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U,' <)0`4/L(H'8,'r'80)"T#[WK(4)(++#&0H'7,'!"(4$#LS&*$0.%'#2'$*&)+('$0&(4*+%'W'99,'>"*%('(b/0+0R40*,'!"#$%&'()*()+,-('!"#$'6YP'

66YZ–6G6M']GZ66_,'6YU'
X,' K*++$(4H';,'Q,H'<."$(44H'C,'7,H'C*5*T*[*H'!,'r'?0)%($*H'J,'7#$3#%0)0#&*+'$*&)+('+*S(40&T'4(1(*+(L'RS'%+*R'6YX'

%)*T&*)0#&'*)'6ZZZW5$'L(3)",' =54",5")>?8/,5"' '!$'(6PZZY6P–(6PZZY6P']GZ6P_,'6YY'
Y,' V/5*#H's,'r'@R*S*%"0H';,'</RL/.)(L'%+*R%'%)*T&*&)'*R#1(H'3(&()4*)0&T')"4#/T"H'*&L')4*33(L'R(+#[')"('UUZ'5$'6Y\'

L0%.#&)0&/0)S,'*!7 '!!"$ 'P\GZ–P\MY']GZ6M_,'6\Z'



!"#$%#&'()'*+,!"#$%&'&()!*!–!+,,$-.$/!0101234' ' -.#/%)0.'1(+#.0)0(%'#2'.*+.0/$'3(4#1%50)(! U'

\, ' <)0`4/L(H'8,'r'80)"T#[WK(4)(++#&0H'7,'N(#3"S%0.%'#2'7"($0.*+'E()(4#T(&(0)S'0&')"(';*&)+(,'>,,0()7"8()</1-%)6;/,"-()6\6 '
=54('#)$'PU\–P\P']GZ6G_,'6\G'

6Z,' ;/4*5*$0H';,H'@"0%"0H's,H'E04*#H'C,'r'E04#%(H'B,'-'3(4#1%50)0.'+#[(4'$*&)+('0&2(44(L'24#$'"0T"W34(%%/4(H'"0T"W6\M'
)($3(4*)/4('%#/&L'1(+#.0)S'L*)*,'./-01" '#"'$ '\Z–\O']GZ6G_,'6\O'

66,' 7#))**4H'<,H'E(0%)(4H'!,H'?#%(H'9,'r':&)(4R#4&H'7,'K/4&;*&k'-'+#[(4'$*&)+('$0&(4*+'3"S%0.%')##+50),'!"#5%"3@)6\P'
!"#$%&'@)!"#'&'!'$ '66UO–66X\']GZ6O_,'6\U'

6G,' 9402/&(H'!,'"-)/;( '94#&'3*4)0)0#&0&T'*&L'L(&%0)S'."*&T(%'#2'3S4#+0)('0&'=*4)"t%'+#[(4'$*&)+(,'=54",5"'*(&$'6\M–6\P'6\X'
]GZZ\_,'6\Y'

6M,' ?0.#++(*/H'-,'"-)/;( '>"*%('4(+*)0#&%'*&L'(b/*)0#&'#2'%)*)('#2'*'&*)/4*+';@?Kk'9$3+0.*)0#&%'2#4')"('L(&%0)S'34#20+('#2'6\\ '
%/RL/.)(L'#.(*&0.'.4/%)'0&')"('=*4)"t%'+#[(4'$*&)+(,'*!7 '!!'$ 'GPU\']GZ6Z_,'GZZ'

6O,' 80/H'8,WN,'r'?0&T[##LH'-,'=,'<S&)"(%0%'#2'*'3(4#1%50)(W)S3('3#+S$#43"'#2'7*<0@M,'</1-%)6;/,"-)=54):"--'("$'GZ\–G66'GZ6'
]6\XP_,'GZG'

6P,' Qm0([#&%50H'-,';,'r'-&L(4%#&H'Q,'8,'>4(+0$0&*4S'4(2(4(&.('=*4)"'$#L(+,'6<6+'('$ 'G\X–MPU']6\Y6_,'GZM'
6U,' <0&(+&05#1H's,'Q,H'7"(&H'N,'r'80(R(4$*&&H'?,'7,'=+*%)0.0)S'#2'7*!0@MW7*<0@M'3(4#1%50)(%,'62A'('$ 'P6P–PG6']6\\Y_,'GZO'
6X,' B/L#H's,'"-)/;( '<#/&L'1(+#.0)S'$(*%/4($(&)%'#2'7*<0@M'3(4#1%50)(')#'6MMN>*'*&L'0$3+0.*)0#&%'2#4'+#[(4$#%)'GZP'

$*&)+('%(0%$0.'*&#$*+0(%,'</1-%)6;/,"-)=54):"--'*#%+*')$ '6–X']GZ6G_,'GZU'
6Y,' B#$*R*S*%"0H'!,H'E04#%(H'B,H'<*)*H'C,H'@"0%"0H's,'r'Q/R4#10&%5SH'8,'<,'>"*%(')4*&%0)0#&'0&'7*<0@M'3(4#1%50)(,'</1-%)GZX'

6;/,"-)=54):"--'(,)$ 'PUO–PU\']GZZX_,'GZY'
6\, ' 7"(&H'E,'"-)/;( '74S%)*+'%)4/.)/4('#2'7*<0@M'3(4#1%50)('*)'GY–UG'N>*'*&L'MZZ'B'/&L(4'b/*%0W"SL4#%)*)0.'%)4(%%'GZ\'

.#&L0)0#&%,'>3()A4,('!)*$ 'OUG–OUY']GZ6Y_,'G6Z'
GZ,' N4u*/`H'<,'"-)/;( '<#/&L'1(+#.0)S'#2'7*<0@M'perovskite suggests the presence of basaltic crust in the Earth’s lower G66'

