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Introduction to XRD - !"#$%&'()'

!"#$%&'()#$*+(,-&.!/01&2343&!"#$%3&+,&(-543+(6$+4&$-'&72$-+(8%&+94&*#%3+$::(-4&-$+2#4&,8&;$+4#($:3&<%&;4$32#(-6&+94
'()#$*+(,-&,8&!"#$%3& 8#,;& +94&=:$-43&,8& $+,;3&>(+9(-& +94&;$+4#($:?& @+& (3& 34-3(+(54& +,&<,+9& +94& +%=4&,8& $-'& #4:$+(54
=,3(+(,-& ,8& $+,;3& (-& +94& ;$+4#($:& $3& >4::& $3& +94& :4-6+9& 3*$:4& ,54#& >9(*9& +94& *#%3+$::(-4& ,#'4#& =4#3(3+3?& @+& *$-A
+94#48,#4A&<4&234'&+,&;4$32#4&+94&*#%3+$::(-4&*,-+4-+&,8&;$+4#($:3B&('4-+(8%&+94&*#%3+$::(-4&=9$343&=#434-+&.(-*:2'(-6
+94&72$-+(C*$+(,-&,8&;(D+2#43& (-& 8$5,2#$<:4& *$3431B& '4+4#;(-4& +94& 3=$*(-6&<4+>44-& :$++(*4&=:$-43&$-'& +94& :4-6+9
3*$:43&,54#&>9(*9&+94%&=4#3(3+B&$-'&+,&3+2'%&=#484#4-+($:&,#'4#(-6&$-'&4=(+$D($:&6#,>+9&,8&*#%3+$::(+43?&@-&4334-*4&(+
=#,<43& :4-6+9& 3*$:43& 8#,;& $==#,D(;$+4:%& 32<& $-63+#,;3& +,& $& 84>& -;& $-'& (3& 34-3(+(54& +,& ,#'4#(-6& ,54#& +4-3& ,8
-$-,;4+#43?

0()4#4-+&'(3*(=:(-43&3,;4+(;43&9$54&'()4#4-+&-$;43&8,#&+9(3&+4*9-(724E
F$+4#($:3&3*(4-*4&E&!/0&.!"#$%&'()#$*+(,-1
G94;(3+#%&E&H!/0&.=,>'4#&!/01
H9%3(*3&E&IJ!K&.>('4&$-6:4&!"#$%&3*$++4#(-61

K$;=:43&$-$:%34'&23(-6&!/0&$#4&+%=(*$::%&(-&+94&8,#;&,8&C-4:%&'(5('4'&=,>'4#3A&<2+&'()#$*+(,-&*$-&$:3,&<4&,<+$(-4'
8#,;&32#8$*43&$-'&<2:L&3=4*(;4-3?&J==:(*$+(,-3&,8&!/0&(-*:2'4E

!"#$%#&'()*&#+,*-.(/)$0
!/0& (3& +94& L4%& +4*9-(724& 8,#& 3,:('"3+$+4& '#26& $-$:%3(3A& <4-4C+(-6& $::& 3+$643& ,8& '#26& '454:,=;4-+A& +43+(-6& $-'
=#,'2*+(,-?&F$-%&=9$#;$*42+(*$:3&$#4&*#%3+$::(-4&(-&-$+2#4A&$-'&!/0&(3&234'&+,&2-$;<(62,23:%&*9$#$*+4#(M4&+94;?
N,#&4D$;=:4A&,-*4&$-&$*+(54&'#26&9$3&<44-&(3,:$+4'A&$-&(-'4D4'&!"#$%&=,>'4#&'()#$*+(,-&=$++4#-&(3&234'&+,&('4-+(8%
+94&*#%3+$:&3+#2*+2#4A&34*2#4&$&=$+4-+&$-'&=#,+4*+&+94&*,;=$-%O3&(-543+;4-+?&N,#&;2:+("*,;=,-4-+&8,#;2:$+(,-3A&+94
=4#*4-+$643& ,8& +94& $*+(54& (-6#4'(4-+3& (-& +94& C-$:& ',3$64& 8,#;& *$-& <4& $**2#$+4:%& 72$-+(C4'A& $:,-6& >(+9& +94
=4#*4-+$64&,8&$-%&$;,#=9,23&=$*L(-6&(-6#4'(4-+3&234'?

12$'-/*&,/&*'-&'
!/0&(3&234'&;$(-:%&(-&*,-+$*+&+#$*4&$-$:%3(3?&PD$;=:43&,8&*,-+$*+&+#$*43&$#4&=$(-+&Q$L43A&9$(#A&6:$33&8#$6;4-+3A&3+$(-3
,8&$-%&'43*#(=+(,-&$-'&:,,34&=,>'4#4'&;$+4#($:3?&@'4-+(C*$+(,-&$-'&*,;=$#(3,-&,8&+#$*4&72$-+(+(43&,8&;$+4#($:&*$-
94:=&(-&+94&*,-5(*+(,-&,#&4D,-4#$+(,-&,8&$&=4#3,-&323=4*+4'&,8&(-5,:54;4-+&(-&$&*#(;4?

3'2+24*&#+,#55+*&#)*2-/
!/0&(3&+94&L4%&+,,:& (-&;(-4#$:&4D=:,#$+(,-?&F(-4#$:,6(3+3&9$54&<44-&$;,-63+&+94&8,#4;,3+&+,&'454:,=&$-'&4D=:,(+
+94& C4:'& ,8& !"#$%& *#%3+$::,6#$=9%& $8+4#& (+3& '(3*,54#%?& R923A& +94& $'54-+& ,8& !/0& 9$3& :(+4#$::%& #45,:2+(,-(M4'& +94
64,:,6(*$:&3*(4-*43&+,&32*9&$&'46#44&+9$+&+94%&9$54&<4*,;4&2-+9(-L$<:4&>(+9,2+&+9(3&+,,:?&S,>$'$%3A&$-%&64,:,6(*$:
6#,2=& $*+(54:%& (-5,:54'& (-& ;(-4#$:,6(*$:& 3+2'(43& >,2:'& <4& :,3+& >(+9,2+& !/0& +,& 2-$;<(62,23:%& *9$#$*+4#(34& +94
(-'(5('2$:& *#%3+$:& 3+#2*+2#43&>(+9(-& $& 3=4*(;4-?& P$*9&;(-4#$:& +%=4& (3& '4C-4'&<%& $& *9$#$*+4#(3+(*& *#%3+$:& 3+#2*+2#4A
>9(*9&>(::&6(54&$&2-(724&!"#$%&'()#$*+(,-&=$++4#-A&$::,>(-6&#$=('&('4-+(C*$+(,-&,8&;(-4#$:3&=#434-+&>(+9(-&$&;(-4#$:
3$;=:4?&R94&!/0&'$+$&*$-&<4&72$-+(C4'&+,&'4+4#;(-4&+94&=#,=,#+(,-&,8&+94&'()4#4-+&;(-4#$:3&=#434-+?

3+#//,*-.(/)$0
I9(:4&6:$3343&$#4&!"#$%&$;,#=9,23&$-'&',&-,+& +94;34:543&6(54&!"#$%&'()#$*+(,-&=$++4#-3A& +94#4&$#4&3+(::&;$-(8,:'
2343&,8&!/0&(-&+94&6:$33& (-'23+#%?&R94%&(-*:2'4&('4-+(C*$+(,-&,8&*#%3+$::(-4&=$#+(*:43&>9(*9&*$234&+(-%&8$2:+3& (-&<2:L
6:$33A&$-'&;4$32#4;4-+3&,8&*#%3+$::(-4&*,$+(-63&8,#&+4D+2#4A&*#%3+$::(+4&3(M4&$-'&*#%3+$::(-(+%?

