
��������������	�
���
�������������������������� �!�#"$�%�'&)(*�+��,-�.�����/��0
132 ���4��
65879�:�;�=<6�������;�>�;��0?�

@�A�BDCECGFIHKJLA�M-CGF�CGNGH�OPA�Q�RTSVU4CGN3Q$CGSXW
Y4Z\[^]`_ CGN (Ta H (Tb`b�c

d$egf#h#i�j�klh
mKn�oqpGrtsurwv.x�y{zwx#|Gz}y{surwvlpG~�~�|G�l���#~�s�su��y�sg��y���sur}ylzwzt�:zwrtsu�Gr}y{su�#��z}y#���>�u������r}���-p����
s���y{pG~���vl�u�?~�suv�~��GrwpG�#z\rwp$y.s���vl��~�s�yl�l�K�\�uv�x#�#~�~#��oqp:su�G���E�u~�s;~�s�y{�����\yI~�rw�lpGrt��x�y{p�s
����ylx>surwvlp�vl�;su�G�:�-p�y{p�����r�rwv�pE~.��yl�Er}�Ezt��v�x#x#|E���-su�>s���yl�E���\��y{zg~�rwsu�>~#����vl�u�?rwpG�
y��?�>s�yl~�s�y{nGzw�Irwp�su�>�u�?���\r�y�su���¡ ��G�.~��#x#v�pG�-~�s�yl�l��rwp\¢�v�zw¢^�#~Xy��?vl�u�I�\rt£?x#|Gzts�x#v{�
v{���Erwp�y�su���?�u��y{����y{pG���>�?�#p�s�vl�`�-p¤ylp��$�¥r�r}vlpG~�suv���vl�u�¦~��Er}pE�#z§�¡ ��Grw~�n��#�Gy�¢\rwv{�
rw~�x>v�p�s���yl~�su���¨suv���r ��© v^� � �� ��G�K~�|G~�x#�>�EsurwnGrwzwrts��$vl�T�-p?�ªv{�X�?rw�l��y�sur}vlp¤rwp�suv�su�G�
�¥r`z}y#���>��r}~��ªvl|GpG�-suv�n���x#vlp�s��uv�zwzw���3n��¤v�«\r��Ey{surwv�p3~�s�y�su�����Erwx¬�3~�|E�����>~�su~I¢�y��urt�
vl|G~��?��y{pG~�vl��rwpG�ErwnGrtsurwpG�:su�E�.s���ylpE~��ªvl�u�$y�surwv�p��� ��G�>~���~�s���y�su�#��rw�#~�x#v�|Ez}�-�E�uv�¢^�
|E~��>�ª|Ez�rwp-su�E�Ix>�u��y�surwv�p3vl�`~�|G���>�urwvl�I�-p-nGyl~����¤x�y{su�Ev��E���$y{su�¬�ur�y{zw~#�
­�®�¯¬°¥®�±³²´²3µ�¶¥·Eµ�¶¥¸l¹¬¸.º^»�®ª¼�¸�®�¶½¯¬°³¸�¾�¿�À�µEÁ³¸^Â:Ã�Ä�µ^ÅE¸{Æ>¸l¼-¹u¯>Æ¬±¥Ç�¯¬±³Æ>¸�®ª¹�È³Æ>º\²½®ª¹�®�¶³·$µE¹

