
SPINELS RENAISSANCE—PAST, PRESENT, AND FUTURE 

!"#$#%&'()*)(+$,-$./0%1234.50%123$'6)5#%'$7+$89)%%,:)5$'*&((#9)5/$&5;$&5$#<6)9)*&%$
&669,&*"$-,9$7:%=$<,;:%:'$69#;)*(),5>

!"#$%&'(#)*%+$"$,-.-'*!#/$&'*0!1$23!4-'/$&52""$'(6'2"7#!&11$,-'8!#7$"2"7&'(&*$,-9'
2"7')38'+:3!"$)*9

!"#$%&'(#)'*+,*-%&'.*/01#)0#23*/%$1#)4%*5)16#&21'7*+,*8+(#3*91%44%:#*;:<+*=+&+3*>3*?@AA!B>*8+(#3*?'%:7
CD#:(.+:'4*E#)'&#*9+'2<%(FGHI*G#&(%)*8#2#%&0.*E#)'#&*,+&*G#+201#)0#2*GHI3*J#:#K&%,#)L#&K3*!MMNO*9+'2<%(3*G#&(%)7

O"#$%&'(#)'*+,*G#+201#)0#23*/P#<12.*=Q2#Q(*+,*R%'Q&%:*D12'+&73*S+T*>AAAN3*/-@!AMA>*/'+0U.+:(3*/P#<#)

2(*;#2%;
J.#*#:%2'10*0+)2'%)'2*!"#*+,*%*2#'*+,*27)'.#'10*21)K:#*0&72'%:2*L#:+)K1)K*'+*'.#*V+1)*=K;:CWMF=);:CWM*

X2$1)#:*2#)2Q*2'&10'+FK%:%T1'#Y*P#&#*<#'#&(1)#<*L7*S&1::+Q1)*2$#0'&+20+$7*%'*%(L1#)'*0+)<1'1+)2Z*J.#*
!!!*0+($+)#)'*'#)<2*'+*&#(%1)*0+)2'%)'*,+&*=K@&10.*0+($+21'1+)2*X$=)*[*AZ>Y*%)<*<#0&#%2#2*1)*=)@&10.*
0+($+21'1+)23*P.#&#%2*!!C*1)0&#%2#2*%)<*!MM*<#0&#%2#2*%:(+2'*:1)#%&:7*,&+(*=K;:CWM*'+*=);:CWMZ*J.#*
LQ:U*(+<Q:Q2*%/* 12*P#%U:7*<#$#)<#)'*Q$+)*=K@=)*2QL2'1'Q'1+)*P1'.1)*#T$#&1(#)'%:*Q)0#&'%1)'1#23*
P.#&#%2*'.#*2.#%&*(+<Q:Q2*&*<#0&#%2#2*P1'.*1)0&#%21)K*=)C\*0+)'#)'Z*H+&*=);:CWM3*!!!*]*CN!ZOX!ZOY*
G9%3*!!C*]*!^MZBX!ZOY*G9%3*!MM*]*!CMZ_X>Y*G9%3*%/*]*CAAX!Y*G9%3*%)<*&*]*BBZNX>Y*G9%Z*

S%2#<*+)*'.#*`$+:7.#<&%:*%$$&+%0.3a*P#*<#6#:+$#<*%*(+<#:*'.%'*<#20&1L#2*'.#*0&72'%:*LQ:U*(+<Q:1*
+,*'.#*=K;:CWMF=);:CWM*2$1)#:2*1)*'#&(2*+,*'.#1&*0%'1+)*<12'&1LQ'1+)*%)<*'.#*$+:7.#<&%:*LQ:U*(+<Q:1*+,*
WKH�GLIIHUHQW�FDWLRQV��:H�UH¿QHG�D�VHW�RI�YDOXHV�IRU�WKH�HIIHFWLYH�SRO\KHGUDO�EXON�PRGXOXV�RI�0J��0QC\3*
%)<*;:*1)*'#'&%.#<&%:*XJY*%)<*+0'%.#<&%:*X=Y*21'#23*P.10.*2$%)*,&+(*!>O*'+*CNA*G9%*&%)U1)K*%2*,+::+P2b*
%=
=)*[*%=