6#)'$*#+/,7&*'-&'
0()#$*+(,-& (3&234'& (-& +94&;$+4#($:3& 3*(4-*4&'(3*(=:(-4& +,&4D$;(-4&*#%3+$:& 3(M4A&72$-+(8%&;(*#,3+#$(-A&'4+4#;(-4& +94
'(3:,*$+(,-&'4-3(+%A&;4$32#4&*#%3+$::,6#$=9(*&=#484##4'&,#(4-+$+(,-A&72$-+(8%&+94&5,:2;4&8#$*+(,-&,8&=9$343&>(+9(-&$
3=4*(;4-& $-'& $:3,& +,& '4+4#;(-4& +94& *#%3+$:& 3+#2*+2#4& ,8& 2-L-,>-& 3$;=:43& 32*9& $3& *,##,3(,-&=#,'2*+3& $-'&-4>
;$+4#($:3?
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!"#$%$&#'"()*+,#&

!"#$%&'$()&*$+,-+$+,.$/01$")$+,.$0!234&#.$&5.6-+.7$-7$-$8"-)+$236-%$+'9.$*"+,$%&'6$7-45:.$-7$+,.$-)&#.$4-+.6"-:;

<":,.:4$=&)6-#$>&)+8.)$#"7?&@.6.#$236-%7$")$ABCD;

1-%&6$E&,)$F-::$0#*-6#7$5"&)..6.#$236-%$5,&+&86-5,%$G&6$4.#"?-:$5'65&7.7H$F.$+&&($+,.$I67+$236-%$")$J"64")8,-4

")$ABCKH

L,.$ 6.G6-?+"@.$ ")#.M$ &G$ 236-%7$ ")$ 4&7+$ 4-+.6"-:7$ "7$ 7:"8,+:%$ :&*.6$ +,-)$ &).H$ N$ ?&::"4-+")8$ :.)7$ G&6$ @"7"9:.$ :"8,+

+,.6.G&6.$,-7$+,.$&55&7"+.$.O.?+$&)$236-%7H

!"#$%&'$()&*$+,-+$.-6:%$236-%$?-4.6-7$*.6.$-$5&5':-6$-++6-?+"&)$#'6")8$5-6+".7;

L,.$I67+$?6%7+-:$7+6'?+'6.$.@.6$7&:@.#$9%$236-%$#"O6-?+"&)$*-7$+,.$&).$&G$P")?$7':I#.$Q<H$FH$J6-88$ACARSH

L,.$I67+$?6%7+-:$7+6'?+'6.$7&:'+"&)$G6&4$5&*#.6$*-7$5.6G&64.#$")$ACAK$9%$TH$!.9%.$-)#$TH$/?,.66.6$QU"VSH

/"6$<"::"-4$U-*6.)?.$J6-88$*-7$ +,.$ %&')8.7+$5.67&)$.@.6$ QRDS$*,.)$,.$*-7$-*-6#.#$ +,.$W&9.:$T6"P.$ ")$T,%7"?7

ACADH$F.$ 6.?."@.#$ +,.$56"P.$ +&8.+,.6$*"+,$,"7$ G-+,.6$/"6$<"::"-4$F.)6%$J6-88$ G&6$ X+,."6$ 7.6@"?.7$ ")$ +,.$-)-:%7"7$&G

?6%7+-:$7+6'?+'6.$9%$4.-)7$&G$236-%7YZ$*&6($?-66".#$&'+$-+$L,.$[)"@.67"+%$&G$N#.:-"#.H

/"6$<"::"-4$F.)6%$J6-88$Q:.G+S$-)#$,"7$7&)Z$/"6$<"::"-4$U-*6.)?.$J6-88$Q6"8,+SH$W&9.:$G&')#-+"&)$\$T'9:"?$#&4-")H
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!"#$%&'()*$+&,"(&($+$-(./&0)1/&23(-4+

!"#!$%&$'&$()*+,-*+$.+$/012.32$4)5$,0*$6.23)7*51$)4$895:12&
!"!;$<&$7)+$=:>*$.+$/012.32$4)5$895:1$6.?5:3,.)+$45)@$3512,:A2&
!"!B$%&$C&$D5:--$:+6$%&$=&$D5:--$.+$/012.32$4)5$3512,:A$2,5>3,>5*$6*5.7*6$45)@$895:1$6.?5:3,.)+&
!"!E$'&$F&$D:5GA:$.+$/012.32$4)5$30:5:3,*5.2,.3$5:6.:,.)+$)4$*A*@*+,2&
!"H;$I&$<&$F&$J.*-K:0+$.+$/012.32$4)5$895:1$2L*3,5)23)L1&
!"HE$M&$C&$')@L,)+$.+$/012.32$4)5$6.23)7*51$)4$N:7*A*+-,0$30:+-*$.+$6.?>2*6$895:12&
!"OP$/&$Q*K1*$.+$'0*@.2,51$4)5$N)5G$)+$6.L)A*$@)@*+,2$:+6$6.?5:3,.)+$)4$8$5:12$:+6$*A*3,5)+2$.+$-:2*2&
!"RB$C&$C:>L,@:+$:+6$S&$I:5A*$.+$'0*@.2,51$4)5$6.5*3,$@*,0)62$,)$6*,*5@.+*$895:1$2,5>3,>5*2&
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Background information - !"#$%&'()*#)+*,

!"#$%&'()#$*+(,-&(.&$&+,,/&0,#&+12&(-32.+(4$+(,-&,0&+12&.+#5*+5#2&,0&6$++2#7&!"#$%.&$#2&.*$++2#2'&8%&(-+2#$*+(,-&9(+1&+12
2/2*+#,-.& ,0& +12& $+,6.& (-& +12&6$+2#($/& 82(-4& (-32.+(4$+2'7& :12& +2*1-(;52& 824$-&912-& 3,-& <$52& '(.*,32#2'& +1$+
*#%.+$/.&'()#$*+&!"#$%.&(-&=>=?7&@(-*2&+12-&(+&1$.&822-&$AA/(2'&+,&*126(*$/&$-$/%.(.B&.+#2..&$-'&.+#$(-&62$.5#262-+B
+12&.+5'%&,0&A1$.2&2;5(/(8#($B&62$.5#262-+&,0&A$#+(*/2&.(C2B&$.&92//&$.&*#%.+$/&.+#5*+5#27

:,&'2.*#(82&$&6$+2#($/&5-(;52/%B&42-2#$//%&+9,&A(2*2.&,0& (-0,#6$+(,-&$#2&#2;5(#2'D&91$+&$#2&+12&2/262-+.&A#2.2-+
$-'&1,9&$#2&+12%&$##$-42'7&:12&E#.+&;52.+(,-& (.&5.5$//%&$-.92#2'&8%&*126(*$/&$-$/%.(.& +2*1-(;52.&$-'&4(32.& +12
#$+(,&,0&+12&2/262-+.&A#2.2-+&(-&+12&6$+2#($/7&:1(.&(.&$&*126(*$/&0,#65/$&,0+2-&*$//2'&+12&*126(*$/&.+,(*1(,62+#%7&:12
*126(*$/& 0,#65/$& ',2.& -,+& '2.*#(82& 1,9& +12& $+,6.& $#2& $##$-42'& (-& .A$*2& ,#& 9(+1& #2.A2*+& +,& 2$*1& ,+12#7& F,#
2G$6A/2B&+12&6$+2#($/&*$/*(56&*$#8,-$+2&1$.&+12&0,#65/$&H$HIJB&85+&*$-&-$+5#$//%&,**5#&9(+1&+9,&'()2#2-+&$+,6(*
$##$-4262-+.7& :12.2& $+,6(*& $##$-4262-+.& $#2& *$//2'& *#%.+$/& .+#5*+5#2.7& :12& '()2#2-+& .+#5*+5#2.& 0,#& +12& .$62
*126(*$/& 0,#65/$& $#2& *$//2'& A,/%6,#A1.7& H$/*(56& *$#8,-$+2K.& +9,& 6,.+& *,66,-& *#%.+$/& .+#5*+5#2.& $#2
,#+1,#1,68(*&$-'&+#(4,-$/"#1,68,12'#$/7&:12&E#.+&6$+2#($/&(.&+12&6(-2#$/&$#$4,-(+2&$-'&+12&.2*,-'&(.&*$/*(+27&!"#$%
'()#$*+(,-&*$-&82&5.2'&+,&+2//&'()2#2-+&*#%.+$/&.+#5*+5#2.&$A$#+7

:12& 0,//,9(-4& +1#22&.2*+(,-.&.566$#(.2& +12& (6A,#+$-+&8$*L4#,5-'& (-0,#6$+(,-&%,5&-22'& +,&L-,9&+,&5-'2#.+$-'
!MND&+12&A#,A2#+(2.&,0&!"#$%.O&+12&42,62+#%&,0&*#%.+$/.O&$-'&1,9&!"#$%.&$#2&'()#$*+2'&8%&*#%.+$/&A/$-2.7

!"#$%"&'%()#*)+,"-.(

!"#$%&'()#)'*+&,-.)#)*' +/' 0123'4%'5)#6$/'78%&+,+&9' :-)/9;)/<' =8)' 9%7+,$>'($.)>)/;98'-?' !"#$%&' +&' 0' @' 0A"0A6' B0
$/;&9#-6CD'(8)#)$&'98)'($.)>)/;98'-?'.+&+4>)'>+;89'+&'9%7+,$>>%'0'@'0A"E6'B0'F6C<
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!"#$%&'(#)*#+*,-"./0

!"#$%&'$#(')#*+,-(+'.%'/0('+(-(1(#$/2*3'*4'-0$#5(+')$#/2-1(&6',&,$11%'(1(-/#*3&7'8('5(3(#$/('!"#$%&'.%'.*9.$#+235
$'/$#5(/'9$/(#2$1':2/0'0250'(3(#5%'(1(-/#*3&7';0('+(-(1(#$/235'(1(-/#*3&')#*+,-('$'-*3/23,*,&'&)(-/#,9'*4'(3(#52(&
:0(3' /0(%'02/' /0(' /$#5(/' -$11(+' /0(' <.#(9&&/#$01,35=':02-0' 2&'>(#9$3' 4*#' <.#$?235' #$+2$/2*3=' $&' 2/' 2&' )#*+,-(+'.%
&/*))235'(1(-/#*3&7