µ\¶�®�¶³¸�»�ÈT¸{¶¥¹¬®�É\¸$µ�¶�¼�¶¥º\¶G¯¬º^»�®ªÇ�ÈTºE¹¬®�¯¬®�É\¸¨¸{Ä�¸lÇ�¯¬Æ>º�¼³¸?²½µ�¯¬¸lÆ¬®ªµ�Ä`ÊËºEÆ�±¥¹�¸?®�¶ÌÆ>¸lÇ#°¥µ\Æ¬·E¸lµ�Í¥Ä�¸
Ä�®}¯>°³®�±³²ÎÍ¥µ�¯�¯¬¸lÆ¬®�¸l¹IÏ�Ð�Ñ\Ò�Ó�Ô�­;µ^Å\¸lÆ¬¸�¼?­�®ªÕÌ¶TÂ:Ã.¸�»�°³®�Í³®�¯>¹�µ�¹¬²½º�º�¯¬°¥¸{Æ�É\ºEÄ}¯#µ�·\¸KÈ³Æ¬º\Ö¥Ä�¸.µ\¶¥¼
°¥µE¹¡µ�°³®�·E°³¸{Æ�Ä�®}¯>°³®�±¥²ÎÇ�º\¶G¯>¸{¶G¯¡¯>°¥µ�¶¤º�¯¬°¥¸{Æ�Ä�®�¯¬°³®�±³²×²3µ�¶¥·Eµ�¶¥¸l¹¬¸�º^»�®�¼�¸.¹u¯>Æ¬±�Ç�¯¬±¥Æ¬¸�¹¡¹¬±¥Ç#°
µE¹�¹�È¥®�¶³¸lÄqÔÎØ�¶�ÊËº\Æ¬¯¬±¥¶¥µ�¯>¸{Ä�ÅÙµ\Ä�Ä�È³±³Æ>¸9º\Æ�Ä�®�·\°G¯¬Ä�ÅG¿�¼�ºEÈ�¸�¼ÚÄ�µ^ÅE¸{Æ>¸l¼+ÊËº\Æ>²3¹�º�Ê$­¡®�ÕÌ¶`Â:Ã
°¥µ^ÉE¸DÍT¸{¸l¶ÛÊËº\±¥¶¥¼Û¯>º'¯>Æ>µ\¶¥¹�ÊËº\Æ>²�¯>ºLµ'¼�¸{ÊË¸lÇ�¯>®�ÉE¸Ì¹�È³®�¶³¸lÄ}¿�Ä�®�Ü\¸DÊËº\Æ>²Ý±³ÈTº\¶ÚÇ�Å�Ç�Ä�®�¶¥·P®�¶
µLÍ�µ�¯�¯>¸{Æ>ÅÚÞ�®}¯>°V¹�®�·\¶¥®}Ö�Çlµ�¶G¯�Ç#°¥µ\¶³·\¸'®�¶8ÉEº\Ä�¯>µ\·\¸ÌÈ³Æ>º�Ö¥Ä�¸ßÏ à�Ñ.á¥Ñ�â�Ñ�ã^Ó�Ôåä�¶VÇ{º\¶G¯¬Æ#µ\¹�¯
¯>°³¸�¹¬®�²-®�Äªµ�Æ¤­¡®§æ�º�Â Ã Ïtç�ÑXè^Ó�Ç�ºE²½È�ºE±³¶¥¼Û¼�º�¸�¹¤¶¥º�¯¤Æ>¸lµE¼�®�Ä�Åé¯¬Æ#µ�¶�¹uÊËºEÆ¬²�ÊËÆ¬ºE²ÝÄ�µ^ÅE¸{Æ>¸l¼
¯>º4¹¬È³®�¶³¸{Ä�ÏtçlÓK¸lÉ\¸l¶9¯¬°¥º\±³·E°é¹¬±¥Ç#°!µD¯>Æ>µ\¶¥¹�ÊËº\Æ>²½µ�¯¬®�º\¶9®ª¹:¯¬°¥¸{Æ>²-º�¼�Å�¶¥µ\²½®�Çlµ�Ä�Ä�ÅÌÊ�µ^ÉEº\Æ>¸l¼
®�¶6Í�º\¯¬°V­¡®�êEÕÌ¶TÂ Ã µ�¶¥¼6­¡®�ê�æ�º�Â Ã µ�¯�®�¶G¯>¸{Æ>²-¸�¼�®ªµ�¯¬¸'ëíì�î¥ï=ëðï?Ð^ñÌÏ ò¥Ñ�Ð�î^Ó�ÔíóI°³®�¹
¹¬±³·\·E¸l¹�¯>¹¨¯>°³¸l¹¬¸�¯uÞ.º9²3µ�¯>¸{Æ>®�µ\Ä�¹¤¼�®�ôT¸lÆ�®�¶+ÈT¸{Æ¬ÊËº\Æ>²½µ\¶¥Ç�¸�¼³±³¸�¯>º'Ü�®�¶¥¸�¯¬®ªÇ�Æ#µ�¯>°³¸{Æ�¯¬°¥µ\¶
¯>°³¸{Æ>²½º�¼³ÅG¶�µ�²½®�Ç�Ê�µEÇ�¯¬ºEÆ>¹lÔ
õ.º�¯>°3¯¬°³¸�Ä�µ^ÅE¸{Æ>¸l¼-µ�¶¥¼D¹�È³®�¶³¸lÄTÇ{Æ¬Å�¹�¯>µ�Ä�¹u¯>Æ¬±¥Ç�¯¬±³Æ>¸l¹�µ�Æ>¸�Ç#°¥µ\Æ>µEÇ�¯¬¸lÆ¬®�ö{¸�¼�Í�Å¤¯¬°³¸:¹¬µ\²½¸

