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Electron Microscopy Investigation of Detailed Microstructures of CVD TiAlN and TiN 
Coatings - Effects of Gas Flow and Substrate on Coating Microstructure 
 
$%&!'()!
*%+,-./%&.!01!2345(65!
73,8/%-5!9&(:%-5(.4!01!;%63&080<4!
!
!
Abstract 

;3(5! .3%5(5!60&.,(&5!5.)=(%5!01! .0+(65!01! -%8%:,&6%! .0! (&6-%,5%! .3%!)&=%-5.,&=(&<!01!;(>!,&=!
;(?8>! 60,.(&<5! 54&.3%5(@%=! A4! 63%/(6,8! :,+0)-! =%+05(.(0&! B7#*C! ,&=! 80D! +-%55)-%! 7#*!
BE27#*CF!-%5+%6.(:%84G!;3(5!D0-H!60&.,(&5!.D0!+,-.5I!B(C!&,&08,/%88,!E27#*!;(?8>!60,.(&<5!
.3,.!D%-%!10)&=!.0!530D!,!5+,.(,8!:,-(,.(0&!01!.3%(-!63%/(6,8!60/+05(.(0&!,&=!/(6-05.-)6.)-%F!
D3(63! D,5! (&18)%&6%=! A4! .3%! <,5! 180D! 5+%%=! 01! -%,6.,&.5J! B((C! /(6-05.-)6.)-%! 01! 7#*! ;(>!
60,.(&<!=%+05(.%=!0&.0!,!707-K%>(!/)8.(L+-(&6(+,8!%8%/%&.!,8804!BM2N?C5)A5.-,.%G!

*%+05(.(&<! 30/0<%&%0)5! ;(?8>! 60,.(&<5! 0&! 6)..(&<! .008! (&5%-.5! .0! ,63(%:%! %O.-,0-=(&,-4!
/%63,&(6,8!+%-10-/,&6%!,&=!<00=!63%/(6,8!5.,A(8(.4!-%/,(&5!,!63,88%&<(&<!.,5HG!"&!.3(5!D0-HF!
.3%! =%.,(8%=! /(6-05.-)6.)-%! 01! 3(<3L?8! 6)A(6! ;(1-x?8x>! 60,.(&<5! B,:%-,<%! x P! QGRC! /,=%! A4!
E27#*!D,5!5.)=(%=!A4!5.,.%L01L.3%L,-.!%8%6.-0&!/(6-0560+4G!?!+%-(0=(6!5.-)6.)-%!D(.3!;(L-(63!
,&=!?8L-(63!&,&08,/%88,%!D,5! 10)&=G!;(!%&-(63/%&.!,++%,-5!,.!3(<3!<,5! 180D!-,.%F!D3(63! (5!
5)<<%5.%=!.0!A%!=)%!.0!.3%!(&6-%,5%!01!/,55!.-,&5+0-.!01!6%-.,(&!-%,6.,&.5G!S0D%:%-F!.3%!3(<3%-!
/,55!.-,&5+0-.!=0%5!&0.!(&18)%&6%!.3%!?8L=%+05(.(0&!/)63F!,5!(.! (5!/,(&84!8(/(.%=!A4!5)-1,6%!
H(&%.(65G!?!60L<-0D.3!01!3L?8>!,&=!;(?8>!D,5! (&:%5.(<,.%=!A4!%8%6.-0&!/(6-0560+4F!D3(63!
530D%=! .3,.! .3%! 3L?8>! +-%1%-5! .0! 10-/! 0&! .3%! ;(L-(63! 6)A(6! +3,5%! 10880D(&<! ,! 5+%6(1(6!
6-45.,880<-,+3(6!0-(%&.,.(0&!-%8,.(0&53(+I!TUUQVcub!WW!TX1"1"QVhexF!,&=!BQQUCcub!WW!BQQQUChexG!;3(5!6,&!
A%!%O+8,(&%=!A4!,!80D!(&.%-1,6%!%&%-<4!A%.D%%&!.3%!3L?8>!,&=!;(L-(63!6)A(6!+3,5%!,660-=(&<!
.0!=%&5(.4! 1)&6.(0&,8! .3%0-4! B*K;C!/0=%88(&<G!;3%!/(6-05.-)6.)-,8! (&30/0<%&%(.4!01!;(?8>!
60,.(&<5!6,&!.3%-%10-%!A%!%O+8,(&%=!A4!.3%!60L<-0D.3!01!.3%!3L?8>!+3,5%!D(.3!.3%!;(L-(63!6)A(6!
+3,5%F!D3(63!(5!6,)5%=!A4!,!1,5.!<,5!180DG!!

?&!%8%6.-0&!/(6-0560+4! 5.)=4!D,5!=0&%!0&! .3%!/(6-05.-)6.)-%!01!;(>!60,.(&<5!<-0D&!0&! ,!
707-K%>(!M2N?!5)A5.-,.%G!;3%!M2N?!530D5!,!<00=!6,+,A(8(.4!01!5%-:(&<!,5!,!7#*!5)A5.-,.%G!
>0!5%:%-%!%.63(&<!01!.3%!5)A5.-,.%!D,5!10)&=F!,&=!.3%!<-0D.3!01!;(>!D,5!&0.!=(5.)-A%=!A4!.3%!
5)A5.-,.%!/,.%-(,8G!S0D%:%-F!<-,(&!A0)&=,-4!=(11)5(0&!01!7-!(&.0!.3%!;(>!60,.(&<!D,5!-%:%,8%=!
A4!,&,84.(6,8!%8%6.-0&!/(6-0560+4G! 
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*%+,-./%&.! 01! 2345(65F! 73,8/%-5! 9&(:%-5(.4! 01! ;%63&080<4F! YD%=%&F! 6088,A0-,.(&<! D(.3!

9++5,8,!9&(:%-5(.4F! .3%!$04,8! "&5.(.).%! 01!;%63&080<4F!Y,&=:(H!70-0/,&.! ,&=!c,8.%-!?`F!

=)-(&<! .3%!+%-(0=!XQUiLXQXQG!;3%!D0-H!D,5!+%-10-/%=!)&=%-! .3%!5)+%-:(5(0&!01!2-01G!M,.5!

S,8:,-550&G!;3(5!-%5%,-63!D,5!+,-.!01!.3%!+-0<-,/!CVD 2.0!1)&=%=!A4!.3%!YD%=(53!K0)&=,.(0&!

10-!Y.-,.%<(6!$%5%,-63F!60&.-,6.!$M?UjLQQkRF!,&=!Y,&=:(H!?ZG!!
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1! Introduction 

;3(5!.3%5(5!(5!/,(&84!60&6%-&%=!D(.3!.0+(65!01!-%8%:,&6%!10-!=%:%80+(&<!.3%!)&=%-5.,&=(&<!01!

.3%!/(6-05.-)6.)-%!01!;(>!,&=!;(?8>!3,-=!60,.(&<5!+-0=)6%=!A4!63%/(6,8!:,+0)-!=%+05(.(0&!

B7#*CG!;3%5%! 60,.(&<5! 3,:%!A%%&!D(=%84! )5%=! .0! (&6-%,5%! .3%!D%,-! -%5(5.,&6%!01! 6%/%&.%=!

6,-A(=%!.0085!(&!.3%!6)..(&<!.008!(&=)5.-4G!S0D%:%-F!/)63!-%5%,-63!-%/,(&5!.0!1)884!)&=%-5.,&=!

.3%!<-0D.3!/%63,&(5/!,&=!/(6-05.-)6.)-,8!=%.,(85!01!.3%5%!7#*!60,.(&<5G!;3(5!5.)=4!/,(&84!

60&5(5.5!01!.D0!.0+(65I!B(C!.3%!<,5!180D!%11%6.!0&!.3%!/(6-05.-)6.)-,8!(&30/0<%&%(.4!01!;(?8>!

60,.(&<5J! B((C! .3%! /(6-05.-)6.)-%! 01! ;(>! 60,.(&<5! =%+05(.%=! 0&! ,! 707-K%>(! /)8.(L+-(&6(+,8!

%8%/%&.,8!,8804!BM2N?C!5)A5.-,.%G!!

!"! #$%&'()*+,-).-/0$(-(01213$+3-%)$32+'1--

*%+%&=(&<!0&! .3%! 8,-<%!:,-(%.4!01!D0-H+(%6%!/,.%-(,85! .0!A%!/,63(&%=!,&=!60--%5+0&=(&<84!

=(11%-%&.!6)..(&<!60&=(.(0&5F!,!D(=%!-,&<%!01!3,-=!/,.%-(,85!3,5!A%%&!=%:%80+%=!5(&6%!.3%!UniQg5!

.0!60,.!6)..(&<!.0085F!)5),884!A,5%=!0&!6%/%&.%=!6,-A(=%5!Bc7L70!A,5%=!3,-=!/,.%-(,85C!TUVG!

;3%!%O.-%/%!60&=(.(0&5!=)-(&<!6)..(&<!0+%-,.(0&5!(&68)=%!3(<3L.%/+%-,.)-%5!B%O6%%=(&<!UQQQ!
o7CF! ,&=! 3(<3L+-%55)-%! 80,=5G! ;3%! %O.-%/%! /,63(&(&<! 60&=(.(0&5! .3%-%10-%! -%o)(-%! 5)+%-(0-!

+-0+%-.(%5!01!.3%!3,-=!60,.(&<!/,.%-(,85F!(&68)=(&<!%O.-,0-=(&,-4!30.!3,-=&%55!B3,-=&%55!,.!3(<3!

.%/+%-,.)-%5CF!0O(=,.(0&!-%5(5.,&6%F!,=3%5(0&!.0!.3%!5)A5.-,.%!/,.%-(,8!,&=!63%/(6,8!5.,A(8(.4G!

;3%!3,-=&%55!(5!0&%!01!!.3%!/05.!%55%&.(,8!+-0+%-.4!.3,.!(&18)%&6%5!.3%!/%63,&(6,8!+%-10-/,&6%!

01!60,.(&<5G!?++-0O(/,.%!3,-=&%55!:,8)%5!01!.4+(6,8!60,.(&<!+3,5%5!,-%!+-%5%&.%=!(&!K(<G!UGUG!

;3%! =(,/0&=! 60,.(&<! %O3(A(.5! .3%! 3(<3%5.! 3,-=&%55! TXVG! S0D%:%-F! .3%! ,++8(6,.(0&! 01! 7#*!

=(,/0&=!60,.(&<!(5!8(/(.%=!A4!(.5!(&1%-(0-!,=3%5(0&!.0!.3%!6%/%&.%=!6,-A(=%!5)A5.-,.%F!D3(63!(5!

6,)5%=!A4!.3%!5(<&(1(6,&.!-%5(=),8!5.-%55!10-/%=!=)-(&<!.3%!7#*!+-06%55!TmVG!"&!,==(.(0&F!.3%!

D%,-!+%-10-/,&6%!01!=(,/0&=!60,.(&<5!(5!(&18)%&6%=!A4!=(5508).(0&!01!6,-A0&!1-0/!.3%!60,.(&<!

(&.0!/,&4!D0-H+(%6%!/,.%-(,85!B5)63!,5!5.%%85CG!;3%-%10-%F!.3%!/05.!1-%o)%&.84!)5%=!3,-=!7#*!

60,.(&<!/,.%-(,85!,-%!?82\3F!;(>F!;(?8>F!,&=!;(7>!TkpiVG!!!

!"4 5+$6732%$6-060%3()+-82%()1%)97-

;3(5! -%5%,-63! (5! 60&6%-&%=! D(.3! /(6-05.-)6.)-,8! 63,-,6.%-(@,.(0&! 01! 3,-=! 60,.(&<! /,.%-(,85G!

?&,84.(6,8!%8%6.-0&!/(6-0560+4F!60/A(&(&<!(/,<(&<!D(.3!hL-,4!%&%-<4!=(5+%-5(:%!5+%6.-0/%.-4!

BhN*YC!,&=!%8%6.-0&!%&%-<4!8055!5+%6.-0560+4!BNNEYCF!%&,A8%5!/(6-05.-)6.)-,8!(&:%5.(<,.(0&5!

D(.3!3(<3!5+,.(,8!-%508).(0&F!+-0:(=(&<!A0.3!6-45.,880<-,+3(6!,&=!63%/(6,8!(&10-/,.(0&G!Y(&6%!
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,&,84.(6,8! 56,&&(&<W.-,&5/(55(0&! %8%6.-0&!/(6-0560+4! BY;NMW;NMC! (5! ,! 6%&.-,8! +,-.! 01! .3(5!

.3%5(5F! =%.,(85!01! .3%! .%63&(o)%5! ,&=! .3%! 60--%5+0&=(&<!,++8(6,.(0&5!D(88! A%!=%56-(A%=! (&! .3%!

63,+.%-5!A%80DG!!

!

K(<)-%!UGUG!S,-=&%55!01!:,-(0)5!60,.(&<!/,.%-(,85G!#,8)%5!10-!3L?8>!TRFnVF!c7!TUQVF!5,++3(-%!

BαL?82\3C!TUUVF!;(>!TUXFUmVF!;(?8>!TUXFUmVF!;(7>!TlVF!6LZ>!TUkVF!,&=!=(,/0&=!TXV!60,.(&<5!

,-%!530D&G!!

!": ;%)90-).-3<0-3<0121-

;3(5!.3%5(5!(5!/,(&84!60&6%-&%=!D(.3!;(>!,&=!;(?8>!3,-=!60,.(&<5!54&.3%5(@%=!A4!7#*G!;3%!

7#*!;(?8>!60,.(&<5!%O3(A(.!,!&0.(6%,A8%!(&30/0<%&%(.4F!D3(63!(5!530D&!.0!A%!(&18)%&6%=!A4!

.3%!806,8!<,5!180D!-,.%!01!+-%6)-50-!/08%6)8%5F!,&=!(&18)%&6%5!.3%!6)..(&<!+%-10-/,&6%!01!.3%!

6)..(&<!.0085G!;3%-%10-%F!60--%8,.(0&5!A%.D%%&!.3%!60,.(&<!/(6-05.-)6.)-%!,&=!.3%!806,8!<,5!180D!

-,.%! D%-%! 5.)=(%=G! "&! +,+%-! "F! .3%! 106)5! (5! 0&! -%8,.(&<! .3%! 7#*! <,5! 180D! .0! .3%! =%.,(8%=!

/(6-05.-)6.)-,8! (&30/0<%&%(.(%5!01! .3%!;(?8>!60,.(&<5!60&.,(&(&<!,! 1,56(&,.(&<!&,&08,/%88,!

5.-)6.)-%G!M(6-05.-)6.)-,8!(&30/0<%&%(.(%5!6,)5%=!A4!806,8!<,5!180D!:,-(,.(0&5!,-%!=%56-(A%=!(&!

=%.,(8G! ;3%! 60L<-0D.3! 01! .3%! 3%O,<0&,8! ?8>! B3L?8>C! +3,5%! D(.3! .3%! &,&08,/%88,! ;(?8>! (5!

1)-.3%-! %O+80-%=! A4! =%&5(.4! 1)&6.(0&,8! .3%0-4! B*K;C! 5(/)8,.(0&5G! 707-K%>(! M2N?! 530D!

+-0/(&%&.! /%63,&(6,8! +-0+%-.(%5F! D3%-%! 1).)-%! ,++8(6,.(0&! +055(A(8(.(%5! 60)8=! A%! A-0,=%&%=!

.3-0)<3! 60,.(&<! D(.3! 3,-=! D%,-! -%5(5.,&.! /,.%-(,85G! ;3%-%10-%F! .3%! 6,+,A(8(.4! 01! 60,.(&<!

707-K%>(! 5)A5.-,.%5! A4! 7#*! ,.! 3(<3! .%/+%-,.)-%! ,&=! 60--05(:%! %&:(-0&/%&.! &%%=5! .0! A%!

%:,8),.%=G! "&!+,+%-! ""F! .3%!/(6-05.-)6.)-%!01!;(>!60,.(&<5!=%+05(.%=!0&!,!707-K%>(!M2N?!

5)A5.-,.%! (5! 5.)=(%=G! ;3%! %.63(&<! %11%6.! 0&! .3%! 5)A5.-,.%! ,&=! .3%! =(11)5(0&! 01! .3%! 5)A5.-,.%!

%8%/%&.5!.3-0)<3!60,.(&<!<-,(&!A0)&=,-(%5!,-%!(&:%5.(<,.%=!A4!,&,84.(6,8!Y;NMG!!
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2! Chemical vapour deposition  

4"! #$12%-9(2+%29601-

73%/(6,8!:,+0)-!=%+05(.(0&!B7#*C!(5!,&!(/+0-.,&.!.%63&080<4!10-!54&.3%5(@(&<!D%,-!-%5(5.,&.!

+-0.%6.(:%!.3(&!1(8/5!0&!6)..(&<!.0085!D(.3!<00=!,=3%5(0&!TUjpXkVG!7#*!3,5!A%%&!(&.%&5(:%84!

)5%=!.0!+-0=)6%!:,-(0)5!/%.,85F!&0&L/%.,88(6!%8%/%&.!/,.%-(,85F!0O(=%5F!&(.-(=%5!,&=!6,-A(=%5!

TXjVG!"&!7#*!54&.3%5(5F!<,5%0)5!+-%6)-50-5F!)5),884!/%.,8!3,8(=%5!D(.3!-%=)6(&<!,<%&.5F!-%,6.!

,.!3(<3!.%/+%-,.)-%!.0!10-/!,!508(=!+3,5%G!7#*!-%,6.(0&5!6,&!3,++%&!30/0<%&%0)584!(&!.3%!<,5!

+3,5%!,&=!10-/!+,-.(68%5!.3,.!1,88!=0D&!0&.0!.3%!5)A5.-,.%F!D3(63!4(%8=5!(&1%-(0-!60,.(&<5!D(.3!

+0-05(.4!,&=!+00-!,=3%5(0&!.0!.3%!5)A5.-,.%G!"=%,884F!+-%6)-50-5!530)8=!-%,6.!3%.%-0<%&%0)584!,.!

.3%! 5)A5.-,.%! 5)-1,6%! .0! 10-/! 60,.(&<5! D(.3! <00=! o),8(.(%5G! ;3%! )&=%5(-%=! 30/0<%&%0)5!

&)68%,.(0&! (&! 7#*! 6,&! A%! ,:0(=%=! A4! 3%,.(&<! .3%! 60,.(&<! 5)A5.-,.%F! ,&=! 63005(&<! -%,6.,&.!

5+%6(%5!.3,.!%O3(A(.!5.-0&<!63%/(50-+.(0&!.0!.3%!5)A5.-,.%!,&=!&%%=!.3%-/,8!,6.(:,.(0&!.0!-%,6.!

TXlVG!;3%!<-0D.3!01!7#*!60,.(&<5!(5!<0:%-&%=!A4!.3%-/0=4&,/(65!.3,.!60&.-085!.3%!=-(:(&<!

10-6%5!01!.3%!63%/(6,8!-%,6.(0&5F!,&=!A4!-%,6.(0&!H(&%.(65!.3,.!=%.%-/(&%5!.3%!60,.(&<!<-0D.3!

-,.%G!!

M05.!01!.3%!7#*!54&.3%5(5!+-06%55%5!(&:08:%!%&=0.3%-/(6!63%/(6,8!-%,6.(0&5!.3,.!&%%=!%&%-<4!

(&+).!.0!A%!,6.(:,.%=G!;3%-%!,-%!5%:%-,8!,++-0,63%5!10-!,6.(:,.(&<!.3%!-%,6.(:(.4!01!.3%!<,5%0)5!

-%,6.,&.5! ,&=! 80D%-(&<! .3%! -%,6.(0&! .%/+%-,.)-%5G! ;3%! ,6.(:,.(0&! %&%-<4! 6,&! A%! 80D%-%=! A4!

%O6(.(&<!.3%!<,5%0)5!+-%6)-50-5!D(.3!,!+8,5/,!.0!6-%,.%!-%,6.(:%!(&.%-/%=(,.%!+-0=)6.5F!6,88%=!

+8,5/,!%&3,&6%=!7#*!B2N7#*C!TXiVG!;3%!5)A5.-,.%!5)-1,6%!(5!3%,.%=!806,884!A4!,!8,5%-!A%,/!

.0!,6.(:,.%!.3%!5)-1,6%!-%,6.(0&!(&!8,5%-!,55(5.%=!7#*!BE?7#*C!TXRVG!E?7#*!(5!,850!,++8(%=!

.0!5.(/)8,.%! .3%!<,5%0)5!+-%6)-50-5! .0!%O6(.%=!5.,.%5!A4!(88)/(&,.(&<!D(.3!63,-,6.%-(5.(6! 8(<3.!

D,:%8%&<.35F! D3(63! 80D%-5! .3%! =%60/+05(.(0&! %&%-<4! 01! -%,6.,&.! 63%/(6,85! ,&=! .3)5! .3%!

=%+05(.(0&! -%,6.(0&! .%/+%-,.)-%G! ?&0.3%-! ,++-0,63! (5! .3%-/,884! ,6.(:,.%=! 7#*! B;?7#*CF!

D3(63!(5!(/+8%/%&.%=!A4!3%,.(&<!.3%!%&.(-%!63,/A%-!B30.!D,88!7#*CF!3%,.(&<!.3%!5)A5.-,.%!B608=!

D,88!7#*CF!0-!,6.(:,.(&<!.3%!<,5!+3,5%!.3-0)<3!,!3%,.(&<!1(8,/%&.!B30.!1(8,/%&.!7#*CG!;3%!

60,.(&<!5,/+8%5!(&:%5.(<,.%=!(&!.3(5!D0-H!D%-%!+-%+,-%=!(&!,&!(&=)5.-(,8!56,8%!30.!D,88!7#*!

-%,6.0-!,.!c,8.%-!?`!(&!`%-/,&4F!,&=!(&!,&!(&=)5.-(,8!56,8%!-%,6.0-!,.!Y,&=:(H!70-0/,&.!(&!

YD%=%&G!!

;3%!H(&%/,.(6!7#*!+-06%55!(&68)=%5!5%:%-,8!%:%&.5!3,++%&(&<!(&!5%o)%&6%!B,&=!(&!+,-,88%8C!

TXjFXnVF!,5!<-,+3(6,884!(88)5.-,.%=!(&!K(<G!XGUG!;3%!<,5%0)5!-%,6.,&.!/08%6)8%5!,-%!.-,&5+0-.%=!
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.0D,-=5! .3%! 5)A5.-,.%! .0! A%! =%+05(.%=! A4! .3%! /,(&! <,5! 5.-%,/! (&! .3%! -%,6.0-G! ;3%! -%,6.,&.!

