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7KH� VWXG\� RI� VHPLFRQGXFWRUV� FRQWDLQLQJ
PDJQHWLFDOO\� DFWLYH� DWRPV� �'LOXWHG�0DJQHWLF
6HPLFRQGXFWRUV��'06V��KDV�EHHQ�DQ�DFWLYH�UH�
VHDUFK�DUHD�EHFDXVH�RI�WKHLU�SHUVSHFWLYH�VXLW�
DELOLW\� IRU� VSLQ�WUDQVSRUW� HOHFWURQLFV� �VSLQ�
WURQLFV���'06V�FRPELQH�WKH�HOHFWURQLF�SURSHU�
WLHV�RI� VHPLFRQGXFWRUV�DQG�PHPRU\�SRWHQWLDO
RI� W\SLFDO� PDJQHWLFDOO\� RUGHUHG� PDWHULDOV�
0RVW�LQYHVWLJDWLRQV�LQ�WKLV�ILHOG�ZHUH�IRFXVHG
XS� WR�QRZ�RQ�IHUURPDJQHWLF� ,,,Ü9�FRPSRXQG
VHPLFRQGXFWRUV�� ZLWK� PDQJDQHVH� DV� D� PDMRU
GRSDQW��*D�±[0Q[$V�� ,Q�±[0Q[$V� DQG� UHODWHGPDWHULDOV� �*D1�0Q�� $O*D1�0Q� HWF�� ZHUH
DPRQJ� WKH� PRVW� FRPSUHKHQVLYHO\� VWXGLHG
PDWHULDOV�>�@��6RPH�RWKHU�GRSHG�VHPLFRQGXF�
WRUV�LQVXODWRUV� �H�J��0Q�� RU�&X�GRSHG� =Q2�
KDYH� EHHQ� DOVR� UHSRUWHG� WR� EH�PDJQHWLFDOO\
RUGHUHG�XS�WR�WHPSHUDWXUHV�DERYH�URRP�RQH
>�@��0RUH�LQIRUPDWLRQ�RQ�WKHVH�PDWHULDOV�DV
ZHOO� DV� RQ� �WUDGLWLRQDO�� 0Q�GRSHG� ,,,Ü9

VHPLFRQGXFWRUV�ZLOO�EH�SUHVHQWHG�LQ�&KDSWHU
��
5HFHQWO\��LW�KDV�EHHQ�FRQILUPHG�WKDW�VLQ�

JOH� FU\VWDO� VLOLFRQ� LPSODQWHG�ZLWK�QRQ�PDJ�
QHWLF� LRQV� RU� VXEMHFWHG� WR� QHXWURQ� LUUDGLD�
WLRQ� FDQ� H[KLELW� VSHFLILF� PDJQHWLF� SURSHU�
WLHV�� ZLWK� K\VWHUHVLV� ORRSV� VLPLODU� WR� WKH
WKRVH� RI� FODVVLF� IHUURPDJQHWLF� PDWHULDOV�
7KLV� VSHFLILF� PDJQHWLF� RUGHULQJ� KDV� EHHQ
FDOOHG� WHQWDWLYHO\� �TXDVLIHUURPDJQHWLVP�
>�@� �&KDSWHU� ���� 0DJQHWLFDOO\� RUGHUHG� 6L�
EDVHG�PDWHULDOV�ZLWK�D�KLJK�&XULH�WHPSHUD�
WXUH� �7&�� ZRXOG� EH� WKH� EHVW� ILWWLQJ� WR� GH�PDQGV� RI� WKH� PRGHUQ� 6L�EDVHG� PLFURHOHF�
WURQLFV� WHFKQRORJ\�� 7KDW� LV� ZK\� WKH� SDSHU
UHSRUWLQJ� WKH� DERYH�URRP� WHPSHUDWXUH� IHU�
URPDJQHWLVP�LQ�0Q�LRQ�LPSODQWHG�6L��6L�0Q�
>�@�KDV�EHHQ�PHW�ZLWK�LQWHUHVW��5HFHQWO\��ZH
GHPRQVWUDWHG� WKDW�6L� LPSODQWHG� ZLWK� YDQD�
GLXP� RU� FKURPLXP� �FRQVLGHUHG� XVXDOO\� DV

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�,QVWLWXWH�IRU�6LQJOH�&U\VWDOV
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QRQ�PDJQHWLF�� DOVR� VKRZ� IHUURPDJQHWLF� RU�
GHULQJ�>�@�
7R� SUHSDUH� PDWHULDOV� ZLWK� PDJQHWLF� RU�

GHULQJ�� WKH� DV�LPSODQWHG� 6L�9�� 6L�&U� DQG
6L�0Q� ZHUH� VXEMHFWHG� WR� SRVW�LPSODQWDWLRQ
DQQHDOLQJ� DW� HOHYDWHG� WHPSHUDWXUHV� �+7��
W\SLFDOO\� XQGHU� DWPRVSKHULF� SUHVVXUH
�����3D���7KLV�LV�UHODWHG�WR�D�QHHG�WR�UHVWRUH
WKH� VWUXFWXUH� RI� WKH� QHDU� VXUIDFH� DUHDV� RI
LQLWLDOO\� SHUIHFW� 6L� VLQJOH� FU\VWDO�� KHDYLO\
GDPDJHG� E\� LPSODQWDWLRQ�� $PRUSKRXV� VLOL�
FRQ� �D�6L�� LV� IRUPHG� XQGHU� LPSODQWDWLRQ�
PRVW� DEXQGDQW� QHDU� WKH� SURMHFWHG� UDQJH� RI
LPSODQWHG� LRQV� �5S��� $V� UHSRUWHG� UHFHQWO\>����@�� HQKDQFHG� K\GURVWDWLF� SUHVVXUH� �+3�
RI� DPELHQW� LQHUW� JDV� HIIHFWV� VWURQJO\� WKH
UH�FU\VWDOOL]DWLRQ� �VROLG� SKDVH� HSLWD[LDO� UH�
JURZWK��63(5��RI�D�6L� DQG� WKXV� WKH�UHVXOW�
LQJ� PLFURVWUXFWXUH� DQG� PDJQHWLF� RUGHULQJ�
7KDW�LV�ZK\�WKH�HIIHFW�RI�+3�DW�SUHSDUDWLRQ
RI�PDJQHWLFDOO\�DFWLYH�6L�9��6L�&U�DQG�6L�0Q
ZLOO�EH�DOVR�FRQVLGHUHG��&KDSWHUV��Ü����

���0Q�GRSHG�,,,Ü9
VHPLFRQGXFWRUV�DQG�=Q2�GRSHG

ZLWK�WUDQVLWLRQ�PHWDOV
'LD�� RU� SDUDPDJQHWLF� VHPLFRQGXFWRUV� RU

LQVXODWRUV�FDQ�EH�WUDQVIRUPHG�LQWR�WKH�PDJ�
QHWLFDOO\� RUGHUHG� RQHV� E\� LQFOXGLQJ� DSSUR�
SULDWH� WUDQVLWLRQDO� PHWDO� �70�� DWRPV� LQWR
WKHLU� ODWWLFH�� 7KH� FXUUHQW� GHYHORSPHQW� RI
VSLQWURQLF� PDWHULDOV� ZDV� FORVHO\� UHODWHG� WR
SURGXFLQJ�*D�±[0Q[$V� RU� ,Q�±[0Q[$V� VLQJOHFU\VWDOV� �GHSRVLWHG� XVXDOO\� E\� 0ROHFXODU
%HDP�(SLWD[\��0%(��/LTXLG�3KDVH�(SLWD[\�
/3(��RU�UHODWHG�WHFKQLTXHV��ZLWK�7&�DV�KLJK
DV� SRVVLEOH�� ,Q� WKH� FDVH� RI� SURWRW\SH�PDWH�
ULDO��*D�±[0Q[$V��*D�DWRPV�FDQ�EH�UHSODFHGSDUWLDOO\� E\� VXEVWLWXWLRQDO� 0Q� DWRPV�� 7KH
VXEVWLWXWLRQDO�0Q� DWRPV� SURYLGH� ERWK� ORFDO
PDJQHWLF� PRPHQWV� DQG� GHORFDOL]HG� HOHFWURQ
KROHV�� ,Q� VSLWH� RI� FRQVLGHUDEOH� HIIRUWV� >�@�
QR� VDWLVI\LQJ� PDWHULDOV� ZLWK� 7&� PXFK� H[�
FHHGLQJ� ���� .� KDYH� EHHQ� V\QWKHVL]HG�
(LWKHU� IHUURPDJQHWLVP� LV�REVHUYHG�DW�PXFK
EHORZ� URRP� WHPSHUDWXUH� RU� QR� IHUURPDJ�
QHWLF� RUGHULQJ� LV� GHWHFWDEOH�� ,W� LV� ZRUWK� WR
PHQWLRQ� WKDW� +3� DSSOLHG� DW� DQQHDOLQJ� RI
,Q$V�*D$V� DQG� VLPLODU� V\VWHPV� DIIHFWV
VWURQJO\� WKHLU� VWUXFWXUH� >�@� DQG� WKHLU�PDJ�
QHWLF� SURSHUWLHV� �WKHVH� HIIHFWV� DUH� QRZ� LQ�
YHVWLJDWHG�LQ�GHWDLOV�>�@��
7KH� LQWULQVLF�PRUSKRORJ\�RI�*D$V� �,Q$V�

GHJUDGHV� FRQVLGHUDEO\� DV� WKH� 70� GRSLQJ
OHYHO� H[FHHGV� �����FPÜ��� ZLWK� SUHFLSLWDWHV
RI� 0Q$V� EHLQJ� IRUPHG� >�@�� ,W� KDV� EHHQ� UH�
SRUWHG�>��@�WKDW�DQQHDOLQJ�RI�PDJQHWLF�,,,Ü9
VHPLFRQGXFWRUV��DW�+7a�����.�UHVXOWV�LQ�WKH

IRUPDWLRQ� RI� PXOWL�SKDVH� PDWHULDOV� ZLWK
0Q$V� DV� WKH�PDJQHWLFDOO\� DFWLYH� FRPSRQHQW�
ZLWK�7&t����.��7KHVH�PDWHULDOV�DUH�QRZ�DOVRWKH�VXEMHFWV�RI�FRQVLGHUDEOH�LQWHUHVW�>�����@�
'RSHG�6Q2��� 7L2��� =Q2�� DQG� VLPLODU� LQ�VXODWRUV� DOVR� KDYH� DWWUDFWHG� VRPH�DWWHQWLRQ

GXH�WR�H[SHFWDWLRQ� >�@�RI�KLJK�PDJQHWLF�RU�
GHULQJ� WHPSHUDWXUHV� LQ� WKH� FDVH� RI� WKHLU
GRSLQJ�ZLWK�70V��6XFK�'06V�DUH�RI�VSHFLDO
LQWHUHVW� EHFDXVH� RI� LQWHUHVWLQJ� RSWRHOHF�
WURQLF�SURSHUWLHV�RI�=Q2��5RRP�WHPSHUDWXUH
PDJQHWLF� RUGHULQJ� LQ� SRO\FU\VWDOOLQH� 0Q
GRSHG�=Q2�KDV�EHHQ�UHSRUWHG��ZLWK�PDJQHWL�
]DWLRQ� �0�� XS� WR� ����Ü�� HPX�J� >������@�
5RRP� WHPSHUDWXUH� PDJQHWLF� RUGHULQJ� KDV
EHHQ�UHSRUWHG�DOVR�IRU�PLFURQ�VL]HG�=Q2�VLQ�
JOH�FU\VWDOV�GRSHG�ZLWK�������0Q��0�XS�WR
����� HPX�J� DW� URRP� WHPSHUDWXUH�� >��@�� ,W
KDV�EHHQ�VWDWHG�UHFHQWO\�WKDW�URRP�WHPSHUD�
WXUH� IHUURPDJQHWLVP� LQ� =Q2�0Q� FDQ� EH� DW�
WULEXWHG� WR� VXEVWLWXWLRQDO� LQFRUSRUDWLRQ� RI
0Q� DW� WKH� =Q� ODWWLFH� SRVLWLRQV� UDWKHU� WKDQ
GXH� WR� WKH� IRUPDWLRQ� RI� VHJUHJDWHG� VHFRQ�
GDU\�SKDVH�>��@�
&REDOW� GRSHG� =Q2� SRO\FU\VWDOOLQH� IHUUR�

PDJQHWLF� ILOPV� ZLWK� 7&� XS� WR� ����.�ZHUHSUHSDUHG� E\� PDJQHWURQ� FR�VSXWWHULQJ� >��@�
VLPLODUO\�� SRO\FU\VWDOOLQH� =Q2� ILOPV� FR�
GRSHG� ZLWK�0Q� DQG�&R� KDYH� EHHQ� UHSRUWHG
WR� VKRZ� IHUURPDJQHWLF� RUGHULQJ� ZLWK
7&t����.�>��@��0RVW�SUREDEO\��WKH�SUHVHQFHRI�0Q�DV�ZHOO�DV�RI�VRPH�RWKHU�70�DWRPV�LQ
=Q2�UHVXOWV�LQ�H[FKDQJH�LQWHUDFWLRQ�EHWZHHQ
VS�EDQG� HOHFWURQV� RU� KROHV� DQG� WKH� G�HOHF�
WURQ� VSLQV� RI� PDJQHWLF� GRSDQW� DWRPV�� &X�
GRSHG� =Q2� GLVSOD\V� PDJQHWLF� RUGHULQJ� DW
URRP� WHPSHUDWXUHV�� WRR� >��@�� 7KH� RULJLQ� RI
WKLV� PDJQHWLVP� LV� VWLOO� FRQWURYHUVLDO� >��@�
ROGHU�UHVXOWV�KDYH�EHHQ�UHYLHZHG�H�J��LQ�>��@�
:KLOH� 70�GRSHG� FRPSRXQG� VHPLFRQGXF�

WRUV�DQG�R[LGHV�H[KLELW�LQWHUHVWLQJ�PDJQHWLF
SURSHUWLHV�� LW� LV� HYLGHQW� WKDW�6L�EDVHG�'06
ZRXOG� KDYH� FRQVLGHUDEOH� DGYDQWDJH� RYHU
WKHP�DV�EHWWHU�FRPSDWLEOH�ZLWK�WKH�GRPLQDW�
LQJ�6L�EDVHG�PLFURHOHFWURQLFV�

���4XDVLIHUURPDJQHWLF�6L�EDVHG
PDWHULDOV

)HUURPDJQHWLVP� UHODWHG� WR� WKH� SUHVHQFH
RI� GLVORFDWLRQV� LQ� VLQJOH� FU\VWDO� 6L� ZDV� UH�
SRUWHG�PRUH� WKDQ����\HDUV�DJR� >��@��)HUUR�
PDJQHWLF� RUGHULQJ� DW� ORZ� WHPSHUDWXUH� LQ
VLOLFRQ� LPSODQWHG� ZLWK� ORZ� HQHUJ\� $U�� DQG
1H��KDV�EHHQ�DOVR�UHSRUWHG�DW�WKH�VDPH�WLPH
>��@�� 7KHUH� H[LVWV�� KRZHYHU�� VRPH� XQFHU�
WDLQW\� FRQFHUQLQJ� WKH� ROGHVW� UHVXOWV� UH�
SRUWHG��PRVWO\�EHFDXVH�RI�SRVVLEOH� FRQWDPL�
QDWLRQ�RI�VLOLFRQ�VLQJOH�FU\VWDOV�DYDLODEOH�DW

$QGU]HM�0LVLXN��/HH�&KRZ���6LOLFRQ�EDVHG�PDWHULDOV�IRU���

��� )XQFWLRQDO�PDWHULDOV�������������



WKDW� WLPH� E\� IHUURPDJQHWLF� FRQWDPLQDQWV�
LQFOXGLQJ�)H��&R�DQG�1L��5HFHQW�UHVXOWV�RE�
WDLQHG�XVLQJ�WKH�PRGHUQ�KLJK�SXULW\�6L�VLQ�
JOH� FU\VWDOV� DV� WKH� LPSODQWHG� VXEVWUDWH� DUH
RI�PXFK�LPSURYHG�UHOLDELOLW\�LQ�WKLV�UHVSHFW�
7KH� EURDG� PDJQHWLF� UHVRQDQFH� OLQHV� �J� 

����DQG������LQ�6L�LPSODQWHG�ZLWK�KLJK�HQHUJ\
;H�� �(� ������ *H9�� DQG� .U�� �(� �����0H9�
ZHUH� DWWULEXWHG� WR� WKH� IRUPDWLRQ� RI� WKH
DUHDV� ZLWK� GLIIHUHQW� GHJUHH� RI� PDJQHWLF
RUGHU� DV� D� UHVXOW� RI� KLJK� HQHUJ\� LPSODQWD�
WLRQ� >��@�� ,W� KDV� EHHQ� FRQVLGHUHG� WKHVH� VLJ�
QDOV� FRPH� IURP� PDQLIHVWDWLRQ� RI� LQWHUQDO
PDJQHWLF� ILHOGV� RULJLQDWLQJ� IURP� LQFOXVLRQV
ZLWK� KLJK� FRQFHQWUDWLRQ� RI� XQSDLUHG� HOHF�
WURQV�� 5HFHQWO\�� IHUURPDJQHWLF� K\VWHUHVLV
ORRSV� KDYH� EHHQ� UHSRUWHG� DW� URRP� WHPSHUD�
WXUH�IRU�VLQJOH�FU\VWDO�VLOLFRQ�VXEVWUDWHV�LP�
SODQWHG�ZLWK�6L��GRVH��'� ��������FPÜ��RI�RU
ZLWK�'� ��������FPÜ��RI�$U���DQG�IRU�6L�ZD�
IHUV� LUUDGLDWHG� ZLWK� '� ��������FPÜ�� RI
WKHUPDO�QHXWURQV�>�@��,W�KDV�EHHQ�VXJJHVWHG
WKDW� WKH� SDUDPDJQHWLF� GHIHFWV� �GDQJOLQJ
ERQGV�� IRUPHG� GXULQJ� WKH� LPSODQWDWLRQ� RU
LUUDGLDWLRQ� DUH� UHVSRQVLEOH� IRU� REVHUYHG
PDJQHWLF�EHKDYLRU�>��@��7KLV�W\SH�RI�TXDVLI�
HUURPDJHQWLVP� VHHPV� WR� EH� QRW� OLPLWHG� WR
WKH� LPSODQWHG� VLOLFRQ� RQO\�� 6SDUN�SURFHVVHG
VLOLFRQ� >��@� DQG� SRURXV� VLOLFRQ� >��@� DOVR
VKRZ� PDJQHWLF� K\VWHUHVLV�� $V� LW� IROORZV
IURP�RXU�UHFHQW�PHDVXUHPHQWV��D�6L�VDPSOH
LPSODQWHG�ZLWK�+H���6L�+H���(� ����NH9�DQG
'� ��������FPÜ����DW�DQJOH�����ZLWK�UHVSHFW
WR� WKH� VXEVWUDWH� QRUPDO�� LQGLFDWHV� VLJQV� RI
PDJQHWLF�RUGHULQJ�
,Q� )HUURPDJQHWLF� 5HVRQDQFH�� WKH� IUH�

TXHQF\� GHSHQGHQFH� RI� WKH� UHVRQDQFH� ILHOG�
I��+� YHUVXV� PDJQHWLF� ILHOG� +�� IROORZV� D

VWUDLJKW� OLQH� DV� VKRZQ� E\� WKH� HTXDWLRQ
EHORZ�
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,Q�WKLV�HTXDWLRQ��WKH�]HUR�ILHOG�LQWHUFHSW�JLYHV
�S0HII� �� ��S0V� ZKHQ� WKHUH� LV� QR� PDJQHWLF
DQLVRWURS\��DQG�WKH�VORSH��ZKLFK�LV�UHODWHG�WR
WKH� J\URPDJQHWLF� UDWLR� J� �JP%�K��� )URP� J�
WKH�/DQGH�J�IDFWRU�FDQ�EH�GHWHUPLQHG�
7KH� LQ�SODQH� FRPSRQHQW� RI� WKH� J�IDFWRU

KDV� EHHQ� GHWHUPLQHG� WR� EH� HTXDO� WR� �����
$VVXPLQJ� DQ� LVRWURSLF� ILOP�� D� VDWXUDWLRQ
PDJQHWL]DWLRQ� RI� 0V� ������HPX�FP�� KDV
EHHQ�HVWLPDWHG�
)HUURPDJQHWLF�K\VWHUHVLV� ORRSV�PHDVXUHG

E\� WKH� 648,'� PHWKRG� IRU� )ORDWLQJ� ]RQH
JURZQ�6L�LPSODQWHG�ZLWK�+H���)]�6L�+H��DQG
SURFHVVHG�DW�����.�DUH�SUHVHQWHG�LQ�)LJ����
7KH� DV�LPSODQWHG�)]�6L�6L� RI� D�����!�RUL�

HQWDWLRQ��SUHSDUHG�E\�VHOI�LPSODQWDWLRQ�RI�)]�
6L� ZLWK� 6L�� �(� ����� NH9��'� ��������FPÜ��
VKRZHG� D� GLVWLQFW� K\VWHUHVLV� RI� PDJQHWL]D�
WLRQ��+RZHYHU��SURFHVVLQJ�RI�WKLV�VDPSOH�DW
���� .� XQGHU� +3� UHVXOWHG� LQ� DEVHQFH� RI
PDJQHWLF� RUGHULQJ� �)LJ������ PRVW� SUREDEO\
EHFDXVH� RI� SURFHVVLQJ�LQGXFHG� UHFRYHU\� RI
VDPSOH�FU\VWDOOLQLW\�
,W� LV�TXLWH�UHDVRQDEOH�WR�DVVXPH�WKDW�WKH

LPSODQWDWLRQ�LQGXFHG� GHIHFWV� FRXOG� LQFUHDVH
WKH� FRQFHQWUDWLRQ� RI� XQSDLUHG� HOHFWURQV� LQ
6L�� 7KH� SURFHVVLQJ� �� DQQHDOLQJ� RI� WKH� LP�
SODQWHG�VDPSOHV�UHVXOWV�LQ�JUDGXDO�UHFRYHU\
RI�WKH�VDPSOH�VWUXFWXUH�DQG�VR�LQ�GHFUHDVHG
FRQFHQWUDWLRQ�RI�XQSDLUHG�HOHFWURQV�

)LJ�����)HUURPDJQHWLF�K\VWHUHVLV�ORRSV�RI�)]�6L�+H
�'� ��������FPÜ��� (� ����� NH9�� 5S� ���PP�SURFHVVHG�IRU���K�DW�����.�XQGHU�����*3D��PHDV�
XUHG� DW� 7� ��� .� �RSHQ� PDUNV�� DQG� 7� ����.
�EODFN�PDUNV����

)LJ�����0DJQHWL]DWLRQ��0��YHUVXV�PDJQHWLF�ILHOG
�+�� DW�7� ���.�IRU�)]�6L�6L� �'� ��������FPÜ��
(� �����NH9��SURFHVVHG�IRU���K�DW�����.�XQGHU
����*3D��

$QGU]HM�0LVLXN��/HH�&KRZ���6LOLFRQ�EDVHG�PDWHULDOV�IRU���
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���6LOLFRQ�LPSODQWHG�ZLWK
YDQDGLXP