÷ õ�æ'Ç�Ä�ºE¹¬¸�¿�È¥µEÇ#Ü\¸l¼�º^»�Å�·\¸{¶¨¹�¯>µ\Ç#Ü�®�¶³·�¹�¸�øG±³¸{¶¥Ç{¸�Ï}Ð{ÓG¹¬ºI¯¬°¥µ�¯;µ.¯¬Æ#µ�¶�¹uÊËºEÆ¬²3µ�¯>®�ºE¶�ÍT¸�¯uÞ.¸{¸l¶
¯>°³¸{²×Ç{µ\¶?Ä�¸�µ^É\¸�¯>°³¸Kº^»�Å�·\¸l¶�ÊËÆ#µ�²½¸lÞ�ºEÆ¬Ü�±³¶¥Ç#°¥µ\¶³·\¸�¼gÔ¡ä�¶¨¯>°³¸KÄªµ^Å\¸lÆ¬¸�¼:ù?úà�²×¾�¿�À�µEÁ³¸�Â Ã
Ç{Æ¬Å�¹�¯>µ�Ä�¹u¯>Æ¬±¥Ç�¯¬±³Æ>¸\Ñ;¯¬°¥¸D®�¶E¯>¸{Æ#¹u¯>®}¯>®�µ\Ä�¹¬®}¯>¸l¹¤º�Ê�µ9Ç{Ä�ºG¹�¸3È¥µEÇ#Ü\¸�¼!º^»�Å�·E¸{¶!¹�±³Í¥Ä�µ�¯�¯¬®ªÇ�¸�µ�Æ>¸
º�Ç{Ç{±³È³®�¸l¼PÍ�Å'­�®Kµ\¶¥¼éÕûµ�¯¬ºE²½¹¨®�¶Lµ�Ä�¯¬¸lÆ¬¶¥µ�¯¬®�¶³·�Ä�µ^ÅE¸{Æ#¹�È�µ�Æ#µ�Ä�Ä�¸lÄ;¯>º�¯¬°³¸9ì�Ð\Ð\Ð^ñ�È³Ä�µ\¶³¸\Ô
óI°³¸�¹¬Å�²½²-¸{¯¬Æ>Å'®ª¹$Æ>¸l¼�±�Ç�¸l¼P¯>ºÌ²-ºE¶³º�Ç�Ä�®�¶¥®�ÇDæIÒGü^²=®�¶Û­�®ªÕÌ¶TÂ:ÃD¼�±³¸½¯¬ºPµÌÇ�º\Ä�Ä�¸lÇ�¯>®�ÉE¸
ýGµ�°³¶³¿�ó;¸{Ä�Ä�¸lÆ$¼�®ª¹u¯>º\Æ¬¯¬®�º\¶�Ô4ä�¶L·\ºE®�¶¥·4ÊËÆ¬ºE²=Äªµ^Å\¸{Æ>¸l¼!­¡®§þ¬ÿ Ã ÕÌ¶TÂ:Ã3¯¬º'¹¬È³®�¶³¸{Ä�ÑIÐ^ü^á4º\Ê�µ\Ä�Ä
ÕÌ¶D®�ºE¶¥¹K²½®�·\Æ#µ�¯>¸�®�¶G¯>º$¯¬°¥¸:­¡®}¯>°³®�±¥²ðÄ�µ^ÅE¸{ÆX¯>º�Þ�°¥µ�¯�ÍT¸lÇ�ºE²½¸�ÐlãE¼3ÈTºE¹¬®}¯>®�ºE¶¥¹Kº\Ê¡¹�È¥®�¶³¸lÄqÑ
���������
	��
������������	���	���� ���
	���	������������� �!�"�#$��#$�&%
��	'�
	�"(%��� �)+*,�-%
	���#.��/$�102��#$	�����	'�����431����#$��	�	���#$���

�-%�*5� 6�� 78������94���
#$����	:*,�(�$;�<�=(>�?�@

Ð



�Li-Mn dumbbell�

-- Oxygen -- Mn
-- octahedral vacancy

-- Li

A�BDCFE�G�HJIFK:LNM-OQP�RTS+M�UVP�R2WYX�Z�R2[\UJ]5[5Z.[5O�S+M^X1Z�W_R�`aM�P�b2[JM�RTc�SJdQZeUFM�b2fgR,]hWeR�`aM-P&i2R2c�RT[+c-`

j�k BDl_Hnm k HnlDB_m k BDE�opBDqFr�s5oJqatFHum�qvm�HTm�G�w k H(xyG�wVl�s�B_m�H(szm k wVmJ{NH2|TqFoJH~}Fwv�1q+s�B_m�BDqFr�s5qF�
s���B_r�H2l
�

�Qr~m k B�s���wF�1H2G2� j H,wVG-CFE�H��y{�wFs�H2xuqFrnm k H,G�H(s�E�lem�s�qV�
��G�s�m���G-BDr�|�BD��lDH2s�|TwFlD|TE�l�wam�BDqFr1sT�
m k wVm�m k H�m-G-wFr�s���q�G�o�wVm�BDqFr���G-qFo�lDw���HTG-H2x��'BD�F��rN����m�q�s���BDr�HTl_��lDBD�FH�o�wam�H2G�B�wVlY��G-qy|�H2H2x�s
B_r�m j q�s�m-wFCFH(sT�~�Qr�m k H���G�s�mzs�m�wVC�HF� j�k B�| k q\|2|�E�G�s j�k HTr�m k H�o�wam-HTG-BDwFl&B�s���wFG�m-BDwFl_lD�
xyHTlDB_m k B�wam-H2x��:w~��G�wF|�m�BDqFr�qV�^m k Hu��r�BDqFr�s�B_r�l�w��FH2G�H(x��gB��F��rN����G-wF��BDx�l_�vo5BDCFG�wam-HJm�q
wFx���w�|�H2r�m m-H�m�G�w k H2xyG�wVlys�Bem-H2s BDr�m k H�l_B_m k B_E�o¡��l�wVr�H(sT�
¢ k BDs B�s8w�|T|�q�oJ��wVr�BDH2x�{\�,G�q�E�C k lD�
wVr~H2£+E�wFl'wVoJq�E�r+m�qV� l_B_m k BDE�o¤B_q�r�s�H2r�m-HTG-B_r�Czm-H�m-G-w k H2xyG�wVl�s�B_m�H(s�qFrnm k H,qF���Nq�s�Bem-H�s�B�xyH
qV�gm k H�q\|�m-w k H2xyG�wVl1tawF|TwFr�|�BDH2s�lDH��¥m�{1H k BDr�x�{\�Jm k H¦oJBDCFG�wam�BDr�C5��rg� §vH�G-H���HTG�m�qzm�HTm�G�wa�
k H2x�G-wFl_lD�5|Tq\qFG�xyB_r1wam�H(x��gB�wVr1x���r��¨w�|�BDr�C�H(wF| k qVm k HTG^wF|TG�q+s�s&wVr�qy|�m�w k H(xyG�wVl�taw�|TwVr1|��
B_r©m k H5��r©��l�wVr�HzwFsªw¬«��'Be�Q��r©xyE�oz{�{NHTlDlD­uA�BDC���IF�ª¢ k HzwF|�m�BDtawam�BDqFr�{1wVG-G�BDHTG���q�G¦��r
oJqat+BDr�C�m-H�m-G-w k H2xyG�wVl�®&BDr�|�lDE�xyBDr�C�m k HzHTr�H2G�C�����qFG��gB xyB�s�q�G-x�HTG�r�H2H2xyH(x~m�qnwF|2|�qFoJoJqV�
x�wam-H�m�H�m-G-w k H2x�G-wFlY�©r�¯�B�s�|TwFlD|TE�l�wam�H(x�m-q�{1H,£+E�B_m�H,lDq j ®^°²±�� ³JHT´µ¯^wFr�x�B�s�wFs-s�BDs�m�H(x
{\��wJ| k wVG-CFHT��xyB�s���G�q��1q�G�m-B_q�r�wam-B_q�r�G�H(wF|�m�BDqFr�m-q j�k B�| k ��r1¶�·¸B�s^��G�q�r�H�¹eI�I�º�K