$*&)+(,'./-01" '','$ 'G6Y–GG6']GZ6\_,'G6G'
G6,' !"#$%#&H'-,'?,H'F*+)(4H';,'J,H'B#"&H'<,'7,'r'K4##5(4H'?,'-,'<+*R'$(+)0&T'*%'*'R*440(4')#'L((3'.*4R#&'%/RL/.)0#&,'G6M'

./-01" ''(%$'XU–X\']GZ6U_,'G6O'
GG,' 80H'K,H'B/&TH'J,'r'80(R(4$*&&H'?,'7,';#L(4&')(."&0b/(%'0&'$(*%/40&T'(+*%)0.0)S'#2'=*4)"'$*)(40*+%'*)'"0T"'34(%%/4('G6P'

*&L'"0T"')($3(4*)/4('/%0&T'/+)4*%#&0.'0&)(42(4#$()4S'0&'.#&d/&.)0#&'[0)"'%S&."4#)4#&'DW4*L0*)0#&'0&'$/+)0W*&10+'G6U'
*33*4*)/%,'6<6+'!#*$'PP\ –PXO']GZZO_,'G6X'

GM,' B/4*%"0&*H'!,H'E04#%(H'B,H'@&#H'<,H'<*)*H'C,'r'@"0%"0H's,'>"*%(')4*&%0)0#&'0&'-+WR(*40&T'7*<0@M'3(4#1%50)(k'0$3+0.*)0#&%'G6Y'
2#4'%(0%$0.'L0%.#&)0&/0)0(%'0&')"('+#[(4'$*&)+(,'6<6+'!#'$ 'UX–XO']GZZO_,'G6\'

GO,' s*%"0$*H';,'r'-+0H'?,'<)4/.)/4*+'3"*%(')4*&%0)0#&'*&L'#.)*"(L4*+')0+)0&T'0&')"('.*+.0/$')0)*&*)('3(4#1%50)('7*!0@M,'GGZ'
=#;4?)=-/-")+#,45''!")$ '6GZ–6GU']GZZ\_,'GG6'

GP,' <*+d(H'=,'B,'E,'"-)/;( '=+*%)0.'(`.0)*)0#&%'0&'K*!0@M'%0&T+('.4S%)*+%'*&L'.(4*$0.%k';#R0+('L#$*0&'R#/&L*40(%'*&L'3#+*4'GGG'
&*&#4(T0#&%'#R%(41(L'RS'4(%#&*&)'/+)4*%#&0.'%3(.)4#%.#3S,'6%&'()7"8()9'"&$'Z6O6ZU']GZ6M_,'GGM'

GU,' >(45%H'C,'J,H'v"*&TH'v,H'E*440%#&H'?,'J,'r'7*43(&)(4H';,'-,'<)4*0&'4(+*`*)0#&'$(."*&0%$%'#2'(+*%)0.'%#2)(&0&T'*&L')[0&'GGO'
[*++'24((m0&T'*%%#.0*)(L'[0)"'%)4/.)/4*+'3"*%(')4*&%0)0#&%'0&']7*H<4_!0@M'3(4#1%50)(%,'*()6%&'(B)2#,?",'()A/--"1'(,$ 'GGP'
PZPOZG']GZ6O_,'GGU'

GX,' 80/H'v,'"-)/;( '=+*%)0.'[*1('1(+#.0)S'#2'3#+S.4S%)*++0&(';dYZ>SGZ'T*4&()')#'G6'N>*'*&L'GHZZZ'B,'62A '#($'G6M–GGG']GZ6P_,'GGX'
GY,' N/(&&#/H';,H'K#/10(4H'>,H'B4(0%(+H'J,'r';*."#&H'Q,'>4(%%/4(W)($3(4*)/4('3"*%('L0*T4*$'#2'<4!0@M'/3')#'PM'N>*,'GGY'

6%&'()7"8)9'"!$']GZ6Z_,'GG\'
G\,' <)0`4/L(H'8,'r'80)"T#[WK(4)(++#&0H'7,'!"(4$#LS&*$0.%'#2'$*&)+('$0&(4*+%'W'9,'>"S%0.*+'34#3(4)0(%,'!"#$%&'()*()+,-('GMZ'

!,($ 'U6Z–UMG']GZZP_,'GM6'
MZ,' N*4&(4#H'=,'J,H';.C*$*4*H'-,'B,'r'<"0$H'<,WE,'7#&)0&(&)W%0m(L'*&#$*+#/%'m#&(%'[0)"'+#['%(0%$0.'1(+#.0)S'*)')"('GMG'

R*%('#2'=*4)"t%'$*&)+(,'./-01")!"#'54 '%$'OY6–OY\']GZ6U_,'GMM'
M6,' E#2$*&&H'-,'F,';*&)+('T(#."($0%)4Sk')"('$(%%*T('24#$'#.(*&0.'1#+.*&0%$,'./-01" '*"'$ 'G6\–GG\']6\\X_,'GMO'
MG,' E04#%(H'B,H'V(0H's,H';*H's,'r';*#H'E,WB,'!"('2*)('#2'%/RL/.)(L'R*%*+)0.'.4/%)'0&')"('=*4)"t%'+#[(4'$*&)+(,'./-01" '*%&$'GMP'

PM–PU']6\\\_,'GMU'
MM,' Q(%."*$3%H'V,H'7#RL(&H'8,'r'!*.5+(SH'>,'J,'!"('340$0)01('&*)/4('#2'+*4T('+#['%"(*4W[*1('1(+#.0)S'34#10&.(%,'</1-%)GMX'

6;/,"-)=54):"--'*#%+*')$ '6\Y–GZY']GZ6G_,'GMY'

( %)$*+,"-."/"$0& 'GM\'

F('*.5&#[+(LT( ')"('%/33#4)'#2'C=?7'T4*&)%'C=c>@6XUPXc6'*&L'C=c;ZZZOUDc6H'*&L'=<?V'R(*$ )0$('34#3#%*+%'=<WGOZ'