6LPLODUO\� DV� LQ� WKH� FDVH� RI� 6L�+H� DQG
6L�6L�� LPSODQWDWLRQ� ZLWK� 9�� SURGXFHV
VWURQJO\� GLVRUGHUHG� DUHD� QHDU� 5S�� ,Q� WKHFDVH� RI�'t�����FPÜ��� DPRUSKL]DWLRQ� RI� WKH
6L�PDWUL[�ZLWK�WKH�FUHDWLRQ�RI�D�6L�OD\HU�FDQ
EH� H[SHFWHG�� )RU� WKH� FDVH�(� �����NH9�DQG
'� ���Ü��������FPÜ��� WKH� WRWDO� HQHUJ\� LQWUR�
GXFHG�GXULQJ�LPSODQWDWLRQ�H[FHHGV�WKH�DPRU�
SKL]DWLRQ�WKUHVKROG��7KHUHIRUH��WKH�D�6L�OD\HU
VWURQJO\�HQULFKHG�LQ�YDQDGLXP��XS�WR�DERXW
�������KDV�EHHQ�IRUPHG�QHDU�WKH�VXUIDFH�RI
VLQJOH� FU\VWDO� VLOLFRQ� �F�6L�� DW� D� GHSWK� RI
DERXW������PP��)LJ������7KLV�LV�HYLGHQFHG�E\
WKH�SUHVHQFH�RI�D�6L�GHWHFWDEOH�E\�7UDQVPLV�
VLRQ�(OHFWURQ�0LFURVFRS\��7(0��DIWHU�WUHDW�
PHQW�RI�6L�9�DW�����.��7KH�WUHDWPHQW�DW�XS
WR�DERXW�����.�GRHV�QRW�UHVXOW�LQ�D�GHWHFWDEOH
UHFRYHU\�RI�WKH�LQLWLDO�FU\VWDOORJUDSKLF�SHUIHF�
WLRQ� RI� WKH�6L� PDWUL[�� 7KH�6L�9� VDPSOH� SURF�
HVVHG�DW�����.�VKRZV�D�PDJQHWL]DWLRQ�GHFUHDV�
LQJ�D�OLWWOH�ZLWK�LQFUHDVLQJ�PHDVXUHPHQW�WHP�
SHUDWXUH��IURP���.�WR����.��)LJ�����FI��>�@���
$W� DQQHDOLQJ�� WKH� D�6L� OD\HU� LV� VXEMHFWHG

WR� 63(5�� 7KLV� UHVXOWV� LQ� WKH�PRYHPHQW� RI
WKH�D�F�LQWHUIDFH�WRZDUG�WKH�6L�VXUIDFH�HYHQ
DW� UHODWLYHO\� ORZ� WHPSHUDWXUHV� �)LJ�����
6LQFH�WKH�VROXELOLW\�RI�9� LQ�FU\VWDOOLQH�6L� LV
YHU\� ORZ�>��@��WKH�9� LRQV�DUH�H[SHOOHG�IURP
WKH�UH�JURZWK�UHJLRQ�DV� WKH�D�6L�FU\VWDOOLQH
6L� LQWHUIDFH� PRYHV� WRZDUG� WKH� VXUIDFH�

7KURXJK� WKLV� �VQRZ�SORZ�� SURFHVV�� D� PLQL�
PXP� LQ� WKH� 9� FRQFHQWUDWLRQ� SURILOH� LV
IRUPHG� DERXW� ���� PP� EHORZ� WKH� VXUIDFH� LQ
6L�9�SURFHVVHG�DW�����.��)LJ�����
7KH� H[FHVV� YDQDGLXP� LV� DFFXPXODWHG� DW

WKH� D�F� LQWHUIDFH�� DQG� WKH� 9� FRQFHQWUDWLRQ
UHDFKHV�D�SRLQW�DW�ZKLFK�WKH�H[FHVV�9�LPSX�
ULW\�FDQQRW�EH�SXVKHG�DZD\��$W�KLJKHU�WHP�
SHUDWXUHV� �t���� .��� WKH� D�6L� OD\HU� LV� FRQ�
YHUWHG� LQWR� SRO\FU\VWDOOLQH� VWDWH� DQG� WKH
VLOLFLGH�96L��LV�IRUPHG�>��@��7KH�VLOLFLGH�IRU�PDWLRQ� HQWKDOS\� DPRXQWV� ���� H9�� VR� 96L�UHPDLQV�VWDEOH�HYHQ�DW�KLJK�WHPSHUDWXUHV��$
VLPLODU� 9� GLVWULEXWLRQ� ZLWKLQ� WKH� QHDU�VXU�
IDFH� ����� PP� WKLFN� OD\HU� HYLGHQFHV� WKDW� 9
DWRPV�IRUP�VLOLFLGHV��)LJ�����
$V� HYLGHQFHG� E\�;�UD\� 5HFLSURFDO� 6SDFH

0DSSLQJ��;5560� �)LJ������ 63(5� RI� WKH� D�
6L� OD\HU�UHPDLQV�XQFRPSOHWHG�DIWHU�SURFHVV�
LQJ�DW������.��

���6LOLFRQ�LPSODQWHG�ZLWK
FKURPLXP

0RVW� UHVXOWV� KLWKHUWR� UHSRUWHG� RQ� WKH
SURSHUWLHV� RI� VLOLFRQ� LPSODQWHG� ZLWK� FKUR�
PLXP�FRQFHUQ�6L�&U�SUHSDUHG�E\�&U��LPSODQ�
WDWLRQ� LQWR� VLQJOH� FU\VWDOOLQH� &]±6L� VXE�
VWUDWH� DW� QHDU�URRP� WHPSHUDWXUH�� ,Q� PDQ\
UHVSHFWV�� WKH� EHKDYLRU� RI� DV�LPSODQWHG� DQG
SURFHVVHG� 6L�&U� UHPLQGV� WKDW� RI� 6L�9�� 7KH
DV�LPSODQWHG�6L�&U�VDPSOH��'� ��������FPÜ��
(� ����� NH9�� LQGLFDWHV� D� GLVWLQFW� PDJQHWL�
]DWLRQ�ZLWK� ERWK� WKH� VDWXUDWLRQ�PDJQHWL]D�
WLRQ� DQG� FRHUFLYLW\� GHSHQGLQJ� RQO\� VOLJKWO\
RQ� WHPSHUDWXUH� ZLWKLQ� WKH� �Ü��� .� UDQJH�
6LPLODUO\�DV�LQ�WKH�FDVH�RI�&]�6L�9�SURFHVVHG
DW� ORZ� WHPSHUDWXUHV�� WKH� &]�6L�&U� VDPSOHV