/08%6)8%5! =(11)5%! .3-0)<3! ,! 5.,<&,&.! 8,4%-F! D3(63! (5! 10-/%=! A4! .3%! <,5! 180D(&<! ,A0:%! .3%!

5)A5.-,.%!5)-1,6%!TXjVG!;3%!-%,6.,&.!/08%6)8%5!<%.!,=50-A%=W=(5506(,.%=!0&!.3%!5)A5.-,.%!5)-1,6%F!

D3%-%!.3%!A(&=(&<!5.-%&<.3!(&18)%&6%5!.3%!/0A(8(.(%5!01!.3%!/08%6)8%5!0&!.3%!5)-1,6%G!$%,6.,&.!

/08%6)8%5!=(11)5%!0&!.3%!5)-1,6%!.0!1(&=!5(.%5!D(.3!5.%+5!,&=!H(&H5!.3,.!10-/!/0-%!5.,A8%!A0&=5!

D(.3!.3%!/08%6)8%5G!;3%!5)-1,6%!-%,6.(0&!01!-%,6.,&.!/08%6)8%5!10-/5!,!=%+05(.%=!508(=!+3,5%F!

D3%-%!A4+-0=)6.!/08%6)8%5!,-%!6-%,.%=G!;3%!A4+-0=)6.5!<%.!=%50-A%=!,&=!=(11)5%!,D,4!1-0/!

.3%!5)-1,6%!.3-0)<3!.3%!5.,<&,&.!8,4%-F!,&=!,-%!.-,&5+0-.%=!,D,4!1-0/!.3%!=%+05(.%=!,-%,!A4!.3%!

<,5%0)5!180DG!!

!

K(<)-%!XGUG!Y63%/,.(65!01!.3%!5%o)%&6%!01!%:%&.5!=)-(&<!,!7#*!+-06%55G!!

S0D%:%-F! 5.,A8%! 60,.(&<! <-0D.3! (5! &0.! ,8D,45! 0A.,(&%=! =)%! .0! .3%! 60/+8%O(.4! 01! .3%! 7#*!

+-06%55G!;3%!5)-1,6%!-%,6.(0&!,&=!=%+05(.(0&!-,.%5!,-%!(&18)%&6%=!A4!5%:%-,8!1,6.0-5F!(&68)=(&<!

.4+%5!01! .3%!+-%6)-50-! 5+%6(%5F!=%+05(.(0&! .%/+%-,.)-%F! ,&=!/,55! .-,&5+0-.! -,.%G!;0!0A.,(&!,!

5.,A8%F!+-%=(6.,A8%!60,.(&<!<-0D.3F!(.!(5!.3%-%10-%!%55%&.(,8!.0!)&=%-5.,&=!.3%!H(&%.(65!01!.3%!7#*!

+-06%55G!!

4"4 =>?-%)$32+'-'()/3<-($30--

;3%!=%+05(.(0&!-,.%!(5!/,(&84!60&.-088%=!A4!.3%!/,55!.-,&5+0-.!01!-%,6.,&.5!.3-0)<3!.3%!5.,<&,&.!

8,4%-!A4!=(11)5(0&F!,&=!.3%!5)-1,6%!-%,6.(0&!H(&%.(65!01!.3%!-%,6.,&.5G!;3%!7#*!60,.(&<!<-0D.3!
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-,.%!v B/5-1C!6,&!A%!,&,84@%=!A4!,!-%,6.,&.5!=(11)5(0&!L!5)-1,6%!-%,6.(0&!A,8,&6(&<!/0=%8!TmQFmUVF!

,660-=(&<!.0I!! !

𝑣 =
𝑘!	ℎ"

𝑘! + ℎ"

𝐶"

𝑁
(2.1)!

D3%-%!ks!(5!.3%!5)-1,6%!-%,6.(0&!-,.%!B/5-1CF!hG!(5!.3%!/,55!.-,&51%-!60%11(6(%&.!B/5-1CF!CG!(5!.3%!

60&6%&.-,.(0&!01!.3%!5+%6(%5!(&!.3%!<,5%0)5!+3,5%!(&!.%-/5!01!&)/A%-!01!,.0/5!B/-3CF!,&=!N!(5!

.3%!&)/A%-!01!,.0/5!01!.3%!5+%6(%5!+%-!)&(.!:08)/%!(&!.3%!508(=!1(8/!B/-3CG!

"1! .3%! 5)-1,6%! -%,6.(0&! -,.%! (5!/)63! 80D%-! .3,&! .3%!/,55! .-,&5+0-.! -,.%! Bks!≪!hGCF! .3%!7#*!

-%,6.(0&!(5!D(.3(&!.3%!5)-1,6%!-%,6.(0&!60&.-08!-%<(/%F!,&=!.3%!=%+05(.(0&!-,.%!(5!/,(&84!8(/(.%=!

A4!.3%!5)-1,6%!-%,6.(0&!-,.%!ksG!No),.(0&!BXGUC!A%60/%5I!!

𝑣# =	𝑘!
𝐶"

𝑁
(2.2)!

"1! .3%! 5)-1,6%! -%,6.(0&! -,.%! (5!/)63!3(<3%-! .3,&! .3%!/,55! .-,&5+0-.! -,.%! Bks!≫!hGCF! .3%!7#*!

-%,6.(0&!(5!D(.3(&!.3%!/,55!.-,&5+0-.!60&.-08!-%<(/%F!,&=!.3%!=%+05(.(0&!-,.%!(5!/,(&84!8(/(.%=!

A4!.3%!/,55!.-,&51%-!60%11(6(%&.!hGG!No),.(0&!BXGUC!A%60/%5I!!

𝑣" =	ℎ"
𝐶"

𝑁
(2.3)!

No),.(0&!BXGmC!6,&!A%!-%10-/)8,.%=!,660-=(&<!.0!18)(=!=4&,/(6!.3%0-4!TmXVF!.0!A%I!!

𝑣"$ ∝ 	
𝐶"

𝑁 𝐷"(𝑢𝜌)%&' (2.4)!

D3%-% DG!B/25-1C!(5!.3%!=(11)5(:(.4!01!.3%!<,5!/08%6)8%5F!u (5!.3%!<,5!180D!5+%%=!B/5-1CF!,&=!𝜌!(5!

.3%! <,5! =%&5(.4! BH<! /-3CG! ?660-=(&<! .0! %o),.(0&! BXGkCF! .3%! 60,.(&<! <-0D.3! -,.%! 01! .3%! /,55!

.-,&5+0-.!60&.-088%=!=%+05(.(0&!(&6-%,5%5!D(.3!3(<3%-!+-%6)-50-!=(11)5(:(.4F!3(<3%-!<,5!=%&5(.4!

,&=!1,5.%-!<,5!180DG!!!

4": @)/-9(011*(0-%<082%$6-A$9)*(-,09)1232)+--

E0D!+-%55)-%!7#*!BE27#*C!(5!,!60//0&84!)5%=!7#*!.%63&(o)%!.3,.!,++8(%5!80D!+-%55)-%5!

B.%&5!.0!.30)5,&=5!01!2,C!01!.3%!<,5%0)5!+-%6)-50-5F!D3(63!(5!/)63!80D%-!60/+,-%=!.0!.3,.!BU!
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,./! P! UQUmXj! 2,C! 01! .3%! ,./05+3%-(6! +-%55)-%! 7#*! B?27#*CG! ;3%! 80D%-%=! +-%55)-%! (&!

E27#*! (5! /,(&84! .0! -%=)6%! .3%! /,55! .-,&5+0-.! -,.%! 01! -%,6.(&<! 63%/(6,85G! ?660-=(&<! .0!

%o),.(0&!BXGkCF!.3%!-,.%!01!7#*!=%+05(.(0&!8(/(.%=!A4!.3%!/,55!.-,&5+0-.!=%6-%,5%5!D(.3!80D%-!

<,5!180D!5+%%=!,&=!80D%-!=%&5(.4!01!<,5%0)5!+-%6)-50-5G!?!80DL+-%55)-%!<,5%0)5!%&:(-0&/%&.!

(&! E27#*! .3)5! +-0:(=%5! 80D%-! <,5! =%&5(.(%5! ,&=! .3%-%10-%! 5)++-%55%5! .3%! /,55! .-,&5+0-.!

.3-0)<3!5.,<&,&.!8,4%-!=(11)5(0&G!"&!,==(.(0&F!E27#*!=%6-%,5%5!.3%!=%+%&=%&6%!0&!.3%!<,5!180D!

:%806(.4F!D3(63!3%8+5!.0!=%+05(.!1(8/5!530D(&<!A%..%-!)&(10-/(.4!,&=!30/0<%&%(.4G!S0D%:%-F!,!

=(5,=:,&.,<%!01!E27#*!6,&!A%!80D!60,.(&<!<-0D.3!-,.%5G!;3%!7#*!<-0D.3!01!;(?8>!60,.(&<5!

(5! :%-4! 180D! =%+%&=%&.F! D3%-%! .00! 3(<3! <,5! 180D! -,.%! D,5! 10)&=! .0! 6,)5%! /(6-05.-)6.)-,8!

(&30/0<%&%(.(%5G! ;3%-%10-%F! E27#*! D(.3! -%8,.(:%84! 80D! 180D! -,.%5! ,-%! )5%=! 10-! =%+05(.(&<!

;(?8>!60,.(&<5G!;3%!=%+05(.(0&!01!;(>!60,.(&<!(5!8%55!180D!=%+%&=%&.F!,&=!7#*!+-06%55%5!D(.3!

3(<3%-!+,-.(,8!+-%55)-%5!01!-%,6.,&.5!6,&!A%!)5%=G!

2,+%-!"!=%56-(A%5!;(?8>!60,.(&<5!.3,.!D%-%!=%+05(.%=!A4!E27#*!(&!,&!(&=)5.-(,8!56,8%!7#*!

%o)(+/%&.!,.!iQQ!q7F!,&=!,!+-%55)-%!A%80D!Xj!/A,-!BXjQQ!2,CF!D3%-%!<,5%0)5!+-%6)-50-5!?8783F!

;(783F!>S3!D%-%!5)++8(%=!-0.,.(0&,884G!2,+%-!""!=%,85!D(.3!;(>!60,.(&<5!.3,.!D%-%!=%+05(.%=!(&!

,&! (&=)5.-(,8!56,8%!30.!D,88!7#*!-%,6.0-!,.!RjQ!o7F!nQQ!o7F!,&=!njQ!o7!)5(&<!;(784!,&=!S2!

+-%6)-50-5!D(.3!,!+-%55)-%!01!kQQ!/A,-!BkQQQQ!2,CG!!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!
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3! Hard coating materials 

;0! /%%.! .3%! =%/,&=5! 01! 3(<3! .%/+%-,.)-%5! ,&=! +-%55)-%5! =)-(&<! 6)..(&<! 0+%-,.(0&5F! D%,-L

-%5(5.,&.!3,-=!60,.(&<5!,-%!)5),884!60/+05%=!01!5%:%-,8! 8,4%-5!01!=(11%-%&.!+3,5%5G!70//0&!

3,-=! 7#*! 60,.(&<! +3,5%5! (&68)=%! ;(7F! ;(>F! ;(7>F! ;(?8>F!𝛼 L?82\3F! ,&=!𝜅 L?82\3G! ;3%!

/%63,&(6,8! +%-10-/,&6%! 6,&! A%! .)&%=! A4! =%5(<&(&<! .3%! .%O.)-%! ,&=! /(6-05.-)6.)-%! 01! .3%!

60,.(&<5G!;3%!5.)=4!(&!.3(5!.3%5(5!(5!106)5%=!0&!.3%!7#*!;(>!,&=!;(?8>!3,-=!60,.(&<5G!\&%!

%O,/+8%!01!,!6-055!5%6.(0&!(/,<%!01!,!7#*!;(>L;(?8>L;(>!/)8.(L8,4%-%=!60,.(&<!=%+05(.%=!

0&!,!6%/%&.%=!6,-A(=%!Bc7W70C!5)A5.-,.%!(5!530D&!(&!K(<G!mGUG!!

!

K(<)-%! mGUG! 7-055! 5%6.(0&! /(6-0<-,+3! 01! ,! 7#*! ;(>L;(?8>L;(>! /)8.(L8,4%-%=! 60,.(&<!

=%+05(.%=!0&.0!,!6%/%&.%=!6,-A(=%!5)A5.-,.%G!;3%!(/,<%!D,5!,6o)(-%=!)5(&<!,!56,&&(&<!%8%6.-0&!

/(6-0560+%G!

:"! B23$+2*8-+23(2,0-

;(>!(5!,!-%1-,6.0-4!/,.%-(,8!D(.3!1,6%!6%&.%-%=!6)A(6!BK77C!>,78!6-45.,8!5.-)6.)-%F!,5!530D&!(&!

K(<G! mGX! B,CG! ;3%! 8,..(6%! +,-,/%.%-! 01! ;(>! (5! kGXk! rG! ;(>! 3,5! A%%&! D(=%84! )5%=! (&! :,-(0)5!

,++8(6,.(0&5F!5)63!,5!=(11)5(0&!A,--(%-5!TmmVF!60--05(0&!+-0.%6.(:%!8,4%-5!TjVF!,&=!D%,-L-%5(5.,&.!

60,.(&<5!TmkVF!=)%!.0!(.5!5)+%-(0-!3,-=&%55F!.3%-/,8!5.,A(8(.4F!60--05(0&!,&=!D%,-!-%5(5.,&6%G!;(>!

60,.(&<5!6,&!A%!54&.3%5(@%=!A4!A0.3!2345(6,8!:,+0)-!=%+05(.(0&!B2#*C!TmjFmlV!,&=!7#*!TmiVG!

"&!+,+%-5!"!,&=!""F!;(>!D,5!=%+05(.%=!0&.0!6%/%&.%=!6,-A(=%!,&=!/)8.(L%8%/%&.!,8804!5)A5.-,.%5F!

A4!7#*!)5(&<!;(784F!>2!,&=!S2!,5!+-%6)-50-!,&=!6,--(%-!<,5%5F!A,5%=!0&!.3%!10880D(&<!-%,6.(0&!

TmiVI!!!

X!;(784!B<C!s!>2!B<C!s!k!S2!B<C!→!X!;(>!B5C!s!R!S78!B<C!
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;(>! %O3(A(.5! <00=! ,=3%5(0&! .0! ,! 6%/%&.%=! 6,-A(=%! 5)A5.-,.%G! ;3%-%10-%F! ;(>! (5! 60//0&84!

=%+05(.%=!,5!,&!(&.%-/%=(,.%!8,4%-!+-(0-!.0!.3%!=%+05(.(0&!01!;(7>!,&=!;(?8>!60,.(&<5G!"&!+,+%-!

""F!.3%!6,+,A(8(.4!01!60,.(&<!;(>!)5(&<!7#*!0&.0!,!707-K%>(!M2N?!5)A5.-,.%!(5!%:,8),.%=F!

,&=!<-,(&!A0)&=,-4!=(11)5(0&!01!5)A5.-,.%!%8%/%&.5!(&.0!.3%!;(>!60,.(&<!(5!,&,84@%=G!S0D%:%-F!

;(>!60,.(&<5!%O3(A(.!8%55!+-0/(&%&.!0O(=,.(0&!-%5(5.,&6%F!D3%-%!0O(=,.(0&!5.,-.5!1-0/!jjQ!o7F!

D3(63!(5!/)63!80D%-!.3,&!.3,.!01!.3%!6)..(&<!0+%-,.(0&!%&:(-0&/%&.!TUXVG!!

:"4 B23$+2*8-$6*82+2*8-+23(2,0--

?5!530D&!(&!K(<G!mGX!BACF!A4!+,-.84!-%+8,6(&<!;(!,.0/5!(&!.3%!;(>!6-45.,8!D(.3!?8!,.0/5F!.3%!

.%-&,-4!,8804!;(1-x?8x> B;(?8>C!(5!10-/%=!BO!-%+-%5%&.5!.3%!066)+,&64!01!?8!,.0/5!0&!.3%!/%.,8!

8,..(6%CF!D3(63!6,&!A%!5%%&!,5!,!508(=!508).(0&!+3,5%!01!6)A(6!;(>!B6L;(>C!,&=!6)A(6!?8>!B6L

?8>CG!".!3,5!A%%&!-%+0-.%=!.3,.!A4!(&6-%,5(&<!.3%!?8!60&.%&.F!/%63,&(6,8!+-0+%-.(%5!,&=!63%/(6,8!

(&%-.&%55! 01! .3%! ;(?8>! 60,.(&<5F! 5)63! ,5! 3,-=&%55F! 30.! 3,-=&%55F! ,&=! 0O(=,.(0&! -%5(5.,&6%F!

(&6-%,5%!+-0/(&%&.84!60/+,-%=!.0!.3,.!01!.3%!;(>!+3,5%!TUXFmRVG!7)A(6!?8L-(63!+3,5%5!B?8>F!

,&=!;(?8>C!,-%!/%.,5.,A8%G!2#*!D,5!0-(<(&,884!)5%=!10-!=%+05(.(&<!;(1-x?8x>!60,.(&<5F!4(%8=(&<!

-%5.-(6.%=! ?8! 60&.%&.5! )+! .0!x	~	0.67!TmnFkQVG! ?! 3(<3%-! ?8! 60&.%&.! (&! 2#*! ;(?8>! 60,.(&<5!

-%5)8.5!(&!.3%!10-/,.(0&!01!3%O,<0&,8!D)-.@(.%!?8>!B3L?8>C!+3,5%G!S0D%:%-F!(&!-%6%&.!4%,-5!6L

;(?8>!60,.(&<5!D(.3!3(<3%-!?8!60&.%&.!Bx ≥ 0.9C!3,:%!A%%&!54&.3%5(@%=!A4!E27#*!TmRVF!D(.3!

3(<3%-!3,-=&%55!,&=!A%..%-!0O(=,.(0&!-%5(5.,&6%G!;3%!.3%-/,8!5.,A(8(.4!01!;(?8>!(5!%55%&.(,8!10-!

6)..(&<! .008! ,++8(6,.(0&5F! ,&=! .3%! /%.,5.,A8%! 6)A(6! ;(?8>! +3,5%! D,5! -%+0-.%=! .0! )&=%-<0!

=%60/+05(.(0&!,.!%8%:,.%=!.%/+%-,.)-%5!TkUFkXVG!S0D%:%-F!E27#*!;(?8>!D(.3!3(<3!?8!60&.%&.!

D,5!530D&!.0!%O3(A(.!A%..%-!.3%-/,8!5.,A(8(.4!.3,&!2#*!;(?8>F!,&=!.3%!6)A(6!+3,5%!-%/,(&5!

5.,A8%!,.!.%/+%-,.)-%5!)+!.0!t!UQQQ!o7!TmRFkmVG!!

!

!



n!
 
!

 
K(<)-%!mGXG!Y63%/,.(65!01!.3%!6-45.,8!5.-)6.)-%5!01!;(>!,&=!;(?8>G!B,C!6)A(6!;(>!D3%-%!;(!,&=!

>!,.0/5!10-/!.D0!K77!5)A8,..(6%5J!BAC!;(?8>!5.-)6.)-%!D3%-%!?8!,.0/5!+,-.84!-%+8,6%!.3%!;(!

,.0/5!(&!.3%!;(!K77!5)A8,..(6%!(&!.3%!;(>!6-45.,8!5.-)6.)-%G!;3%!?8!60&.%&.!(5!-%+-%5%&.%=!A4!.3%!

066)+,&64!O!(&!;(1-x?8x>G!#,6,&6(%5!01!;(F!?8F!0-!>!,-%!&0.!+-%5%&.%=G!!

"&!+,+%-!"F!.3%!;(?8>!60,.(&<!D,5!54&.3%5(@%=!A4!E27#*!0&!,!6%/%&.%=!6,-A(=%!5)A5.-,.%!+-%L

60,.%=!D(.3!;(>G!;3%!<,5%0)5!+-%6)-50-5F!?8783p;(784p>S3F! ,-%! 5)++8(%=! -0.,.(0&,884! (&!,&!

(&=)5.-(,8!%o)(+/%&.F!D3(63!D,5!10)&=!.0!4(%8=!,!+%-(0=(6!5.-)6.)-%!,80&<!.3%!TQQUV!=(-%6.(0&5F!

60&5(5.(&<!01!&,&08,/%88,%!D(.3!=(11%-%&.!?8!,&=!;(!60&.%&.5G!Z0.3!.3%!?8L-(63!B?8B;(C>C!,&=!

.3%! /0-%! ;(L-(63! B;(B?8C>C! 8,/%88,%! 3,:%! .3%! 6)A(6! 5.-)6.)-%! D(.30).! 5(<&(1(6,&.! 8,..(6%!

/(5/,.63! TiFkmFkkVG! ;3%! ,.0/(6! -%508).(0&! 56,&&(&<! .-,&5/(55(0&! %8%6.-0&! /(6-0<-,+3!

6088%6.%=!A4!3(<3!,&<8%!,&&)8,-!=,-H!1(%8=!BS??*KC!=%.%6.0-F!,5!530D&!(&!K(<G!mGmF!(88)5.-,.%5!

.3%!.4+(6,8!&,&08,/%88,!5.-)6.)-%G!;3%!60&.-,5.!/%63,&(5/!D(88!A%!=%56-(A%=!(&!73,+.%-!kG!;3%!

10-/,.(0&!01! .3%!&,&08,/%88,%!D%-%! 5)<<%5.%=!A4!2,5%).3F!et al.! .0!A%!=)%! .0! ,! 530-.L-,&<%!

=(11)5(0&!01!.3%!5+(&0=,8!=%60/+05(.(0&!=)-(&<!.3%!1,5.!=%+05(.(0&!+-06%55!TkkVG!?8.%-&,.(:%84F!

,!H(&%.(6,884!60&.-088%=!5%81L,55%/A84!+-06%55!=)-(&<!.3%!5)-1,6%!-%,6.(0&!TkjV!D,5!-%+0-.%=!.0!

6,)5%!.3%!603%-%&.!&,&08,/%88,!5.-)6.)-%!TiVG!"&!,==(.(0&F!&,&08,/%88,!5.-)6.)-%5!D(.3!+%-(0=(6!

6)A(6! ;(B?8C>! ,&=! 3L?8>! D%-%! ,850! -%+0-.%=! .0! %O(5.! (&! E27#*! ;(?8>! 60,.(&<5! TklFkiVG!

?++,-%&.84F!.3%!<-0D.3!/%63,&(5/!01!.3%!E27#*!&,&08,/%88,!;(?8>!+3,5%!3,5!&0.!A%%&!1)884!

-%:%,8%=!,&=!/)63!-%5%,-63!-%/,(&5!.0!)&=%-5.,&=!(.G!!



UQ!
 
!

!