OUO'*&L'=<WUMU,'F(')"*&5' N,';*&)"0+*5('*&L'Q,'V4(0)*%'2#4')"(04'*%%0%)*&.('*&L'2#4'+(&L0&T'/%'/+)4*%#&0.'(b/03$(&)'GO6'

24#$'8*R#4*)#04(';*T$*%'()'A#+.*&%'2#4'/%('L/40&T')"('0&0)0*+'(`3(40$(&)%'#2')"0%'%)/LS,':%('#2'>0`04*LWY'L()(.)#4'GOG'

[*%'%/33#4)(L'RS')"('V4(&."'N#1(4&$(&)'10*')"('w9&1(%)0%%($(&)%'Lt-1(&04w'34#T4*$H'/&L(4')"('4(2(4(&.('-C?W6ZWGOM'

-9?!WZP,'GOO'
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( 102*!' %*$0!34103*$&' 'GOP'

-,?,!,'L(%0T&(LH'3(42#4$(L'*&L'*&*+S%(L')"('(`3(40$(&)%H'T*)"(4(L'L*)*'24#$')"('+0)(4*)/4('*&L'[4#)(')"('GOU'

$*&/%.403),'F,-,7,'L(%0T&(L'*&L'L(1(+#3(L')"('(`3(40$(&)*+'34#.(L/4( '*)'9QZU'#2')"('=<?V,'9,N,F,'*%%0%)(L'[0)"'GOX'

0&)(434()*)0#&'*&L'4(20&($(&)'#2'L0224*.)0#&'L*)*,'J,>,K,H'Q,>,QH'F,-,7'*&L'C,7,<,'"(+3(L'3(42#4$'(`3(40$(&)%'#1(4'GOY'

)[#'%(%%0#&%'*)')"('=<?V,'J,;,'3(42#4$(L')"('.#$3/)*)0#&*+' %0$/+*)0#&%,'<,-,E,'*%%0%)(L'[0)"'L*)*'*&*+S%0%,'-++'GO\'

*/)"#4%'.#&)40R/)(L')#')"('%.0(&)020.'L0%./%%0#&'*&L'34(3*4*)0#&'#2')"('$*&/%.403),'GPZ'

( 102*!' 3$#*!/(03*$ 'GP6'

!"('*/)"#4%'L(.+*4('&#'.#$3()0&T'20&*&.0*+'0&)(4(%),'7#44(%3#&L(&.('*&L'4(b/(%)%'2#4'$*)(40*+%'%"#/+L'R('GPG'

*LL4(%%(L')#'-,?,!']*,4,)"#$%#&^/.+,*.,/5_,'GPM'

- (0('(5(3,(43,306'&0( 0"/"$0 'GPO'

?*['L*)*'[(4(' .#++(.)(L'*)')"('=/4#3(*&'<S&."4#)4#&'?*L0*)0#&'V*.0+0)S'0&'N4(&#R+('*&L'*4('*1*0+*R+('24#$'GPP'

"))3kccL#0,#4Tc6Z,PGYPcULR\PLYXWMUP2WOZ6YW*R(. WZZ(\U(Y2.2YL,'Q(401(L'L*)*'24#$')"0%'%)/LSH'["0."'0&.+/L(%'GPU'

%#/4.('L*)*'24#$'20T/4('G'r' M'*&L'(`)(&L(L'L*)*'20T/4(%'6'r 'PH'*4('34#10L(L'0&')"('%/33+($(&)*4S'0&2#4$*)0#&'GPX'

)*R+(%,''GPY'

#3.1!"' %(703*$&'GP\'

V0T/4('6k'7#$34(%%0#&*+'*&L'%"(*4'[*1(' 1(+#.0)0(%'#2'./R0.'7*<0@M'3(4#1%50)('24#$')"0%'*&L'34(10#/%'%)/L0(%']*_'GUZ'

.#$34(%%0#&*+'[*1('1(+#.0)S'*&L']R_'%"(*4'[*1('1(+#.0)S'#2'7*<0@M'3(4#1%50)('34(L0.)(L'0&')"0%H'*&L'34(10#/%H'GU6'

%)/L0(%')"4#/T"#/)')"('$*&)+(,'9&L010L/*+'(`3(40$(&)*+'$(*%/4($(&)%'*4('%"#[&'[0)"'%S$R#+%H'.#+#/4(L'RS'GUG'

)($3(4*)/4(']["0)('%S$R#+%'*4('L*)*'.#++(.)(L'*)'MZZ'B_,'-++'1(+#.0)S'./41(%'*4('(`)4*.)(L'*+#&T'*'6PZZ'B'$*&)+('GUM'

*L0*R*),'!"0.5'.#+#/4(L'./41(']*&L'\Pg'.#&20L(&.('0&)(41*+'0&'T4(S_'4(34(%(&)%'1(+#.0)S'#2'./R0.'.*31'R*%(L'#&'GUO'

20&0)(W%)4*0&'$#L(++0&T'])"0%'%)/LS_,'K#+L'L*%"(L'+0&('0%')"('>?=;'1(+#.0)S'34#20+(,'GUP'

V0T/4('Gk'DW4*S'L0224*.)0#&'3*))(4&%'L($#&%)4*)0&T')"('./R0.W)()4*T#&*+'3"*%(')4*&%0)0#&'0&'7*<0@M'3(4#1%50)(,']*_'GUU'

?0()1(+L'4(20&(L'DW4*S'L0224*.)0#&'3*))(4&%'.#++(.)(L'*)'a'6G'N>*'*&L'6GXM'B']4(LH'./R0._'#4'MZZ'B']R+/(H')()4*T#&*+_H'GUX'