)LJ�����0DJQHWL]DWLRQ��0��YV�PDJQHWLF�ILHOG��+�
IRU� &]�6L�9� �'� ��������FPÜ��� (� �����NH9��
SURFHVVHG�IRU���K�DW�����.�XQGHU�����3D��0HDV�
XUHPHQWV�ZHUH�SHUIRUPHG�DW�7� ���.�����DQG�7
 ����.�����)LJ����� 6,06� GHSWK� SURILOHV� RI� 9� LQ� &]�6L�9

�SUHSDUHG� E\� 9�� LPSODQWDWLRQ� ZLWK� '� 
�������FPÜ��� (� ����� NH9� LQWR� &]RFKUDOVNL
JURZQ�VLOLFRQ��&]�6L���DV�LPSODQWHG�DQG�SURF�
HVVHG�XQGHU�FRQGLWLRQV�VKRZQ�LQ�WKH�)LJXUH�

$QGU]HM�0LVLXN��/HH�&KRZ���6LOLFRQ�EDVHG�PDWHULDOV�IRU���

��� )XQFWLRQDO�PDWHULDOV�������������



SURFHVVHG� DW�d����.�LQGLFDWH�IHUURPDJQHWLF
RUGHULQJ�>�����@�
,W� LV� LPSRUWDQW�WR�PHQWLRQ�WKDW�PDJQHWL�

]DWLRQ� SURSHUWLHV� RI� 6L�9� DQG� RI� 6L�&U� DUH
UHIOHFWLQJ� WKH�PLQXWH� VL]H� RI� WKH� IHUURPDJ�
QHWLF�SKDVH�SUHVHQW�ZLWKLQ�WKH�VDPSOH��FRP�
SRVHG�RI�WKLQ�GDPDJHG�EXULHG�OD\HU�HQULFKHG
LQ�PDJQHWLFDOO\� DFWLYH� LPSODQWHG� DWRPV��$V
VHHQ�DOVR�LQ�WKH�7(0�SDWWHUQV��ORZ�WHPSHUD�
WXUH� SURFHVVLQJ� RI� &]�6L�&U� UHVXOWV� LQ� WKH
SUHVHQFH� RI� FU\VWDOORJUDSKLF� GHIHFWV� ZLWKLQ
WKH�6L�PDWUL[�
63(5� RI� D�6L� LV� PXFK� PRUH� SURQRXQFHG

DW�����Ü�����.��7(0�DQG�;5560�UHVXOWV��
1R� PDUNHG� VWUXFWXUDO� GLIIHUHQFHV� EHWZHHQ
WKH�UH�JURZWK�UHJLRQ�DW�WKH�GHSWK�������PP
DQG� WKH� VLQJOH� FU\VWDO� VLOLFRQ� VXEVWUDWH� DW
!�����PP�GHSWK�ZHUH�GHWHFWHG�DIWHU�SURFHVV�
LQJ� DW� ����� .� XQGHU� ���� 3D� �)LJ������ ,Q
FRQWUDVW� WR� 6L�9�� WKH� GLIIXVLRQ�&U� EHKDYLRU
LQ� 6L�&U� DW� ����� .� LV� VWURQJO\� DIIHFWHG� E\
+3��)LJV����DQG����VHH�DOVR�>�����@��

���6LOLFRQ�LPSODQWHG�ZLWK
PDQJDQHVH

6WUXFWXUDO� DQG� PDJQHWLF� SURSHUWLHV� RI
VLOLFRQ� LPSODQWHG� ZLWK� PDQJDQHVH� �6L�0Q�
ZHUH� VXEMHFWHG�� DV� VR� IDU�� WR� WKH� PRVW� H[�
WHQGHG� UHVHDUFK� >�����Ü��@�� 6L�0Q� VDPSOHV
�'� XS� WR� �������FPÜ��� (� �����NH9�
7V#���� .�� VXEMHFWHG� WR� UDSLG� WKHUPDO� DQ�QHDOLQJ� RU� VKRUW�WLPH� DQQHDOLQJ� ��� PLQ�� DW
XS� WR� DERXW� �����.� XQGHU� ����3D� LQGLFDWH
WKH� SUHVHQFH� RI� IHUURPDJQHWLF� K\VWHUHVLV
ORRSV��7KH�&XULH�WHPSHUDWXUH�RI�DOO�VDPSOHV
SURFHVVHG� XQGHU� DWPRVSKHULF� SUHVVXUH� ZDV
IRXQG�WR�H[FHHG�����.�>�����Ü��@��7KH�VDWX�
UDWLRQ� PDJQHWL]DWLRQ� LQFUHDVHV� ZLWK� WKH
SRVW�LPSODQW� DQQHDOLQJ� WHPSHUDWXUH� DWWDLQ�
LQJ� ���� HPX�J� DW� DERXW� ����� .�� 7KH� RXW�
GLIIXVLRQ� RI� LPSODQWHG�0Q� ZDV� REVHUYHG� DW

KLJKHU� WHPSHUDWXUHV� DFFRPSDQLHG� E\� D� GH�
FUHDVH� LQ� WKH� VDWXUDWLRQ� PDJQHWL]DWLRQ�� ,W
KDV� EHHQ� VXJJHVWHG� WKDW� WKH� UHVLGXDO� LP�
SODQW�GDPDJH�PD\�SOD\�DQ�LPSRUWDQW�UROH�LQ
WKH� REVHUYHG� IHUURPDJQHWLF� RUGHULQJ� RI
6L�0Q�>������@�
,W�KDV�EHHQ�VWDWHG�WKDW�WKH�VXEVWUDWH�WHP�

SHUDWXUH�DQG�WKH�LPSODQWHG�0Q��GRVH�DUH�RI
JUHDW� LPSRUWDQFH� IRU� WKH� ILQDO� VWUXFWXUDO
DQG� PDJQHWLF� SURSHUWLHV� RI� 6L�0Q�� 3URFHVV�
LQJ�IRU���K�RI�6L�0Q�VDPSOHV�SUHSDUHG�E\�KLJK
GRVH�0Q��LPSODQWDWLRQ��'� ��������FPÜ���(� 
���� NH9��7V� ����� .� RU� ���� .��� DW� d����.ERWK� XQGHU� ���� 3D� DQG�+3� �����*3D� � UH�
VXOWV�LQ�GLVWLQFW�IHUURPDJQHWLF�RUGHULQJ�>���
��@��7KLV�RUGHULQJ�LV�GHWHFWDEOH�XS�WR�DERYH
URRP�WHPSHUDWXUH��)LJ�����
$W� KLJK�GRVH� 0Q�� LPSODQWDWLRQ