K(<)-%! mGmG! S(<3! -%508).(0&! 56,&&(&<! .-,&5/(55(0&! %8%6.-0&! /(6-0<-,+3! 01! .3%! &,&08,/%88,!

;(?8>!5.-)6.)-%F!6088%6.%=!A4!.3%!S??*K!=%.%6.0-G!;3(&!8,4%-5!D(.3!A-(<3.!60&.-,5.!,-%!;(B?8C>!

+3,5%F!.3(6H%-!8,4%-5!D(.3!=,-H!60&.-,5.!,-%!?8B;(C>!+3,5%G!!

:": 56*82+2*8-+23(2,0-

3L?8>!(5!,!.4+(6,8!"""L#!5%/(60&=)6.0-!/,.%-(,8!D(.3!,!D)-.@(.%!5.-)6.)-%!,&=!,!D(=%!=(-%6.!A,&=!

<,+!01!l!%#!TkRVG!c(.3!5)63!,!8,-<%!A,&=!<,+F!3L?8>!3,5!A%%&!(&.%&5(:%84!)5%=!(&!0+.0L%8%6.-0&(6!

=%:(6%5F!5)63!,5!8(<3.!%/(..(&<!=(0=%5F!8,5%-!=(0=%5!,&=!+30.0=%.%6.0-5G!;3%!3L?8>!(5!,850!)5%=!

(&!3(<3L.%/+%-,.)-%!%8%6.-0&(6!=%:(6%5!A%6,)5%!01!(.5!3(<3!/%8.(&<!.%/+%-,.)-%!TknVG!".!(5!,850!

D(=%84! )5%=! (&! %8%6.-0&(6! (&=)5.-(%5! 10-! 5%/(60&=)6.0-! +,6H,<%5! =)%! .0! (.5! 3(<3! .3%-/,8!

60&=)6.(:(.4!,.!%8%:,.%=!.%/+%-,.)-%!,&=!,!<00=!.3%-/,8!%O+,&5(0&!/,.63!D(.3!5(8(60&!TjQVG!!

;3%!3L?8>!+3,5%!D,5!10)&=!60L<-0D(&<!D(.3!.3%!6)A(6!;(?8>!+3,5%!=)-(&<!.3%!7#*!54&.3%5(5!

+-06%55F!D3(63!(5!A%8(%:%=!.0!6,)5%!(&1%-(0-!/%63,&(6,8!+%-10-/,&6%!01!.3%!3,-=!60,.(&<G!3L?8>!

530D5!3(<3!3,-=&%55!Bt!Uj!`2,C!TRFnVF!D3(63!(5!30D%:%-!5.(88!/)63!80D%-!.3,&!.3,.!01!.3%!6)A(6!

;(?8>!Bt!mQ!`2,C!TmRVG!Y4&.3%5(@(&<!6)A(6!;(?8>!60,.(&<5!D(.3!3(<3!?8!60&.%&.!.3)5!3,5!A%%&!

,! 63,88%&<%F! A%6,)5%! 01! .3%! +055(A8%! 60L10-/,.(0&! 01! .3%! 3L?8>! +3,5%G! `-,(&! /0-+3080<4!

=(5.0-.(0&5!D%-%!-%+0-.%=!.0!,++%,-!(&!2#*!60,.(&<5F!D3%-%!,!/(O.)-%!01!;(?8>!,&=!,!&0.(6%,A8%!

,/0)&.! 01! 3L?8>! D,5! 10)&=! .0! -%5)8.! (&! .3%! =(5,++%,-,&6%! 01! .3%! ;(?8>! 608)/&,-! <-,(&!

/0-+3080<4!TmnFjUVG!"&!+,+%-!"F!,!60L<-0D.3!01!3L?8>!0&.0!.3%!;(B?8C>!8,/%88,%!(5!(=%&.(1(%=F!

,&=!(.!(5!A%8(%:%=!.0!6,)5%!.3%!/(6-05.-)6.)-,8!(&30/0<%&%(.4!01!.3%!;(?8>!60,.(&<G!;3%!-%5)8.5!

D(88!A%!=(56)55%=!(&!73,+.%-!jG!!



UU!
 
!

4! Experimental procedure  

;3%! /,(&! +,-.! 01! .3(5! .3%5(5! (5! 60&6%-&%=! D(.3! %8%6.-0&! /(6-0560+4F! D3(63F! ,5! ,! +0D%-1)8!

.%63&(o)%! 10-! /,.%-(,85! 63,-,6.%-(@,.(0&G! ".! +-0:(=%5! .3%! +055(A(8(.4! 10-! 60/A(&(&<! 3(<3!

-%508).(0&! (/,<(&<! D(.3! 6-45.,880<-,+3(6! ,&=! 63%/(6,8! (&10-/,.(0&G! "&! .3(5! -%5%,-63F! A0.3!

56,&&(&<!%8%6.-0&!/(6-0560+4!BYNMC!,&=!.-,&5/(55(0&!%8%6.-0&!/(6-0560+4!B;NMC!,-%!)5%=!10-!

.3%!/(6-05.-)6.)-%!(&:%5.(<,.(0&5G!Z,5(6!.3%0-(%5!01!%8%6.-0&!/(6-0560+4!,-%!=(56)55%=!(&!.3(5!

63,+.%-G!"&!,==(.(0&F!hL-,4!=(11-,6.(0&!Bh$*C!(5!,850!)5%=!(&!.3(5!.3%5(5!.0!,&,84@%!+3,5%!60&.%&.5!

,&=!60,.(&<!.%O.)-%5G!?!A-(%1!(&.-0=)6.(0&!.0!50/%!/0=%88(&<!.%63&(o)%5!(5!(&68)=%=!,5!D%88G! 

C"! DE($7-,2..($%32)+-

h$*!D,5!)5%=!.0!%O,/(&%!.3%!+3,5%!60&.%&.5!,&=!60,.(&<!.%O.)-%5!TjXFjmVG!?5!563%/,.(6,884!

(88)5.-,.%=!(&!K(<G!kGUF!,&!hL-,4!50)-6%!<%&%-,.%5!,&!(&6(=%&.!A%,/!.0!(88)/(&,.%!,!+0846-45.,88(&%!

0-!+0D=%-!5+%6(/%&F!,&=!.3%!(&6(=%&.!hL-,45!,-%!=(11-,6.%=!A4!.3%!6-45.,8!5.-)6.)-%!,660-=(&<!

.0!Z-,<<g5! 8,DI!𝜆 = 2𝑑()* sin 𝜃F!D3%-%!𝑑()*!(5! .3%! (&.%-+8,&,-!=(5.,&6%!A%.D%%&!BhklC!,.0/(6!

+8,&%5F!𝜆!(5! .3%!D,:%8%&<.3!01! .3%!hL-,45F! ,&=!𝜃!(5! .3%!Z-,<<! ,&<8%G!;3%!=(11-,6.%=!A%,/! (5!

=%.%6.%=!A4!,&!hL-,4!=%.%6.0-F!,&=!.3%!,&<8%!A%.D%%&!.3%!(&6(=%&.!A%,/!,&=!.3%!=(11-,6.%=!A%,/!

(5!X𝜃G!*)-(&<!,!𝜃!L!X𝜃!56,&F!.3%!5,/+8%!,&=!.3%!=%.%6.0-!-0.,.%!D(.3!,&!,&<)8,-!5+%%=!01!𝜔!,&=!

X𝜔F!-%5+%6.(:%84F!,&=!.3%!(&.%&5(.4!I!,.!.3%!=%.%6.0-!+05(.(0&!(5!-%<(5.%-%=G!;3%!(&.%&5(.4!I!,5!,!

1)&6.(0&!01!X𝜃!(5!.3%&!+-%5%&.%=!,5!,&!hL-,4!=(11-,6.0<-,/!TjXVG!;3%!h$*!/%,5)-%/%&.5!10-!

;(?8>! 60,.(&<5! ,&=! ;(>! 60,.(&<5! D%-%! 6,--(%=! 0).! A4! 0)-! +-0[%6.! +,-.&%-5! ,.! c,8.%-! ?`F!

`%-/,&4F!,&=!9++5,8,!9&(:%-5(.4F!YD%=%&F!-%5+%6.(:%84G!!

!

K(<)-%!kGUG!Y63%/,.(6!(88)5.-,.(0&!01!,&!hL-,4!5+%6.-0/%.%-!10-!,!𝜃!L!X𝜃!56,&G!



UX!
 
!

C"4 ;%$++2+'-060%3()+-82%()1%)97--

;3%! A,5(6! 60&1(<)-,.(0&! 01! ,&!YNM! (5! 563%/,.(6,884! (88)5.-,.%=! (&! K(<G! kGX! B,CG! "&! ,&!YNMF!

%8%6.-0&5!,-%!%/(..%=!1-0/!,&!%8%6.-0&!50)-6%F!)5),884!,!.3%-/(0&(6!<)&!0-!,!1(%8=!%/(55(0&!<)&!

BKN`CG!;3%!5.-%,/!01!%/(..%=!%8%6.-0&5!(5!,66%8%-,.%=!A4!,&!,&0=%!A%80D!.3%!<)&F!.0!,&!%&%-<4!

.4+(6,884!-,&<(&<!1-0/!X!.0!mQ!H%#G!;3%!%8%6.-0&!A%,/!(5!.3%&!60&:%-<%=!A4!0&%!0-!/)8.(+8%!

%8%6.-0/,<&%.(6! 60&=%&5%-! 8%&5%5! ,&=! 106)5%=! (&.0! ,! 1(&%! +-0A%G! ;3%! 106)5%=! +-0A%! 0&! .3%!

5+%6(/%&!5)-1,6%!(5!,!=%/,<&(1(%=!(/,<%!01!.3%!%8%6.-0&!50)-6%G!;3%!60&:%-<%&6%!,&<8%!01!.3%!

%8%6.-0&!+-0A%!(5!=%.%-/(&%=!A4!.3%!0A[%6.(:%!,+%-.)-%G!Z4!,!A%,/!53(1.(&<!1)&6.(0&!)5(&<!.3%!

56,&&(&<!60(85F!.3%!106)5%=!%8%6.-0&!+-0A%!56,&5!.3-0)<3!,!-%6.,&<)8,-!-,5.%-!0:%-!.3%!5,/+8%!

5)-1,6%!,-%,!01!(&.%-%5.G!;3%!106)5%=!%8%6.-0&!A%,/!3(.5!.3%!5,/+8%!5)-1,6%!,&=!(&.%-,6.5!D(.3!

.3%!5+%6(/%&!A4!%8,5.(6!,&=!(&%8,5.(6!56,..%-(&<!D(.3(&!,!50L6,88%=!(&.%-,6.(0&!:08)/%F!,5!530D&!

(&!K(<G! kGX! BACG!c(.3(&! .3%! (&.%-,6.(0&! :08)/%F! 5(<&,85! ,-%! <%&%-,.%=F! ,&=!/,4! .-,:%8! .0! .3%!

5+%6(/%&!5)-1,6%F!=%+%&=(&<!0&!D3%-%!(&!.3%!(&.%-,6.(0&!:08)/%!.3%!5(<&,8!(5!<%&%-,.%=G!;3%!

5(<&,85! %/(..%=! 1-0/! .3%! 5)-1,6%! ,-%! =%.%6.%=! A4! :,-(0)5! =%.%6.0-5G! ;4+(6,8! 5(<&,85! (&68)=%!

?)<%-! %8%6.-0&5! B?N5CF! 5%60&=,-4! %8%6.-0&5! BYN5CF! A,6H! 56,..%-%=! %8%6.-0&5! BZYN5C! ,&=!

63,-,6.%-(5.(6!hL-,45G!;3%!=%.%6.0-!5(<&,85!D(88!A%!+-06%55%=!A4!,!60/+).%-!.3,.!,850!60&.-085!

.3%!56,&&(&<!6(-6)(.!.0!60&.-08!.3%!+05(.(0&!01!.3%!106)5%=!+-0A%G!!

?5!530D&!(&!K(<G!kGX!BACF!.3%!(&.%-,6.(0&!:08)/%!5.,-.5!1-0/!.3%!5,/+8%!5)-1,6%!,&=!%O+,&=5!

=0D&!(&.0!.3%!5,/+8%!(&.%-(0-!10-!,!6%-.,(&!=%+.3!=%+%&=(&<!0&!,&!(&.%<-,8!%11%6.!01!5+%6(1(6!

/,.%-(,8! 60/+05(.(0&! ,&=! .3%! ,66%8%-,.(0&! :08.,<%G! S0D%:%-F! .3%! %56,+%! =%+.35! 01! 5(<&,85!

=%+%&=! 0&! .3%(-! /%,&! 1-%%! +,.35! D(.3(&! .3%! 5+%6(/%&G! YN5! ,-%! <%&%-,.%=! A4! .3%! (&%8,5.(6!

56,..%-(&<!01!.3%!(&6(=%&.!%8%6.-0&5F!D3(63!%O6(.%5!.3%!0).%-!53%88!%8%6.-0&5!01!.3%!5+%6(/%&G!YN5!

%O3(A(.!80D!%&%-<(%5!BQ!t!jQ!%#C!,&=!,-%!%,5(84!-%,A50-A%=!D(.3(&!.3%!5+%6(/%&F!D3(63!/%,&5!

.3,.!.3%!YN!5(<&,8!=%.%6.%=!A4!.3%!=%.%6.0-!(5!)5),884!:%-4!806,8(@%=F!%/(..(&<!1-0/!,!:08)/%!

.3,.!(5!,!1%D!&/!=%%+!1-0/!.3%!5+%6(/%&!5)-1,6%G!?&!YN!=%.%6.0-!,&=!,&!(&L8%&5!=%.%6.0-!84(&<!

D(.3(&!.3%!0A[%6.(:%!8%&5!6088%6.!YN5F!4(%8=(&<!/(6-0<-,+35!01!5)-1,6%!.0+0<-,+3(6!(&10-/,.(0&!

D(.3!3(<3! 5+,.(,8! -%508).(0&! ,&=! 53,-+! 5)-1,6%!/0-+3080<4! 60&.-,5.! TjkVG!ZYN5! ,-%! (&6(=%&.!

%8%6.-0&5!56,..%-%=!A4!.3%!&)68%(!01!5+%6(/%&!,.0/5F!D(.3!3(<3%-!%&%-<(%5!.3,&!.3%!YN5G!;3%!

ZYN5! ,-%! %/(..%=! 1-0/! ,! 8,-<%-! +,-.! 01! .3%! (&.%-,6.(0&! :08)/%F! .3)5! <(:(&<! ,! D0-5%! 5+,.(,8!

-%508).(0&! 60/+,-%=! .0! .3%! YN! 5(<&,8G! ZYN5! 6088%6.%=! A4! ,&! ZYN! =%.%6.0-! +-0:(=%! (/,<%!

60&.-,5.!=%+%&=(&<!0&!.3%!806,8!,:%-,<%!,.0/(6!&)/A%-!5(&6%!.3%!+-0A,A(8(.4!01!%8,5.(6!56,..%-(&<!



Um!
 
!

(&6-%,5%5!D(.3!.3%!,.0/(6!&)/A%-F!D3(63!/%,&5!.3,.!,&!,-%,!D(.3!3%,:(%-!%8%/%&.5!<%&%-,.%5!

/0-%!ZYN5!,&=!4(%8=5!,!A-(<3.%-!60&.-,5.!.3,&!,&!,-%,!D(.3!8(<3.%-!%8%/%&.5G!!

9+0&!(88)/(&,.(0&!A4!.3%!+-(/,-4!%8%6.-0&!A%,/F!5)11(6(%&.!%&%-<4!6,&!A%!.-,&51%--%=!.0!,!60-%L

53%88!%8%6.-0&!.3,.!(5!%O6(.%=!0).5(=%!.3%!5.-0&<!1(%8=!01!.3%!&)68%)5F!D3(63!(5!6,88%=!(0&(@,.(0&!

TjjVG!\&6%!(0&(@%=F!.3%!%O6(.%=!,.0/!6,&!=%6,4!.0!.3%!<-0)&=!5.,.%!D3%-%!,&!0).%-!53%88!%8%6.-0&!

1(885!.3%!60-%!308%F!%/(..(&<!%O6%55!%&%-<4G!;3(5!.-,&5(.(0&!%&%-<4!6,&!%(.3%-!6-%,.%!63,-,6.%-(5.(6!

hL-,45!0-!?NYG!;3%5%!?N5!,-%!%/(..%=!1-0/!,!1%D!.0+!8,4%-5!01!,.0/5!01!.3%!5+%6(/%&!5)-1,6%F!

30D%:%-F!.3%!5(<&,8!(&.%&5(.4!(5!.00!80D!.0!A%!=%.%6.%=!A4!-%<)8,-!YNM!=%.%6.0-5G!73,-,6.%-(5.(6!

hL-,45!,-%!%/(..%=!1-0/!,!8,-<%-!+,-.!01!.3%!(&.%-,6.(0&!:08)/%F!,&=!6,&!A%!6088%6.%=!A4!,!=(0=%L

.4+%!Y(!=%.%6.0-!.0!+%-10-/!hN*YG!;3%!YNM!hN*Y!+-0:(=%5!A0.3!o),8(.,.(:%!,&=!o),&.(.,.(:%!

(&10-/,.(0&! ,A0).! .3%! 63%/(6,8! 60/+05(.(0&! 01! .3%! +-0A%=! ,-%,F! A).! D(.3! 80D%-! 5+,.(,8!

-%508).(0&! .3,&! .3%! %8%6.-0&! 5(<&,85G! ;3%! hN*Y! ,&,845(5! (5! /,(&84! +%-10-/%=! (&! .3(5! .3%5(5!

=)-(&<!56,&&(&<!.-,&5/(55(0&!%8%6.-0&!/(6-0560+4!BY;NMC!/0=%F!,&=!/0-%!=%.,(85!01!Y;NM!

hN*Y!D(88!A%!=(56)55%=!(&!Y%6.(0&!kGmGkG!!

YNM!D,5!)5%=!(&!.3(5!.3%5(5!/,(&84!10-!(/,<(&<!.3%!6-055!5%6.(0&!.0!63,-,6.%-(@%!.3%!60,.(&<!

/0-+3080<4F! ,5! %G<G! .3%! 608)/&,-! 60,.(&<! <-,(&5! 530D&! (&!K(<G! mGUG!;3%!YNM! -%5)8.5!D%-%!

,6o)(-%=! )5(&<! _%(55! Y)+-,! kQ#2F! 98.-,! jjF! ,&=! 7-055A%,/! jkQ! 545.%/5F! D(.3! (&L8%&5! ,&=!

5.,&=,-=!YN!=%.%6.0-5G!!
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!

!

K(<)-%!kGXG!B,C!Y63%/,.(65!01!.3%!YNM!(&5.-)/%&.,.(0&G!BAC!Y63%/,.(65!01!.3%!%8%6.-0&!A%,/!L!

5+%6(/%&!(&.%-,6.(0&!:08)/%G!!*%.%6.%=!5(<&,85!0-(<(&,.%!1-0/!,!:08)/%!D(.3!,!5(@%!.3,.!=%+%&=5!

0&!.3%!%56,+%!=%+.3!01!.3%!+,-.(6)8,-!5(<&,8!B&0.!=-,D&!.0!56,8%CG!
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!

C": B($+182112)+-060%3()+-82%()1%)97-

;3%!%8%6.-0&!/(6-0560+4!63,-,6.%-(@,.(0&!(&!.3(5!.3%5(5!D,5!/,(&84!=0&%!A4!;NMF!(&!A0.3!.3%!

.-,&5/(55(0&!B;NMC!,&=!56,&&(&<!.-,&5/(55(0&!BY;NMC!/0=%5G!;NM!(5!,!+0D%-1)8!(&5.-)/%&.!

.3,.! %&,A8%5! 3(<3! 5+,.(,8! -%508).(0&! (/,<(&<! .0<%.3%-! D(.3! .3%! ,6o)(5(.(0&! 01! 63%/(6,8! ,&=!

6-45.,880<-,+3(6!(&10-/,.(0&G!"&!.3(5!5%6.(0&F!.3%!-%<)8,-!60&1(<)-,.(0&!01!,!;NM!(&5.-)/%&.F!

,&=!.3%!+-(&6(+8%5!01!.3%!;NMWY;NM!0+%-,.(0&5!)5%=!(&!.3(5!-%5%,-63!,-%!+-%5%&.%=G!!

4.3.1 Instrument configurations 

;3%!60&1(<)-,.(0&5!01!;NM!=(11%-!58(<3.84!=%+%&=(&<!0&!%,63!(&5.-)/%&.F!.3%-%10-%!.3(5!5%6.(0&!

D(88! A%! 106)5%=! 0&! .3%! (&5.-)/%&.! )5%=! (&! .3(5! -%5%,-63G! "&! .3(5! D0-HF! ;NMWY;NM!

63,-,6.%-(@,.(0&!D,5!+%-10-/%=!)5(&<!,&!KN"!;(.,&!RQLmQQ!;NMWY;NM!(&5.-)/%&.F!,&=! .3%!

A,5(6!60&1(<)-,.(0&!(5!563%/,.(6,884!530D&!(&!K(<G!kGmG!?!;NM!/,(&84!60&5(5.5!01!.3-%%!545.%/5I!

.3%!(88)/(&,.(0&!545.%/F!.3%!(/,<%!10-/,.(0&!545.%/F!,&=!.3%!+-0[%6.(0&!,&=!(/,<%!-%60-=(&<!

545.%/G!

"&! .3%! (88)/(&,.(0&! 545.%/F! .3%! +-(/,-4! %8%6.-0&5! ,-%! %/(..%=! 1-0/! ,&! %8%6.-0&! <)&G! "&! .3(5!

-%5%,-63F!,!Y630..H4!KN`!(5!)5%=G!".!%O3(A(.5!3(<3%-!A-(<3.&%55!.3,&!.3%!.3%-/(0&(6!<)&F!D3(63!

%&,A8%5! ,! 5/,88%-! +-0A%! 5(@%! ,&=! ,! 3(<3%-! 5+,.(,8! -%508).(0&F! ,5! .3%! 50)-6%! 5(@%! 6,&! A%!

5(<&(1(6,&.84! =%/,<&(1(%=! D(.30).! 5%:%-%! 8055! 01! +-(/,-4! A%,/! 6)--%&.! TjlVG! ;3%! %/(..%=!

%8%6.-0&5!,-%!.3%&!,66%8%-,.%=!A4!,&!,&0=%F!,&=!.3%!/(6-0560+%!(5!/,(&84!0+%-,.%=!,.!mQQ!H#!(&!

.3(5!-%5%,-63G!;3%!60&=%&5%-!545.%/!(5!806,.%=!A%80D!.3%!%8%6.-0&!<)&G!?!5.-0&<!7U!8%&5!1(-5.!