[0)"'./R0.'7*<0@M'3(*5%'+*R(++(L'RS!:D7'*&L')0.5'$*45%'2#4'#)"(4'.(++'.#$3#&(&)%H']R_'&#4$*+0%(L'2/++W[0L)" W*)W"*+2WGUY'

$*`0$/$']2["$_'#2'%(+(.)(L'L0224*.)0#&'3(*5%'#2'7*<0@M'3(4#1%50)('*%'*'2/&.)0#&'#2')($3(4*)/4(H']._'4(20&(L'+*))0.('GU\'

3*4*$()(4%'#2'7*<0@M'3(4#1%50)('%*$3+('*%'*'2/&.)0#&'#2'(`3(40$(&)*+')($3(4*)/4('with 2σ uncertainties,'GXZ'

V0T/4('Mk'-.#/%)0.'1(+#.0)0(%'#2'.*31'%*$3+(%'*)'"0T"'MN'.#&L0)0#&%,']*_'7#$34(%%0#&*+H'%- H'*&L']R_'%"(*4H'%' H'1(+#.0)0(%H'GX6'

[0)"'L(401(L']._'%"(*4H'SH'*&L']L_'R/+5H'U' H'$#L/+0'#2'.*31'%*$3+(%'$(*%/4(L'*%'*'2/&.)0#&'#2')($3(4*)/4('*)'GXG'

.#&%)*&)'34(%%'+#*L']a'6G'N>*_H'2#4'7*]<0Z,U!0Z,O_@M']R+/('.04.+(%_'*&L'7*<0@M'%*$3+(%']#4*&T('*&L'T4((&'.04.+(%_,'GXM'

Uncertainties are all 2σ. <$*++'R+/('.04.+(%'*4('L*)*'[0)"' * '+#['%0T&*+k&#0%('4*)0#H'L/(')#'+#['*$3+0)/L('#2')"('R/22(4'GXO'

4#L'4(2+(.)0#&H'*&L'"*1('+*4T(4'/&.(4)*0&)0(%,'=`3(40$(&)*+'1(+#.0)S'$(*%/4($(&)%'24#$'34(10#/%'%)/L0(%'*4('3+#))(L'GXP'

*%')40*&T+(%']a'6G'N>*_'*&L'%b/*4(%']#4*&T('6Go6'N>*'*&L'3/43+('*)'6Po6'N>*_,'Q*%"(L'1(4)0.*+'+0&(%'0&L0.*)(')"('GXU'

)($3(4*)/4(%'#2'#R%(41(L'3"*%(')4*&%0)0#&%'2#4'7*<0@M']#4*&T(_'*&L'7*]<0Z,U!0Z,O_@M']R+/(_,'!"('R+/(')($3(4*)/4('GXX'

0&)(41*+'4(34(%(&)%')"('(`)(&)'#2')"('6%)'#4L(4'IOc6 ')#'MG6c, ')4*&%0)0#&'0&'7*]<0Z,U!0Z,O_@M,''GXY'
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V0T/4('Ok';#L(++(L'1(+#.0)S'34#20+(%'#2'+#[(4'$*&)+('3"*%('*%%($R+*T(%'0&.#43#4*)0&T'.*31'R*%(L'#&')"0%'%)/LS,'GX\'

;#L(+%'#2']*_';@?KH']R_'"*4mR/4T0)('3"*%('*%%($R+*T(%'4(+*)01(')#'3S4#+0)(')"4#/T"#/)')"('+#[(4'$*&)+(,'?(L'GYZ'

./41(%'*4('.*+./+*)(L'1(+#.0)S'34#20+(%'*+#&T'*'%(+2W.#&%0%)(&)'6PZZ'B'*L0*R*)H'R+/('./41(%'*4('.*+./+*)(L'*+#&T'*'GY6'

6ZZZ'B'*L0*R*),'<#+0L'./41(%'*4('.#$34(%%0#&*+'1(+#.0)0(%H'L*%"(L'*4('%"(*4'1(+#.0)0(%H'*&L'L#))(L'./41(%'*4('R/+5'GYG'

%#/&L'1(+#.0)S'34#20+(%,'!"('/33(4'(LT('#2'(*."'./41('0%')"('1(+#.0)S'["(&'.*31'0%'./R0.H'["(4(*%')"('+#[(4'R#/&L'0%'GYM'

0&L0.*)01('#2')"('1(+#.0)S'(`3(.)(L'02'.*31'2#4$%'*')()4*T#&*+'%)4/.)/4(,''GYO'

/ "02*-& 'GYP'

<!-?!9CN' ; -!=?9-8<'GYU'

<)*4)0&T'$*)(40*+%'#2'7*<0@M'*&L'7*e<0Z,U!0Z,Of@M'.#$3#%0)0#&%'[(4('0&0)0*++S'34(3*4(L'RS'T40&L0&T'*334#340*)('GYX'

b/*&)0)0(%'#2'"0T"'3/40)S'7*7@MH'<0@G'*&L'!0@G')#T()"(4'0&'*&'*T*)('$#4)*4H'340#4')#'L(.*4R#&*)0#&'*&L'%0&)(40&T'0&)#'GYY'

.4S%)*++0&('[#++*%)#&0)(H'0&')"('.*%('#2'7*<0@MH'#4'2/%0&T')#'*'T+*%%H'2#4'7*e<0Z,U!0Z,Of@M,'-++'$*)(40*+%'[(4('*&*+S%(L'GY\'

[0)"'<=;'=Q<')#'."(.5'.#$3#%0)0#&H'*&L')"('7*<0@M'[*%'.#&204$(L'*%'3/4('[#++*%)#&0)('/%0&T'DW4*S'3#[L(4'G\Z'

L0224*.)0#&''(λ = 1.7904 Å). Ultrasonic experiments require fullyWL(&%('.S+0&L40.*+'%*$3+(%'[0)"'3*4*++(+'3#+0%"(L'G\6'