@4'/0('23-2+(3/'(1(-/#*3&'0$A('&,B-2(3/'?23(/2-'(3(#5%6'2/'-$3'?3*-?'$3'(1(-/#*3'*,/'*4'2/&'&0(116'1($A235'/0('$/*9'23'$
0250'(3(#5%'&/$/(7'C3('*4'/0('*,/(#'(1(-/#*3&'299(+2$/(1%'4$11&'23/*'/0('1*:(#'(3(#5%'(9)/%'&0(117'D23-('/0('4$11235
(1(-/#*3'9*A(+'4#*9'$'0250(#'(3(#5%'&0(11'/*'$'1*:(#'(3(#5%'&0(116'/02&'+2E(#(3-('23'(3(#5%'2&'(92//(+'$&'$')0*3*3
:02-0' 0$&' $3' (3(#5%' -0$#$-/(#2&/2-' *4' /0(' (1(-/#*3' &0(117' ;02&' -#($/(&' :0$/' :(' #(4(#' /*' $&' /0(' F-0$#$-/(#2&/2-
&)(-/#,9G'*4'/0('/$#5(/'9$/(#2$17

@3'!HI':(',&,$11%',&('/0('J'$1)0$')($?6'&0*:3'.(1*:7'I,('/*'/0('K,$3/,9'9(-0$32-&'*4'(1(-/#*3'(3(#52(&'$3+'/0(2#
&0(11'$##$35(9(3/6':('L3+'$'/%)2-$1'&0$)('/*'/0('-0$#$-/(#2&/2-')($?&':0(#('/0('9*&/'23/(3&(')($?'2&'/0('J'$1)0$'M6
$3+'/02&'2&'$--*9)$32(+'.%'$'&9$11(#'J'$1)0$'N')($?':02-0'2&'$))#*O29$/(1%'0$14'/0('23/(3&2/%'*4'/0('J'$1)0$'M7
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The geometry of crystals - !"#$%&'($%")*%)"+

!"#$%&'()"*&"("&+)*,"#+-.+&/,"+0"('+-&"($$(12/,"*1"("./$*+,*#".(''/$13"4+)*,&"'5('",+"1+'"#+1'(*1"+$,/$6"&7#5"(&"2)(&&6

($/" $/0/$$/," '+" (&" (-+$.5+7&3" 8(1%" .+)%-/$&" (1," 2/+)+2*#()" &./#*-/1&" ($/" (" -*9'7$/" +0" #$%&'())*1/" (1,

(-+$.5+7&".5(&/&3

:9(-.)/"+0"("#$%&'())*1/".+)%-/$3";5*&"&'$7#'7$/"*&"0+$"(".+)%-/$"<1+=1"(&">:?@;6"(1,"#+1'(*1&"#($A+16"47).57$6"+9%2/1"(1,"*$+13

4'$7#'7$/"#+7$'/&%"+0"B/C("8(5D+7A"(1,"?$/=":E(1&6"F1*E/$&*'%"+0"4+7'5"!7&'$()*(3

G'"*&"/(&*/$"'+"$/.$/&/1'"(1,"E*&7()*&/"#$%&'()&"(&"(1"($$(%"+0"*-(2*1($%".+*1'&"<1+=1"(&"(")(''*#/3";5/$/"*&"(")*-*'/,

17-A/$"+0",*H/$/1'".+*1'")(''*#/"#+1&'$7#'*+1&".+&&*A)/6"(1,"'5/&/"($/"<1+=1"(&"'5/"&/E/1"#$%&'()"&%&'/-&3"I*'5*1

'5/&/"&/E/1"&%&'/-&6"'5/$/"($/"(,,*'*+1()")+#('*+1&"=5/$/"('+-&"#(1"A/")+#('/,6"(1,"'5/&/"E($*(1'&".$+,7#/"'5/"JK

L$(E(*&")(''*#/&3
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M*27$/"+0"'5/"JK"L$(E(*&")(''*#/&3
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;(A)/"+0"'5/"N"#$%&'()"&'$7#'7$/&"(1,"JK"L$(E(*&")(''*#/&3
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!"##$%&'()"*$+
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Principles of diffraction - !"#$%&'()*')($
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,"#2$,"#$%/6*3#$7433$%46*30$/;%&(;$/2+$(#.(/+4/,#$-.(/0%$1(&6$,"#$)&**#($/2&+#:$3#/+425$,&$3/(5#$/6&'2,%$&1$2&4%#
42$,"#$&',*',9$!"4%$4%$,"#$)/%#$74,"$%/6*3#%$)&2,/42425$3/(5#$/6&'2,$&1$4(&29$!"4%$)/2$;#$%&3=#+$;0$'%425$,"#$)&;/3,
/2&+#:$7"4)"$*(&=4+#%$3#%%$%452/3$42,#2%4,0$;',$7433$/3%&$(#6&=#$,"#$2&4%#$)/'%#+$;0$,"#$P'&(#%)#2)#$;/)B5(&'2+9
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!"#$%"&'()*#+,

!"#$%&'()&*$+%,'-.$-+/,&+0.$,"#$1#)($%&+23-#2$1*$,"#$45&)*$.+3&-#$)/2$()/'%30),#.$',$'/,+$6+&(.$(+&#$3.#630$6+&

2'7&)-,'+/$#8%#&'(#/,.9$:%,'-.$-)/$1#$#',"#&$0'/#$6+-3.$+&$%+'/,$6+-3.9$;'/#$6+-3.$'.$,"#$(+&#$-+((+/$6+&($+6$4<=

+%,'-.>$ )/2$ %&+23-#.$ /)&&+?$%#)@.$ 13,$ '.$ A#&*$ .#/.','A#$ ,+$ .)(%0#$ "#'B",$ )/2$ &+3B"/#..9$ !"#&#$ )&#$ ,"&##$()'/

-+(%+/#/,.$,+$,"#$0'/#$6+-3.$+%,'-.C

!"#$.+00#&$.0',.$&#23-#$,"#$)8')0$2'A#&B#/-#$+6$,"#$45&)*$1#)($,+$0#..$,")/$DE$F'/$.+(#$'/.,&3(#/,.$#A#/$GE$+&$#A#/

HEI9$<#23-'/B$,"#$)8')0$2'A#&B#/-#$?'00$&#23-#$,"#$%#)@$).*((#,&*$'/$,"#$+3,%3,9

!"#$ 2'A#&B#/-#$ .0',$ &#23-#.$ ,"#$ "#'B",$ 2'A#&B#/-#$ F1#)($ .%&#)2I9$ !"'.$ /)&&+?.$ ,"#$ %#)@.$ )/2$ '/-&#).#.$ ,"#

&#.+03,'+/$+6$,"#$+3,%3,9

J+'/,$6+-3.$+%,'-.$)&#$3.#2$6+&$,"+.#$.%#-'(#/.$,"),$")A#$"'B"$&+3B"/#..>$)/2$'.$)0.+$3.#2$'/$(#).3&#(#/,.$.3-"

).$&#.'23)0$.,&#..$?"#&#$,"#$.)(%0#$'.$,'0,#2$6&+($1#'/B$%)&)00#0$,+$,"#$)/)0*.'.$%0)/#9$!"#$2')B&)($1#0+?$."+?.$,"#

2'7#&#/-#$1#,?##/$%+'/,$)/2$0'/#$6+-3.$+%,'-.>$)/2$,"#$'(%&+A#2$%#)@$?'2,"$'.$#A'2#/,$6+&$,"#$0'/#$6+-3.9$K/$.+(#

'/.,&3(#/,.$)$(+/+-"&+(),+&$'.$%3,$+/$,"#$%&'()&*$+%,'-.>$13,$(+&#$-+((+/0*$'.$0+-),#2$+/$,"#$2#,#-,+&$.'2#$+6

,"#$'/.,&3(#/,9
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!"#$%&'()%*&+','-."/&

!"#$%&'()*+$",-$-)#%*)-% #.//0'-&%1'$2% #-3-)*0% 4'5&#%"6% #*,/0-%2"0&-)#% 6")%&'(-)-5$% $7/-#%"6% #/-+',-5#% #.+2%*#
/"1&-)#8% 9.04% #*,/0-#% *5&% $2'5% :0,#;% <2-% 9-#$% )-#.0$#% *)-% "9$*'5-&% 1'$2% )"$*$'5=% #*,/0-% 2"0&-)#% 12'+2
+"5#'&-)*907%',/)"3-%$2-%,-*#.)-,-5$%#$*$'#$'+#8%9.$%$2-7%*)-%5"$%*3*'0*90-%6")%*00%,*+2'5-#;%<2-%,"#$%#-3-)-%-))")
&.)'5=% #*,/0-% /)-/*)*$'"5% '#% $"% :00% $2-% #*,/0-% 2"0&-)% $""% 2'=2% ")% 0"1;% >"$2% )-#.0$% '5% *% #'=5':+*5$% #2'6$% "6% /-*4
/"#'$'"5#%12'+2%+*5%,*4-%$2-%'5$-)/)-$*$'"5%&'?+.0$;