6088%6.5!%8%6.-0&5!1-0/!,!8,-<%!508(=!,&<8%!,&=!10-/5!,!=%/,<&(1(%=!(/,<%!01!.3%!50)-6%G!;3%!

%8%6.-0&!A%,/!6)--%&.!(5!/,(&84!60&.-088%=!A4!.3%!7U!,+%-.)-%!,&=!A4!.)&(&<!.3%!7U!8%&5!5.-%&<.3G!

;3%!5%60&=!60&=%&5%-!8%&5!B7XC!+-0[%6.5!.3%!=%/,<&(1(%=!(/,<%!01!.3%!50)-6%!10-/%=!A4!7U!

0&.0!.3%!5+%6(/%&F!D3%-%!.3%!(88)/(&,.(0&!,-%,!(5!60&.-088%=!A4!7X!,&=!.3%!A%,/!60&:%-<%&6%!

,&<8%!A4!.3%!7X!,+%-.)-%G!"&!08=%-!;NM5F!.3%!(88)/(&,.(0&!,-%,!,&=!60&:%-<%&6%!,&<8%!6,&&0.!

A%!.)&%=!(&=%+%&=%&.84!A4!0&84!.3%!7X!8%&5!,&=!.3%!7X!,+%-.)-%G!"&!&%D%-!;NM5F!.3(5!(5!-%,8(@%=!

A4!(&.-0=)6(&<!,&0.3%-!60&=%&5%-!8%&5!B7mC!,&=!,!60--%5+0&=(&<!,+%-.)-%!B7m!,+%-.)-%CG!!

;3%!(/,<%!10-/(&<!545.%/!(5!.3%!/05.!6-(.(6,8!+,-.!01!,!;NMF!/,(&84!60&5(5.(&<!01!.3%!0A[%6.(:%!

8%&5!,&=!0A[%6.(:%!,+%-.)-%G!;3%!0A[%6.(:%!8%&5!(5!.3%!/05.!6-(.(6,8!60/+0&%&.!01!,!;NM!,5!(.!

=%.%-/(&%5!.3%!-%508:(&<!+0D%-!01!.3%!/(6-0560+%G!;3%!.3(&!10(8!5,/+8%!(5!)5),884!(//%-5%=!

(&.0!.3%!5.-0&<!/,<&%.(6!1(%8=!6-%,.%=!A%.D%%&!.3%!)++%-!,&=!80D%-!+08%+(%6%5!01!.3%!0A[%6.(:%!



Ul!
 
!

8%&5G!?!508(=L5.,.%!Y(!hN*Y!=%.%6.0-!/,=%!01!,!-%:%-5%LA(,5%=!+L(L&!=(0=%!Bf+L=0+%=g!p!f(&.-(&5(6g!

p!f&L=0+%=gC!(5!/0)&.%=!6805%!.0!.3%!5,/+8%!(&!0-=%-!.0!0A.,(&!,!8,-<%!508(=!,&<8%!10-!6088%6.(0&!

01! 63,-,6.%-(5.(6! hL-,45G! ;3%! .-,&5/(..%=! %8%6.-0&5! ,-%! 6088%6.%=! .0! 10-/! ,&! (/,<%! (&! .3%!

0A[%6.(:%! 8%&5! (/,<%! +8,&%! ,&=! ,! =(11-,6.(0&! +,..%-&! (&! .3%! 0A[%6.(:%! A,6H! 106,8! +8,&%G! ;3%!

0A[%6.(:%!,+%-.)-%!(&!.3%!0A[%6.(:%!A,6H!106,8!+8,&%!6,&!A%!)5%=!10-!A-(<3.!1(%8=!BZKC!,&=!=,-H!

1(%8=!B*KC!(/,<(&<G!?!5%8%6.%=!,-%,!=(11-,6.(0&!BY?*C!,+%-.)-%!6,&!A%!(&5%-.%=!(&! .3%!(/,<%!

+8,&%!.0!63005%!,!5+%6(1(6!,-%,!10-!%8%6.-0&!=(11-,6.(0&G!

;3%!(/,<%!0-!=(11-,6.(0&!+,..%-&!10-/%=!A4!.3%!(/,<%!10-/(&<!545.%/!(5!.3%&!6088%6.%=!A4!.3%!

+-0[%6.(0&! ,&=! (/,<%! -%60-=(&<! 545.%/G! ;3(5! 545.%/! 60&5(5.5! 01! 5%:%-,8! 8%&5%5F! (&68)=(&<! ,!

=(11-,6.(0&! 8%&5F! ,&! (&.%-/%=(,.%! 8%&5F! ,&=! ,! +-0[%6.(0&! 8%&5G! S(<3! ,&<8%! ,&&)8,-! =,-H! 1(%8=!

BS??*KC!,&=!,&&)8,-!=,-H!1(%8=!B?*KC!=%.%6.0-5!,-%!+8,6%=!(&!.3%!=(11-,6.(0&!+8,&%!.0!6088%6.!

.-,&5/(..%=!%8%6.-0&5!D(.3!=(11%-%&.!56,..%-(&<!,&<8%5!10-!Y;NM!(/,<(&<G!;3%!1(&,8!(/,<%!0-!

=(11-,6.(0&!+,..%-&!6,&!A%!:(%D%=!0&!,!18)0-%56%&.!56-%%&!0-!-%60-=%=!0&!,!63,-<%!60)+8%=!=%:(6%!

B77*C!=%.%6.0-G!?!`,.,&! (/,<%! 1(8.%-! B`"KC! 545.%/! (5!/0)&.%=!A%80D! .3%!77*!6,/%-,! 10-!

NNEY! ,&=! %&%-<4! 1(8.%-%=!;NM! BNK;NMC!0+%-,.(0&5G! ".! 60&5(5.5! 01! ,&! %&.-,&6%! ,+%-.)-%F! ,!

/,<&%.(6!+-(5/F!+-%L!,&=!+05.L+-(5/!/)8.(+08%5!B.)&(&<!/)8.(+08%5F!,&=!+-0[%6.(0&!/)8.(+08%5CF!

,&!%&%-<4!5%8%6.(&<!58(.!,&=!,&0.3%-!77*!6,/%-,G!!
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!

!

K(<)-%! kGmG!Y63%/,.(65! 01! A,5(6!;NM!60&1(<)-,.(0&5G!;3%!;NM! (5!/,(&84! 60/+05%=!01! .3%!

(88)/(&,.(0&!545.%/F!(/,<%!10-/(&<!545.%/F!+-0[%6.(0&!,&=!(/,<%!-%60-=(&<!545.%/5!,&=!.3%!

`"K!545.%/G!!



UR!
 
!

4.3.2 TEM mode 

"&!;NM!/0=%F!,! B&%,-84C!+,-,88%8!+-(/,-4!%8%6.-0&!A%,/!(88)/(&,.%5! .3%! .3(&! 10(8! 5+%6(/%&F!

D3(63! (5! .4+(6,884! ,-0)&=! UQQ! &/! .3(6HG! ;3%! 3(<3! %&%-<4! %8%6.-0&5! 56,..%-! %8,5.(6,884! ,&=!

(&%8,5.(6,884!(&5(=%!.3%!5+%6(/%&!D(.3(&!,!&,--0D!(&.%-,6.(0&!:08)/%F!,5!(88)5.-,.%=!(&!K(<G!kGkG!

Z,6H56,..%-%=!5(<&,85F!5)63!,5!63,-,6.%-(5.(6!hL-,45F!YN5!,&=!ZYN5F!,-%!%/(..%=G!73,-,6.%-(5.(6!

hL-,45!6,&!A%!6088%6.%=!A4!.3%!hN*Y!=%.%6.0-F!6805%84!/0)&.%=!,A0:%!.3%!.3(&!10(8!5+%6(/%&G!

S0D%:%-F!YN!,&=!ZYN!=%.%6.0-5!,-%!)5),884!&0.!(/+8%/%&.%=!(&!;NM!=)%!.0!5(@%!-%5.-(6.(0&!01!

.3%!0A[%6.(:%!8%&5G!;NM!/(6-0<-,+35!,-%!10-/%=!A4!6088%6.(&<!%8%6.-0&5!.3,.!,-%!.-,&5/(..%=!A4!

.3%!.3(&!10(8!5+%6(/%&G!!

Z-(<3.!1(%8=!BZKC!(/,<(&<!(&!.3%!;NM!(5!-%,8(@%=!A4!(&5%-.(&<!.3%!0A[%6.(:%!,+%-.)-%!(&!.3%!A,6H!

106,8!+8,&%!01!.3%!0A[%6.(:%!8%&5F!0&84!,880D(&<!.3%!=(-%6.!A%,/!.0!+,55G!;3%!ZK!/(6-0<-,+3!

%O3(A(.5! /,(&84! /,55L.3(6H&%55! 60&.-,5.! ,&=! =(11-,6.(0&! 60&.-,5.! TjjVG! ;3%! /,55L.3(6H&%55!

60&.-,5.!=%+%&=5!0&!.3%!,:%-,<%!,.0/(6!&)/A%-!𝑍̅!,&=!806,8!5+%6(/%&!.3(6H&%55!tF!D3%-%!,-%,5!

D(.3!<-%,.%-!𝑍̅!,&=!t!56,..%-!/0-%!%8%6.-0&5!,&=!.3%-%10-%!,++%,-!=,-H%-!(&!.3%!ZK!/(6-0<-,+3G!

K0-!=(11-,6.(0&!60&.-,5.F!.3%!ZK!/(6-0<-,+35!,++%,-!=,-H%-!,.!,-%,5!D3%-%!.3%!6-45.,8!0-(%&.,.(0&!

(5!6805%-!.0!,!Z-,<<!60&=(.(0&!D(.3!-%5+%6.!.0!.3%!(&6(=%&.!%8%6.-0&!A%,/G!!

;3%!%8,5.(6,884!56,..%-%=!%8%6.-0&5!,-%!=%18%6.%=!1-0/!.3%!(&6(=%&.!=(-%6.(0&!-%5)8.(&<!(&!Z-,<<!

=(11-,6.(0&! ,660-=(&<! .0! Z-,<<g5! 8,DG! *,-H! 1(%8=! B*KC! (/,<(&<! (5! -%,8(@%=! A4! (&5%-.(&<! .3%!

0A[%6.(:%!,+%-.)-%!(&!.3%!A,6H!106,8!+8,&%!01!.3%!0A[%6.(:%!8%&5F!,&=!0&84!,880D(&<!.3%!%8%6.-0&!

A%,/!01!,!6%-.,(&!=(11-,6.%=!,&<8%!-,&<%!.0!+,55G!;3%!*K!/(6-0<-,+35!/,(&84!%O3(A(.!=(11-,6.(0&!

60&.-,5.F!D3%-%!,-%,5!6805%-!.0!.3%!Z-,<<!60&=(.(0&5!,++%,-!A-(<3.%-!TjjVG!>0-/,8!;NM!(/,<(&<!

(&68)=%5!A0.3!.3%!)&56,..%-%=!,&=!.3%!56,..%-%=!%8%6.-0&5G!S(<3!-%508).(0&!;NM!BS$;NMC!(5!

+%-10-/%=!A4!)5(&<!,!8,-<%!0A[%6.(:%!,+%-.)-%!B0-!&0!0A[%6.(:%!,+%-.)-%CF!,&=!(.!%O3(A(.5!+3,5%!

60&.-,5.!D(.3!,.0/(6! 5+,.(,8! -%508).(0&!=)%! .0! (&.%-1%-%&6%!01! .3%!=(-%6.!A%,/!,&=!=(11-,6.%=!

A%,/5!TjlVG!S$;NM!(5!)5%=!(&!.3(5!D0-H!.0!-%:%,8!.3%!6-45.,8!0-(%&.,.(0&F!,.0/(6!,--,&<%/%&.!

,&=!+3,5%!60&.%&.!(&!-%<(0&5!01!(&.%-%5.G!!

;3%!(&%8,5.(6,884!56,..%-%=!%8%6.-0&5!3,:%!805.!%&%-<4!.3-0)<3!:,-(0)5!(&%8,5.(6!56,..%-(&<!%:%&.5F!

5)63!,5!A)8H!+8,5/0&!%O6(.,.(0&F!(&.%-L!,&=!(&.-,LA,&=!%O6(.,.(0&F!60-%!53%88!(0&(@,.(0&F!etc!TjjVG!

;3%!(&%8,5.(6,884!56,..%-%=!%8%6.-0&5!6,&!A%!-%60-=%=!A4!,!`"K!545.%/!,&=!%/+804%=!10-!NNEY!

,&=!NK;NM!/%,5)-%/%&.5F!D3(63!+-0:(=%!(&10-/,.(0&!-%<,-=(&<!.3%!63%/(5.-4!,&=!%8%6.-0&(6!

5.-)6.)-%!01!.3%!5+%6(/%&!TjjFjiVG!!
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!
K(<)-%G! kGkG! Y63%/,.(65! 01! ;NM! 5(<&,85! 0-(<(&,.(&<! 1-0/! .3%! (&.%-,6.(0&! A%.D%%&! .3%! 3(<3!

%&%-<4!%8%6.-0&!A%,/!,&=!.3%!.3(&!10(8!5,/+8%G!!

4.3.3 STEM mode 

"&!Y;NM!/0=%F!(&10-/,.(0&!(5!-%60-=%=!A4!5%-(,8!,6o)(5(.(0&F!D3%-%!,!-%6.,&<)8,-!,-%,!01!.3%!

.3(&!10(8!5+%6(/%&!(5!56,&&%=!A4!,!60&:%-<%&.!%8%6.-0&!A%,/!.3,.!(5!106)5%=!(&.0!,!1(&%!+-0A%!

A4!.3%!60&=%&5%-!8%&5%5G!*)%!.0!.3%!/)63!5/,88%-!(88)/(&,.(0&!,-%,!60/+,-%=!.0!.3%!;NM!/0=%F!

.3%!(&.%-,6.(0&!:08)/%!(&!Y;NM!/0=%!(5!/)63!5/,88%-F!D3(63!.3%-%10-%!%&,A8%5!3(<3!5+,.(,8!

-%508).(0&! 10-! :,-(0)5! 5(<&,85F! ,5! 530D&! (&! K(<G! kGjG! 73,-,6.%-(5.(6! hL-,45! 1-0/! .3%! &,--0D!

(&.%-,6.(0&!:08)/%!6,&!A%!-%60-=%=!,&=!10-/!,&!hN*Y!5+%6.-)/!(/,<%F!D3(63!(5!,!=,.,!5%.!

D3%-%!%,63!+(O%8!01!.3%!(/,<%!60&.,(&5!,&!hN*Y!5+%6.-)/G!YN5!,&=!ZYN5!,-%!)5),884!&0.!)5%=!

(&!;NM!10-!(/,<(&<F!,8.30)<3!3(<3!-%508).(0&!YN!(/,<(&<!D,5!-%+0-.%=!A%(&<!(/+8%/%&.%=!A4!

)5(&<! ,&!YN!=%.%6.0-! (&! ,&! ,A%--,.(0&L60--%6.%=!Y;NM! (&5.-)/%&.! TjRVG!S0D%:%-F! &0-/,884!

Y;NM! (/,<(&<! (5! -%,8(@%=! .3-0)<3! 6088%6.(&<! .-,&5/(..%=! %8%6.-0&5!D(.3! =(11%-%&.! 56,..%-(&<!

,&<8%5!A4!=%.%6.0-5!/0)&.%=!(&!,!60&[)<,.%!A,6H!106,8!+8,&%!01!.3%!0A[%6.(:%!8%&5F!A%80D!.3%!

+-0[%6.(0&! 8%&5G! ?5! 530D&! (&! K(<G! kGjF! .3%! Y;NM! ZK! /0=%! (5! +%-10-/%=! A4! 6088%6.(&<!

.-,&5/(..%=!%8%6.-0&5!.3,.!,-%!)&56,..%-%=!B0-!56,..%-%=!8%55!.3,&!UQ!/-,=C!1-0/!.3%!0+.(6,8!,O(5!

)5(&<!,!ZK!=%.%6.0-G!Y(/(8,-!.0!.3%!;NM!ZK!(/,<(&<F!Y;NM!ZK!(/,<(&<!530D5!/,55L.3(6H&%55!

60&.-,5.! ,&=! =(11-,6.(0&! 60&.-,5.G! ?&&)8,-! =,-H! 1(%8=! B?*KC! (/,<(&<! (5! +%-10-/%=! )5(&<! ,!

60&6%&.-(6! =%.%6.0-! .0! 6088%6.! .-,&5/(..%=! %8%6.-0&5! .3,.! ,-%! 56,..%-%=! 1-0/! .3%! 0+.(6,8! ,O(5!

A%.D%%&! ,++-0O(/,.%! UQ! .0! jQ! /-,=F! D3(63! 60&.-(A).%! .0! .3%! /,55L.3(6H&%55! 60&.-,5.! ,&=!

=(11-,6.(0&! 60&.-,5.G! ;0! %O68)=%! .3%! Z-,<<! =(11-,6.%=! %8%6.-0&5! ,&=! 0&84! 6088%6.! (&603%-%&.!

%8,5.(6,884!56,..%-%=!%8%6.-0&5F!,!8,-<%-!60&6%&.-(6!3(<3!,&<8%!?*K!BS??*KC!=%.%6.0-!(5!)5%=G!



XQ!
 
!

Y;NM!S??*K! (/,<(&<! 6088%6.5! .-,&5/(..%=! %8%6.-0&5!D(.3! 56,..%-(&<! ,&<8%! 3(<3%-! .3,&!jQ!

/-,=F!D3(63!(5!5(/(8,-!.0!)&56-%%&%=!$).3%-10-=!56,..%-(&<F!D3%-%!.3%!56,..%-(&<!6-055!5%6.(0&!

(&6-%,5%5!D(.3!_2G!S0D%:%-F!=)%!.0!.3%!56-%%&(&<!%11%6.!A4!.3%!%8%6.-0&!680)=F!.3%!_!=%+%&=%&6%!

:,-(%5! A%.D%%&! _1.7 ,&=! _1.9! =%+%&=(&<! 0&! .3%! (&&%-! 6088%6.(0&! ,&<8%! TjnVG! Y;NM! S??*K!

(/,<(&<! (5!D(=%84! )5%=! (&! .3(5! -%5%,-63! .0! =(11%-%&.(,.%!;(L-(63! ,&=!?8L-(63! ,-%,5!D(.3! 3(<3!

5+,.(,8! -%508).(0&G! ?5! 530D&! (&! K(<G! mGmF! .3%! ;(B?8C>! 8,/%88,%! D(.3! 3(<3%-! ,:%-,<%! ,.0/(6!

&)/A%-!,++%,-!A-(<3.%-F!,&=!.3%!?8B;(C>!8,/%88,%!D(.3!80D%-!,:%-,<%!,.0/(6!&)/A%-!,++%,-!

=,-H%-G!

 
K(<)-%G!kGjG!Y63%/,.(65!01!.3%!Y;NM!5(<&,85!,&=!=%.%6.0-5!10-!:,-(0)5!0+%-,.(&<!/0=%5G!!

4.3.4 X-ray energy dispersive spectrometry 

?&,84.(6,8! Y;NM! hN*Y! (5! (&.%&5(:%84! %/+804%=! (&! .3(5! 5.)=4F! D3(63! <(:%5! 3(<3! 5+,.(,8!

-%508).(0&!10-!63%/(6,8!,&,845(5!10-!,!<(:%&!-%<(0&!01!(&.%-%5.G!?.0/5!6,&!A%!(0&(@%=!A4!.3%!3(<3!

%&%-<4!+-(/,-4!%8%6.-0&!A%,/F!D3%-%! ,&! (&&%-! 53%88! %8%6.-0&! (5! %O6(.%=! .0! .3%!:,6))/!5.,.%!

8%,:(&<!,&!(&&%-!53%88!308%G!;3%!-%8,O,.(0&!.0!.3%!<-0)&=!5.,.%!.3-0)<3!.-,&51%--(&<!,&!0).%-!53%88!

%8%6.-0&!.0!.3%!(&&%-!53%88!308%!6,&!8%,=!.0!.3%!%/(55(0&!01!63,-,6.%-(5.(6!hL-,45!D(.3!,&!%&%-<4!

)&(o)%!.0!.3%!,.0/G!;3%!(&&%-/05.!%8%6.-0&!53%88!(5!6,88%=!.3%!b!53%88F!.3%!&%O.!(5!.3%!E!53%88F!

,&=!.3%!&%O.!MF!,&=!50!0&G!*)-(&<!.3%!+%&%.-,.(0&!01!+-(/,-4!%8%6.-0&5!.3-0)<3!.3%!5+%6(/%&F!
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!

.3%(-!/0/%&.,!63,&<%!5)A5.,&.(,884!=)%!.0!70)80/A!(&.%-,6.(0&!D(.3!&)68%(F!D3(63!%/(.5!.3%!

50L6,88%=! Z-%/55.-,38)&<! hL-,45G! ;3%! (&6(=%&.! %8%6.-0&5! 6,&! 805%! ,&4! ,/0)&.! 01! %&%-<4! .0!

+-0=)6%!Z-%/55.-,38)&<!hL-,45!1-0/!@%-0!.0!.3%!+-(/,-4!A%,/!%&%-<4F!D3(63!.3%-%10-%!4(%8=5!

,!60&.(&)0)5!A,6H<-0)&=!(&!.3%!hN*Y!5+%6.-,G!hL-,45!%/(..%=!1-0/!.3%!5+%6(/%&!,-%!-%60-=%=!

A4! 5%/(60&=)6.0-! =%.%6.0-5G! ;3%! hL-,4! +30.0&5! %&.%-(&<! .3%! =%.%6.0-! 6,&! %O6(.%! .3%!

5%/(60&=)6.0-!%8%6.-0&5!1-0/!.3%!:,8%&6%!A,&=!.0!.3%!60&=)6.(0&!A,&=!,&=!6,)5%!%8%6.-0&L308%!

+,(-5G!;3%!%&%-<4!10-!.3(5!+-06%55!(&!Y(!(5!0&!,:%-,<%!,-0)&=!mGR!%#!,.!8(o)(=!>2!.%/+%-,.)-%G!

;3%!hL-,4!%&%-<4!(5!.3)5!o),&.(1(%=!A4!.3%!&)/A%-!01!%8%6.-0&L308%!+,(-5G!;3%!%&%-<4!-%508).(0&!

,63(%:%=!A4!5)63!.4+%!01!=%.%6.0-!(5!,-0)&=!Umj!%#!TjjVG!!

Z0.3!(=%&.(1(6,.(0&!,&=!o),&.(1(6,.(0&!01!63%/(6,8!%8%/%&.5!6,&!A%!=0&%!1-0/!hN*Y!5+%6.-,G!