=K*[*%J
=K*|*%J

=)*[*%=
;:*[[*%J

;:Z*
E&72'%:*LQ:U*(+<Q:Q2*P%2*$#&,#0':7*&#$&+<Q0#<*P1'.1)*AZ!c*,+&*%::*=)C\@L#%&1)K*2%($:#2Z*d#*%:2+*

,+Q)<*%*.1K.*:1)#%&*0+&&#:%'1+)*L#'P##)*'.#*#,,#0'16#*$+:7.#<&%:*LQ:U*(+<Q:Q2*%)<*'.#*1+)10*$+'#)'1%:3*?93*+,*
'.#*0++&<1)%'1)K*0%'1+)2b*%"#*XG9%Y*]*CAXCY*?9*\*!ABX!AY*XP.#&#*"*1)<10%'#2*'.#*0%'1+)*%)<*#*'.#*$+:7.#<&%:*
VLWH���:H�WHVWHG�WKLV�VLPSOH�FRUUHODWLRQ�E\�FDOFXODWLQJ�WKH�VSHFL¿F�HIIHFWLYH�SRO\KHGUDO�EXON�PRGXOXV�RI�
2#6#&%:*0%'1+)2*1)*J*%)<*=*0++&<1)%'1+)*%)<*'.#)*$&#<10'1)K*'.#*0&72'%:*LQ:U*(+<Q:Q2*,+&*2#6#&%:*2$1)#:*
0+($+21'1+)2Z*J.#*2Q00#22*+,*+Q&*21($:#*0+&&#:%'1+)*1)*(+<#:1)K*'.#*LQ:U*(+<Q:Q2*+,*2$1)#:2*+Q'21<#*
'.#*=K;:CWMF=);:CWM*272'#(*12*#)0+Q&%K1)K3*%)<*2QKK#2'2*'.%'*'.#*&#:%'1+)2.1$2*L#'P##)*0.#(10%:*
0+($+21'1+)3*0%'1+)*<12'&1LQ'1+)*%)<*#:%2'10*$&+$#&'1#2*1)*2$1)#:@2'&Q0'Q&#<*(1)#&%:2*%)<*(%'#&1%:2*0%)*
1)<##<*L#*#T$&#22#<*L7*&#:%'16#:7*21($:#*(+<#:2Z

?#+@,9;'A$/$1)#:23*K%:%T1'#3*#:%2'101'73*S&1::+Q1)*20%''#&1)K3*0%'1+)*<12'&1LQ'1+)3*0&72'%:*0.#(12'&7

$";#&7)%;$&"
=%)7*&#:#6%)'*(1)#&%:2*%)<*(%'#&1%:23*P.10.*%&#*1)'#)216#:7*

2'Q<1#<*1)*(%)7*,1#:<2*+,*-%&'.*%)<*(%'#&1%:2*201#)0#23*%<+$'*'.#*
2$1)#:*2'&Q0'Q&#Z*WT1<#*2$1)#:2*%&#*1($+&'%)'*%00#22+&7*(1)#&%:2*
1)*(%)7*0&Q2'%:*%)<*(%)':#* &+0U2*%)<*H#@L#%&1)K*&1)KP++<1'#3*
'.#* 2$1)#:@2'&Q0'Q&#<*$+:7(+&$.*+,* X=K3H#YC/1WM3* 12* $&+L%L:7*
'.#*<+(1)%)'*$.%2#*1)*(%)':#*'&%)21'1+)*4+)#*XS%&)#2*%)<*8+#<#&*
CAA!e*H&+2'*CAABe*9#%&2+)*CA!MYZ*=%'#&1%:2*P1'.*2$1)#:*2'&Q0'Q&#*
fQ1'#*+,'#)*2.+P*&#(%&U%L:#*%)<*Q2#,Q:*$.7210%:*$&+$#&'1#23*2Q0.*
%2*0+:+22%:*(%K)#'+&#212'%)0#3*(#0.%)10%:*2'&#)K'.*0+Q$:#<*P1'.*
'.#&(%:*2'%L1:1'73*+$'10%:*'&%)2$%&#)073*0%'%:7'10*%0'161'73*#'0Z*X#ZKZ3*
G&1(#2*!_N>e*H%L1%)*#'*%:Z*CAA!e*/+)K*%)<*I.%)K*CAAMe*H1#&&+*
#'*%:Z*CAA>e*gh&K*%)<*i&120.%)1'4*CAA^e*G#:L(%))*#'*%:Z*CA!OYZ