@*)-%,.#$%9-%$*4-5%12-5%+2""#'5=%$2-%#*,/0-%2"0&-)%")%#.9#$)*$-;%A5%/*)$'+.0*)8%6")%$2"#-%)-#-*)+2-)#%.#'5=%BCD%$"
E.*5$'67%+"*$'5=#%"5%#.9#$)*$-#8%")%*5*07#-%#,*00% 3"0.,-#%"6%/"1&-)#%&'#/-)#-&%"5$"%*%=0*##%#0'&-8% +*)-%,.#$%9-
$*4-5%$"%-5#.)-%$2*$%$2-%&'()*+$-&%#'=5*0%6)",%$2-%#.9#$)*$-%'#%$*4-5%'5$"%+"5#'&-)*$'"5;%A5%/*)$'+.0*)8%)-#-*)+2-)#
.#'5=% BCD% $"% E.*5$'67% $2-% 3"0.,-% 6)*+$'"5% "6% *,")/2".#% *5&% +)7#$*00'5-% /2*#-#%1'$2'5% $2-')% #/-+',-5#% 5--&% $"
-5#.)-% $2*$% $2-% #.9#$)*$-% &"-#% 5"$% *(-+$% $2-')% &*$*% *5*07#'#8% *5&% '5% $2-#-% +*#-#8% F-)"% &'()*+$'"5% /0*$-#% *)-
)-+",,-5&-&%'6%/"##'90-;
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!"#$%&'()*$+,-#.

!"#$ %#&'()*+,$'-./&%$ +#&#/0#$ ."#$)/1+*&.#)$23+*,%$ 4+'5$ ."#$ %*5-6#7$ !"#$8+%.$ &'5-'(#(.$ /%$ *$ %6/.$ &*66#)$ ."#$*(./3
%&*..#+$ %6/.9$ :"/&"$ +#);&#%$ ."#$ "#/<".$ )/0#+<#(&#$ =;.$ *6%'$ +#);&#%$ )/1;%#6,$ %&*..#+#)$ 23+*,%$ ."*.$ *+#$ );#$ .'
*5'+-"';%$'+$*/+$%&*..#+/(<7$!"/%$/%$4'66':#)$=,$*$%#.$'4$%'66#+$%6/.%$:"/&"$-+#0#(.$*>/*66,$)/0#+<#)$23+*,%$#(.#+/(<$."#
)#.#&.'+7$ ?($ 5'%.$ /(%.+;5#(.%$ *$ 5'('&"+'5*.'+$ /%$ -;.$ =#.:##($ ."#$ %'66#+$ %6/.%$ *()$ ."#$ )#.#&.'+7$ !"#
5'('&"+'5*.'+@%A$ &*($ =#$ 8..#)$ #/."#+$ .'$ ."#$ /(&/)#(.$ =#*59$ '+$ .'$ ."#$ )/1+*&.#)$ =#*57$ B'5#./5#%
5'('&"+'5*.'+%$*+#$8..#)$ .'$='."$ %/)#%7$ !"#+#$*+#$ ."+##$ &'55'($5#."')%$'4$5'('&"+'5*./(<$ ."#$=#*57$!"#
8+%.$ /%$ .'$*))$*$86.#+$:"/&"$+#5'0#%$5'%.$'4$ ."#$23+*,%$:/."$#(#+</#%$=#6':$."#$C+*<<$#)<#7$!"#$%#&'()$5#."')
;%#)$/($%'5#$(#:#+$)/1+*&.'5#.#+%$/%$*($#(#+<,$%#(%/./0#$)#.#&.'+$."*.$'(6,$D&';(.%E$."'%#$23+*,$#(#+</#%$:/."/($*
&#+.*/($#(#+<,$ +*(<#7$ !"#$ ."/+)$5#."')$ /%$ .'$;%#$*$ 6*+<#$ %/(<6#$ &+,%.*6$ @;%;*66,$ <+*-"/.#$'+$ %/6/&'(A$ .'$ &*++,$';.$ *
%#&'()$)/1+*&./'($-+'&#%%$'($."#$=#*5$&'5/(<$4+'5$."#$%*5-6#7$!"#$%#&'()$)/1+*&./'($#0#(.$#(%;+#%$."*.$'(6,$."#
:*0#6#(<."$'4$/(.#+#%.$5##.%$."#$C+*<<$&'()/./'(9$*()$'(6,$."/%$/%$)/+#&.#)$.'$."#$)#.#&.'+7$F66$'."#+$:*0#6#(<."%$*+#
#>&6;)#)7
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Sample preparation - !"#$%&'(&%)*#+$%

!"#$%&'#()*+,&*&,-.#*"/#()*"&,&*&,-.#0123#4%)"&,"5#6&*&,6&,46#*7.#-,&*+8#9,"4.#%"+:#&'%6.#47:6&*+#;+*".6#;*7*++.+#&%#&'.

/,<7*4&,"5#;+*".#=,++#$.#/.&.4&./3#,&#,6#,>;.7*&,-.#&%#."6)7.#&'*&#:%)#*7.#%$&*,","5#/,<7*4&,%"#?7%>#>*":#&'%)6*"/6

%?#57*,"6#/)7,"5#&'.#>.*6)7.>."&8#2,<7*4&,%"#?7%>#*"#,/.*+#;%=/.7#5,-.6#*#6&7%"5#/,<7*4&./#6,5"*+#?7%>#*++#;+*".63

*"/#&'.#/,<7*4&./#,"&."6,&:#,6#)",?%7>#*7%)"/#&'.#/,<7*4&,%"#7,"58

@%=.-.73#,?#=.#&*A.#*#>.*6)7.>."&#?7%>#*#6>*++.7#")>$.7#%?#+*75.7#57*,"63#=.#=,++#5.&#/,<7*4&,%"#*&#6%>.#+%4*&,%"6

*7%)"/#&'.#7,"53#$)&#"%&#%&'.768#B',6#+.*/6#&%#&'.#6,&)*&,%"#='.7.#6%>.#;.*A6#>*:#$.#>,66./#*+&%5.&'.78#B',6#=,++

>*A.#,&#,>;%66,$+.#&%#,/."&,?:3#,"/.C#%7#()*"&,?:#:%)7#6;.4&7)>8

!"#>*":# 6%+,/# 6*>;+.63# &'.# %7,."&*&,%"# %?# &'.# 57*,"6# %7# 47:6&*+6# =,++# "%&# $.# )",?%7>8# D%6&# 6%+,/6# &*A.# );# 6%>.

;7.?.77./# %7,."&*&,%"# %?# &'.# 47:6&*+6# =,&',"# &'.#>,47%6&7)4&)7.8# E%"6.()."&+:3# &'.# /,<7*4&,%"# 7,"5# 6'%=6# *# "%"F

)",?%7>#,"&."6,&:8#B'%6.#%7,."&*&,%"6#&'*&#*7.#>%7.#4%>>%"#5,-.#*#+*75.7#/,<7*4&./#6,5"*+8
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G.+%=#,6#*#H%=4'*7&#=',4'#/.&*,+6#&'.#6&.;6#,"#;7.;*7,"5#*#6*>;+.#%?#>*":#/,<.7."&#&:;.6#)6,"5#-*7,%)6#&.4'",().68
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!"#$%&'%())*%*#$#+
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!"#$%&'()*+,-#$(.$/'#-%&#,$"#%0"*

!"#$%#&'$"$&()#*+'#,+-./'#012#3)$4/#*+&5%6#"7("#"7/#,+-./'#$%#-$"7#$4#(#*/-#754.'/.#8$&'+4%#+*#"7/#&+''/&"#7/$97":#;7$%

$%#+4)<#"7/#"7$&=4/%%#+*#(#758(4#7($':#>/(,$49#,+-./'#(?+@/#"7/#&+''/&"#7/$97"A#+'#4+"#%5B&$/4")<#C))$49#"7/#%(8,)/

7+)./'#&(@$"<A#-$))#)/(.#"+#/D"'/8/)<#)('9/#/''+'%#$4#"7/#8/(%5'/.#(49)/#+*#"7/#.$E'(&"/.#,/(=:#F"#"7/#$4&+''/&"#7/$97"

"7/#(49)/%#&(4#?/#+5"#?<#8+'/#"7(4#G:H#./9'//A#(4.#"7/#$4"/4%$"$/%#('/#7()@/.:
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!"#$%&

!"#$#%&$#%&%'()*#$%+,%-&,#./%0(12#31'#-%&'2%,&4.+$-%.+%4+'-12#$%5"#'%(-1'0%."#%#6(17)#'.%,+$%89$&/%21:$&4.1+';