»F¼ ·g¶½-¾�¿^À ¼ · �¿¨Á�¿ªÂ ¼ ·�Ã½-¾�¿ ®�I(¯
�Qr�m k H�s�H2|�q�r�x�s�m-wFCFH�qV�
m k H�l�w��FH2G�H(x�m�q�s���BDr�HTlYm-G-wFr�s���q�G�o�wVm�BDqFrg��m k H�m-H�m-G-w k H2xyG�wVl���r
B_q�r�s8wFr�xzm k H�G-HTo�wVBDr�BDr�C,qy|�m�w k H(xyG-wFl��gB�BDqFr1s:�1H2G���q�G�oÄw,|�q\qFG�xyBDr�wam-H2xzG�H(wVG-G-wFr�CFH2oJHTr+m
m�qn��qFG-oÅm k HJ��r�wFl8s���B_r�H2l8� k w�s�H���Æ+m-wFCFH » BDs,��G�H(xyBD|�m�H(x©m-q�{1H�s�l_q j HTG¦m k wVr�s�m�wVC�HnI
xyE�H�m-q5B_m2Ç s�|TqFoJ��lDH�ÈyBem��uwVr�x k BDC k H2G�wF|�m-B_tawVm�BDqFr~{�wVG-G-B_H2G-s2�

¢ k HnwF{1qat�H���B�|�m-E�G-H���q�G�m k H~lDw���HTG-H2xÉm�q�s���B_r�HTl4m�G�wVr�s���qFG-o�wam-B_q�r�BDsJxyG�w j r���G-qFo
xyHTr1s�B_m��©��E�r1|�m�BDqFr1wVl:m k HTq�G���|2wVl�|�E�l�wam-B_q�r�s j Bem k BDr�m k H�C�HTr�H2G-wFl_BDÊTH(x�C�G-w�xyB_H2r+m�wF����G-q�È+�
B_o�wVm�BDqFrÉE�s�BDr�C~E�l_m�G�wa�Qs�qF�¥m,��s�H2E�xyq��1qFm�HTr+m-BDwFlDs,w�s�B_oJ��lDHToJHTr+m-H2xÉB_r�´ Ë¦ÆyÌÍ¹_I » º j�k BD| k
k wFs4{NHTH2rns k q j r�m-qzC�B_t�H¦C�q\q\x�G�H(s�E�lem�s�BDrum k H(s�H�s��ys�m�H2oJs�¹_I2Î�º��8¢�G-wFr�s�B_m�BDqFrns�m�wam-H2s���qFG
B_q�ruoJBDCFG�wam-B_q�r j HTG-H,|TwVl�|�E�lDwVm�H2xuBDrn�NHTG-BDq\x�BD|,s�E��NHTG�|�HTlDl�s j Bem k H2Bem k HTG�I » qFG�Î » ��G�BDoJBe�
m�BDtFH��'BD���v����®¨±�Ï¸Ð�ÏÑI(¯4E�r�Bem�|�HTlDl�sT�&Ë »5Ò~»JÒ�» qFG,I Ò I Ò I��+���NqFBDr+m�o5H(s k~j wFs
E�s�H2x���q�G,|TwVl�|�E�lDwVm�BDqFr�s�BDr©m k H5l�wVG-CFH5s�E��1H2G-|THTlDlDs�wVr1x�wu³ Ò ³ Ò ³n�����NqFBDr�m�oJH2s k�j wFs
E�s�H2xÉ��qFGz|TwVl�|�E�lDwVm�BDqFr�s,BDr¬|THTlDlDs j B_m k w��gB��F� Ã ��Ó©®¨±�ÏÄÐÔÏh³+¯���qFG-o�E�l�w~E�r�B_m2���Qq�r
��qFG-o�wVl�tawVlDHTr�|TH j w�s�xyH�m-HTG-o5BDr�H(x�{\��BDr+m�H2CFG�wam�BDqFruqV� | k wVG-CFH�wVr�x~s���BDrnxyH2r�s�Bem-B_H(sT�
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spinel 16d
like octahedra
in Li plane

�SPINEL NUCLEUS�

(111) M plane

(111) Li plane

(111) O plane

-- diffused M
-- stationary M -- M vacancy

-- Oxygen
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