2*.(%'*&L'*&'*%3(.)'4*)0#'#2')"('+(&T)"cL0*$()(4'l'G,'!"/%H')"('7*e<0Z,U!0Z,Of@M'T+*%%'[*%'"#)W34(%%(L'0&)#'.*31'*)'a'G\G'

6O'N>*'*&L'6OZZ'x7'/%0&T'*'6ZcP'$/+)0'*&10+'*%%($R+SH'*&L')"('4(.#1(4(L'34#L/.)%'$*&03/+*)(L'0&)#'%/0)*R+('2#4$%'G\M'

2#4'%/R%(b/(&)'*.#/%)0.'(`3(40$(&)%,'<0&.('7*<0@M'3(4#1%50)('0%'/&4(.#1(4*R+(H'/&L(4T#0&T'*'L(.#$3#%0)0#&')#'G\O'

amorphous “glass” with significant fracturing at room temperatureH'0)'0%'&#)'3#%%0R+(')#'34(3*4('*'%0$0+*4'%*$3+('#2'G\P'

)"('(&L$($R(4'3(4#1%50)('.#$3#%0)0#&,'9&%)(*L'%*$3+(%'#2'[*+%)4#$0)('[(4('34(3*4(LH'["0."'0%')"('"0T"(%)WG\U'

34(%%/4('4(.#1(4*R+('3#+S$#43"'#2'7*<0@MH'RS'%0&)(40&T'*)'a'X'N>*'*&L'6MZZ'x7'/%0&T'*'6OcY'$/+)0W*&10+'*%%($R+S,''G\X'

Q9VV?-7!9@C'-CQ': 8!?-<@C97'=D>=?9;=C!-8';=!E@Q< 'G\Y'

DW4*S'L0224*.)0#&'*&L'3/+%(W(."#'/+)4*%#&0.'(`3(40$(&)%'[(4('3(42#4$(L'#&'R(*$+0&('9QZUW8A>'#2')"('=<?V'G\\ '

%S&."4#)4#&H'["(4('$#L020(L'6ZcP'$/+)0'*&10+'*%%($R+0(%'[(4('($3+#S(L')#'*++#['%0$/+)*&(#/%'$(*%/4($(&)'#2'MZZ'

%*$3+('L0224*.)0#&H'+(&T)"'*&L'*.#/%)0.'1(+#.0)S,'<*$3+(%'[(4('3+*.(L'*Ld*.(&)')#'*'3#+0%"(L'3#+S.4S%)*++0&('*+/$0&*'MZ6'

R/22(4'4#L'#&'#&('%0L(')"*)'4(*."(L')"('./R(')#'["0."')"('/+)4*%#&0.')4*&%L/.(4'[*%'*))*."(LH'*&L'*&';T@'q'C*7+'MZG'

$0`)/4('%(410&T'*%'%#2)'R*.50&T'*&L']2#4')"('C*7+_'*%'*'34(%%/4('$*45(4'#&')"('#)"(4,'!"0&'-/'2#0+%'[(4('3+*.(L'*)'MZM'

(*."'(&L'#2')"('%*$3+(')#'*++#['%*$3+('+(&T)"')#'R('#R%(41(L'[0)"'4*L0#T4*3"0.'0$*T0&TH'*&L'*+%#'R()[((&')"('MZO'

./R('*&L'R/22(4'4#L')#'*%%0%)'[0)"'*.#/%)0.'.#/3+0&T,'!"0%'*.#/%)0.'.#+/$&'[*%'(&.*3%/+*)(L'0&'*'.4/%"*R+(';T@'MZP'

%+((1(H'*&L'%/R%(b/(&)'?('#4'!0KGqKC'2/4&*.(H'["0."'[*%'.#&)*0&(L'[0)"0&'v4@G'0&%/+*)0#&'*&L'*'74k;T@'#.)*"(L4*+'MZU'

34(%%/4('$(L0/$,'-'F W?(')"(4$#.#/3+('[*%'/%(LH'0&%(4)(L'24#$')"('#33#%0)('(&L'#2')"('.(++'*%%($R+S'0&'*&';T@'MZX'

%+((1(')#'$#&0)#4')($3(4*)/4('*Ld*.(&)')#')"('%*$3+(')"4#/T"#/)'(`3(40$(&)%']=`)(&L(L'Q*)*'V0T/4('Y. _,''MZY'

-+#&T')"('3*)"'#2')"('` W4*S'R(*$H')"('&#4$*+'.(4*$0.'$*)(40*+%'[(4('4(3+*.(L'RS'"0T"')4*&%3*4(&.S'*$#43"#/%'MZ\'

<0K7C]@_'[0&L#[%,';#&#."4#$*)0.'%S&."4#)4#&'`Wrays (λ = 0.22542Å or 0.2296Å) were used to collect diffraction M6Z'

3*))(4&%'24#$')"('%*$3+('*&L'34(%%/4('$*45(4%')"4#/T"#/)'(`3(40$(&)%'/%0&T')[#'L022(4(&)'L()(.)#4%'*1*0+*R+('*)'M66'

9QZU,'9&'*++'(`3(40$(&)%')"('%)*&L*4L'Q()(.)0#&'!(."&#+#TS'DW%.*&'6Q'L()(.)#4MOH'["0."'"*%'*' 20`(L'6Z'Em'M6G'

0&)(T4*)0#&'4*)('[*%'/%(L')#'4(.#4L'L0224*.)0#&'3*))(4&%'(1(4S'M,G'].#&)0&/#/%H'[0)"'MGD'4(R0&_WMG'%(.#&L%'M6M'

]3/&.)/*+H'#&'0&.4(*%0&T'*&L'L(.4(*%0&T'34(%%/4(_,'!"4#/T"#/)'#&('(`3(40$(&)'#&'7*<0@M'*&'*LL0)0#&*+'>0`04*LWY'M6O'