;3%!%8%/%&.5!(&!.3%!5+%6(/%&!,-%!.4+(6,884!(=%&.(1(%=!A4!.3%!806,.(0&!01!.3%(-!63,-,6.%-(5.(6!hL

-,4!+%,H5!(&!.3%!5+%6.-)/F!,8.30)<3!.3%!+00-!%&%-<4!-%508).(0&!B+%,H!0:%-8,+C!(5!50/%.(/%5!,!

8(/(.G!K0-!o),&.(1(6,.(0&!01!=(11%-%&.!%8%/%&.5F! .3%!Z-%/55.-,38)&<!A,6H<-0)&=!01!.3%!hN*Y!

5+%6.-)/! &%%=5! .0! A%! 5)A.-,6.%=G! ;3(5! A,6H<-0)&=! 5)A.-,6.(0&! /,4F! 10-! %O,/+8%F! A%! =0&%!

.3-0)<3!=%1(&(&<!5%:%-,8!A,6H<-0)&=!D(&=0D5!D3%-%!&0!63,-,6.%-(5.(6!hL-,4!+%,H5!%O(5.F!D3%-%!

.3%!A,6H<-0)&=!(5!1(..%=!A4!+084&0/(,8!1)&6.(0&5!,&=!%O.%&=%=!.0!.3%!-%/,(&(&<!-%<(0&5G!\&6%!

.3%! A,6H<-0)&=! (5! 5)A.-,6.%=F! .3%! (&.%&5(.(%5! 01! 6%-.,(&! hL-,4! +%,H5! 10-! %,63! %8%/%&.! ,-%!

(&.%<-,.%=G!?55)/(&<!IA!,&=!IB!,-%!.3%!(&.%<-,.%=!+%,H!(&.%&5(.(%5!01!%8%/%&.5!?!,&=!Z!+-%5%&.!

(&! .3%!5+%6(/%&F! .3%!Cliff - Lorimer!%o),.(0&!,880D5!o),&.(1(6,.(0&!01! .3%! -,.(0!01! .3%5%! .D0!

%8%/%&.5!,5I!
 

𝐶+

𝐶,
	= 𝑘+,

𝐼+
𝐼,
	 (4.1)!

 

D3%-%!.3%!CA!,&=!CB!,-%!.3%!60&6%&.-,.(0&5!01!%8%/%&.5!?!,&=!Z!(&!.3%!5+%6(/%&F!.3%!kAB!(5!.3%!

78(11LE0-(/%-!1,6.0-!6,8(A-,.%=!A4!5.,&=,-=!5,/+8%5!TjjVG!"&!.3(5!-%5%,-63F!hN*Y!o),&.(1(6,.(0&!

(5! D(=%84! %/+804%=! .0! =%.%-/(&%! .3%! -,.(0! 01! :,-(0)5! %8%/%&.5G! ;3%! =,.,! +-06%55(&<! (5!

(/+8%/%&.%=!A4!hN*Y!501.D,-%!+,6H,<%5G!?&!%O,/+8%!01!.3%!Y;NM!hN*Y!,&,845(5!(5!530D&!

A%80DG!?&!hN*Y!8(&%56,&!(5!,6o)(-%=!,6-055!.3%!;(>W;(?8>!(&.%-1,6%F!,5!(88)5.-,.%=!(&!K(<G!kGl!

B,CG!95(&<!.3%!hN*Y!=,.,F!.3%!5+,.(,8!:,-(,.(0&5!01!?8!,&=!78!,-%!6,86)8,.%=F!5%%!K(<G!kGl!BACG!

;3%!+%,H5!01!?8!,&=!78!,.!.3%!;(>W;(?8>!(&.%-1,6%!(&=(6,.%!,!60L%&-(63/%&.!01!.3%!?8!,&=!78F!

D3(63!(&!.3(5!6,5%!+-0A,A84!(&=(6,.%5!,&!(&60/+8%.%!-%,6.(0&!01!,8)/(&()/!6380-(=%5!+-%6)-50-5!

.3,.!3,:%!=(11)5%=!.3-0)<3!.3%!5.,<&,&.!8,4%-!.0!.3%!5)A5.-,.%!5)-1,6%!=)-(&<!.3%!7#*!+-06%55G!



XX!
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;3%!(&60/+8%.%!-%,6.(0&!6,)5%5!,&!,66)/)8,.(0&!01!78!(&!.3%!60,.(&<!.3,.!530)8=!0.3%-D(5%!3,:%!

A%%&!-%8%,5%=!.0!.3%!<,5!+3,5%G!;3(5!(5!=(56)55%=!1)-.3%-!(&!2,+%-!"G!

!

K(<)-%G!kGlG!NO,/+8%!01!Y;NM!hN*Y!,&,845(5!01!.3%!;(>W;(?8>!(&.%-1,6%G!B,C!Y;NM!S??*K!

(/,<(&<!01!.3%!;(>W;(?8>!(&.%-1,6%G!?&!hN*Y!8(&%56,&!(5!6088%6.%=!,5!(88)5.-,.%=!A4!.3%!,--0DG!

BAC!#,-(,.(0&5!01!.3%!78!,&=!?8!-,.(05!,80&<!.3%!8(&%56,&!530D&!(&!B,CF!0A.,(&%=!1-0/!.3%!hN*Y!

=,.,G!

4.3.5 Electron energy loss spectroscopy 

Y;NM!NNEY!(5!)5%=!(&!.3(5!5.)=4!10-!%8%/%&.!(=%&.(1(6,.(0&!-%o)(-(&<!A0.3!3(<3!5+,.(,8!,&=!3(<3!

%&%-<4! -%508).(0&! .3,.! hN*Y! 6,&&0.! ,63(%:%G! N8%6.-0&5! /,4! )&=%-<0! :,-(0)5! (&%8,5.(6!

56,..%-(&<!%:%&.5!D(.3(&!.3%!5+%6(/%&G!;3%!%&%-<4!01!.3%!.-,&5/(..%=!%8%6.-0&5!(5!-%60-=%=F!,&=!

%8%6.-0&!60)&.5!,5!,!1)&6.(0&!01!%&%-<4!8055!(5!=(5+8,4%=!A4!.3%!̀ "K!545.%/!,5!,&!NNEY!5+%6.-)/G!

?!.4+(6,8!NNEY!5+%6.-)/!60&.,(&5!,!&,--0D!@%-0!8055!+%,H!B_E2CF!,!80D!8055!-%<(/%F!,&=!,!60-%!

8055!-%<(/%G!;3%!_E2!60&.,(&5!%8%6.-0&5!.3,.!805%!&0!B0-!:%-4!8(..8%C!%&%-<4!D3%&!+%&%.-,.(&<!

.3%!5+%6(/%&F!,&=!.3%!D(=.3!01!.3%!+%,H!=%1(&%5!.3%!%&%-<4!-%508).(0&!01!.3%!-%60-=%=!NNEY!

5+%6.-)/!TjjFjiVG!;3%!80D!8055!-%<(0&!%O.%&=5!1-0/!.3%!_E2!.0!jQ!t!UQQ!%#F!D3(63!/,(&84!

60&.,(&5!+8,5/0&!+%,H5G!;3%!80D!8055!5+%6.-,!6,&!A%!)5%=!.0!=%.%-/(&%!.3%!5,/+8%!.3(6H&%55!

,&=!.0!%O68)=%!.3%!60&.-(A).(0&!01!+8)-,8!(&%8,5.(6!56,..%-(&<!.0!.3%!(0&(@,.(0&!%=<%!(&.%&5(.4!10-!

,A508).%!%8%/%&.!o),&.(1(6,.(0&!TjjFjiVG!?1.%-!.3%!80D!8055!,-%,!(5!.3%!60-%!8055!-%<(0&F!D3%-%!

.3%! (&&%-! 53%88! (0&(@,.(0&5! ,-%! 530D&! ,5! %=<%5! 01! .3%! 60--%5+0&=(&<! %8%/%&.5G! ;3%! %&%-<4!

-%508).(0&!01!u!U!%#!01!NNEY!/,H%5!(.!+055(A8%!.0!=(11%-%&.(,.%!.3%!;(!E23!%=<%!Bkjl!%#C!1-0/!

.3%!>!b!%=<%!BkQU!%#CF!D3(63!(5!)5%=!(&!+,+%-!"!.0!(=%&.(14!.3%!+-%5%&6%!01!%8%/%&.5!.0!(=%&.(14!

.3%!:,-(0)5!+3,5%5G!!
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4.3.6 STEM probe size and imaging resolution 

;3%!5+,.(,8!-%508).(0&!01!Y;NM!(/,<(&<!(5!/,(&84!8(/(.%=!A4!.3%!5(@%!01!.3%!60&:%-<%&.!%8%6.-0&!

+-0A%! 56,&&%=! ,6-055! .3%! 5+%6(/%&G! ?660-=(&<! .0! $,48%(<3g5! .3%0-4F! .3%! %8%6.-0&! +-0A%!

60&:%-<%=!A4!,&!,+%-.)-%!(5!=%5(<&,.%=!,5!,&!?(-4!+,..%-&F!,55)/(&<!.3%!+-(/,-4!A%,/!(5!508%84!

=(11-,6.(0&!8(/(.%=!TjlVG!;3%!+-0A%!-,=()5!8(/(.%=!A4!.3%!(88)/(&,.(0&!,+%-.)-%!%11%6.F!(5!<(:%&!

,5I!!

𝑟- ≈ 	0.61	
𝜆
𝛼
	 (4.2)!

D3%-%!𝑟-!(5!.3%!-,=()5!01!.3%!106)5%=!%8%6.-0&!+-0A%!8(/(.%=!A4!=(11-,6.(0&F!𝜆!(5!.3%!D,:%8%&<.3!

01!.3%!(&6(=%&.!%8%6.-0&!A%,/F!,&=!𝛼!(5!.3%!60&:%-<%&6%!,&<8%!B(&!-,=(,&5C!01!.3%!(&6(=%&.!A%,/G!

?660-=(&<! .0! %o),.(0&! BkGXCF! .3%! 106)5%=! +-0A%! 5(@%! =%6-%,5%5! D(.3! 530-.%-! D,:%8%&<.3! 01!

(&6(=%&.! %8%6.-0&5! ,&=! D(.3! 8,-<%-! 60&:%-<%&6%! ,&<8%G! S0D%:%-F! .3%! (/+%-1%6.(0&5! 01!

%8%6.-0/,<&%.(6!8%&5%5!,850!8(/(.!.3%!5(@%!01!.3%!%8%6.-0&!+-0A%!D3%-%!.3%!5+3%-(6,8!,A%--,.(0&!

(5!.3%!/,(&!1,6.0-!,&=!<(:%&!A4I!!
 

𝑟# ≈	
1
4𝐶#𝛼.	 (4.3)!

 

D3%-%!𝑟#!(5!.3%!-,=()5!01!.3%!106)5%=!%8%6.-0&!+-0A%!8(/(.%=!A4!5+3%-(6,8!,A%--,.(0&!,&=!Cs!(5!.3%!

60%11(6(%&.! 01! .3%! 5+3%-(6,8! ,A%--,.(0&G! ?660-=(&<! .0! %o),.(0&! BkGmCF! .3%! %8%6.-0&! +-0A%! 5(@%!

(&6-%,5%5!D(.3! ,! 8,-<%-! 60&:%-<%&6%! ,&<8%G!;3%!Y;NM!+-0A%! 5(@%! (5! ,850! (&18)%&6%=! A4! .3%!

63-0/,.(6!,A%--,.(0&!,&=!%11%6.(:%!50)-6%!5(@%F!D3(63!30D%:%-!,-%!&%<8(<(A8%!60/+,-%=!.0!.3%!

=(11-,6.(0&!8(/(.!,&=!.3%!5+3%-(6,8!,A%--,.(0&G!?5!=%6-%,5(&<!.3%!5(@%!01!(88)/(&,.(0&!,+%-.)-%!

5)++-%55%5! .3%! 5+3%-(6,8!,A%--,.(0&!A).! 8%,=5! .0!/0-%!=(11-,6.(0&!%11%6.5F! .3%-%! (5!,&!0+.(/,8!

(88)/(&,.(0&!,+%-.)-%!5(@%!.3,.!<(:%5!.3%!0+.(/,8!60&:%-<%&6%!,&<8%!𝛼/01!10-!.3%!5/,88%5.!+-0A%!

5(@%!,&=!3(<3%5.!5+,.(,8!-%508).(0&I!!
 

𝛼/01 ≈	N
4𝜆
𝐶#
O

%&2

	 (4.4)!

 

;3%!5+3%-(6,8!,A%--,.(0&!6,&&0.!A%!60--%6.%=!10-!A4!%8%6.-0/,<&%.(6!8%&5%5F!5(&6%!&0!60&6,:%!

/,<&%.(6! 8%&5%5! %O(5.G! ".! .3)5! 3,5! .0! A%! 60--%6.%=! A4! Cs! 60--%6.0-5! .3,.! 60&.,(&! ,! 60/+8%O!

,--,&<%/%&.!01!/)8.(+8%!3%O,+08%5F!0-!06.)+08%5F!,&=!o),=-)+08%5!TjlVG!95(&<!.3%!Cs!60--%6.0-!

5)++-%55%5!.3%!5+3%-(6,8!,A%--,.(0&F!D3(63!,880D5!,!8,-<%-!(88)/(&,.(0&!,+%-.)-%!B72 ,+%-.)-%C!

,&=!.3%-%A4!5)++-%55%5!.3%!=(11-,6.(0&!%11%6.G!;3%!/(6-0560+%!)5%=!(&!.3(5!-%5%,-63!(5!%o)(++%=!
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D(.3! ,! 5+3%-(6,8! ,A%--,.(0&! 60--%6.0-! 10-! .3%! 60&=%&5%-! 8%&5F! D3(63! <(:%5! ,&! (=%,8! 5+,.(,8!

-%508).(0&!01!,-0)&=!U!r!.3,.!%&,A8%5!,.0/(6!56,8%!S$Y;NM!(/,<(&<F!D3(63!(5!)5%=!(&!.3(5!

-%5%,-63!.0!-%:%,8!.3%!,.0/(6!,--,&<%/%&.F!+3,5%!(=%&.(.4!,&=!6-45.,8!0-(%&.,.(0&!(&!.3%!5,/+8%G!!

4.3.7 Beam broadening and spectrometry/spectroscopy resolution   

;3%!5+,.(,8!-%508).(0&!01!hN*Y!,&=!NNEY!=%+%&=5!0&!.3%!5(@%!01!.3%!(&.%-,6.(0&!:08)/%!D(.3(&!

.3%!.3(&!10(8!5+%6(/%&F!,5!530D&!(&!K(<G!kGiG!"&!Y;NM!/0=%F!.3%!60&:%-<%&.!A%,/!(5!,!106)5%=!

+-0A%!D(.3!,!=(,/%.%-!01!dG!;3%!A%,/!+-0+,<,.(&<!.3-0)<3!.3%!5+%6(/%&!A-0,=%&5!,&=!%O(.5!.3%!

A0..0/! 5)-1,6%!D(.3! =(,/%.%-! 01!RmaxG!;3%! 5+,.(,8! -%508).(0&!R! 10-! 5+%6.-0560+4! ,&,845(5! (5!

=%1(&%=!,5!.3%!5/,88%5.!=(5.,&6%!A%.D%%&!.D0!(&.%-,6.(0&!:08)/%5!.3,.!<(:%!(&=%+%&=%&.!5+%6.-,!

TjjVI!!
 

𝑅	 = 	
(𝑑 + 𝑅345)

2 	= 	 (𝑑' +	𝑏')%&' 	(4.5)!

 

D3%-%!b!(5!.3%!%8%6.-0&!A%,/!A-0,=%&(&<!D(.3(&!.3%!5+%6(/%&!,&=!6,&!A%!6,86)8,.%=!,5!TjjVI!!
 

𝑏 = 8 × 106%' 	
𝑍
𝐸7
	(𝑁8)%&'	𝑡'&.	 (4.6)!

D3%-%!t!(5!.3%!.3(6H&%55!01!5+%6(/%&F!E0!(5!.3%!%&%-<4!01!+-(/,-4!%8%6.-0&!A%,/F!Nv!(5!.3%!&)/A%-!

01!,.0/5!+%-!)&(.!:08)/%F!,&=!Z! (5!.3%!,.0/(6!&)/A%-!B,88!:,-(,A8%5!(&!Y"!)&(.5!%O6%+.!E0! (&!

H%#CG!"&!Y;NM!hN*YWNNEY!%O+%-(/%&.5F!.3%!5+,.(,8!-%508).(0&!(5!/,(&84!8(/(.%=!A4!.3%!A%,/!

A-0,=%&(&<F!D3(63!(5!.4+(6,884!j!t!UQ!&/F!(&5.%,=!01!.3%!&0/(&,8!+-0A%!5(@%G!;3%-%10-%F!3(<3%-!

6)--%&.! D(.3! 8,-<%-! +-0A%! 5(@%! B1%D! &/! (&5.%,=! 01! rC! 6,&! A%! )5%=! .0! 0A.,(&! /0-%! (&6(=%&.!

%8%6.-0&5! .0! <%.! ,! 3(<3%-! 5(<&,8! .0! &0(5%! -,.(0G!K0-!Y;NM!hN*Y!,&,845(5F! ,! .3(6H%-! 5,/+8%!

+-0:(=%5!3(<3%-!hL-,4!60)&.5!10-!A%..%-!5.,.(5.(65F!D3(63!(5!%55%&.(,8!10-!o),&.(1(6,.(0&G!S0D%:%-F!

.3%!A%,/!A-0,=%&(&<!%11%6.!(&6-%,5%5!D(.3!5+%6(/%&!.3(6H&%55!,&=!.3%-%10-%!80D%-5!.3%!5+,.(,8!

-%508).(0&!01!.3%!,&,845(5G!!

;3%!5+,.(,8!-%508).(0&!01!63%/(6,8!,&,845(5!6,&!A%!/%,5)-%=!%O+%-(/%&.,884!A4!56,&&(&<!.3%!

+-0A%!,6-055!,&!(&.%-1,6%!D(.3!,&!,.0/(6,884!=(56-%.%!60/+05(.(0&!63,&<%F!,5!530D&!(&!K(<G!kGiG!

;3%!%8%/%&.,8!+-01(8%!=%.%-/(&%=!%O+%-(/%&.,884!(5!,!60&:08).(0&!01!.3%!,6.),8!,.0/(6,884!53,-+!

(&.%-1,6%!D(.3!.3%!A%,/!53,+%G!*%1(&(&<!E!A4!/%,5)-(&<!.3%!=(5.,&6%!0&!.3%!+-01(8%!A%.D%%&!.3%!

Xv!,&=!nRv!+0(&.5F!.3%!5+,.(,8!-%508).(0&!(5!TjjVI!
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!

𝑅 = 	1.414	𝐿	 (4.7)!

K(<)-%!kGiG!Y63%/,.(6!=(,<-,/!(88)5.-,.(&<!.3%!(&18)%&6%!01!.3%!A%,/!A-0,=%&(&<!%11%6.!0&!.3%!

5+,.(,8!-%508).(0&!01!.3%!Y;NM!hN*Y!,&=!NNEY!,&,845(5G!!

;3%!(&.%&5(.4!01!hN*Y!,&=!NNEY!5(<&,85!530)8=!,850!A%!60&5(=%-%=!10-!.3%!,6.),8!5+%6.-0560+(6!

5.)=(%5G!?5!(88)5.-,.%=!(&!K(<G!kGRF!.3%!63,-,6.%-(5.(6!hL-,4!+30.0&5!,-%!%/(..%=!)&(10-/84!(&!,88!

5+,6%G!?!6088%6.(0&!508(=!,&<8%!𝜋𝜌'!10-!hL-,4!+30.0&5!)5),884!0&84!,880D5!6,+.)-(&<!01!QGQUv!

t!Uv!01!.3%!%/(..%=!63,-,6.%-(5.(6!hL-,4!+30.0&5F!,8.30)<3!.3%!hN*Y!=%.%6.0-!(5!/0)&.%=!,5!

6805%! .0! .3%! 5+%6(/%&! ,5! +055(A8%! ,&=! .3%! .,H%L011! ,&<8%!𝜑 !(5! 0+.(/(@%=! .0! /,O(/(@%! .3%!

6088%6.(0&!%11(6(%&64G!;3%-%10-%F!3(<3%-!A%,/!6)--%&.5!,&=W0-!.3(6H%-!5,/+8%5!6,&!A%!)5%=!(&!

hN*Y!,6o)(5(.(0&!10-!A%..%-!60)&.5F!D3(63!30D%:%-!=%.%-(0-,.%5!.3%!,6.),8!5+%6.-0560+(6!5+,.(,8!

-%508).(0&!=)%!.0!8,-<%-!+-0A%!5(@%!,&=!/0-%!A%,/!A-0,=%&(&<G!

;3%!(&%8,5.(6,884!56,..%-%=!%8%6.-0&5!,-%!5(<&(1(6,&.84!10-D,-=!56,..%-%=F!,&=!,!5/,88!6088%6.(0&!

508(=!,&<8%!𝜋𝛽'!B8(/(.%=!A4!.3%!%&.-,&6%!,+%-.)-%!01!.3%!%8%6.-0&!%&%-<4!8055!5+%6.-0/%.%-C!10-!

.3%!NNEY!5(<&,8!/,H%5!+055(A8%!,!jQv!tUQQv!6088%6.(0&!%11(6(%&64G!?!5/,88!A%,/!6)--%&.!,&=!

,!.3(&!5+%6(/%&!6,&!4(%8=!5)11(6(%&.!60)&.5!10-!NNEY!,6o)(5(.(0&!D(.3!3(<3!5+,.(,8!-%508).(0&G!!



Xl!
 
!

!
K(<)-%!kGRG!Y63%/,.(6!(88)5.-,.(0&!01!6088%6.(0&!%11(6(%&6(%5!01!Y;NM!hN*Y!,&=!NNEYG!;3%!

63,-,6.%-(5.(6!hL-,4!+30.0&5!,-%!,8/05.!)&(10-/84!%/(..%=!(&!5+,6%G!;3%!%&%-<4!8055!%8%6.-0&5!

,-%!5.-0&<84!10-D,-=!56,..%-%=!,&=!6,&!A%!6088%6.%=!D(.3!3(<3!%11(6(%&64!A4!,!5/,88!6088%6.(0&!

,&<8%G!!

C"C F)%*10,-2)+-G0$8-30%<+2H*0--

;3%! 106)5%=! (0&! A%,/! p! 56,&&(&<! %8%6.-0&! /(6-0560+%! BK"ZLYNMC! 60&5(5.5! 01! ,&! %8%6.-0&!