!"#$%&'()*+,'-.&$-/&#$/*$.*0-&1$2$#/3
89$&/-%&$#%"10"3/%#'#$0#.14%1+'1<1'0%$&21&.1+'%&'2%&-%-(4"%&$#%"&<&$2+(-%.+%"()&'%"#&3.";%!"#/%4&'%.$100#$%&%3+.%+,
4"#)14&3%$#&4.1+'-%1'%."#%"()&'%*+2/%."&.%(3.1)&.#3/%3#&2%.+%4&'4#$%&'2%2#&.";%=$#4&(.1+'-%.+%7$#>#'.%#?7+-($#%.+
89$&/-% &$#% ."#$#,+$#% #--#'.1&3% ,+$% &'/% 8@A% 3&*+$&.+$/;% !"#-#% 1'43(2#% -(B41#'.% -"1#321'0% +,% &33% 89$&/% #6(17)#'.C
31)1.#2% &44#--% .+% ."#% 3&*+$&.+$/C% )#&-($1'0% &'2% $#4+$21'0% +,% &33% $&21&.1+'% #?7+-($#% +,% -.&:% &'2% -.(2#'.-% 51."
2+-1)#.#$-;%D'2#$%'+$)&3%41$4()-.&'4#-%21$#4.%#?7+-($#%.+%89$&/-%1'%&%3&*+$&.+$/%1-%>#$/%('31E#3/;%F+5#>#$C%(-#$-
'##2%.+%*#%&5&$#%+,%."#%$1-E-%&--+41&.#2%51."%."#%#6(17)#'.%-1'4#%&33%7$#4&(.1+'-C%1'%7$1'4173#C%4&'%,&13;

4$/*$.*0-&1$2$#/3
G'&3/.14&3%89$&/%#6(17)#'.%)&E#-%(-#%+,%>#$/%'&$$+5%4+331)&.#2%89$&/%*#&)-%+,%"10"%1'.#'-1./;%H?7+-($#%+,%."#%#/#-
+$% ."#% -E1'% +,% ."#%*+2/% .+% ."#%7$1)&$/% 89$&/% *#&)%)&/% $#-(3.% 1'% -#>#$#% 3+4&31-#2% $&21&.1+'%*($'-% 1'% &%)&..#$% +,
-#4+'2-;%!"#-#%*($'-%"#&3%7++$3/C%&'2%+'%$&$#%+44&-1+'-%"&>#%$#6(1$#2%&)7(.&.1+'%+,%I'0#$-;

F&<&$2-%&3-+%#?1-.% ,$+)%#?7+-($#%.+%-4&..#$#2%$&21&.1+';%J4&..#$#2%$&21&.1+'% 1-%7$+2(4#2%5"#'%."#%7$1)&$/%*#&)
-.$1E#-%4+331)&.+$-C%-&)73#-C%*#&)%-.+7-%+$%-"1#321'0;%!"#% 1'.#'-1./%+,% ."#%-4&..#$#2%$&21&.1+'% 1-%-#>#$&3%+$2#$-%+,
)&0'1.(2#% 3#--% ."&'% ."&.% +,% ."#% 7$1)&$/% *#&);% F+5#>#$C% ."#-#% -4&..#$#2% $&21&.1+'% I#32-% )&/% -.133% $#-(3.% 1'
#?7+-($#-C%5"14"%#?4##2%$#0(3&.+$/%31)1.-;

5#'6'-.$.*6'&,'$3)#'3
G33%."#%1'-.$()#'.-%&$#%1'-12#%$&21&.1+'%"+(-1'0-C%5"14"%$#2(4#%$&21&.1+'%3#&E&0#%*#3+5%2#.#4.1+'%31)1.;%K"#'#>#$%&
2++$%+,%."#%#'43+-($#%1-%+7#'#2C%3#&2%-"(..#$-%4(.%+:%."#%89$&/%*#&)%&'2%1'.#$$(7.%."#%)#&-($#)#'.;%K1."%-+)#
#6(17)#'.C%#>#'%."#%0#'#$&.+$%)&/%*#%-"(.%2+5'%&'2%/+(%5133%"&>#%.+%&-E%&'%+7#$&.+$%,+$%&--1-.&'4#;

!+% 7$#>#'.% #?7+-($#-L% .+% $#4+$2% 7+--1*3#% )&3,('4.1+'1'0% +,% #6(17)#'.% /+(% &$#% 4+)7#33#2% .+% 4&$$/% 2+-1)#.#$-
5"13-.%5+$E1'0%51."%."#%89$&/%#6(17)#'.;%!"1-%5133%'+.%7$#>#'.%$&21&.1+'%2&)&0#%,$+)%+44($$1'0C%*(.%1.%2+#-%#'&*3#
1))#21&.#%)#214&3%&4.1+'%.+%)1'1)1-#%2&)&0#%&'2%.+%$#73&4#%,&(3./%#6(17)#'.;%!"#%7"/-14&3%)#&-($#%,+$%$&21&.1+'
1-%."#%#'#$0/%2+-#;%M.%1-%#6(&3%.+%."#%#'#$0/%2#7+-1.#2%7#$%('1.%)&--%+,%)#21()%&'2%."#$#,+$#%"&-%."#%JM%('1.%NOE0%P
Q/C%Q$&/%1'%"+'+($%+,%."#%H'031-"%7"/-141-.%R;%F;%Q$&/%STUVW9TUXWY;%!"1-C%"+5#>#$C%1-%+'3/%+,%31)1.#2%(-#%.+%2#.#$)1'#
."#%&4.(&3%"&<&$2%&--+41&.#2%51."%."#%$&21&.1+';%G%3+.%2#7#'2-%+'%."#%E1'2%+,%$&21&.1+';%!"#%'+.1+'%."&.%."#%"&$2#$
S."#%-"+$.#$%."#%5&>#3#'0."Y%."#%$&21&.1+'C%."#%0$#&.#$%."#%"&<&$2%1-%&%)/.";%G4.(&33/C%4+77#$%$&21&.1+'%S!PT;WZT[\%GY
(-#2% 1'% 7+52#$% 21:$&4.1+'% 1-% .#'% .1)#-% &-% 2&'0#$+(-% &-% ."#%)(4"% "&$2#$% -13>#$% $&21&.1+'% S!PV;WXV[\% GY% (-#2% 1'
)#214&3%#6(17)#'.;%!"#%$#&-+'%31#-%1'%."#%21:#$#'.%&*-+$7.1+'%4+#B41#'.;%K"13#%."#%"&$2#$%89$&/-%4&'%7+.#'.1&33/
4&(-#%)+$#%2&)&0#C% ."#/%&$#%>#$/%)(4"% 3#--% 31E#3/% .+% 1'.#$&4.%51."%*+2/% .1--(#%&'2%."#$#,+$#%&4.(&33/%4&(-#% 3#--
2&)&0#;%!+%4+$$#4.%,+$%."#-#%#:#4.-C%."#%-+94&33#2%#6(1>&3#'.%2+-#%1-%(-#2%5"14"%)(3.1731#-%."#%#'#$0/%2+-#%51."%&
21)#'-1+'3#--%,&4.+$%]%."&.%2#7#'2-%+'%."#%'&.($#%+,%."#%$&21&.1+'%(-#2;%!"1-%('1.%1-%'&)#2%J>%+$%J1#>#$.%1'%"+'+($
+,%."#%J5#21-"%)#214&3%7"/-141-.%@+3,%^&?1)131&'%J1#>#$.%ST[UX9TUXXY;%!"1-%('1.%1-%(-#2%1'%+($%7#$-+'&3%2+-1)#.#$-;
!"#%89$&/% 1'.#'-1./%$&7123/%2#4$#&-#-%51."%."#%21-.&'4#%,$+)%."#%89$&/%.(*#;%!"#%,+33+51'0%.&*3#%-"+(32%01>#%/+(%&
$+(0"%12#&%&*+(.%."#%"&<&$2-;

H-.1)&.#2%$&21&.1+'%2+-#-%&.%&'&3/.14&3%89$&/%#6(17)#'.L
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H--#'.1&33/C%(-#$-%&$#%-&,#%&-%3+'0%&-%."#/%$#)&1'%+(.-12#%."#%1'.#$3+4E#2%1'-.$()#'.%#'43+-($#%&'2%&33%-&,#./%)#&-($#-%&$#%7$+7#$3/
1'%73&4#;

H--#'.1&33/C% (-#$-% &$#% -&,#% &-% 3+'0% &-% ."#/% $#)&1'% +(.-12#% ."#% 1'.#$3+4E#2% 1'-.$()#'.% #'43+-($#% &'2% &33% -&,#./
)#&-($#-%&$#%7$+7#$3/%1'%73&4#;

=3#&-#%&3#$.%."#%1'-.$()#'.%)&'&0#$%1))#21&.#3/%1,%/+(%'+.#%+'#%+,%."#%,+33+51'0L

!"#%_89$&/%`'_%310".%1-%+'%#>#'%."+(0"%."#%1'-.$()#'.%2++$%1-%+7#';
a+($%2+-1)#.#$%-"+5-%&'%('#?7#4.#2%$1-#%&,.#$%&'/%#?7#$1)#'.;
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Analysis of data - !"#$%$"&%'#$#%$&(()%*+,

!"#$%&'()*+#$&)'%&,%#-$.#//0%-)'$#&'12%&'%$"1%2&3*#-$&)'%,41-$*#5
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!"#$%&'(%)*'+,#*'-)