L()(.)#4'[*%'($3+#S(L')# '*%%0%)'[0)"')"('0L(&)020.*)0#&'#2'[(*5'%/3(4+*))0.('4(2+(.)0#&%'24#$')"('%*$3+(,'DW4*S'M6P'



!"#$%#&'()'*+,!"#$%&'&()!*!–!+,,$-.$/!0101234' ' -.#/%)0.'1(+#.0)0(%'#2'.*+.0/$'3(4#1%50)(! \ '

%*$3+(WL()(.)#4'T(#$()4S'[*%'.*+0R4*)(L'/%0&T'<0'*&Lc#4'8*KU'C9<!'%)*&L*4L%H'*&L')"('.#++(.)(L'L0224*.)0#&'3*))(4&%'M6U'

[(4('%/0)*R+S'4(L/.(L'*&L'*&*+S%(L'/%0&T')"('V0)GLMP'%#2)[*4(,'?0()1(+L'4(20&($(&)'#2'%(+(.)(L'L0224*.)0#&'3*))(4&%'M6X'

[*%'3(42#4$(L'/%0&T')"('N<-<'%#2)[*4('3*.5*T(MU']</33+($(&)*4S'9&2#4$*)0#&'!*R+('M'r'O_,'=`3(40$(&)*+'/&0)W.(++'M6Y'

1#+/$(%'[(4('*+%#'L()(4$0&(LH'*&L'/%(L'2#4'MLN'=#<'L()(4$0&*)0#&H'RS'20))0&T')"('3#%0)0#&'*&L'[0L)"'#2'0&L010L/*+'M6\'

L0224*.)0#&'+0&(%'24#$')"('.*31'%*$3+(%'*&L'34(%%/4('$*45(4%,'9&')"0%'.*%('.*31'1#+/$(%'*4('L()(4$0&(L'/%0&T')"('MGZ'

*1(4*T('1#+/$('.*+./+*)(L'24#$')"('GZZH'M6ZH'MG6'*&L'GGG'L0224*.)0#&'3(*5%'#2')"('%*$3+(H'["0+%)')"('1#+/$('#2'MG6'

C*7+'*&L'-/'[(4('L()(4$0&(L'/%0&T')"(04'GGZ'*&L'M6Z'3(*5%'4(%3(.)01(+S']</33+($(&)*4S'9&2#4$*)0#&'!*R+('P_,'MGG'

<*$3+(%'[(4('.#$34(%%(L')#')*4T()'+#*L'*&L'0&0)0*++S'"(*)(L')#'!'p'6ZZZ'B')#'4($#1('%)4(%%'0&')"('%*$3+(')"*)'MGM'

$0T")'*22(.)'*.#/%)0.'$(*%/4($(&)%,'9&')"('(`3(40$(&)%'#&'7*<0@MH')"('%)*4)0&T'$*)(40*+'#2'[*+%)4#$0)('[*%'MGO'

.#&1(4)(L'0&)#'.*31'RS'*&&(*+0&T'*)'.#&%)*&)'+#*L']0&0)0*+'34(%%/4('a'6O'N>*_'*&L'6GZZW6PZZ'B'2#4'*'3(40#L'#2'GWO'MGP'

"#/4%H'/&)0+'*++'%0T&%'#2'[*+%)4#$0)('L0224*.)0#&'3(*5%'[(4('+#%),'>4(%%/4(')"4#/T"#/)')"( '(`3(40$(&)%'[*%'MGU'

L()(4$0&(L'24#$')"('/&0)W.(++'1#+/$(%'#2'C*7+WK6'*&Lc#4'-/'/%0&T'.4#%%W.*+0R4*)(L'"0T"W)($3(4* )/4('(b/*)0#&%'#2'MGX'

%)*)(MXH'["0+%)'%*$3+('+(&T)"'[*%'$(*%/4(L'/%0&T')"('%)*&L*4L'0$*T0&T'%S%)($'0&%)*++(L'#&'9QZUW8A>,'<*$3+('MGY'

+(&T)"%'L()(4$0&(L'[0)"'Ẁ4*S'0$*T0&T'[(4('."(.5(L'*T*0&%)')"#%('$(*%/4(L'R(2#4('*&L'*2)(4']0&')"('.*%('#2'MG\'

7*e<0Z,U!0Z,Of@M_'(`3(40$(&)%'[0)"'*'L0T0)*+'T*/T(']6'μm accuracy). Uncertainties in sample lengths are estimated MMZ'

from images as ± 5 pixels, corresponding to ± 5.4μm (< 2% overall sample length), and it is this uncertainty that MM6'

34#L/.(%')"('4(3#4)(L'/&.(4)*0&)0(%'0&'1(+#.0)0(%']</33+($(&)*4S'9&2#4$*)0#&'!*R+('U'*&L'V0T/4('M_,'-+#&T%0L('MMG'

/+)4*%#&0.'$(*%/4($(&)%'*..#$3*&0(L'RS'L0224*.)0#&'*&L'0$*T0&TH')"('.4S%)*++#T4*3"0.'(1#+/)0#&'#2')"('%*$3+(%'MMM'

[*%'%3(.020.*++S'0&1(%)0T*)(L'/%0&T'.#&)0&/#/%'L0224*.)0#&'.#++(.)(L'L/40&T'.#&%)*&)'4*)('.##+0&T'4*$3%']GP'–'PZ'MMO'

B$0&W6_'2#4'7*<0@M'*&L'7*e<0Z,U!0Z,Of@M'%*$3+(%'[0)"#/)'.#++(.)0&T'/+)4*%#&0.'L*)*,''MMP'

-.#/%)0.'%0T&*+%H'*+[*S%'.#++(.)(L'*2)(4'%*$3+('*&&(*+0&T'*)'"0T"'!H'[(4(')4*&%$0))(L'0&)#'*&L'4(.(01(L'24#$')"('MMU'