608)/&!10-!YNM!1)&6.(0&5F!,&=!,&!(0&!608)/&!/0)&.%=!,.!,&!,&<8%!B)5),884!jXoC!D(.3!-%5+%6.!

.0!.3%!%8%6.-0&!608)/&!TlQVG!?5!530D&!(&!K(<G!kGnF!.3%!5,/+8%!(5!+8,6%=!0&!.3%!60(&6(=%&6%!+0(&.!

D%-%!.3%!%8%6.-0&!,&=!(0&!+-0A%5!/%%.G!;3%!D0-H(&<!=(5.,&6%!A%.D%%&!.3%!60(&6(=%&6%!+0(&.!

,&=!.3%!+08%+(%6%!01!.3%!%8%6.-0&!<)&!(5!)5),884!,-0)&=!UQ!//G!;3%!(0&!608)/&!60&.,(&5!,!`,!

8(o)(=!(0&!/%.,8!50)-6%!.3,.!%/(.5!`,+!(0&5F!D3(63!,-%!106)5%=!(&.0!,!+-0A%!0&.0!.3%!5+%6(/%&!

5)-1,6%!A4!,&!0+.(6,8!545.%/!01!,!5(/(8,-!=%5(<&!,5!(&!,!YNMG!;3%!%8%6.-0&!A%,/!(5!)5%=!10-!

(/,<(&<!.3%!5+%6(/%&!,5! (&!-%<)8,-!YNM5G!;3%!`,+! (0&!A%,/!6,&!A%!)5%=!10-!/(88(&<!,D,4!
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!

/,.%-(,8!A4!(&.%-,6.(0&!A%.D%%&!`,+!(0&5!D(.3!.3%!/,.%-(,8F!,&=!YN5!6,&!A%!<%&%-,.%=!=)-(&<!

.3%! (&.%-,6.(0&! ,&=! )5%=! 10-! (/,<(&<G!*%+05(.(0&! 01! ,! 2.L60&.,(&(&<! +-0.%6.(:%! 8,4%-! 6,&! A%!

+%-10-/%=! A4! (&.-0=)6(&<! ,! 2.! 60&.,(&(&<! 0-<,&0/%.,88(6! 60/+0)&=! (&! <,5! 10-/! (&.0! .3%!

63,/A%-!(&!.3%!:(6(&(.4!01!.3%!5,/+8%!5)-1,6%G!;3(5!<,5!(&.%-,6.5!%(.3%-!D(.3!.3%!%8%6.-0&!0-!`,+!

(0&! A%,/! .3,.! 56,&5! 0:%-! .3%! ,-%,! 01! (&.%-%5.F! ,&=! ,! 2.! 60&.,(&(&<! 8,4%-F! .4+(6,884!

20	𝜇𝑚 × 2	𝜇𝑚 × 2	𝜇𝑚F!(5!=%+05(.%=!0&.0!.3%!5,/+8%!5)-1,6%G!;3%!2.!=%+05(.(0&!(5!D(=%84!)5%=!

10-!+-0.%6.(&<!5(.%!5+%6(1(6!;NM!8(1.L0).!5,/+8%5F!,&=!.0!D%8=!.3%!5,/+8%!.0!,!/(6-0/,&(+)8,.0-!

0-!,!;NM!5+%6(/%&!<-(=G!;3%!-%6(+%!=%.,(85!10-!+-%+,-(&<!.3%!;NM!8(1.L0).!.3(&!10(8!5+%6(/%&5!

(5! =%56-(A%=! (&! -%1%-%&6%5! TlUFlXVG! ?&! KN"! #%-5,! m*! K"ZLYNM! %o)(++%=! D(.3! ,!

/(6-0/,&(+)8,.0-! (5! )5%=! (&! .3(5! +-0[%6.! /,(&84! .0! +-%+,-%! .3%! 5(.%L5+%6(1(6! ;NM! 8(1.L0).!

5,/+8%5F! ,&=! .0! /(88! 60,.(&<! 6-055! 5%6.(0&5! 10-! %8%6.-0&! A,6H56,..%-%=! =(11-,6.(0&! BNZY*C!

/%,5)-%/%&.5G!!

!
K(<)-%!kGnG!Y63%/,.(65!530D(&<!.3%!A,5(6!+-(&6(+8%5!01!,!K"ZLYNM!545.%/G!B,C!"/,<(&<!A4!.3%!

%8%6.-0&!A%,/G!BAC!M(88(&<!A4!.3%!`,+!(0&!A%,/G!

C"I J60%3()+-G$%&1%$330(0,-,2..($%32)+-$+,-3($+182112)+-K2&*%<2-,2..($%32)+-

NZY*!(5!,!.%63&(o)%!(/+8%/%&.%=!(&!.3%!YNMF!D3%-%!.3%!ZYN5!,-%!Z-,<<!56,..%-%=!,&=!10-/!

b(H)63(!A,&=5!0&.0!,&!NZY*!=%.%6.0-G!;3%!6088%6.%=!b(H)63(!A,&=!+,..%-&5!,-%!.3%&!+-06%55%=F!

(&68)=(&<!1-,/%!,:%-,<(&<!,&=!A,6H<-0)&=!5)A.-,6.(0&G!;3%!+-06%55%=!b(H)63(!A,&=!+,..%-&5!

,-%! .3%&! (&=%O%=F! .3-0)<3! D3(63! 806,8! +3,5%5! ,&=! 0-(%&.,.(0&5! 01! ,-%,5! 01! (&.%-%5.! 6,&! A%!

(=%&.(1(%=!TlmVG!?5!530D&!(&!K(<G!kGUQF!(&!NZY*!%O+%-(/%&.5F!.3%!A)8H!5,/+8%!5)-1,6%!(5!.(8.%=!

A4!,-0)&=!iQo!.0!1,6%!.3%!=%.%6.0-G!;3%!5+,.(,8!-%508).(0&!01!NZY*!=%+%&=5!0&!.3%!5(@%!01!.3%!

(&.%-,6.(0&!:08)/%!.3,.!Z-,<<!=(11-,6.%=!ZYN5!%56,+%!1-0/F!D3%-%!,!5+,.(,8!-%508).(0&!01!XQ!t!



XR!
 
!

jQ!&/!6,&!A%!,63(%:%=G!;3%!D0-H(&<!=(5.,&6%!A%.D%%&!.3%!56,&&%=!,-%,!0&!.3%!5,/+8%!5)-1,6%!

,&=!.3%!+08%+(%6%!(&!NZY*!/%,5)-%/%&.5!(5!)5),884!,-0)&=!Uj!//G!!

;-,&5/(55(0&!b(H)63(!=(11-,6.(0&!B;b*C!.%63&(o)%!(5!,&0.3%-!YNMLA,5%=!.%63&(o)%F!D3%-%!,!

.3(&!10(8!5,/+8%!(5!/0)&.%=!D(.3!,!XQo!.(8.F!,&=!.3%!.-,&5/(..%=!%8%6.-0&5!.3,.!,-%!1(-5.!56,..%-%=!

5(=%D,45!,&=!.3%&!Z-,<<!=(11-,6.%=!,-%!6088%6.%=!A4!.3%!NZY*!=%.%6.0-G!;3%!D0-H(&<!=(5.,&6%!

A%.D%%&!.3%!56,&&%=!,-%,!0&!.3%!5,/+8%!5)-1,6%!,&=!.3%!+08%+(%6%!(&!;b*!/%,5)-%/%&.5!(5!

)5),884!,-0)&=!j!//G!*)%!.0!.3%!5/,88!(&.%-,6.(0&!:08)/%!(&!.3%!.-,&5/(55(0&!/0=%F!.3%!5+,.(,8!

-%508).(0&!01!;b*!(5!3(<3%-!.3,&!.3,.!01!NZY*F!,&=!=(11-,6.(0&!=,.,!1-0/!=0/,(&5!8%55!.3,&!UQ!

&/!6,&!A%!,63(%:%=!TlkVG!*)%!.0!8,-<%-!(&.%-,6.(0&!:08)/%5!10-!A)8H!5,/+8%5F!.3%!ZYN5!)&=%-<0!

/0-%! (&%8,5.(6! 56,..%-(&<! %:%&.5! ,&=! .3%-%10-%! %O3(A(.! A-0,=%-! %&%-<4! 5+-%,=! (&! NZY*!

%O+%-(/%&.5G!;3%!A-0,=%-!=(5.-(A).(0&!01!%&%-<(%5!,&=!D,:%8%&<.35!01!ZYN5!/,H%5!.3%!b(H)63(!

+,..%-&5!A8)--4!,&=!=%.%-(0-,.%5!5(<&,8!.0!A,6H<-0)&=!-,.(0G!S0D%:%-F!(&!;b*!.3%!.-,&5/(..%=!

%8%6.-0&5!)&=%-<0!1%D%-!(&%8,5.(6!56,..%-(&<!%:%&.5!D(.3(&!.3%!5/,88!(&.%-,6.(0&!:08)/%5F!,&=!

.3%!-%60-=%=!5(<&,8!3,5!8%55!%&%-<4!5+-%,=!,&=!,!3(<3%-!5(<&,8!.0!A,6H<-0)&=!-,.(0G!;3%-%10-%F!

;b*!6,&!+-0:(=%!b(H)63(!+,..%-&5!01!3(<3%-!o),8(.4!.3,&!NZY*!TlkVG!

!
!
K(<)-%! kGUQG! Y63%/,.(65! 530D(&<! .3%! A,5(6! <%0/%.-(%5! 01! .3%! B,C! NZY*! ,&=! BAC! ;b*!

%O+%-(/%&.,8!5%.)+5G!
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!

C"L -M),0662+'-%)+12,0($32)+1--

4.6.1 Computational fluid dynamics 

70/+).,.(0&,8!18)(=5!=4&,/(65!B7K*C!5(/)8,.(0&5!508:%!+-0A8%/5!-%<,-=(&<!.3%!180D!01!18)(=5!

B8(o)(=5! ,&=! <,5%5CF! D3%-%! :,-(0)5! +345(6,8! +-0+%-.(%5! 01! .3%! 18)(=5! (&68)=(&<! +-%55)-%F!

.%/+%-,.)-%F! :%806(.4F!etcF! ,-%! 60&5(=%-%=! 10-! 5(/)8,.(&<! .3%!3%,.! ,&=!/,55! .-,&5+0-.G!?!m*!

/0=%8!01!.3%!545.%/!(5!A)(8.!,&=!/%53%=F!D3%-%!%,63!/%53!60&5(5.5!01!18)(=!6%885!10-!18)(=!180D!

,&,845(5! ,&=! 508(=! 6%885! 10-! 3%,.! 60&=)6.(0&! ,&,845(5G! ;3%! /,55! .-,&5+0-.! (5! 6,86)8,.%=! A4!

&)/%-(6,884! 508:(&<! .3%!>,:(%-LY.0H%5! %o),.(0&5! 10-! .3%! 18)(=! 6%885F! ,&=! .3%! 3%,.! .-,&51%-! (5!

6,86)8,.%=!10-!.3%!508(=!6%885!A4!508:(&<!.3%!3%,.!%o),.(0&!=%-(:%=!1-0/!.3%!K0)-(%-g5!8,D!TljVG!!

"&!+,+%-!"F!.3%!/(6-05.-)6.)-,8!(&30/0<%&%(.(%5!(&!.3%!;(?8>!60,.(&<!,-%!10)&=!.0!A%!(&18)%&6%=!

A4!.3%!+-%6)-50-!<,5!180D!-,.%G!;3%-%10-%F!.0!60--%8,.%!.3%!/(6-05.-)6.)-%5!01!=(11%-%&.!806,.(0&5!

0&! .3%! 6)..(&<! .008! (&5%-.! .0! .3%! 60--%5+0&=(&<! 806,8! <,5! 180D! -,.%F! ,! 7K*! 5(/)8,.(0&! D,5!

+%-10-/%=! A4! c,8.%-! ?`F! `%-/,&4F! )5(&<! ,! Y08(=D0-H5! K80D! Y(/)8,.(0&! 501.D,-%F! .0!

=%.%-/(&%!.3%!<,5!180D!+,..%-&5!=)-(&<!.3%!E27#*!+-06%55!10-!.3%!=%+05(.(0&!01!;(?8>!60,.(&<5!

(&!,!30.!D,88!7#*!-%,6.0-G!!

4.6.2 Density functional theory 

*%&5(.4!1)&6.(0&,8!.3%0-4!B*K;C!(5!,!1(-5.!+-(&6(+8%!/%.30=!.0!)&=%-5.,&=!.3%!+345(6,8!+-0+%-.(%5!

01! 60&=%&5%=! /,..%-F! D3%-%! .3%! %8%6.-0&(6! 5.-)6.)-%5! ,-%! 6,86)8,.%=! A,5%=! 0&! Y63-a=(&<%-g5!

%o),.(0&G!"&!.3%0-4F!(.!(5!+055(A8%!.0!=%-(:%!,88!+-0+%-.(%5!01!,!545.%/!A4!=%.%-/(&(&<!.3%!/,&4L

A0=4!D,:%!1)&6.(0&F!D3(63!(5!,!1)&6.(0&!01!,88!.3%!600-=(&,.%5!01!%8%6.-0&5!,&=!&)68%(!(&!.3%!

545.%/G!;3(5!.)-&5!0).!.0!A%!(/+055(A8%!(&!-%,8(.4!=)%!.0!.3%!8(/(.%=!60/+).(&<!+0D%-F!,&=!.3)5!

,++-0O(/,.(0&5!/)5.!A%!/,=%!.0!5(/+8(14!.3%!+-0A8%/G!;3%!1(-5.!60//0&!,++-0O(/,.(0&!(5!.3%!

Z0-&L\++%&3%(/%-! ,++-0O(/,.(0&F! D3(63! .-%,.5! ,88! &)68%(! ,5! 1(O%=! TllVG! S0D%:%-F! 508:(&<!

=(-%6.84!.3%!Y63-a=(&<%-g5!%o),.(0&!01!,!545.%/!D(.3!n!%8%6.-0&5!-%o)(-%5!.0!=%.%-/(&%!,!/,&4L

A0=4!D,:%!1)&6.(0&!D(.3!3n!:,-(,A8%5!.3,.!(&:08:%!.3%!.3-%%!600-=(&,.%5!01!%,63!%8%6.-0&F!,&=!(.!

A%60/%5!(&.-,6.,A8%!10-!/0-%!.3,&!,!3,&=1)8!01!%8%6.-0&5G!;0!508:%!.3(5!+-0A8%/F!.3%!S03%&A%-<L

b03&!.3%0-%/5!D%-%!+-0+05%=F!5.,.(&<I!B,C!,88!+-0+%-.(%5!01!.3%!545.%/!,-%!)&(o)%84!=%.%-/(&%=!

A4!.3%!<-0)&=!5.,.%!%8%6.-0&!=%&5(.4J!BAC!,&!%&%-<4!1)&6.(0&,8!01!.3%!%8%6.-0&!=%&5(.4!%O(5.5F!,&=!

.3%!<-0)&=!5.,.%!%8%6.-0&!=%&5(.4!6,&!A%!=%.%-/(&%=!,660-=(&<!.0!.3%!/(&(/)/!01!.3%!%&%-<4!

1)&6.(0&,8!TliVG!;3%!S03%&A%-<Lb03&!.3%0-%/5!.3%-%10-%!5(/+8(14!.3%!+-0A8%/!01!508:(&<!.3%!

/,&4LA0=4! D,:%! 1)&6.(0&! D(.3! m&! :,-(,A8%5! (&.0! ,! +-0A8%/! 01! =%.%-/(&%! .3%! <-0)&=! 5.,.%!
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!

%8%6.-0&!=%&5(.4!D(.3!m!:,-(,A8%5F!D3(63!(5!.-,6.,A8%!10-!,!545.%/!D(.3!3)&=-%=5!01!%8%6.-0&5G!

M0-%!.%63&(o)%!=%.,(85!01!.3%!*K;!5(/)8,.(0&5!6,&!A%!10)&=!(&!-%1%-%&6%!TliVG!!

"&! .3(5! D0-HF! *K;! 5(/)8,.(0&5! D%-%! +%-10-/%=! A4! 6088%,<)%5! 1-0/! .3%! $04,8! "&5.(.).%! 01!

;%63&080<4F!YD%=%&F!)5(&<!.3%!#(%&&,!ab-initio!5(/)8,.(0&!+,6H,<%!B#?Y2C!TlRVG!"&!+,+%-!"F!

,!60L<-0D.3!01!3L?8>!0&.0!.3%!;(B?8C>!8,/%88,%!D(.3!,!5+%6(1(6!6-45.,880<-,+3(6!0-(%&.,.(0&!

-%8,.(0&53(+!D,5!10)&=!A4!%8%6.-0&!/(6-0560+4G!*K;!/0=%88(&<!D,5!+%-10-/%=!.0!6,86)8,.%!.3%!

(&.%-1,6%!%&%-<(%5!01! .3%!3L?8>W;(B?8C>!,&=! .3%!3L?8>W?8B;(C>! (&.%-1,6%5F!D3(63!3%8+%=! .0!

%O+8,(&!.3%!10-/,.(0&!01!.3%!3L?8>!(&!.3%!;(?8>!60,.(&<5G!"&!,==(.(0&F!.3%!,=50-+.(0&!%&%-<(%5!

01!.3%!-%,6.(&<!<,5!5+%6(%5!B,8)/(&()/!6380-(=%5!,&=!.(.,&()/!6380-(=%5C!0&.0!.3%!6)A(6!;(>F!

;(0.5?80.5>F! ;(0.1?80.9>F! ,&=! ?8>! +3,5%5! D%-%! 6,86)8,.%=F! .0! 3%8+! .0! )&=%-5.,&=! .3%! 5)-1,6%!

H(&%.(65!01!.3%!?8!,&=!;(!=%+05(.(0&G!!

4.6.3 Thermodynamic modelling  

"&! .3%-/0=4&,/(6! /0=%88(&<F! ,! +3,5%! (5! )5),884! 60&5(=%-%=! ,5! ,! /(O%=! 508).(0&! 01! 5%:%-,8!

508).%5! 01! .3%! 60&5.(.).%! %8%/%&.5G! ;3%! `(AA5! %&%-<4! 01! ,! +3,5%! (5! )5),884! %O+-%55%=! ,5! ,!

6088%6.(0&!01!+084&0/(,85!60&5(5.(&<!01! .3%! (&(.(,8!`(AA5!%&%-<(%5!01!+)-%! 508).%5F! .3%!`(AA5!

%&%-<(%5!6,)5%=!A4!/(O(&<F!,&=!%O.-,!.%-/5!.3,.!=%56-(A%!.3%!(&.%-,6.(0&5!01!%8%/%&.5!(&!,!6%-.,(&!

+3,5%G! ;3%! `(AA5! 1-%%! %&%-<4! 01! %,63! +3,5%! (5! ,! 1)&6.(0&! 01! .%/+%-,.)-%F! +-%55)-%F! ,&=!

60/+05(.(0&G!;3%!+3,5%!=(,<-,/!6,86)8,.(0&!(5!.0!+-%=(6.!.3%!%O(5.%&6%!,&=!.3%!60/+05(.(0&5!01!

.3%!60--%5+0&=(&<!+3,5%5!(&!,!545.%/F!A4!/(&(/(@(&<!.3%!.0.,8!`(AA5!%&%-<4!01!.3%!545.%/!,.!

%,63!<(:%&!.%/+%-,.)-%!,&=!+-%55)-%G!K0-!.3%-/0=4&,/(6!/0=%88(&<F!(.!(5!%55%&.(,8!.0!H&0D!.3%!

`(AA5!%&%-<4!+084&0/(,85!01! .3%! 5.)=(%=!+3,5%5F!D3(63!,-%! (/+8%/%&.%=! (&! .3%-/0=4&,/(6!

=,.,A,5%5!TlnVG!!

"&! +,+%-! ""F! +3,5%! =(,<-,/5! D%-%! 6,86)8,.%=! A4! 6088%,<)%5! 1-0/! .3%! $04,8! "&5.(.).%! 01!

;%63&080<4F!YD%=%&F!)5(&<!.3%!;3%-/0L7,86!501.D,-%!TiQVG!;3%!.3%-/0=4&,/(6!6,86)8,.(0&5!

+-%=(6.!.3%!%O(5.%&6%!01!5.,A8%!+3,5%5!.3,.!60&.,(&!.3%!60/+0&%&.5!01!.3%!707-K%>(!5)A5.-,.%F!

,&=!.3%!1-,6.(0&!01!/%.,8!6380-(=%5!10-/%=!=)-(&<!.3%!7#*!+-06%55!,.!=(11%-%&.!.%/+%-,.)-%5G!

;3%!Y;NM!hN*Y!/%,5)-%/%&.5!.0<%.3%-!D(.3!.3%!.3%-/0=4&,/(6!5(/)8,.(0&!(&=(6,.%!.3,.!7-!

D0)8=!=%+8%.%!1-0/!.3%!5)A5.-,.%!,&=!=(11)5%!(&.0!.3%!60,.(&<G!
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5! Results and discussion 

"&! .3(5! .3%5(5F! .D0! 60,.(&<! 545.%/5! D%-%! 5.)=(%=G! "&! +,+%-! "F! .3%! =%.,(8%=! /(6-05.-)6.)-%! 01!

E27#*! ;(?8>! 60,.(&<5! D%-%! (&:%5.(<,.%=! A4! :,-(0)5! %8%6.-0&! /(6-0560+4! .%63&(o)%5! D(.3!

60/+8%/%&.,-4! *K;! ,&=! 7K*! 5(/)8,.(0&5F! ,&=! ,! <,5! 180D! %11%6.! 0&! .3%! 60,.(&<! 5.-)6.)-%!

(&30/0<%&%(.4! (5! =(56)55%=G! "&! +,+%-! ""F! .3%!/(6-05.-)6.)-%! 01!;(>! 60,.(&<5! =%+05(.%=! 0&! ,!

707-K%>(!M2N?!5)A5.-,.%!D,5!63,-,6.%-(@%=F!D3%-%!,!=(11)5(0&!01!7-!1-0/!.3%!5)A5.-,.%!.0!.3%!

60,.(&<! .3-0)<3!<-,(&! A0)&=,-(%5!D,5! -%:%,8%=G! "/+0-.,&.! -%5)8.5! 01! .3%! .D0!+,+%-5!D(88! A%!

=(56)55%=!A-(%184!(&!.3%!10880D(&<!5%6.(0&5F!D3(8%!/0-%!=%.,(85!,-%!<(:%&!(&!.3%!,++%&=%=!+,+%-5G!!