!"#$% &'% ("#')% *+,%("#')% &-).$&/0#$&1.% &'% $")%.#2)%3)%4&5)% $1% $")%6710)''%18% -)0&-&.4%3"&0"%6"#')'% #7)% &.% 91:7
'6)0&2).%;9%#.#<9'&'%18%$")%=>+%'6)0$7:2?%@"&'% &'%'12)$&2)'%7)8)77)-%$1%#'%A:#<&$#$&5)%#.#<9'&'%;)0#:')%91:%1.<9
-)$)72&.)%3"#$%&'%67)').$%&.%91:7%'#26<)B%;:$%.1$%"13%2:0"?%("#')%*+%:')'%$")%61'&$&1.%18%6)#C'B%#.-%'12)$&2)'
$")&7% &.$).'&$9B% $1% -)$)72&.)% 3"#$% &'% 67)').$?% @"&'% &'% -1.)% ;9% 2#$0"&.4% 6)#C% 61'&$&1.'% 3&$"% #% C.13.% <&;7#79% 18
'6)0$7#?%D1'$%7)')#70")7'%#7)%5)79%8#2&<&#7%3&$"%$")&7%'6)0&2).'B%#7)%#7)%<&C)<9%$1%C.13%$")%8)3%61''&;<)%6"#')'%$"#$
2#9%;)%67)').$?%E13)5)7B%&8%91:%"#5)%#.%:.C.13.%'#26<)B%17%0#..1$%/.-%3"#$%91:%)F6)0$B%$").%91:%2:'$%')#70"%#
-#$#;#')%$1%$79%#.-%/.-%#%2#$0"?

@")7)% #7)% $"7))% 2#&.% '1:70)'% 18% -&G7#0$&1.% '6)0$7#% $"#$% 91:% 0#.% :')% 817% 2#$0"&.4% #4#&.'$% 91:7% )F6)7&2).$#<
2)#':7)2).$?

H?% I122)70&#<<9% 6:70"#')-% -#$#;#')'?% @")% 21'$% 01221.% #.-% 21'$% :6% $1% -#$)% &'% $")% -#$#;#')% 2#-)% ;9% $")
*.$)7.#$&1.#<%I).$7)%817%+&G7#0$&1.%+#$#%J*I++K?%@")&7%-#$#;#')%&'%A:&$)%01221.%&.%21'$%<#;'B%#.-%$")%-&G7#0$&1.
-#$#% &'% 6715&-)-% #'% #% (13-)7% -&G7#0$&1.'% /<)B% (+LB% 3&$"% #% :.&A:)% &-).$&/)7?% @"&'% &'% 6#7$&0:<#7<9% :')8:<% 817
6:;<&0#$&1.'%;)0#:')%91:%0#.%7)8)7).0)%3")7)%91:7%079'$#<<147#6"&0%-#$#%0#2)%8712?%@"&'% &'%01.'&-)7)-%#%5)79
7)6:$#;<)%'1:70)%18%&.8172#$&1.?%!"##$"%&?

M?% N.<&.)%16).%#00)''%-#$#;#')'?%@")7)%&'%#%4713&.4%#21:.$%18%16).%#00)''%'0&).$&/0%&.8172#$&1.%;)&.4%6:;<&'")-
1.<&.)B% #.-% =>+% &'% .1% )F0)6$&1.?% @")% 2#&.% 16).% #00)''% 3);'&$)% 817% 079'$#<<147#6"&0% #.-% =>+% -#$#% &'% $")
I79'$#<<147#6"9%N6).%-#$#;#')B%IN+?%@"&'%3);'&$)%"#'%;)).%16)7#$&.4%817%#;1:$%$3).$9%9)#7'%#.-%"#'%7)0).$<9
7)0)&5)-%8:.-&.4%;9%$")%O:716)#.%P.&1.Q'%E17&R1.%MSMS%67147#2?%"'()*+,,%-'+./($01*2"%#?

T?% U&$)7#$:7)?%*.%2#.9%0#')'B%5)79%.)3<9%-)5)<16)-%2#$)7&#<'%3&<<%.1$%9)$%#66)#7%&.%$")')%-#$#;#')'B%$")%;)'$%6<#0)
$1%/.-%$")')%'6)0$7#%&'%&.%$")%17&4&.#<%6:;<&0#$&1.?%D1'$%6:;<&0#$&1.'%'"13%$")%8:<<%=>+%'6)0$7:2B%'1%91:%"#5)%$")
#;&<&$9%$1%07&$&0#<<9%)F#2&.)%&8%91:%#47))%3&$"%$")%#:$"17'%01.0<:'&1.%;)817)%91:%6710))-?

>)')#70")7'%3"1%#7)%8#2&<&#7%3&$"%$")&7%'6)0&2).'%#7)%:':#<<9%#;<)%$1%5&':#<<9%0126#7)%$")%2#&.%6)#C'%8712%$")
61''&;<)%6"#')'%#4#&.'$%$")&7%)F6)7&2).$#<<9%2)#':7)-%-#$#?%@"&'%&'%18$).%':V0&).$%$1%-)0&-)%3"&0"%6"#')'%#7)
67)').$B%#.-%3"&0"%#7)%.1$?%E13)5)7B% &8% 91:%"#5)%#%5)79%0126<)F%'6)0$7:2B%#%217)%'16"&'$&0#$)-%#6671#0"% &'
7)A:&7)-?% *.% $"&'%0#')B% $")% 8:<<%-#$#;#')% J':0"%#'% $")%(+L% 817%)F#26<)K%3&<<%.))-%$1%;)%')#70")-%;9%#%2#$0"&.4
#<417&$"2?%D1'$%=>+%'18$3#7)%3&<<%"#5)%$"&'%8:.0$&1.B%;:$%91:%3&<<%.))-%$1%<&.C%$"&'%$1%91:7%-#$#;#')%18%0"1&0)?

www.myscope.training X-ray Diffraction 44

http://www.icdd.com/
http://www.crystallography.net/cod/
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!"#%6+($).'$&+*%+.%$#9&'#1%')%'"#%/#&0%,$)&1#*+*2%,?%'"#%A)99)B+*2%#U-&'+)*7
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^H#('%)A%9&''+(#%.'$&+*%)*%'"#%/#&0%/).+'+)*%&*1%/#&0%B+1'".%),.#$E#1%1-$+*2%345
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I("#6&'+(%+99-.'$&'+)*%)A%+*")6)2#*)-.%.'$&+*%B+'"+*%&%($?.'&9

1-"9(%$/"0+'/7%-#$%)/"+$-+./#*-7)$/-"+.("#/$2
!)% -.#%6+($).'$&+*% ,$)&1#*+*2% ')% #.'+6&'#% '"#% 1+.9)(&'+)*% 1#*.+'?% ?)-% *##1% ')%6&0#% .)6#% &..-6/'+)*.% &,)-'
1+.9)(&'+)*%&$$&*2#6#*'C%N)$%(-,+(%.?.'#6.%'"#%R-$2#$.%E#(')$%)*9?%"&.%)*#%E&9-#F%,-'%A)$%)'"#$%($?.'&9%.'$-('-$#.
?)-% 6&?% *##1% ')% 6&0#% &..-6/'+)*.% &,)-'% B"+("% 1+.9)(&'+)*.% &$#% ()*'$+,-'+*2% ')% '"#% ,$)&1#*+*2C% L((-$&'#
&..#..6#*'% )A% 1+.9)(&'+)*% 1#*.+'?% (&*% )*9?% ,#%6&1#% )*% .&6/9#.%B"#$#% '"#% ($?.'&9% .+<#% ,$)&1#*+*2% +.% *#29+2+,9#C
J)'#% '"&'% '"+.% $#A#$.% *)'% )*9?% ')% '"#% 2$&+*% .+<#F% ,-'% &9.)% ')% '"#% .-,2$&+*.F% B"+("%6&?% ()*'$+,-'#% ')% ($?.'&9% .+<#
,$)&1#*+*2C

!"#%6+($).'$&+*%(&*%,#%()*E#$'#1%')%&%1+.9)(&'+)*%1#*.+'?%,?%'"#%A)99)B+*2%#U-&'+)*7

N)$%(-,+(%.?.'#6.%'"#%(&9(-9&'+)*%+.%U-+'#%.+6/9#7

N)$%A-$'"#$%+*A)$6&'+)*%2)%')%:C%WC%K+99+&6.)*%_%4C%^C%I6&996&*%]"+9).)/"+(&9%=&2&<+*#F%`7`F%ab;bS
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Rietveld Refinement - !"#$%&'%(&)$*)+,%-)./)0)/$1