%*$3+('*%%($R+S'/%0&T'*'6Zx'sW./)'L/*+'$#L('80CR@M'30(m#(+(.)40.')4*&%L/.(4')"*)'[*%'20`(L')#')"('.#4&(4'#2')"('MMX'

“*.#/%)0.'./R( ” opposite to the sample '/%0&T'=3#W)(5'MPMCQ'(3#`S,'-'%0T&*+'T(&(4*)#4']!(5)4#&0`'-VNM6Z67'#4'MMY'

B(S%0T")'MMUGG-_'[*%'/%(L')#'.4(*)('*.#/%)0.'3/+%(%'.#$3#%(L'#2')"4(('.#&%(./)01('3(40#L%'#2'%0&('[*1(%'[0)"'MZWMM\'

UZ';Em'24(b/(&.S'*&L'o'G,P'–'P'A'*$3+0)/L(H'["0."'[(4('3*%%(L')#')"(')4*&%L/.(4'*&L'#%.0++#%.#3(,'!"('4(%#&*&)'MOZ'

24(b/(&.S'#2'%- '*&L'%' !24#$')"(')4*&%L/.(4'.4S%)*+'[(4('a'PZ'*&L'MZ';Em'4(%3(.)01(+S,'?(.(01(L'(."#(%'[(4('MO6'

$(*%/4(L'/%0&T')"('%*$('#%.0++#%.#3(']!(5)4#&0`'Q>@P6OZ'#4'B(S%0T")'Q<@<6ZO-_')#'4(.#4L')"('L(+*S'R()[((&'MOG'

*4401*+')0$(%'#2'.#$34(%%0#&*+'*&L'%"(*4'[*1('%0T&*+%'*)'*'4*)('#2'G,P'–'P'`'6Z\ '%*$3+(%c%,'9&'+*)(4'(`3(40$(&)%'*'MOM'

L04(.)0#&*+'R40LT(']B(S%0T")'YUGZP-_H'34(*$3+020(4']8-ZGZW@<_'#&')"('4()/4&'%0T&*+'*&L'(`)(4&*+')40TT(4'])40TT(4'4*)('MOO'

G'5Em_'[(4('1*40#/%+S'/%(LH'*%')"('%S%)($'[*%'.#&)0&/#/%+S'L(1(+#3(L')"4#/T"#/)')"0%'%)/LS,'7#++(.)0#&')0$(%'#2'MOP'

0&L010L/*+'*.#/%)0.'%3(.)4*'4*&T(L'24#$'P'W'MZZ'%H'[0)"')"('1*40#/%'%S%)($%'($3+#S(L')"4#/T"#/)')"0%'%)/LS,'![#WMOU'

[*S')4*1(+')0$(%'#2'/+)4*%#&0.'*4401*+%'[(4('.#&1(4)(L'0&)#'%*$3+('1(+#.0)0(%'/%0&T')"('“3/+%(W(."#'#1(4+*3'$()"#L ” MOX'

]2#4'4(2+(.)0#&%'24#$')"('&(*4'*&L'2*4'(&L%'#2')"('%*$3+(_H'["0."'[*%'0$3+($(&)(L'RS'$*`0$0%0&T'*R%#+/)('1*+/(%'#2'MOY'

%0T&*+'.4#%%W.#44(+*)0#&'*&L'%*$3+('+(&T)"%'$(*%/4(L'[0)"'`W4*S'0$*T0&T,'>4(L0.)(L'4(2+(.)0#&'.#(220.0(&)%'2#4'R#)"'MO\'

0&)(42*.(%']R*%(L'#&'V'i'] WRWW2_c]W2qWR_H'[0)"'v0'i' ρ&%&_'*4('R#)"'&(T*)01(']a'WZ,ZGP'*&L'WZ,GP'2#4'-+G@M'–'.*31'*&L'.*31'MPZ'

–'C*7+q;T@'4(%3(.)01(+S_'*)' )"(' MN'.#&L0)0#&%'#2')"('(`3(40$(&)%H'%/TT(%)0&T')"*)'&#'3"*%('%"02)'0%'(`3(.)(L'0&')"('MP6'

*.#/%)0.'%0T&*+%,'!"('+*.5'#2'#R%(41(L'3"*%('%"02)%'*&L'$(*%/4(L'3/+%(c(."#'*$3+0)/L('4*)0#%'[(4('2#/&L')#'R('MPG'

.#&%0%)(&)'[0)"' )"(%('(`3(.)*)0#&%H'["0."'34#10L(%'*%%/4*&.(')"*)')"('3"*%('#2'*.#/%)0.'*4401*+%'"*%'R((&'.#44(.)+S'MPM'



!"#$%#&'()'*+,!"#$%&'&()!*!–!+,,$-.$/!0101234' ' -.#/%)0.'1(+#.0)0(%'#2'.*+.0/$'3(4#1%50)(! 6Z'

0L(&)020(L,';(*%/4(L'1(+#.0)0(%'*4('4(3#4)(L'0&'</33+($(&)*4S'9&2#4$*)0#&'!*R+('U,'9)'%"#/+L'R('&#)(L')"*)')[#'MPO'

0&L(3(&L(&)'(`3(40$(&)%'[(4('3(42#4$(L')#'$(*%/4(')"('1(+#.0)S'#2'7*<0@M'%*$3+(%']["0."'*T4(('[0)"0&'MPP'

/&.(4)*0&)S'2#4'%- _'L/40&T'%(3*4*)('10%0)%')#')"('=<?VH'#&('($3+#S0&T'*'?('*&L')"('#)"(4'*'!0KGkKC'2/4&*.(,'9&')"('MPU'

%(.#&L'#2')"(%('(`3(40$(&)%'#&'7*<0@MH')"('%"(*4'[*1('%0T&*+'24#$')"('%*$3+('[*%'&#)'#R%(41*R+('*R#1('&#0%('MPX'