I"! =)E'()/3<-).-<E56N-$+,-B256N-9<$101--

;3%!3L?8>!+3,5%!D,5!10)&=!.0!<-0D!.0<%.3%-!D(.3!.3%!6L;(?8>!+3,5%F!%(.3%-!,5!,!.3(&!8,4%-!,.!

<-,(&!A0)&=,-(%5!0-!,5!=0/,(&5!D(.3(&!.3%!;(?8>!<-,(&5G!;3%!3L?8>!=0/,(&5!5.,-.!<-0D(&<!0&!

.3%! BQQUC! 5)-1,6%! 01! .3%! ;(B?8C>! 8,/%88,F! 10880D(&<! ,&! 0-(%&.,.(0&! -%8,.(0&53(+I! TUUQVcub! WW!

TX1"1"QVhexF! ,&=! BQQUCcub! WW! BQQQUChexG! ;3%! 10-/,.(0&! 01! 3L?8>! 0&! .3%! ;(L-(63! ;(?8>! 6,&! A%!

%O+8,(&%=!A4!.3%!*K;!/0=%88(&<F!D3%-%!.3%!3L?8>!3,5!,!&0.(6%,A84!80D%-!(&.%-1,6%!%&%-<4!D(.3!

.3%!;(B?8C>!+3,5%! .3,&!D(.3! .3%!?8B;(C>!+3,5%G!;3%!3L?8>!D,5!,850!10)&=!.0! (&18)%&6%! .3%!

<-0D.3!01!6)A(6!&,&08,/%88,%G!".!(5!A%8(%:%=!.0!A%!-%8,.%=!.0!,!<-,(&!/0-+3080<4!=(5.0-.(0&!(&!

.3%!;(?8>!60,.(&<5F!D3%-%!,!60L<-0D.3!01!3L?8>!,&=!.3%!6)A(6!;(?8>!D,5!10)&=!.0!-%5)8.!(&!,!

60,.(&<!5.-)6.)-%!D(.30).!608)/&,-!<-,(&!60/+,-%=!.0!.3%!608)/&,-!<-,(&!/0-+3080<4!01!.3%!

+)-%!6L;(?8>!+3,5%G!!

I"4 O$1-.6)/-0..0%3-)+-B2-$+,-56-,09)1232)+-

?660-=(&<! .0! .3%!63%/(6,8!,&,845(5!A4!Y;NM!hN*Y!,&=!7K*!5(/)8,.(0&5!01! .3%!<,5! 180DF!

3(<3%-!;(W?8! -,.(0! .3,&! .3%!,:%-,<%!60&.%&.! B;(0.2?80.8>C!,++%,-5!,.!+05(.(0&5!D(.3! 1,5.%-!<,5!

180DF! %5+%6(,884! ,.! .3%! (&5%-.! %=<%! 60-&%-G! ;3%! 5+,.(,8! :,-(,.(0&! 01! .3%! ;(W?8! -,.(0! 6,&! A%!

%O+8,(&%=!A4!.3%!1,6.!.3,.!.3%!=%+05(.(0&!-,.%5!01!;(!,&=!?8!,-%!(&18)%&6%=!A4!.3%!/,55!.-,&5+0-.!

,&=! .3%! 5)-1,6%! H(&%.(65G! ?5! 3,5! A%%&! -%+0-.%=F! .3%! 7#*! -%,6.(0&! .%/+%-,.)-%! 10-! .(.,&()/!

6380-(=%5!(5!,-0)&=!RQQ!o7G!;3(5!(5!/)63!80D%-!.3,&!.3,.!10-!.3%!,8)/(&()/!6380-(=%5F!D3(63!

,-%! =%+05(.%=! ,.! ,-0)&=! UQQQ! o7! TmiFiUVG! ;3%! .%/+%-,.)-%! )5%=! (&! 0)-! E27#*! +-06%55! (5!

-%8,.(:%84!80D!Bt!iQQ!o7CG!".!(5!5)11(6(%&.84!3(<3!10-!.3%!5)-1,6%!-%,6.(0&5!01!.3%!;(!=%+05(.(0&F!

,&=! <(:%5! ,!/,55! .-,&5+0-.! 60&.-088%=! =%+05(.(0&G!S0D%:%-F! .3(5! 80D! .%/+%-,.)-%! 8(/(.5! .3%!

5)-1,6%!-%,6.(0&5!01!.3%!?8!=%+05(.(0&F!D3(63!(5!.3)5!60&1(&%=!.0!.3%!5)-1,6%!-%,6.(0&!60&.-088%=!
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-%<(/%G!!

?660-=(&<!.0!7#*!18)(=!=4&,/(6!.3%0-(%5F!,!.3(&&%-!5.,<&,&.!A0)&=,-4!8,4%-!(5!10-/%=!=)%!.0!

.3%!1,5.!<,5!180D!-,.%!6805%!.0!.3%!(&5%-.!60-&%-!TiXVG!;3%-%10-%F!.3%!/,55!.-,&5+0-.!01!A0.3!.3%!

.(.,&()/! ,&=! ,8)/(&()/! 6380-(=%5! (5! 5.(/)8,.%=! A4! 530-.%&(&<! .3%! =(11)5(0&! +,.3! .3-0)<3! ,!

.3(&&%-!5.,<&,&.! 8,4%-G!?660-=(&<!.0!%o),.(0&!BXGkCF! .3%!-,.%!01!;(!=%+05(.(0&F!D3(63!(5!/,55!

.-,&5+0-.!60&.-088%=F!(&6-%,5%5!D(.3!.3%!5o),-%!-00.!01!.3%!<,5!180D!:%806(.4G!S0D%:%-F!10-!.3%!

=%+05(.(0&! 01! ?8! .3,.! (5! 8(/(.%=! A4! .3%! 5)-1,6%! -%,6.(0&! H(&%.(65F! .3%! =%+05(.(0&! -,.%! (5! &0.!

(&6-%,5%=!A4!.3%!3(<3%-!806,8!5)++84!01!.3%!+-%6)-50-5G!;3%5%!1,6.5!%O+8,(&!.3%!3(<3%-!;(W?8!-,.(0!

,.!+05(.(0&5!D3%-%!.3%!<,5!180D!(5!1,5.%-G!

I": M2%()13(*%3*($6-2+<)8)'0+0237-2+-B256N-%)$32+'1-

?&!(&30/0<%&%(.4!01!.3%!;(?8>!60,.(&<!D,5!-%+0-.%=!(&!+,+%-!"F!D3%-%!608)/&,-!<-,(&5!10-/!

,.! +05(.(0&5! ,D,4! 1-0/! .3%! %=<%! 60-&%-F! D3%-%! .3%! <,5! 180D! -,.%! (5! 80D%-G! S0D%:%-F!

/(6-05.-)6.)-,8!=(5.0-.(0&!,++%,-5!,.!,-%,5!6805%!.0!.3%!(&5%-.!60-&%-F!D(.3!3(<3%-!;(!60&.%&.!.3,&!

.3%! ,:%-,<%! 60/+05(.(0&G! 2#*! ;(?8>! 60,.(&<5! 3,:%! ,850! A%%&! -%+0-.%=! .0! 530D! <-,(&!

/0-+3080<4!=(5.0-.(0&5F!D3%-%!,!+-0&0)&6%=!,/0)&.!01!.3%!3L?8>!D,5!10)&=!.0!60L<-0D!D(.3!

.3%!6L;(?8>!+3,5%!,&=!.3%!608)/&,-!<-,(&5!=(5,++%,-%=!TmnFjUVG!?!5(/(8,-!%11%6.!(&!7#*!;(?8>!

60,.(&<5!D,5!,850!10)&=!(&!0)-!-%5%,-63F!D3%-%!,!/(O.)-%!01!=(560&.(&)0)5!6)A(6!&,&08,/%88,%!

,&=!3L?8>!=0/,(&5!(5!5)<<%5.%=!.0!6,)5%!.3%!=(5.0-.(0&!01!.3%!608)/&,-!<-,(&5G!?660-=(&<!.0!

0)-! *K;! 5(/)8,.(0&5F! 3L?8>! +3,5%! +-%1%-5! .0! <-0D! 0&! ;(B?8C>F! 10880D(&<! .3%! 0-(%&.,.(0&!

-%8,.(0&53(+!=%56-(A%=!,A0:%G!".!(5!.3)5!5)<<%5.%=!.3,.!.3%!%O6%55(:%!3L?8>!<-0D.3!(5!6,)5%=!A4!

.3%!3(<3!806,8!;(!60&.%&.G!;0!5)//,-(@%F!.3%!3(<3!<,5!180D!5+%%=!5.(/)8,.%5!.3%!;(L=%+05(.(0&!

,&=!10-/5!/0-%!;(B?8C>!+3,5%G!;3%!%O6%55(:%!;(B?8C>!+3,5%!+-0A,A84!5.(/)8,.%5!.3%!10-/,.(0&!

01!.3%!60L<-0D&!3L?8>F!D3(63!(&18)%&6%5!.3%!10-/,.(0&!01!.3%!&,&08,/%88,%!5.-)6.)-%!,&=!.3%!

608)/&,-!<-,(&!/0-+3080<4G!!!

I"C ?2..*12)+-).-=(-.()8-$-F0=(=)N2-1*G13($30-3<()*'<-B2N-'($2+-G)*+,$(201-

;3%!/(6-05.-)6.)-%!01!;(>!<-,(&5!<-0D&!A4!7#*!0&!,!K%7-70>(!/)8.(L+-(&6(+,8!%8%/%&.!,8804!

5)A5.-,.%!D,5!5.)=(%=!(&!+,+%-!""G!*(11)5(0&!01!7-!1-0/!.3%!5)A5.-,.%!D,5!-%:%,8%=!A4!,&,84.(6,8!

%8%6.-0&!/(6-0560+4G!Y;NM!hN*Y!530D%=!.3%!+-%5%&6%!01!7-!,<<-%<,.%=!,80&<!.3%!A0)&=,-(%5!

01!.3%!;(>!<-,(&5G!"&!,==(.(0&F!7-!D,5!530D&!.0!A%!+-%5%&.!,.!.3%!60,.(&<!.0+!5)-1,6%!,5!D%88G!

;3(5!7-!%&-(63/%&.!/,4!A%!=)%!.0!.3%!>L-(63!,./05+3%-%!+-%5%&.!=)-(&<!.3%!6008(&<!+-06%55F!
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D3%-%!.3%!>L-(63!%&:(-0&/%&.!(5!5)<<%5.%=!.0!6,)5%!,!60&.(&)0)5!=(11)5(0&!01!7-!.0D,-=5!.3%!

60,.(&<!5)-1,6%G!

!

!

!

!

!

!

!

!

!

!

!

!
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6! Future work  

;3(5!.3%5(5!(5!106)5%=!0&!)&=%-5.,&=(&<!.3%!/(6-05.-)6.)-%!01!7#*!;(>!60,.(&<5!,&=!E27#*!

&,&08,/%88,!;(?8>!60,.(&<5G!;3%!=%.,(8%=! %8%6.-0&!/(6-0560+4! 5.)=(%5!D(88! (&! .3%! 1).)-%!A%!

A-0,=%&%=!(&.0!0.3%-!7#*!60,.(&<!545.%/5F!8(H%!;(7>!,&=!𝛼L?82\3!60,.(&<5G!?!1%D!+-0[%6.5!

.3,.!3,:%!A%%&!+8,&&%=!,-%!=%56-(A%=!(&!.3(5!63,+.%-G!!

L"! P*$+32.2%$32)+-).-%<082%$6-%)89)1232)+1-).-B256N-+$+)6$8066$0--

;0!1)884!)&=%-5.,&=!.3%!10-/,.(0&!/%63,&(5/!01!.3%!+%-(0=(6!;(?8>!&,&08,/%88,%!1-0/!7#*F!

(.! (5! &%6%55,-4! .0! =%.%-/(&%! .3%! 63%/(6,8! 60/+05(.(0&! 01! .3%! &,&08,/%88,%G! S(<3! 5+,.(,8!

-%508).(0&!10-!.3%!63%/(6,8!,&,845(5!(5!&%6%55,-4!.0!5.)=4!.3%!&,&08,/%88,!5.-)6.)-%F!D3(63!6,&!

A%! (/+8%/%&.%=! A4! ,&,84.(6,8! /(6-0560+4! (&! Y;NM! /0=%G! ;3%! ;(! ,&=! ?8! 60&.%&.5! 01! .3%!

;(B?8C>!,&=!?8B;(C>!8,/%88,%!3,:%!A%%&!=%.%-/(&%=!)5(&<!Y;NM!hN*YF!,5!530D&!(&!+,+%-!"G!

S0D%:%-F!60&5(=%-(&<!.3%!&0&5.0(63(0/%.-(6!60/+05(.(0&!01!;(1-x?8x>1-yF!.3%!>!60&.%&.!(5!5.(88!

)&H&0D&G!*)%!.0!.3%!0:%-8,++(&<!01!>!𝐾9!BmnX!%#C!+%,H!D(.3!;(!𝐿9!BkjX!%#C!+%,H!,&=!8(/(.%=!

%&%-<4!-%508).(0&!01!hN*Y!Bt!UmQ!%#CF!(.!(5!:%-4!=(11(6)8.!.0!o),&.(14!>!A4!hN*YG!NNEY!(5!.3)5!

+8,&&%=!.0!A%!)5%=!.0!=%.%-/(&%!/%,5)-%!.3%!;(!,&=!?8!60&.%&.5G!?!;(>!5,/+8%!D(.3!H&0D&!

60/+05(.(0&!D,5!)5%=! .0! 6,8(A-,.%! .3%! 6-055L5%6.(0&! -,.(0!01! .3%!;(!E23! ,&=!>!b!%=<%5G!K0-!

,66)-,.%!5+%6.-)/!A,6H<-0)&=!5)A.-,6.(0&!,&=!%=<%!60)&.5!6,86)8,.(0&F!.3%!%&%-<4!=(5+%-5(0&!

01! .3%! %&%-<4! 1(8.%-%=! 6,/%-,! D(88! A%! 6,8(A-,.%=! A4! ,! 5.,&=,-=! >(\! 5,/+8%G! "&! ,==(.(0&F!

60/+8(/%&.,-4! ,.0/! +-0A%! .0/0<-,+34! B?2;C! %O+%-(/%&.5! ,-%! +8,&&%=! .0! 5.)=4! .3%!

60/+05(.(0&!01!.3%!&,&08,/%88,!5.-)6.)-%F!,&=!.3%!-%5)8.5!D(88!A%!60/+,-%=!D(.3!.305%!/%,5)-%=!

A4!hN*Y!,&=!NNEYG!!

L"4 Q)3$32)+-1900,-$+,-+$+)6$8066$-90(2),2%23201-

Z4!63,&<(&<!.3%!<,5%0)5!5)++84!01!.3%!+-%6)-50-5!;(784!,&=!?8783F!;(?8>!&,&08,/%88,!60,.(&<5!

D(.3!=(11%-%&.!+%-(0=(6(.(%5!6,&!A%!54&.3%5(@%=G!?&0.3%-!+8,&&%=!+-0[%6.!(5!.3%-%10-%!.0!1(&=!0).!

.3%!60--%8,.(0&!A%.D%%&!.3%!&,&08,/%88,!+%-(0=(6(.4F!.3%!<,5!5)++84F!,&=!.3%!60,.(&<!<-0D.3!-,.%G!

"&! ,==(.(0&F! .3%! ;(B?8C>W?8B;(C>! (&.%-1,6(,8! 8,..(6%! 5.-,(&(&<! +,..%-&! /,4! A%! :,-(%=! .3-0)<3!

.)&(&<!.3%!&,&08,/%88,!+%-(0=(6(.4G!;3(5!/,4!(&!.)-&!(&18)%&6%!.3%!.3%-/,8!(&5.,A(8(.4!,&=!.3%!

/%63,&(6,8!+%-10-/,&6%!01!.3%!60,.(&<5F!D3(63!,850!6,&!A%!(&:%5.(<,.%=F!(1!.(/%!+%-/(.5F!(&!.3(5!

23*!+-0[%6.G!
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7! References 

TUV! "G!N8!?@3,-(F! dG!Z,--(-%-0F! dG!`,-6w,F!KG!Y08=%-,F!EG!E8,&%5F!KG!Me6H8(63F!?.0/!2-0A%!

;0/0<-,+34! (&:%5.(<,.(0&5! 0&! <-,(&! A0)&=,-4! 5%<-%<,.(0&! (&! +0846-45.,88(&%!;(B7F>C!

,&=!_-B7F>C!7#*!60,.(&<5F!Y6-G!M,.%-G!UlX!BXQUnC!mmjpmkQG!!

TXV! dGdG!`-,6(0F!'GSG!K,&F!dG7G!M,=,8%&0F!*(,/0&=!<-0D.3!A4!63%/(6,8!:,+0)-!=%+05(.(0&F!

dG!2345G!*G!?++8G!2345G!km!BXQUQC!mikQUiG!!

TmV! dG! Y3%(H3L?3/,=F! dG2G!*,:(/F!;008!D%,-! (&!/,63(&(&<!+-06%55%5! 10-! 60/+05(.%5F! (&I!

M,63(&(&<! .%63&080<4! 10-! 60/+05(.%! /,.%-(,85! L! 2-(&6(+8%5! ,&=! 2-,6.(6%F! c00=3%,=!

2)A8(53(&<!E(/(.%=F!7,/A-(=<%F!XQUXI!++G!UUlpUjmG!!

TkV! YG! 7,&0:(6F! ZG! E[)&<A%-<F! 7G! Z[a-/,&=%-F! MG! S,8:,-550&F! 7#*! ;(7W,8)/(&,! ,&=!

;(>W,8)/(&,!/)8.(8,4%-!60,.(&<5!<-0D&!0&!5,++3(-%!5(&<8%!6-45.,85F!"&.G!dG!$%1-,6.G!M%.G!

S,-=!M,.%-G!XR!BXQUQC!UlmpUimG!!

TjV! MGSG! Y.,(,F! NGYG! 2)63(F! *GZG! E%D(5F! dG! 7,D8%4F! *G! M0-%8F! M(6-05.-)6.)-,8!

63,-,6.%-(@,.(0&!01!63%/(6,884!:,+0-!=%+05(.%=!;(>!60,.(&<F!Y)-1G!70,.(&<5!;%63&08G!Rlp

Ri!BUnnlC!kmXpkmiG!!

TlV! EG! :0&! K(%,&=.F! bG! d03,&550&F! ;G! E,-550&F! MG! Z0/,&F! NG! E(&=,38F! \&! .3%! <-0D.3F!

0-(%&.,.(0&!,&=!3,-=&%55!01!63%/(6,8!:,+0-!=%+05(.%=!;(B7F>CF!;3(&!Y08(=!K(8/5G!lkj!

BXQURC!UnpXlG!!

TiV! dG!_,8%5,HF!*G!S08%6F!"G!M,.H0F!MG!2%.-%&%6F!ZG!Y,-.0-4F!>G!b0).&xF!$G!*,&(%8F!$G!2(.0&,HF!

dG! b%6H%5F! 2%6)8(,-(.4! 01! 5%81L,55%/A8%=! 6)A(6! &,&08,/%88,%! (&! .3%! ;(>W?8>! 545.%/I!

N+(.,O(,8!5%81L5.,A(8(@,.(0&!A4!%8%/%&.!=%1(6(%&64W%O6%55F!?6.,!M,.%-G!UmU!BXQUiC!mnUp

mnnG!!

TRV! "G!y0&%&,<,F!?G!>(H08,%:F!yG!M%8&(HF!#G!*/(.-(%:F!S(<3L;%/+%-,.)-%!S,-=&%55!01!Z)8H!

Y(&<8%L7-45.,8!?8>F!d+&G!dG!?++8G!2345G!kQ!BXQQUC!EkXlpEkXiG!!

TnV! hGSG! d(F! YG2G! E,)F! `G'G! y)F! cGSG! _30&<F! ZGbG! ;,4F! Y.-)6.)-,8! +-0+%-.(%5! ,&=!

&,&0(&=%&.,.(0&!01!?8>!1(8/5!A4!,!1(8.%-%=!6,.30=(6!:,6))/!,-6!,.!80D!.%/+%-,.)-%F!dG!

2345G!*G!?++8G!2345G!mi!BXQQkC!UkiXpUkiiG!!



mR!
 
!

TUQV! MG!E%%F!S(<3! .%/+%-,.)-%! 3,-=&%55! 01! .)&<5.%&! 6,-A(=%F!M%.,88G!;-,&5G!?G! Uk! BUnRmC!

UlXjpUlXnG!!

TUUV! 7G2G!?8+%-.F!SGMG!73,&F!YGdG!Z%&&(50&F!ZG!E,D&F!;%/+%-,.)-%!*%+%&=%&6%!01!S,-=&%55!

01!?8)/(&,LZ,5%=!7%-,/(65F!dG!?/G!7%-,/G!Y06G!iU!BUnRRC!7zmiUL7zmimG!!

TUXV! YG!2,8*%4F!YG7G!*%%:(F!Y(&<8%!8,4%-!,&=!/)8.(8,4%-!D%,-!-%5(5.,&.!60,.(&<5!01!B;(F?8C>I!

,!-%:(%DF!M,.%-G!Y6(G!N&<G!?G!mkX!BXQQmC!jRpinG!!

TUmV! *GLyG! c,&<F! 7GLEG! 73,&<F! bGLcG! c0&<F! yGLcG! E(F! cGLyG! S0F! "/+-0:%/%&.! 01! .3%!

(&.%-1,6(,8!(&.%<-(.4!01!B;(F?8C>!3,-=!60,.(&<5!=%+05(.%=!0&!3(<3!5+%%=!5.%%8!6)..(&<!.0085F!

Y)-1G!70,.(&<5!;%63&08G!UXQpUXU!BUnnnC!mRRpmnkG!!

TUkV! hG!d(,&<F!dG!23(8(+F!cGdG!_3,&<F!2G!S%55F!YG!M,.5)/0.0F!S,-=&%55!,&=!y0)&<g5!/0=)8)5!

01!3(<3Lo),8(.4!6)A(6!A0-0&!&(.-(=%!1(8/5!<-0D&!A4!63%/(6,8!:,+0-!=%+05(.(0&F!dG!?++8G!

2345G!nm!BXQQmC!UjUjpUjUnG!!

TUjV! cG?G!Z-4,&.F!;3%!1)&=,/%&.,85!01!63%/(6,8!:,+0)-!=%+05(.(0&F!dG!M,.%-G!Y6(G!UX!BUniiC!

UXRjpUmQlG!!

TUlV! dG!zNG!Y)&=<-%&F!SG;G`G!S%&.@%88F!?!-%:(%D!01!.3%!+-%5%&.!5.,.%!01!,-.!(&!3,-=!60,.(&<5!