!"#$%#&'()#*+#,#+$("-(.($#/0+"12#('#%"-#'(34(5267(!"#$%#&'(87)(2-#("+($0#(12.+$"*/.$"7+(78(/)4-$.&&"+#(90.-#-(8)7,
'":)./$"7+( -9#/$).;( <0#(!"#$%#&'(,#$07'(2-#-(.( &#.-$( -12.)#-(.99)7./0( $7( )#*+#(.( $0#7)#$"/.&( &"+#(9)7*&#(2+$"&( "$
,.$/0#-($0#(,#.-2)#'(9)7*&#;(=$("+/&2'#-(.+(.99)7>",.$"7+(78(9#.?(-0.9#@(9#.?(A"'$0@(9)#8#))#'(7)"#+$.$"7+@(.+'
78(/72)-#(.&&(78($0#("+$#+-"$4(9)#'"/$"7+-('"-/2--#'("+($0#(9)#%"72-(-#/$"7+;(=$(-72+'-(/7,9&"/.$#'@(32$(472('7+B$(0.%#
$7(A)"$#(472)(7A+(/7'#@($0#)#(.)#($77&-(.%."&.3&#(87)(472($7(2-#($0.$(0.%#(.&)#.'4(3##+('#%#&79#'(-2/0(.-(9)76).,-
&"?#(<CDEF(.+'(F")712.+$;

!"#$%#&'@5;G;HIJKJL;(M;(E99&;(N)4-$.&&76);@O@KPQRI;

S)7.'&4(-9#.?"+6($0#)#(.)#($A7('":#)#+$(.99)7./0#-($7(12.+$"$.$"%#(!#"$%#&'()#*+#,#+$T

<).'"$"7+.&(!"#$%#&'()#*+#,#+$
.--2,#-(.&&(90.-#-(.)#(/)4-$.&&"+#
"-(9)73.3&4($0#(#.-"#-$(,#$07'
/.+(3#(2-#'(7+(32&?(-7&"'(7)(97A'#)
/.++7$(.//2).$#&4(12.+$"84(.,7)9072-(9#)/#+$.6#-(2+&#--(.''"$"7+.&(,#.-2)#,#+$-(.)#(,.'#(7+(-$.+'.)'
-9#/",#+-($7(.//2).$#&4(12.+$"84($0#(3./?6)72+';

=+$#)+.&(-$.+'.)'(,#$07'
7+&4(A7)?-(7+(97A'#)-
472(.''(.(?+7A+(.,72+$(78(.(?+7A+(90.-#($7(472)(-.,9&#(.+'(,">($07)7260&4
/.+(3#(2-#'($7(12.+$"84(.,7)9072-(9#)/#+$.6#-(%#)4(.//2).$#&4;

!"##$%&'()'$*$+&,-,'."/,

!"#$%&'()*)'+(%(,'-.
/01(*#2%(1(*"3
4&#5"%60'7&%(133"*01
80#+(2#*)'+#2%(133"*01
9+)*%5"22%:)3"+()'+(
;7#2)*#*)<"%&,#("%)+='03#*)'+

!"#$%)+*"+()*)"(%(,'-.
9+)*%5"22%5'+*"+*(
!')+*%(133"*01
;7#+*)*#*)<"%&,#("%=0#5*)'+(

!"#$%(,#&"(%#+:%-):*,(%(,'-.
/01(*#22)*"%()>"
?'+@7+)='03%3)50'(*0#)+
AB*"+:":%:"="5*(%C(*#5$)+6%=#72*(D%#+*)&,#("%E'7+:#0)"(%"*5FG

H)3)*#*)'+(%'=%&'-:"0%:)I0#5*)'+.
4)+62"%501(*#2%*"5,+)J7"(%7*)2)("%3#*,"3#*)5#2%#26'0)*,3(%#+:%#5570#*"%&"#$%)+*"+()*)"(%*'%('2<"%(*075*70"(
8,"%KL%5'22"5*)'+%'=%(&'*(%#+:%)+*"+()*)"(%'=%#%()+62"%501(*#2%"B&"0)3"+*%#0"%0":75":%*'%#%ML%&#**"0+F%8,)(%5#7("(
&"#$%'<"02#&%#+:%3#$"(%#5570#*"%&"#$%)+*"+()*)"(%&0'E2"3#*)5F
/01(*#2%(133"*01%)(%+'*%'E<)'7(%=0'3%*,"%&#**"0+F
N72*)&,#("%3)B*70"(%5'3&2)5#*"%*,"%)((7"F
!0"="00":%'0)"+*#*)'+%2"#:(%*'%)+#5570#*"%&"#$%)+*"+()*)"(F
O+"% )3&'0*#+*% *,)+6% *'%+'*"%#E'7*%&'-:"0%:)I0#5*)'+% )(% *,#*% (#3&2"%&0"&#0#*)'+%37(*%E"%:'+"% 5#0"=7221% #+:
&0"5)("21%*'%6"*%#%6'':%0"(72*F
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Specialist techniques using XRD - Texture - !"#$%&'%$()$*+(,

!"#$%&"'()'$*"'+,&-'./$"&(/0)')1("2$()$)'%)"'$,'-")1&(3"'$*"'1&4)$/00,5&/6*(1'6&"7"&&"-',&("2$/$(,2'$*/$'-"8"0,6)'(2
./24'./$"&(/0)9'!*()')(.604'."/2)'$*/$'),."'1&4)$/0)'6&"7"&'$,'6,(2$'(2'/'1"&$/(2'-(&"1$(,2:'7,&'"#/.60":'(7'/'60/$"'()
&,00"-:' ),."'60/2")'.(5*$'6&"7"&' $,'3"'/0(52"-'+($*' $*"' &,00(25'-(&"1$(,29' ;2'5",0,54:' $*"' $"&.'<3&"' ()' ),."$(.")
%)"-'(2)$"/-',7'$"#$%&"9'!"#$%&"'()'/')$/$()$(1/0'."/)%&"',7'$*"'+/4'(2'+*(1*'$*"'1&4)$/0)'/&"',&("2$"-:'),'1/&"'.%)$
3"'$/="2'$,'"2)%&"'/'0/&5"'2%.3"&',7'1&4)$/0)'/&"'."/)%&"-9'>/24'-(?&/1$(,2'$"1*2(@%")'1/2'3"'%)"-'$,'."/)%&"
$"#$%&":' AB&/4' -(?&/1$(,2:' 2"%$&,2' -(?&/1$(,2:' /2-' "0"1$&,2' -(?&/1$(,2' %)(25' $*"' $"1*2(@%"' 1/00"-' "0"1$&,2
3/1=)1/$$"&"-'-(?&/1$(,2'!"#$9
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!"#$%&'"()*+,-+./,

!"#$#% &$#% '"$##% (&)*% +&,-% )*% +")."% +#% /)-01&,% '#2'3$#4% 051#% 673$#-8% )*9#$-#% 051#% 673$#-8% &*/% 5$)#*'&')5*
/)-'$):3')5*%;3*.')5*-<%=51#%673$#-%&$#%0$5:&:1,%'"#%#&-)#-'%;5$%0#501#%'5%9)-3&1)-#8%&*/%$#(&)*%'"#%(5-'%.5((5*
+&,%5;%/)-01&,)*7%:5'"%'#2'3$#%&*/%)*/)9)/3&1%5$)#*'&')5*-%;$5(%>?@A%&*/%BCA%/&'&<%!"#%051#%673$#%)-%:&-#/%5*%&
-0"#$).&1%$#;#$#*.#%;$&(#8%&*/%&*%)(&7)*&$,%1)*#%)-%/$&+*%0#$0#*/).31&$%;$5(%'"#%.$,-'&1%01&*#%5*'5%'"#%-0"#$#<%D
0$5E#.')5*%;$5(%'")-%05)*'%5*%'"#%-0"#$#%/5+*%'5%'"#%F&'%0$5E#.')5*%01&*#%.5(01#'#-%'"#%015'%5;%'")-%5*#%05)*'%5*'5
'"#%051#%673$#<

G"#*%(&*,%05)*'-%&$#%01&.#/%5*'5%'"#%5*#%051#%673$#8%&%.1#&$%0$#;#$#*.#%;5$%.#$'&)*%15.&')5*-%.&*%:#%-##*<
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H;%+#%"&9#%(#&-3$#/%-3I.)#*'%/&'&8%&%(&'"#(&').&1%(#'"5/%J*5+*%&-%-0"#$).&1%"&$(5*).-%.&*%:#%3-#/%'5%.$#&'#%&
-'&')-').&1%6'%5;%'"#%)*/)9)/3&1%/&'3(%05)*'-%)*'5%&%-'&')-').&11,%.5$$#.'%.3$9#<%!"#%051#%673$#%.&*%:#%.5*-)/#$#/%'5%:#
&%(&0%5;%.$,-'&1%5$)#*'&')5*-%+)'"%$#;#$#*.#%'5%'"#%-&(01#%7#5(#'$,<%H'%-"5+-%"5+%5*#%.$,-'&1%01&*#%0$#;#$-%'5%:#
&1)7*#/%+)'")*%'"#%-0#.)(#*%7#5(#'$,<