+(1(+%'*&L')"/%')"('%"(*4W[*1('1(+#.0)S'[*%'&#)'L()(4$0&(L,'-LL0)0#&*++SH')"('/+)4*%#&0.'L*)*'4(3#4)(L'2#4'MPY'

7*e<0Z,U!0Z,Of@M'*R#1('\XP'B'[ (4( '.#++(.)(L'#&'"(*)0&T'*2)(4'*&&(*+0&TH'["0+%)'L*)*'R(+#['\XP'B'[*%'%/R%(b/(&)+S'MP\'

.#++(.)(L'/3#&'.##+0&T')"('%*$3+(,'!"0%'4(%/+)%'0&'*'%$*++'34(%%/4('L022(4(&.('R()[((&')"(')[#'%()%'#2'MUZ'

$(*%/4($(&)%'*&L'(`3+*0&%')"('L0%.#&)0&/0)S'0&'V0T/4('M,'MU6'

<!?:7!:?='Q=!=?;9C-!9 @C'MUG'

?(20&(L'L0224*.)0#&'L*)*'24#$'(`3(40$(&)%'#&'7*<0@M'*4('.#&%0%)(&)'[0)"'*'./R0.'.4S%)*+'%)4/.)/4('2#4'.*31' *)'"0T"'MUM'

)($3(4*)/4(%,'-++'#R%(41(L'L0224*.)0#&'3(*5%'"*1('*334#`0$*)(+S'.#&%)*&)'[0L)"%'*)'"*+2'$*`0$/$'0&)(&%0)SH'0&'+0&('MUO'

[0)"'(`3(.)*)0#&%'24#$')"(' L0224*.)#$()(4'T(#$()4SH'*&L'*++'#R%(41(L'L0224*.)0#&'3(*5%'.#/+L'R('*))40R/)(L')#'MUP'

L0224*.)0#&'24#$')"('%*$3+(']0&'%3*.('T4#/3'M6�u
$6 _'#4'#)"(4'.(++'.#$3#&(&)%'];T@H'-/H'C*7+H'!0KGH'-+G@M_,':3#&'MUU'

.##+0&TH')"('L0224*.)0#&'3(*5%'24#$')"('%*$3+('/&L(4T#'%0T&020.*&)'&#&W+0&(*4':D7WL(3(&L(&)' R4#*L(&0&T'R(+#['a'MUX'

OGZ'B']V0T/4('G'*&L'=`)(&L(L 'Q*)*'V0T/4('6( _,'<0$0+*4+S')#'34(10#/%'%)/L0(%6YHGM'[('0&)(434()')"0%'#R%(41*)0#&'*%')"('MUY'

4(%/+)'#2'*'./R0.W)()4*T#&*+')4*&%0)0#&'0&'7*<0@M,'7+#%('0&%3(.)0#&'#2'L0224*.)0#&'L*)*'24#$')"('>0`04*LWY'L()(.)#4H'MU\'

["0."'[*%' ($3+#S(L'L/40&T'#&('(`3(40$(&)H'4(1(*+%')"*)'[(*5'%/3(4+*))0.('3(*5%'24#$'7*<0@M']#)"(4[0%('MXZ'

/&(`3+*0&(L'RS'#)"(4'.(++'.#$3#&(&)%_'*33(*4'0&'L*)*'.#++(.)(L'*)'MXM'*&L'MZZ'B']=`)(&L(L'Q*)*'V0T/4('G_,'!"('MX6'

%)4#&T(%)'#2')"(%('0%'#R%(41(L'*)'G�T'a'U,6x']0&L(`(L'*%'McG'y'y'#&')"('./R0.' %/RW+*))0.(_'R/)'*LL0)0#&*+'3(*5%'.*&'MXG'

*+%#'R('#R%(41(L'*)'Y,ZPx']McG'McG'y_H'6G,6x']PcG'McG'McG_'*&L'6M,Gx'G�T']PcG'PcG'6cG_']/ W%3*.0&T%'#2'a'G,66H'6,U6H'6,ZX'MXM'

*&L'Z,\Y'j_,'-%%/$0&T')"*)'7*<0@M’s initial distortion upon cooling is )#'*' )()4*T#&*+'3"*%(H')"(4('*4(')"4(('+05(+S'MXO'

.*&L0L*)('%)4/.)/4(%H'[0)"'%3*.('T4#/3%'IOc6,6 H'MOc6?6 '*&L'IOc666 ,'!"('34(L0.)(L'%/3(4+*))0.('3(*5'3#%0)0#&%'MXP'

2#4')"('%)4/.)/4(' [0)"' IOc6,6 '%S$$()4S'(`*.)+S'$*)."')"('#R%(41(L'%/3(4+*))0.('3(*5'3#%0)0#&%H'(`3+*0&0&T'*++'2#/4'MXU'

#R%(41(L'3(*5%H'["0+%)'7*<0@M'%)4/.)/4(%'[0)"'%3*.('T4#/3%''MOc6?6 '#4'IOc666 '.*&&#)'*..#/&)'2#4')"('MXX'

#R%(41*)0#&%']=`)(&L(L'Q*)*'V0T/4('G_'*%')"(%('%"#/+L'R#)"'34#L/.('$*&S'*LL0)0#&*+'%/3(4+*))0.('3(*5%'](,T,')"#%('MXY'

0&L(`(L'*%'y'Z'McGH'McG'y'6'6cG'Z'PcGH'PcG'6'y'().,'#&')"('R*%0%'#2')"('./R0.' %/RW.(++_')"*)'*4('&#)'#R%(41(L,'N01(&'MX\'

)"*) ')"(4('*4('&#'*LL0)0#&*+'/&(`3+*0&(L'L0224*.)0#&'3(*5%H')"('5&#[+(LT(')"*)')"('$#%)'#R10#/%'%/3(4+*))0.('3(*5'MYZ'
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