<-0D&!1-0/!.3%!:,+0-!+3,5%F!dG!#,6G!Y6(G!;%63&08G!?G!k!BUnRlC!XXjnpXXinG!!

TUiV! 9G!ba&(<F!$G!;,A%-5H4F!SG!:,&!=%&!Z%-<F!$%5%,-63F!=%:%80+/%&.!,&=!+%-10-/,&6%!01!

6%/%&.%=!6,-A(=%! .0085!60,.%=!A4!+8,5/,L,6.(:,.%=!63%/(6,8!:,+0)-!=%+05(.(0&F!Y)-1G!

70,.(&<5!;%63&08G!jQ!BUnnUC!jiplXG!!

TURV! *G;G! ')(&.0F! ?G;G! Y,&.3,&,/F! 2G7G! d(&=,8F! M%63,&(6,8! +-0+%-.(%5F! 5.-)6.)-%! ,&=!

+%-10-/,&6%! 01! 63%/(6,884! :,+0-L=%+05(.%=! ,&=! +345(6,884! :,+0-L=%+05(.%=! 60,.%=!

6,-A(=%!.0085F!M,.%-G!Y6(G!N&<G!?G!UQjpUQl!BUnRRC!kkmpkjXG!!

TUnV! SGNG!S(&.%-/,&&F!;-(A080<(6,8!,&=!+-0.%6.(:%!60,.(&<5!A4!63%/(6,8!:,+0)-!=%+05(.(0&F!

;3(&!Y08(=!K(8/5G!Rk!BUnRUC!XUjpXkmG!!

TXQV! bGLSG!S,A(<F!`GMG!@)!ba6H%-F!2055(A(8(.(%5!01!/0=%8!D%,-!.%5.(&<!10-!.3%!+-%5%8%6.(0&!01!

3,-=!60,.(&<5!10-!6)..(&<!.0085F!Y)-1G!70,.(&<5!;%63&08G!lX!BUnnmC!kXRpkmiG!!

TXUV! cG! Y63(&.8/%(5.%-F! \G! 2,63%-F! 2-%+,-,.(0&! ,&=! +-0+%-.(%5! 01! 3,-=z/,.%-(,8! 8,4%-5! 10-!



mn!
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/%.,8!/,63(&(&<!,&=![%D%8-4F!dG!#,6G!Y6(G!;%63&08G!UX!BUnijC!ikmpikRG!!

TXXV! dG2G!73)AAF! dG!Z(88(&<3,/F!*G*G!S,88F! dGMG!c,885F!70/+,-(50&! 01!D%,-! A%3,:(0)-! 01!

5(&<8%L!,&=!/)8.(8,4%-!60,.%=!6,-A(=%!6)..(&<!.0085F!M%.G!;%63&08G!i!BUnRQC!XnmpXnnG!!

TXmV! bGbG!y%%F!2-0.%6.(:%!60,.(&<5!10-!/%.,85!A4!63%/(6,8!:,+0)-!=%+05(.(0&F!"&.G!M%.G!$%:G!

Xm!BUniRC!UnpkXG!!

TXkV! ZG! E)OF! $G! S,)A&%-F! 7G! c038-,AF! 73%/(6,884! :,+0)-L=%+05(.%=! 3,-=! 60,.(&<5I!

?++8(6,.(0&5!,&=!5%8%6.(0&!<)(=%8(&%5F!Y)-1G!70,.(&<5!;%63&08G!mR!BUnRnC!XlipXRQG!!

TXjV! SG\G! 2(%-50&F! S,&=A00H! 01! 73%/(6,8! #,+0)-! *%+05(.(0&! B7#*C! L! 2-(&6(+8%5F!

;%63&080<4F!,&=!?++8(6,.(0&5F!N85%:(%-F!>0-D(63F!>yF!UnnnG!!

TXlV! EG!:0&!K(%,&=.F!7)..(&<!%=<%!.(.,&()/LA,5%=!7#*!3,-=!60,.(&<5F!23*!.3%5(5F!9++5,8,!

9&(:%-5(.4F!XQURG!

TXiV! MG7G#G!yG!S,/%=,&(F!2G!M,63,F!;G!dG!Z)&&(&<F!$G!$G!>,(HF!28,5/,L%&3,&6%=!63%/(6,8!

:,+0-!=%+05(.(0&I!c3%-%!D%!,-%!,&=!.3%!0).800H!10-!.3%!1).)-%F!73%/G!#,+G!*%+05G!?=:G!

?++8G!\+.G!Y08G!7%885!Y08(=!Y.,.%!*%:(6%5F!"&;%63G!BXQUlCG!

TXRV! ?G!b,-F!dG!M,@)/=%-F!E,5%-!63%/(6,8!:,+0-!=%+05(.(0&!01!.3(&!1(8/5F!M,.%-G!Y6(G!N&<G!ZG!

kU!BUnnlC!mlRpmimG!!

TXnV! dGL\G! 7,-8550&F! 9G! d,&550&F! 2-0<-%55! (&! 63%/(6,8! :,+0-! =%+05(.(0&F! 2-0<G! Y08(=! Y.,.%!

73%/G!XX!BUnnmC!XmipXnXG!!

TmQV! ZGNG!*%,8F!?GYG!`-0:%F!`%&%-,8!$%8,.(0&53(+!10-! .3%!;3%-/,8!\O(=,.(0&!01!Y(8(60&F!dG!

?++8G!2345G!ml!BUnljC!miiQpmiiRG!!

TmUV! yG!Y0&<F!YG!*3,-F!EG7G!K%8=/,&F!`G!73)&<F!dG$G!c(88(,/5F!M0=(1(%=!*%,8!`-0:%!/0=%8!

10-!.3%!.3%-/,8!0O(=,.(0&!01!5(8(60&!6,-A(=%F!dG!?++8G!2345G!nj!BXQQkC!knjmpknjiG!!

TmXV! MG!$(%).0-=F!K8)(=!=4&,/(65!L!?&!(&.-0=)6.(0&F!Y+-(&<%-!"&.%-&,.(0&,8!2)A8(53(&<F!73,/F!

XQUjG!!

TmmV! ?G!Y3%-/,&F!`-0D.3!,&=!2-0+%-.(%5!01!E27#*!;(.,&()/!>(.-(=%!,5!,!*(11)5(0&!Z,--(%-!

10-!Y(8(60&!*%:(6%!;%63&080<4F!dG!N8%6.-063%/G!Y06G!Umi!BUnnQC!URnXWURniG!



kQ!
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TmkV! SG!S088%6HF!M,.%-(,8!5%8%6.(0&!10-!3,-=!60,.(&<5F!dG!#,6G!Y6(G!;%63&08G!?G!k!BUnRlC!XllUp

XllnG!!

TmjV! YG!Y63(88%-F!`G!Z%(5.%-F!dG!$%563H%F!`G!S0%.@563F!;(>!3,-=!60,.(&<5!=%+05(.%=!0&!3(<3z

5+%%=! 5.%%8! 5)A5.-,.%5! A4! -%,6.(:%! =(-%6.! 6)--%&.! /,<&%.-0&! 5+)..%-(&<F! dG! #,6G! Y6(G!

;%63&08G!?!#,6))/F!Y)-1,6%5F!K(8/G!j!BUnRiC!XURQpXURmG!!

TmlV! MG! `-(%+%&.-0<F! ZG! M,6H-0=.F! `G! M,-HF! ;G! E(&@F! 2-0+%-.(%5! 01! ;(>! 3,-=! 60,.(&<5!

+-%+,-%=!A4!)&A,8,&6%=!/,<&%.-0&!5+)..%-(&<!,&=!6,.30=(6!,-6!=%+05(.(0&!)5(&<!,!)&(L!

,&=!A(+08,-!+)85%=!A(,5!:08.,<%F!Y)-1G!70,.(&<5!;%63&08G!ikpij!BUnnjC!mXlpmmXG!!

TmiV! EG!:0&!K(%,&=.F!;G!E,-550&F!NG!E(&=,38F!\G!Z]6H%F!MG!Z0/,&F!73%/(6,8!:,+0-!=%+05(.(0&!

01!;(>!0&!.-,&5(.(0&!/%.,8!5)A5.-,.%5F!Y)-1G!70,.(&<5!;%63&08G!mmk!BXQURC!mimpmRmG!!

TmRV! "G!N&=8%-F!MG!Sa3&F!MG!S%--/,&&F!$G!2(.0&,HF!YG!$)++(F!MG!Y63&%(=%-F!SG!:,&!=%&!Z%-<F!

SG! c%5.+3,8F! >0:%8! ,8)/(&)/L-(63! ;(1−x?8x>! 60,.(&<5! A4! E27#*F! Y)-1G! 70,.(&<5!

;%63&08G!XQm!BXQQRC!jmQpjmmG!

TmnV! ?G! b(/)-,F! SG! S,5%<,D,F! bG! y,/,=,F! ;G! Y)@)H(F! M%.,5.,A8%! ;(1−x?8x>! 1(8/5! D(.3!

=(11%-%&.!?8!60&.%&.F!dG!M,.%-G!Y6(G!E%..G!Un!BXQQQC!lQUplQXG!!

TkQV! MG!_30)F!yG!M,H(&0F!MG!>05%F!bG!>0<(F!23,5%!.-,&5(.(0&!,&=!+-0+%-.(%5!01!;(p?8p>!.3(&!

1(8/5!+-%+,-%=!A4!-G1GL+8,5/,!,55(5.%=!/,<&%.-0&!5+)..%-(&<F!;3(&!Y08(=!K(8/5G!mmn!BUnnnC!

XQmpXQRG!!

TkUV! ?G! Sa-8(&<F! EG! S)8./,&F! MG! \=^&F! dG! Y[a8^&F! EG! b,-8550&F! ;3%-/,8! 5.,A(8(.4! 01! ,-6!

%:,+0-,.%=! 3(<3! ,8)/(&)/L60&.%&.!;(1−x?8x>! .3(&! 1(8/5F! dG!#,6G! Y6(G! ;%63&08G!?G! XQ!

BXQQXC!URUjpURXmG!

TkXV! 2GSG!M,4-301%-F!?G!Sa-8(&<F!EG!b,-8550&F!dG!Y[a8^&F!;G!E,-550&F!7G!M(..%-%-F!EG!S)8./,&F!

Y%81L0-<,&(@%=!&,&05.-)6.)-%5!(&!.3%!;(p?8p>!545.%/F!?++8G!2345G!E%..G!Rm!BXQQmC!XQknp

XQjUG!!

TkmV! dG!;0=.F! dG!_,8%5,HF!$G!*,&(%8F!$G!2(.0&,HF!?G!ba+1F!$G!c%({%&A,63%-F!ZG!Y,-.0-4F!7G!

M(..%-%-F!dG!b%6H%5F!?8L-(63!6)A(6!?80.8;(0.2>!60,.(&<!D(.3!5%81L0-<,&(@%=!&,&0L8,/%88,-!

/(6-05.-)6.)-%I!;3%-/,8!,&=!/%63,&(6,8!+-0+%-.(%5F!Y)-1G!70,.(&<5!;%63&08G!XnU!BXQUlC!

RnpnmG!!



kU!
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TkkV! ?G!2,5%).3F!bG!y,/,<,.,F!?G!M()-,F!MG!S(<)63(F!bG!;,=,&,<,F!MG!7(&(A)8HF!*%+05(.(0&!

,&=!?&,845(5!01!?8z$(63!6z?8x;(1−x>!70,.(&<!D(.3!2-%1%--%=!\-(%&.,.(0&F!dG!?/G!7%-,/G!

Y06G!UQQ!BXQUlC!mkmpmjmG!

TkjV! bG! Z,-.563F! ?G! E%0&3,-=.F! NG! c081F! *%+05(.(0&! 01! /)8.(8,4%-! 3,-=! 60,.(&<5! )5(&<!

H(&%.(6,884! 60&.-088%=! 63%/(6,8! :,+0)-! =%+05(.(0&! +-06%55%5F! Y)-1G! 70,.(&<5! ;%63&08G!

jkpjj!BUnnXC!UnmpUniG!

TklV! dG!b%6H%5F!$G!*,&(%8F!7G!M(..%-%-F!"G!M,.H0F!ZG!Y,-.0-4F!?G!b0%+1F!$G!c%({%&A,63%-F!$G!

2(.0&,HF!Y%81L0-<,&(@%=!+%-(0=(6!501.L3,-=!&,&08,/%88,%! (&!+0846-45.,88(&%!;(?8>! .3(&!

1(8/5F!;3(&!Y08(=!K(8/5G!jkj!BXQUmC!XnpmXG!!

TkiV! dG!;0=.F!$G!2(.0&,HF!?G!ba+1F!$G!c%({%&A,63%-F!ZG!Y,-.0-4F!MG!Z)-<3,//%-F!$G!*,&(%8F!

;G!Y63aA%-8F!dG!b%6H%5F!Y)+%-(0-!0O(=,.(0&!-%5(5.,&6%F!/%63,&(6,8!+-0+%-.(%5!,&=!-%5(=),8!

5.-%55%5! 01! ,&! ?8L-(63! &,&08,/%88,-! ;(0.05?80.95>! 60,.(&<! +-%+,-%=! A4! 7#*F! Y)-1G!

70,.(&<5!;%63&08G!XjR!BXQUkC!UUUnpUUXiG!!

TkRV! 'G!`)0F!?G!y053(=,F!;%/+%-,.)-%!*%+%&=%&6%!01!Z,&=!`,+!73,&<%!(&!"&>!,&=!?8>F!

d+&G!dG!?++8G!2345G!mm!BUnnkC!XkjmpXkjlG!!

TknV! *GcG!2,8/%-F!kGUX!L!N8%6.-0&(6!N&%-<4!E%:%85!(&!`-0)+L"""!>(.-(=%5F!(&I!2G!Z3,..,63,-4,F!

$G! K0-&,-(F! SGb,/(/)-,! BN=5GCF! 70/+-%3%&5(:%! Y%/(60&=)6.0-! Y6(%&6%! ,&=!

;%63&080<4F!N85%:(%-F!?/5.%-=,/F!XQUUI!++G!mnQpkkiG!

TjQV! ?G!N853,A(&(F!KG!Z,-80DF!Y%/(60&=)6.0-!2,6H,<%5F!(&I!bGSGdG!Z)5630DF!$GcG!7,3&F!MG7G!

K8%/(&<5F!ZG!"8563&%-F!NGdG!b-,/%-F!YG!M,3,[,&F!N&64680+%=(,!01!M,.%-(,85I!Y6(%&6%!,&=!

;%63&080<4!BN=5GCF!N85%:(%-F!?/5.%-=,/F!XQQUI!++G!RmmnpRmjlG!

TjUV! 9G! c,385.-a/F! EG! S)8./,&F! dGNG! Y)&=<-%&F! KG! ?=(A(F! "G! 2%.-0:F! dGNG! `-%%&%F! 7-45.,8!

<-0D.3!,&=!/(6-05.-)6.)-%!01!+0846-45.,88(&%!;(1−x?8x>!,8804!1(8/5!=%+05(.%=!A4!)8.-,L

3(<3L:,6))/!=),8L.,-<%.!/,<&%.-0&!5+)..%-(&<F!;3(&!Y08(=!K(8/5G!Xmj!BUnnmC!lXpiQG!

TjXV! "&.-0=)6.(0&! .0! hL-,4! 20D=%-! *(11-,6.0/%.-4F! (&I! "&.-0=G! .0! hL$,4! 20D=%-!

*(11-,6.0/%.-4F!d03&!c(8%4!|!Y0&5F!"&6GF!S0A0H%&F!>dF!9Y?F!XQUXG!!

TjmV! SGL$G! c%&HF! 2G! #,&! S0)..%F! ;%O.)-%! ,&=! ,&(50.-0+4F! $%+0-.5! 2-0<G! 2345G! li! BXQQkC!

UmlipUkXRG!!



kX!
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TjkV! yG! S0//,F! YG! Y)@)H(F! yG! b0A,4,53(F! MG! >,<,5%F! *G! ;,H,<(F! M%63,&(5/! 01! A-(<3.!

5%8%6.(:%!(/,<(&<!01!5(&<8%LD,88%=!6,-A0&!&,&0.)A%5!0&!(&5)8,.0-5!A4!56,&&(&<!%8%6.-0&!

/(6-0560+4F!?++8G!2345G!E%..G!Rk!BXQQkC!UijQpUijXG!!

TjjV! *GZG! c(88(,/5F! 7GZG! 7,-.%-F! ;-,&5/(55(0&! N8%6.-0&! M(6-0560+4I! ?! ;%O.A00H! 10-!

M,.%-(,85!Y6(%&6%F!Y+-(&<%-!9YF!Z05.0&F!M?F!XQQnG!!

TjlV! $G! N-&(F! ?A%--,.(0&L70--%6.%=! "/,<(&<! (&! ;-,&5/(55(0&! N8%6.-0&! M(6-0560+4! L! ?&!

(&.-0=)6.(0&F!c0-8=!Y6(%&.(1(6!2)A8(53(&<F!Y(&<,+0-%F!XQUjG!!

TjiV! $GKG!N<%-.0&F!N8%6.-0&!%&%-<4L8055! 5+%6.-0560+4! (&! .3%!;NMF!$%+0-.5!2-0<G!2345G!iX!

BXQQnC!UljQXG!!

TjRV! SG! "&,=,F! EG! c)F! dG! c,88F! *G! Y)F! yG! _3)F! 2%-10-/,&6%! ,&=! (/,<%! ,&,845(5! 01! .3%!

,A%--,.(0&L60--%6.%=!S(.,63(!S*LXiQQ7!Y;NMF!M(6-0560+4G!jR!BXQQnC!UUUpUXXG!!

TjnV! 2G!S,-.%8F!SG!$05%F!7G!*(&<%5F!70&=(.(0&5!,&=!-%,50&5!10-!(&603%-%&.!(/,<(&<!(&!Y;NMF!

98.-,/(6-0560+4G!lm!BUnnlC!nmpUUkG!!

TlQV! KG?G!Y.%:(%F!EG?G!`(,&&)@@(F!ZG"G!2-%&(.@%-F!;3%!K06)5%=!"0&!Z%,/!"&5.-)/%&.F!(&I!EG?G!

`(,&&)@@(F!KG?G!Y.%:(%!BN=5GCF!"&.-0=G!.0!K06)5G!"0&!Z%,/5F!Y+-(&<%-!9YF!Z05.0&F!M?F!

XQQjI!++G!UpUXG!!

TlUV! *G!;0/)5F!SG2G!><F! "&! 5(.)! 8(1.L0).! =%=(6,.%=! .%63&(o)%5!)5(&<!K"ZpYNM!545.%/! 10-!

;NM!5+%6(/%&!+-%+,-,.(0&F!M(6-0&G!kk!BXQUmC!UUjpUUnG!!

TlXV! MG!Y63,11%-F!ZG!Y63,11%-F!'G!$,/,55%F!Y,/+8%!+-%+,-,.(0&!10-!,.0/(6L-%508).(0&!Y;NM!

,.!80D!:08.,<%5!A4!K"ZF!98.-,/(6-0560+4G!UUk!BXQUXC!lXpiUG!!

TlmV! $G?G!Y63D,-@%-F!*G2G!K(%8=F!ZGEG!?=,/5F!MG!b)/,-F!?GdG!Y63D,-.@F!2-%5%&.!Y.,.%!01!

N8%6.-0&! Z,6H56,..%-! *(11-,6.(0&! ,&=! 2-05+%6.(:%! *%:%80+/%&.5F! (&I! N8%6.-0&!

Z,6H56,..%-!*(11-,6.(0&!(&!M,.%-(,85!Y6(%&6%F!Y+-(&<%-!9YF!Z05.0&F!M?F!XQQnG!!

TlkV! $G$G!b%88%-F!$GSG!̀ %(55F!;-,&5/(55(0&!NZY*!1-0/!UQ!&/!=0/,(&5!(&!,!56,&&(&<!%8%6.-0&!

/(6-0560+%F!dG!M(6-056G!Xkj!BXQUXC!XkjpXjUG!!

TljV! ?G! Y0A,63H(&F! `G! *)/&0:F! >)/%-(6,8! Z,5(5! 01! 7?*LN/A%==%=! 7K*F! (&I! 2-06G!

>?KNMY!c0-8=!70&<-GF!XQUmG!



km!
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TllV! `G!#%80F!?GYG!c(<3./,&F!$(<0-0)5!?.0/(6!,&=!M08%6)8,-!2345(65F!9YF!Y+-(&<%-F!Z05.0&F!

M?F!UnRUG!!

TliV! #G! Y,3&(F! '),&.,8! *%&5(.4! K)&6.(0&,8! ;3%0-4F! Y+-(&<%-! Z%-8(&! S%(=%8A%-<F! Z%-8(&F!

S%(=%8A%-<F!XQQkG!!

TlRV! `G! b-%55%F! dG! K)-.3/e88%-F! N11(6(%&.! (.%-,.(:%! 563%/%5! 10-! ,A! (&(.(0! .0.,8L%&%-<4!

6,86)8,.(0&5!)5(&<!,!+8,&%LD,:%!A,5(5!5%.F!2345G!$%:G!ZG!jk!BUnnlC!UUUlnpUUURlG!!

TlnV! SG! E)H,5F! YG`G! K-(%5F! ZG! Y)&=/,&F! 70/+).,.(0&,8! ;3%-/0=4&,/(65I! ;3%! 7,8+3,=!

M%.30=F!7,/A-(=<%!9&(:%-5(.4!2-%55F!7,/A-(=<%F!XQQiG!!

TiQV! dGL\G! ?&=%-550&F! ;G! S%8,&=%-F! EG! Sa<8)&=F! 2G! Y3(F! ZG! Y)&=/,&F! ;3%-/0L7,86! |!

*"7;$?F!60/+).,.(0&,8!.0085!10-!/,.%-(,85!56(%&6%F!7,8+3,=G!Xl!BXQQXC!XimpmUXG!!

TiUV! MG!20&5F!$G!Z0(630.F!>G!70)=)-(%-F!?G!78,)=%8F!NG!Z8,&o)%.F!YG!E,4F!KG!M%-6(%-F!*G!2(o)%F!

S(<3!.%/+%-,.)-%!63%/(6,8!:,+0-!=%+05(.(0&!01!,8)/(&)/!&(.-(=%F!<-0D.3!,&=!%:,8),.(0&F!

Y)-1G!70,.(&<5!;%63&08G!XmQ!BXQUmC!UUUpUURG!!

TiXV! 7G! 20@-(H(=(5F! K8)(=! *4&,/(65I! ;3%0-4F! 70/+).,.(0&F! ,&=! >)/%-(6,8! Y(/)8,.(0&F!

Y+-(&<%-!9YF!Z05.0&F!M?F!XQQUG!!
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