D*% )*9#$-#%051#%673$#8%&-%'"#%*&(#%)(01)#-8%015'-%/&'&%&-%&%()$$5$%5;% '"#%051#%673$#<%!"#% )*9#$-#%051#%673$#% )-%&
(&0% 5;% '"#% -0#.)(#*% /)$#.')5*% 5$% 7#5(#'$,% +)'"% $#-0#.'% '5% '"#% .$,-'&1% /)$#.')5*-<% !"#% H=K% -"5+-% +")."% 5;% '"#
/)L#$#*'%.$,-'&1%5$)#*'&')5*-%&$#%0$#;#$$#/%:,%'"#%-0#.)(#*%7#5(#'$,<%M-3&11,%+#%015'%5*#%/)$#.')5*%1)J#%'"#%$511)*7
/)$#.')5*8%5$%'"#%/)$#.')5*%5;%-51)/)6.&')5*<%!"#%H=K%"&-%&%'$)&*731&$%-"&0#%+)'"%5*#%.3$9#/%#/7#8%&*/%#&."%#/7#%5;
'"#%H=K%$#0$#-#*'-%5*#%5;%'"#%(&)*%.$,-'&1%01&*#-<
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D*5'"#$%(#'"5/% 5;% /#-.$):)*7% '"#% /)$#.')5*% &% .$,-'&1% )-% 05)*')*7% )-% '5% 3-#% &% .5N5$/)*&'#% -,-'#(% J*5+*% &-% >31#$
&*71#-<%!")-%)-%&1-5%3-#/%)*%5'"#$%6#1/-%-3."%&-%&-'$5*5(,<%!"#%'"$##%&*71#-8%>31#$%O8%P%&*/%Q8%.&*%:#%015''#/%)*%'"#
-&(#%+&,%&-%+#%+531/%015'%&*,%5'"#$%-#'%5;%'"$##%R&$'#-)&*%.5N5$/)*&'#-<%S3-'%1)J#%'"#%051#%673$#8%'"#%$#7)5*-%+"#$#
'"#$#% &$#%(&*,% 05)*'-% )*% &% .13-'#$% )*/).&'#% '"5-#% $#7)5*-% '"&'% &$#% 0$#;#$$#/% )*% '"#% -0#.)(#*<% !"#% /&'&% .&*% :#
.5*'53$#/%:,%-0"#$).&1%"&$(5*).-%E3-'%1)J#%'"#%5'"#$%'+5%(#'"5/-%5;%-"5+)*7%'#2'3$#<%@5(#%$#-#&$."#$-%0$#;#$%'")-
/#-.$)0')5*8%:3'%)'%)-%&00&$#*'%'"&'%5:'&)*)*7%&*,%$#;#$#*.#%:#'+##*%'"#%TAK%&*/%'"#%-0#.)(#*%7#5(#'$,%$#U3)$#-
#2'#*-)9#%#20#$)#*.#<
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!"#$%&'()*+",+%&"*-'+.*/0&#1$

!"#$%&'()*+",+%&"*-(*#*.#/0$1#."*'($+&%2"(+*'$*&".#+'3".4*$+&#')5+6-&7#&89*/%+*#88'+'-(#.*&-+#+'-(*#,"$*#&"*&":%'&"8

-(*+5"*'($+&%2"(+;*<5'$*'$*$-2"+'2"$*&"6"&&"8*+-*#$*#*+",+%&"*1&#8."9*-&*+",+%&"*)-('-2"+"&;*<5"*)-('-2"+"&*#..-7$

+5"*$="1'2"(*+-*/"*&-+#+"8*+-*"($%&"*+5#+*+5"*8'>"&"(+*8'&"1+'-($*)"+*2"#$%&"8;*?(.'@"*1-(3"(+'-(#.*A!*$1#(('()
75"&"* +5"* $="1'2"(* '$* $+#+'-(#&4* #(8* +5"* 8"+"1+-&* #(8* B0&#4* +%/"*2-3"9* +-*2"#$%&"* +",+%&"* 7"* $"+* +5"* C&#))

1-(8'+'-(9*/%+*."#3"*+5"$"*-=+'1$*$+#+'-(#&4;*D(.4*+5"*$="1'2"(*'$*&-+#+"8*+-*.--@*#+*+5"*'(+"($'+4*15#()"*-6*-("*="#@

'(*#..*8'&"1+'-($;*<5'$*@'(8*-6*2"#$%&"2"(+*%$"$*8'>"&"(+*-=+'1$9* +5"*C&#))0C&"(+#(-*$"+%=*%$"$* .'("*6-1%$*-=+'1$9

/%+*6-&*2"#$%&"2"(+$*+5#+*'(3-.3"*$="1'2"(*+'.+'()9*-&*",+&"2".4*&-%)5*$="1'2"($9*=-'(+*6-1%$*-=+'1$*#&"*%$"8;

C"6-&"*=.-++'()*+5"*8#+#9*7"*8-*+5&""*1-&&"1+'-($;

!"#$%&'()*+#'&&,#-.')
<5"*/#1@)&-%(8*'$*&"2-3"8*6&-2*+5"*="#@*-6*'(+"&"$+*%$'()*8#+#*6&-2*"'+5"&*$'8"*-6*+5"*="#@;

/,0'#(11.)%+#'&&,#-.')
E$*+5"*$#2=."* '$* +'.+"8*+-*5')5*#()."$9* +5"*/"#2*'..%2'(#+"$*#(* '(1&"#$'().4* .#&)"*#&"#9*#(8*+5"*8"+"1+"8* '(+"($'+4

8&-=$* 6-&* 2-$+* '($+&%2"(+$* #/-3"* #* +'.+* #()."* -6* #/-%+* FG* 8")&""$;* <5"* 8&-=* '(* '(+"($'+4* #+* 5')5* +'.+* #()."$* '$

2"#$%&"8* -(* #* &#(8-2* &"6"&"(1"* -6* +5"* $#2"* 2#+"&'#.* #$* +5#+* /"'()* 2"#$%&"8;* <5"$"* 1#(* /"* =%&15#$"8

1-22"&1'#..49*/%+*6-&*%(%$%#.*2#+"&'#.$9*4-%&*-7(*&#(8-2*&"6"&"(1"*1#(*/"*2#8"*/4*$'2=.4*2','()*#*=-78"&*-6*+5"

2#+"&'#.*7'+5*"(-%)5*"=-,4*+-*/'(8*'+*'(+-*#*$-.'8;*H+#(8#&8*$#2=."*=&"=*+"15(':%"$*1#(*+5"(*/"*#==.'"8;*D(1"*+5"

&#(8-2* &"6"&"(1"* 2#+"&'#.* 5#$* /""(* 2"#$%&"89* +5"* 8"6-1%$'()* 1-&&"1+'-(* 1#(* /"* #==.'"8;* <5"* 2"+5-8* -6

1-(3"&+'()*+5"*2"#$%&"2"(+*'(+-*#*1-&&"1+'-(*'$*$.')5+.4*8'>"&"(+*6-&*8'>"&"(+*$-6+7#&"*=#1@#)"$9*$-2"*#==.4*+5"

&"6"&"(1"* 2"#$%&"2"(+* 8'&"1+.4* +-* 4-%&* ",="&'2"(+#.* 8#+#9* -+5"&$* I+* #* 2#+5"2#+'1#.* 1%&3"* +-* +5"* &"6"&"(1"

2"#$%&"2"(+*#(8*+5"(*%$"*+5'$*-(*+5"'&*8#+#;*J'+5"&*7#49*+5"*8"6-1%$'()*1-&&"1+'-(*2%$+*/"*2"#$%&"8*'(8'3'8%#..4

6-&*"#15*8'>"&"(+*$"+*-6*=.#("$*/"'()*2"#$%&"8;
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KL-1@$M
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!"#$%&'(%)'"*(

!"#$%&'(%)'"*+ '(+ ),-+$%),-$%)'.%&+/%0+ '*+/,'.,+/-+ )%1-+ %+ 2'#-.)+ '*)-*(')0+$-%(3#-$-*)+ %*2+ ."*4-#)+ ')+ '*)"+ ),-
5)'$-(+ #%*2"$+ '*)-*(')067+ %+ *"#$%&'(%)'"*+ 8#".-23#-+ /,-*+ -*(3#-(+ ),%)+ %+ )#3&0+ #%*2"$+ (%$8&-+ /'&&+ ,%4-+ %*
'*)-*(')0+ "9+ "*-:+ ;"()+ 8&"))'*<+ ("9)/%#-+ /'&&+ 2"+ ),'(+ ."##-.)'"*+ 9"#+ 0"37+ %*2+ '(+ ('$8&0+ %+ $%))-#+ "9+ (3$$'*<+ %&&
'*)-*(')07+2'4'2'*<+-%.,+$-%(3#-$-*)+=0+),'(+(3$7+%*2+%88&0'*<+%*+%#-%+."##-.)'"*:+>,-+%#-%+."##-.)'"*+)%1-(+'*)"
%.."3*)+),-+2'?-#-*)+%#-%(+"*+),-+(3#9%.-+"9+%+(8,-#-+2-8-*2'*<+"*+),-+&%)')32-+@'*+"),-#+/"#2(7+),-+%#-%+"9+),-
="A-(+%)+),-+)"8+"9+),-+(8,-#-+%#-+($%&&-#+),%*+),-+"*-(+.&"(-+)"+),-+,-$'(8,-#-B

www.myscope.training X-ray Diffraction 63



!"#$%&'()#*+"##
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