`g_(FH? P-+Q' fZW Xgllk ^SkWd fZ[U]`Wee i[fZ Sgj[^[Sdk L VWbae[f[a` [` S

_SY`Wfda` ebgffWd[`Y VWh[UW P+1Q' ZW[YZf aX [`[f[S^ YdaifZ bZSeW aX B<De P+0Q'

S`V fZ[U]`Wee aX B<De [` fZW ^SffWd YdaifZ bZSeW P+.Q)

4.2. TEM observation

<[YgdW +, eZaie S fdS`e_[ee[a` W^WUfda` _[UdaeUabW %I;C&

_[UdaYdSbZ aX :+ eS_b^W Xda_ fZW Taffa_ %d[YZf WVYW& fa fZW

fab %^WXf WVYW&) IZW eS_b^W iSe Ugf Tk <?8 fa fZW fZ[U]`Wee aX

^Wee fZS` +** `_) 8WXadW Ugff[`Y fZW eS_b^W' fZW eS_b^W iSe380

UaSfWV i[fZ S USdTa` [`] fa egbbadf fZW Xgll efdgUfgdWe Vgd[`Y

S`V SXfWd fZW <?8 _[^^[`Y) IZge' fZW iZ[fW SdWSe [` <[Y) +,

SdW aUUgb[WV Tk fZW USdTa` TSeWV UaSf[`Y' S`V fZW T^SU] dW(

Y[a` UaddWeba`Ve fa L) DWSd fZW Taffa_ /**(`_(fZ[U] dWY[a`'

fZW i[VfZ aX <De iSe e^[YZf^k i[VWd fZS` fZSf [` fZW fab dWY[a`385

S`V VW`e[fk aX efdgUfgdWe eWW_WV Z[YZWd) LZW` Ua_bSd[`Y i[fZ

Ua`hW`f[a`S^ Xgllk efdgUfgdWe P--Q' [f eWW_e fZSf fZW iZ[fW SdWS

[e _adW e[Y`[ US`f' egYYWef[`Y fZSf fZW VW`e[fk [e ^Wee fZS` fZSf

aX fZW Xgll Xad_WV i[fZagf L VWbae[f[a`)

7^fZagYZ :+ iSe UahWdWV i[fZ fZW [`] S`V Uag^V `af TW390

geWV' iW Wef[_SfWV fZW badae[fk aX fZW Xgllk ^SkWd a` :, Tk

_WSegd[`Y fZW _See aX fZW Xgllk ^SkWd) <[def' iW _WSegdWV h<D
bda ^We ge[`Y fZW 9BHC5 [f iSe 0)2 _ Sf * __' $/ _ Sf .(1

__' S`V VWUdWSeWV fa +)1 _ Sf 2 __) ?` ShWdSYW' h<D iSe
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500 nm

substratetop

<[YgdW +,4 7 I;C _[UdaYdSbZ aX :+ eS_b^W Xda_ fZW Taffa_ %d[YZf WVYW& fa fZW fab %^WXf WVYW&)

Wef[_SfWV fa TW .)2"*)/ _ ge[`Y fZW SdWS Se S iW[YZf aX ShWd(395

SYW) IZW _See aX fZW Xgllk ^SkWd iSe _WSegdWV Xda_ fZW iW[YZf

UZS`YW SXfWd dW_ah[`Y fZW ^SkWd Xda_ fZW eS_b^W) IZW VW`(

e[fk S`V badae[fk' p' iWdW _WSegdWV fa TW .)/%(*).'#*)0&!+*,

]Y$_- S`V 31)1%#*),'(*)-&"' dWebWUf[hW^k) IZW dW^Sf[hW VW`e[fk

aX Xgllk ^SkWd' "' ZSe TWW` _WSegdWV Tk D[eZ[\[_S S`V Z[e Ua^(400

^WSYgWe S`V iSe $2 S`V 0" iZW` h<D iSe +)/ S`V - _' dW(

ebWUf[hW^k P+*Q) IZW dW^Sf[hW VW`e[fk iSe ,)-%#*)-'(*),&" a`

fZW Xgllk ^SkWd aX :, S`V iSe ^Wee fZS` ZS^X aX fZSf Sf - _

Xgllk ^SkWd) >aiWhWd' fZW badae[fk aX fZW Xgllk ^SkWd [` <[Y)