�'t�������FPÜ��� DQG� IRU� 7Vd���� .�� WKH� 6LODWWLFH�QHDU�5S�LQ�6L�0Q�LV�VXEMHFWHG�WR�FRP�
SOHWH�DPRUSKL]DWLRQ��$W�KLJK� WHPSHUDWXUHV�
D�6L�LV�VXEMHFWHG�WR�63(5��GHSHQGLQJ�RQ�DQ�
QHDOLQJ� WHPSHUDWXUH�� +3�� DQG� SURFHVVLQJ
WLPH�� ,Q� WKH� FDVH� RI�6L�0Q� SUHSDUHG� E\� LP�

)LJ�����;5560�V� RI�&]�6L�9� �'� ��������FPÜ��
(� ����� NH9��� SURFHVVHG� IRU� �� K� DW� ����� .
XQGHU�����3D��$��DQG�����*3D��%��

)LJ�����6,06�GHSWK�SURILOHV�RI�&U� LQ�&]�6L�&U
�'� ��������FPÜ��� (� ����� NH9��� SURFHVVHG
IRU���K�DW������.�DQG������.�XQGHU�����3D�

)LJ�����6,06�GHSWK�SURILOHV�RI�&U� LQ�&]�6L�&U
�'� ��������FPÜ��� (� ����� NH9��� SURFHVVHG
IRU� �� K� DW� ����� .� DQG� ����� .� XQGHU
����*3D�

$QGU]HM�0LVLXN��/HH�&KRZ���6LOLFRQ�EDVHG�PDWHULDOV�IRU���
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SODQWDWLRQ�DW�7Vd����.��WKH�6L�VWUXFWXUH�UH�FRYHU\� �63(5� RI� D�6L�� DIWHU� SURFHVVLQJ� DW
����Ü�����.�LV�VWLOO�LQFRPSOHWH��'HSHQGLQJ
RQ� WKH� SURFHVVLQJ� FRQGLWLRQV�� FU\VWDO�
ORJUDSKLF� GHIHFWV�� VXFK� DV� GLVORFDWLRQV� �DV
HYLGHQFHG� E\� WKH� GLVORFDWLRQ�UHODWHG� '�� 3/
OLQH�DW�DERXW������H9���ZHUH�IRUPHG��)LJ�����
,W� KDV� EHHQ� VWDWHG� UHFHQWO\� WKDW� VSHFLILF

ORFDO�RUGHULQJ�QHDU�WKH�LPSODQWHG�0Q�DWRPV
LQ�6L�0Q�FDQ�EH�FULWLFDO�ZLWK�UHVSHFW�WR�PDJ�
QHWLF�RUGHULQJ�>��@��1R�PDUNHG�HIIHFW�RI�WKH
FRQGXFWLYLW\�W\SH�RQ�PDJQHWLF�SURSHUWLHV�RI
6L�0Q� SURFHVVHG� DW� ORZ� WHPSHUDWXUHV� KDV
EHHQ�VWDWHG� >��@�� ,Q� WKH�FDVH�RI�6L�0Q�SURF�
HVVHG�DW�����Ü�����.��WKH�HIIHFW�RI�+3�RQ
GLIIXVLYLW\� RI� 0Q� DWRPV� LV� HVSHFLDOO\� SUR�
QRXQFHG��&RQWUDU\�WR�WKH�FDVH�RI�&U�LQ�6L�&U�
0Q� DWRPV� GLIIXVH� IDVWHU� XQGHU� +3�� HVSH�
FLDOO\� DW� ����� .� >������@�� ,Q� WKH� FDVH� RI
SURORQJHG� ��Ü�� K�� DQQHDOLQJ� XQGHU� ����3D
DQG� LQ� FRQWUDVW� WR� HDUOLHU� REVHUYDWLRQ� IRU
WKH� VKRUWHU� WLPH� SURFHVVHG� 6L�0Q� VDPSOHV
>������@�� VRPH� 0Q� DWRPV� DW� WKH� !����� PP
GHSWK� UHPDLQ�DW� WKH� VDPH�SRVLWLRQ� DV� WKHVH
LQ� WKH�DV�LPSODQWHG�VDPSOH��3HUKDSV�WKLV� LV
UHODWHG� WR� WKH� UHODWLYHO\� KLJK�0Q� VROXELOLW\
LQ�6L� ��������FPÜ�� DQG� �������FPÜ��� UHVSHF�
WLYHO\��IRU�0Q�DQG�&U�DW������.�>��@��DQG�WR
0Q� JHWWHULQJ� RQ� VRPH� LPSODQWDWLRQ�LQGXFHG
GHIHFWV�DW�WKH�EHORZ�5S�GHSWK��2Q�WKH�RWKHUKDQG�� WKH� SUHVHQFH� RI� WHWUDJRQDO� 0Q�6L��ZLWK� 7&|��� .� >��@�� LQ� 6L�0Q� SUHSDUHG� E\
LPSODQWDWLRQ� DW� 7V� ����� .� DQG� SURFHVVHGDW�t����.��KDV�EHHQ�GHWHFWHG�UHFHQWO\�>��@�
7KH� LPSURYHG� URRP�WHPSHUDWXUH� IHUUR�

PDJQHWLVP� KDV� EHHQ� DOVR� UHSRUWHG� IRU� &R�
DQG�0Q�LRQ�LPSODQWHG�VLOLFRQ�>��@�DV�ZHOO�DV
IRU�0Q�LRQ�LPSODQWHG�6L�QDQRZLUHV�>��@�

7R�FRQFOXGH��RXU�UHSRUW�UHYLHZV�KLWKHUWR
SXEOLVKHG� DQG� VRPH� XQSXEOLVKHG� GDWD� FRQ�
FHUQLQJ� WKH� FRPSRVLWLRQ�� VWUXFWXUH�� DQG
PDJQHWLF�SURSHUWLHV�RI�VLQJOH�FU\VWDO�VLOLFRQ
LPSODQWHG� ZLWK� PHGLXP� GRVDJH� RI� YDQD�
GLXP�� FKURPLXP� DQG� PDQJDQHVH� DQG� SURF�
HVVHG� DW� XS� WR� DERXW� ����� .�� DOVR� XQGHU
LQFUHDVHG�K\GURVWDWLF� SUHVVXUH��XS� WR�DERXW
����*3D��6L�9��6L�&U�DQG�6L�0Q��DV�LPSODQWHG
DQG� SURFHVVHG� DW� VSHFLILF� FRQGLWLRQV�� LQGL�
FDWH�GHWHFWDEOH�IHUURPDJQHWLF�RUGHULQJ��ZLWK
7&� RI� VRPH� 6L�0Q� VDPSOHV� DW� DERYH� URRP
WHPSHUDWXUHV�� 6SHFLILF� ORFDO� RUGHULQJ� QHDU
WKH� LPSODQWHG� WUDQVLWLRQ� PHWDO� DWRPV� LQ
6L�0� PDWHULDOV� �0� �9�� &U� RU� 0Q�� FDQ� EH
FULWLFDO� ZLWK� UHVSHFW� WR� WKH� UHSRUWHG� PDJ�
QHWLF�RUGHULQJ��6WLOO��WKH�REVHUYHG�PDJQHWLF
RUGHULQJ� LQ� WKH� DV�LPSODQWHG� DV� ZHOO� DV� LQ
SURFHVVHG�6L�9��6L�&U� DQG�6L�0Q� VHHPV� WR� EH
UHODWHG�LQ�SDUW�WR�WKH�TXDVL�IHUURPDJQHWLVP
REVHUYHG� LQ�VLOLFRQ�LPSODQWHG�ZLWK�QRQPDJ�
QHWLF� VSHFLHV� DQG� WKHQ� SURFHVVHG� DW� UHOD�
WLYHO\�ORZ�WHPSHUDWXUHV�
7R� XQGHUVWDQG� WKH�PHFKDQLVPV� RI� IHUUR�

PDJQHWLF�RUGHULQJ�LQ�LRQ�LPSODQWHG�6L�EDVHG
PDWHULDOV��RI�WKH�IRUPDWLRQ�RI�VSHFLILF�FU\V�
WDOOLQH� PDJQHWLFDOO\� RUGHUHG� SKDVHV� DQG� RI
WKH� RULJLQ� RI� � TXDVL�IHUURPDJQHWLVP� GH�
PDQGV� IXUWKHU� UHVHDUFK�� $� MXVWLILHG� KRSH
FRXOG�EH�H[SUHVVHG�WKDW�QHZ�6L±9��6L±&U�DQG
6L±0Q�PDWHULDOV� EHORQJLQJ� WR� WKH� IDPLO\� RI
'LOXWHG�0DJQHWLF� 6HPLFRQGXFWRUV� DQG� FRP�
SDWLEOH� ZLWK� 6L�EDVHG� PLFURHOHFWURQLFV� ZLOO
EH�GHYHORSHG��

$FNQRZOHGJHPHQWV�� 7KH� DXWKRUV� DUH
WKDQNIXO� WR� '�6F�$�%DUF]� DQG� 0U�0�3UX�
MV]F]\N�IURP�WKH�,QVWLWXWH�RI�(OHFWURQ�7HFK�
QRORJ\�� :DUVDZ�� '�6F�-�%DN�0LVLXN� DQG

)LJ����� 0DJQHWL]DWLRQ� �0�� YHUVXV� PDJQHWLF
ILHOG� �+�� IRU� )]�6L�0Q� �)]� PHDQV� )ORDWLQJ
]RQH� JURZWK��'� ��������FPÜ���(� �����NH9�
7V� ����� .��� SURFHVVHG� IRU� �� K� DW� ���� .XQGHU�����3D��

)LJ�����3KRWROXPLQHVFHQFH��3/��VSHFWUD�RI�)]�
6L�0Q� �'� ��������FPÜ��� (� ����� NH9�� 7V� ����.��� DV� LPSODQWHG� DQG� SURFHVVHG� IRU� �� K
DW������.�XQGHU�����3D�

$QGU]HM�0LVLXN��/HH�&KRZ���6LOLFRQ�EDVHG�PDWHULDOV�IRU���

��� )XQFWLRQDO�PDWHULDOV�������������



'U�:�2VLQQL\�IURP�WKH�,QVWLWXWH�RI�3K\VLFV�
3$6��:DUVDZ�� 0�6F�%�6XUPD� IURP� WKH� ,Q�
VWLWXWH�(OHFWURQ�0DWHULDOV�7HFKQRORJ\��:DU�
VDZ�� 3RODQG�� DQG� 'U�5�9DQIOHHW� IURP
%ULJKDP� <RXQJ� 8QLYHUVLW\�� 3URYR�� 86$�
IRU� H[SHULPHQWDO� DVVLVWDQFH�� VRPH� H[SHUL�
PHQWDO�GDWD�DQG�YDOXDEOH�GLVFXVVLRQ�

5HIHUHQFHV
� ���+�2QR��3K\VLFD�%�����Ü����������������
� ���2�'�-D\DNXPDU�� ,�.�*RSDODNULVKQDQ�� 6�.�.XO�

VKUHVWKD��3K\VLFD�%�������������������
� ���7�'XEURFD��-�+DFN��5�(�+XPPHO�HW�DO���$SSO�

3K\V��/HWW���������������������
� ���0�%ROGXF�� &�$ZR�$IIRXGD�� $�6WROOHQZHUN� HW

DO���3K\V��5HY��%��������������������
� ���$�0LVLXN�� /�&KRZ�� $�%DUF]� HW� DO��� LQ�� +LJK

3XULW\� 6LOLFRQ� ��� (GV�� &�/�&ODH\V�� 5�)DOVWHU�
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