/$1)#:@2'&Q0'Q&#<*0+($+Q)<2*.%6#*%)*%:(+2'*1<#%:*0QL10*0:+2#@
$%0U#<*%&&%)K#(#)'*+,*%)1+)2*X#ZKZ3*D1::*#'*%:Z*!_N_e*/10U%,Q2*#'*
%:Z*!___YZ*E+)21<#&1)K*+):7*+)#*Q)1'*0#::3*'.#*OC*%)1+)2*$&+<Q0#*

^M*'#'&%.#<&%:*1)'#&2'10#2*%)<*OC*+0'%.#<&%:*+)#2Z*D+P#6#&3*+):7*
B*'#'&%.#<&%:*1)'#&2'10#2*XJY*%)<*!^*+0'%.#<&%:*1)'#&2'10#2*X=Y*%&#*
+00Q$1#<*L7*0%'1+)2Z*J.#*K#)#&%:*,+&(Q:%*+,*2$1)#:*0+($+Q)<2*
12*JX;!F"S"Y=X;"SCF"YjM*P.#&#*;*%)<*S*%&#*0%'1+)23*j*%&#*%)1+)23*
%)<*"*12*'.#*1)6#&21+)*<#K&##Z*?)*'.#*(%V+&1'7*+,*2$1)#:2*<16%:#)'*
X;Y*%)<*'&16%:#)'*XSY*0%'1+)2*0%)*+00Q$7*L+'.*'.#*'#'&%.#<&%::7*
%)<* '.#*+0'%.#<&%::7* 0++&<1)%'#<*J*%)<*=*21'#2Z*d.#)*%::* '.#*
'&16%:#)'*0%'1+)2*%&#*1)*'.#*+0'%.#<&%*X%)<*.#)0#*%::*'.#*<16%:#)'*
0%'1+)2*%&#*1)*'.#*'#'&%.#<&%Y*'.#*2$1)#:*.%2*%)*1)6#&21+)*#fQ%:*'+*
4#&+Z*J.#*+$$+21'#*21'Q%'1+)*+00Q&2*P.#)*+)#*.%:,*+,*'.#*'&16%:#)'*
0%'1+)2*%&#*1)*'.#*'#'&%.#<&%*X%)<*.#)0#*%::*'.#*<16%:#)'*0%'1+)2*
%&#*1)*'.#*+0'%.#<&%Y*%)<*'.#*2$1)#:*.%2*%)*1)6#&21+)*#fQ%:*'+*+)#Z*
S+'.*'.#2#*0+),1KQ&%'1+)2*0%)*L#*&#K%&<#<*%2*+&<#&#<Z*D+P#6#&3*
(+2'*+,*'.#*)%'Q&%:*%)<*27)'.#'10*2$1)#:2*%&#*<12+&<#&#<3*P1'.*%)*
1)6#&21+)*<#K&##*L#'P##)*4#&+*%)<*+)#Z*J.#*2$1)#:*2'&Q0'Q&#*0%)*
%00+((+<%'#*%*:%&K#*6%&1#'7*+,*0%'1+)2*L7*2.1,'1)K*'.#*%)1+)*$+21@
'1+)*%:+)K*'.#*[!!!k*<1&#0'1+)23*<#20&1L#<*L7*'.#*%)1+)*,&%0'1+)%:*
0++&<1)%'#*X'('('YZ*i)+P1)K*'*%)<*'.#*Q)1'@0#::*$%&%(#'#&*)3*1'*12*
$+221L:#*'+*+L'%1)*%)7*K#+(#'&10%:*,#%'Q&#*X2Q0.*%2*L+)<*:#)K'.2*
%)<*L+)<*%)K:#2Y*+,*'.#*2$1)#:*2'&Q0'Q&#Z

J+*<%'#3*(Q0.*#,,+&'*.%2*L##)*<#6+'#<*'+*'.#*#T$#&1(#)'%:*%)<*

*+,-".)/(0"/,-)123"456(721'+,(8996(:)3,4(;<<=;>86(?98>

AAAO@AAMjl!>lACAOF^MMmA>ZAAl"W?b*.''$bll<TZ<+1Z+&Kl!AZC!OBl%(@CA!>@M__O* *****^MM*

n*-@(%1:b*#)&10+ZL&Q20.1)1oQ)1&+(%!Z1'
p*/$#01%:*0+::#0'1+)*$%$#&2*0%)*L#*,+Q)<*+)*G/d*%'*.''$bll%((1)Z
K#+201#)0#P+&:<Z+&Kl21'#l(120l2$#01%:122Q#:12'ZT.'(:Z