+, iSe _gUZ Z[YZWd fZS` fZSf aX __(fZ[U] B<De' iZ[UZ iSe405

33)3" Xad dZW`[g_ USeW P-.Q)

<[YgdW +- eZaie I;C _[UdaYdSbZe i[fZ ^SdYWd _SY`[ US(

f[a`e) <[YgdW +-%S'T& eZaie fZW fab S`V Taffa_ %U^aeW fa fZW

egTefdSfW& dWY[a`e' dWebWUf[hW^k) CS`k TgTT^We SdW [VW`f[ WV [`(

e[VW fZW  TWde' S`V e[lWe aX fZW TgTT^We SdW V[efd[TgfWV i[fZ[` fZW410

dS`YW aX eWhWdS^ `_ fa ,*(-* `_ [` V[S_WfWd) IZW eZSbW aX fZW

TgTT^We SdW `af ebZWd[US^ Tgf XSUWfWV' W^a`YSfWV' S`V V[efadfWV)

IZW i[VfZ aX fZW  TWde [e #,* `_ [` V[S_WfWd a` fZW fab S`V

dagYZ^k fi[UW i[VWd a` fZW Taffa_ dWY[a`) <[YgdW +-%U& eZaie

S I;C _[UdaeUabW a` fZW Taffa_ bSdf i[fZ S Z[YZWd _SY`[ US(415

f[a`) IZ[e dWY[a` S^ea ZSe _S`k TgTT^We' S`V ^[]W fZaeW [` <[Y)

+-%S'T&' fZW eZSbWe SdW `af ebZWdWe Tgf XSUWfWV ba^kZWVdS)

LZW` Ua_bSd[`Y fZW_ fa Xgllk efdgUfgdWe Xad_WV i[fZagf

VWbae[f[a` P--' -/Q' fZW V[!WdW`UW [` fZW  TWde eWW_WV [`e[Y`[X(

[US`f) IZagYZ fZW fZ[U]`Wee aX fZW Xgllk ^SkWd S`V fZW badae[fk420

iWdW V[!WdW`f' fZW eZSbWe aX i[dWe S`V TgTT^We [`e[VW iWdW S^(

_aef fZW eS_W Se fZaeW aX Xgllk efdgUfgdWe Xad_WV i[fZagf VW(

bae[f[a`) E` fZW afZWd ZS`V' U^WSd V[!WdW`UWe US` TW eWW` Xda_

fZW B<De Xad_WV i[fZ VWbae[f[a` [` fZW D7=:?H(?? VWh[UW'

iZWdW _W_TdS`W efdgUfgdWe S`V ^a`Y i[dWe ZShW TWW` Xag`V425

[` fZW Xgllk ^SkWd iZ[UZ ZSe S fia adVWde aX _SY`[fgVW YdWSfWd

fZ[U]`Wee P-0Q) IZW VWbae[f[a` dSfW [e ]`ai` fa TW S` [_bad(

fS`f bSdS_WfWd Xad fZW Xad_Sf[a` aX B<De' S`V fZW B<D YdaifZ

aUUgddWV iZW` fZW VWbae[f[a` dSfW iSe Z[YZWd fZS` #,)/!+*+2

_ ,e + P+0Q) ?` fZW bdWeW`f WjbWd[_W`fe' iW Uag^V `af _WSegdW430

fZW S_ag`fe aX ebgffWd[`Y S`V VWbae[f[a`5 [f [e aX [_badfS`UW fa

[`hWef[YSfW fZW dW^Sf[a` TWfiWW` fZW VWbae[f[a` S_ag`f S`V fZW

YdaifZ dSfW [` hSd[age >W !gj dS`YWe) ?f [e `WUWeeSdk fa Ua`e[VWd

fdS`ebadf aX L i[fZ Ua^^[e[a`S^ bdaUWeeWe egUZ Se [a`[lSf[a` S`V

9ag^a_T Ua^^[e[a` fa _WSegdW L !gj) IZW _See UZS`YW aX fZW435

eS_b^W [e S`afZWd abf[a` fa _WSegdW fZW VWbae[f[a`) >aiWhWd'

200 nm

200 nm

50 nm

(c)

(a)

(b)

<[YgdW +-4 I;C _[UdaYdSbZe i[fZ ^SdYWd _SY`[ USf[a`e %S& Sf fZW fab S`V %T'U&
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