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���,QWURGXFWLRQ
1RZDGD\V�� WKH� REWDLQLQJ� RI� SRURXV� DQ�

RGLF� DOXPLQXP� R[LGH� �$$2�� IURP� WKH� YDUL�
RXV�HOHFWURO\WHV�KDV�DWWUDFWHG�WKH�LQFUHDVLQJ
RI� DWWHQWLRQ� DV� D� PDWHULDO� IRU� WKH� GHYHORS�
PHQW�RI�QHZ�QDQRVFDOH�REMHFWV�ZLWK�XQXVXDO
DQG� XQLTXH� SURSHUWLHV� >�Ü�@�� 7KHUH� DUH� D
QXPEHU� RI� SURSHUWLHV� VXFK� DV� WKH� SRUHV
VWULFW�RUGHU�DW�ODUJH�VXUIDFH�DUHDV��WKH�QDU�
URZ� GLVSHUVLRQ� RI� WKH� SRUHV� GLDPHWHUV� DQG
LQWHUYDOV�EHWZHHQ�WKHP��WKH�FRQWUROOHG�SRUH
GLDPHWHU�� WKH� LGHDO� F\OLQGULFDO� VKDSH� DQG
WKH�VWULFWO\�SDUDOOHO�FKDQQHOV�QHHGHG�WR�FUH�
DWH� QHZ� PDWHULDOV� EDVHG� RQ� WKH� QDQRVL]HG
REMHFWV��$� SRVVLELOLW\� RI� WKH�KLJKO\� RUGHUHG
FRPSRVLWH�PDWHULDOV�REWDLQLQJ�OLNH�WKH�FDUE�
RQ�$$2�� WKH� SRO\PHU�$$2�� WKH�PHWDO�$$2�
WKH� VHPLFRQGXFWRU�$$2� >�Ü�@�� WRJHWKHU
ZLWK� WKHLU� RSWLFDO� SURSHUWLHV� >��Ü��@�� SHU�
PLWV� WR� FUHDWH� VRPH� QHZ� RSWRHOHFWURQLF� GH�

YLFHV��7KH�DQRGLF�DOXPLQD�ILOPV�ZLWK�D�KLJK
GHJUHH� RI� VXUIDFH�RUGHULQJ�DUH�DOVR�XVHG�DV
WZR�GLPHQVLRQDO� SKRWRQLF� FU\VWDOV� >��@�� DV
FDWKRGHV� IRU� RUJDQLF� OLJKW�HPLWWLQJ� GLRGHV
>��@��KXPLGLW\�VHQVRUV�>�����@�

,Q� UHFHQW� \HDUV�� LW� KDV� EHHQ� GHYHORSHG
PDQ\� WHFKQRORJLHV� IRU� FUHDWLQJ� RUGHUHG� SR�
URXV� OD\HUV� RI� DOXPLQLXP� R[LGH�� ZKLFK� DUH
EDVHG� RQ� FUHDWLRQ� RI� WKH� SHULRGLF� VWUXFWXUH
RQ�DOXPLQXP�VXUIDFH�XVLQJ�GLIIHUHQW�PHWK�
RGV��1DQRLPSULQW�PHWKRG�>��@��IRU�H[DPSOH�
LQYROYHV� FUHDWLRQ� RI� D� VWDPS� RQ� DOXPLQXP
VXUIDFH� ZLWK� D� PDWUL[� PDGH� RQ� WKH� VLOLFRQ
FDUELGH� EDVLV�ZLWK� WKH� IROORZLQJ� DQRGL]LQJ�
&RQWURO� RI� WKH� SHULRGLF� VWUXFWXUH� RI� DOXPL�
QXP�R[LGH� LV� WKHQ� FDUULHG� RXW� E\� FKDQJLQJ
WKH�WLPH�SDWWHUQ�RI�WKH�PDWUL[��7KLV�PHWKRG
DOORZV� FUHDWLQJ� WKH� SHUIHFW� RUGHUHG� DUUD\V
RI�SRUHV��6RPH�RWKHU�WHFKQRORJLHV� LQYROYH�D
FUHDWLRQ�RQ�DOXPLQXP�VXUIDFH�RI�WKH�DUWLIL�
FLDO�QDQRUHOLHI�ZLWK�D�VFDQQLQJ�SUREH�PLFUR�
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VFRSH� >��@��ZKLFK�JHQHUDWHV�DQ�DUUD\�RI�WKH
QDQRVFDOH�SLWV�RUGHUO\�DUUDQJHG��IROORZHG�E\
DQRGLF� R[LGDWLRQ� RI� WKH� VDPSOH�� +RZHYHU�
WKHVH�PHWKRGV�DUH�FRPSOH[��SUHFLVH�DQG�DOVR
YHU\�FRQWLQXRXV��WKDW�OHDGV�WR�KLJK�FRVWV�RI
WHFKQRORJ\�DQG�WR�LWV�ORZ�RXWSXW�

7KH�DLP�RI�WKLV�ZRUN�LV�REWDLQ�KLJKO\�RU�
GHUHG� ILOPV� RQ� WKH� EDVLV� RI� $$2� IRU� ODWHU
XVH�DV�D�WHPSODWH�IRU�FUHDWLQJ�RUGHUHG�FRP�
SRVLWHV�RI�IOXRUHVFHQW�QDQRPDWHULDOV�RI�YDUL�
RXV�FRPSRVLWLRQV�

���([SHULPHQWDO
$QRGLF� DOXPLQXP� R[LGH� ILOPV� ZHUH� SUH�

SDUHG�E\�WZR�VWHS�HOHFWURO\WLF�R[LGDWLRQ��WKH
VWDUWLQJ�PDWHULDO� ZDV� D� KLJK� SXULW\� DOXPL�
QXP� �������� ��� WKH� VKHHW� WKLFNQHVV� LV
����PP���7KH�DOXPLQXP�VXEVWUDWH�ZHUH�DQ�
QHDOHG� RQ� DLU� IRU� ��� K� DW� ����&� WR� UHOLHYH
WHQVLRQ� LQ� WKH� PHWDO� DQG� IRU� LQFUHDVLQJ� RI
WKH� PHWDO� PLFURFU\VWDOV� VL]H� WR� DFKLHYH� D
EHWWHU� RUGHULQJ� RI� WKH� VWUXFWXUH��7KHQ�� WKH
VXEVWUDWHV�ZHUH� VXEMHFWHG� WR� FKHPLFDO� HWFK�
LQJ�LQ�DQ�DTXHRXV�VRGLXP�K\GUR[LGH��1D2+�
���ZW�����VROXWLRQ�DW����&�IRU���PLQ��)XU�
WKHU� WKH� FKHPLFDO� SROLVKLQJ� RI� VDPSOHV�ZDV
FDUULHG�RXW�DW�����&�IRU���PLQ��LQ�WKH�VROX�
WLRQ�RI������+�32�� �U� ������J�PO�������

+�62�� �U� ������ J�PO��� �� �� +12�� �U� ���� J�PO�� DQG�����+�2� �E\� YROXPH��� $V� DUHVXOW��ZH�REWDLQHG�WKH�VPRRWK�VXUIDFH�VXE�
VWUDWHV��ZKLFK�ZHUH�VXEMHFWHG�WR�DQRGLF�R[L�
GDWLRQ�

$W� WKH� ILUVW� VWDJH� DOXPLQXP� HOHFWURO\WLF
R[LGDWLRQ�ZDV�FDUULHG�RXW�LQ�D�WZR�HOHFWURGH
HOHFWURFKHPLFDO� FHOO� LQ� HOHFWURO\WH� VROXWLRQ
RI� R[DOLF� DFLG� �&22+��� ZLWK� F� �����PRO�OXQGHU� YLJRURXV� VWLUULQJ�� WKH� HOHFWURO\WH� VR�
OXWLRQ� WHPSHUDWXUH� ZDV� ��&�� WKH� YROWDJH
YDOXH� ZDV� ��� 9�� 7KH� DOXPLQXP� DQRGH�VXE�
VWUDWH� PRXQWHG� LQ� WKH� ERWWRP� RI� WKH� FHOO�
WKURXJK� ZKLFK� FRROLQJ� ZDV� FDUULHG� RXW
XVLQJ� 3HOWLHU� HOHPHQW�� 7KH� VWDLQOHVV� VWHHO
SODWH�KDV�EHHQ�XVHG�DV�FDWKRGH�

$IWHU�WKH�ILUVW�VWDJH�RI�DQRGL]LQJ�GXULQJ
���K��WKH�REWDLQHG�R[LGH�OD\HU�RQ�DOXPLQXP
VXUIDFH� ZDV� VHOHFWLYHO\� GLVVROYHG� LQ� GLOXWH
VROXWLRQ� SKRVSKRULF� DFLG�+�32�� ������ZLWK
FKURPLXP� R[LGH� �9,�� &U2�� �F� ���� J�O�� DW���&��$OXPLQXP�VXEVWUDWHV�ZLWK�DQ�RUGHUHG
URXJKQHVV� ZHUH� UHFHLYHG�� DIWHU� WKDW� WKH\
ZHUH� VXEMHFWHG� WR� UHSHDWHG� HOHFWURO\WLF� R[L�
GDWLRQ� DW� WKH� VDPH� FRQGLWLRQV�� 7KH� VHFRQG
VWDJH� RI� DQRGL]LQJ�KHOG� GXULQJ� ���K� WRR�� D
WKLFNQHVV� RI� WKH� SRURXV� DOXPLQXP� R[LGH
OD\HU�ZDV�DSSUR[LPDWHO\�����PP�

)LJ�����6(0�LPDJHV�RI�WKH�VWUXFWXUH�$$2��D��WKH�ILUVW�VWDJH�RI�DQRGLF�R[LGDWLRQ�RI�DOXPLQXP��
�E��DQG��F��WKH�VHFRQG�VWDJH�RI�DQRGLF�R[LGDWLRQ�RI�DOXPLQXP���G��EDUULHU�OD\HU�RI�$$2�

$�9�9RORVKNR�HW�DO����+LJKO\�RUGHUHG�QDQRSRURXV����

)XQFWLRQDO�PDWHULDOV������������� ��



7KH� SRURXV� R[LGH� ILOPV� ZHUH� VHSDUDWHG
IURP� WKH� DOXPLQXP� VXEVWUDWHV� E\� WKHLU� VH�
OHFWLYH� GLVVROXWLRQ� LQ� �����PHWKDQRO� VROX�
WLRQ� RI� EURPLQH� �%U��� DW� ���&�� 7KHQ� WKHILOPV�ZHUH�ZDVKHG�ZLWK�PHWKDQRO�DQG�GULHG
LQ� DLU� DW� URRP� WHPSHUDWXUH��$IWHU� WKDW� WKH
VDPSOHV� ZHUH� KHDW� WUHDWHG� LQ� WKH� WHPSHUD�
WXUH�UDQJH����Ü����&�

7KH�VWUXFWXUH�RI�WKH�VDPSOHV�ZDV�VWXGLHG
XVLQJ� D� VFDQQLQJ� HOHFWURQ�PLFURVFRSH� -60�
����/9��6(0��

/XPLQHVFHQFH�VSHFWUD�ZHUH�UHFRUGHG�XVLQJ
VSHFWURIOXRULPHWHU� RQ� WKH� EDVH� RI� D� JUDWLQJ
PRQRFKURPDWRU� 0'5����� /XPLQHVFHQFH� ZDV
H[FLWHG�E\�D�+H±&G�ODVHU��O� �����QP��

���'LVFXVVLRQ
$$2� VDPSOHV� LQYHVWLJDWLRQ� XVLQJ� 6(0

VKRZV� WKDW� WKH� ILUVW� VWDJH� RI� DQRGLF� R[LGD�
WLRQ� OHDGV� WR� IRUPDWLRQ� RQ� WKH� DOXPLQXP
VXUIDFH�RI�LUUHJXODUO\�DUUDQJHG�SRUHV�RI�GLI�
IHUHQW� GLDPHWHUV� �)LJ���D��� 7KLV� IDFW� LOOXV�
WUDWHV� WKH� QHFHVVLW\� RI� WKH� UHSHDWHG� DQRGLF
R[LGDWLRQ� RI� WKH� VDPSOH� ZLWK� WKH� SULRU� UH�
PRYDO� RI� DOXPLQXP�R[LGH� OD\HU��ZKLFK�ZDV
UHFHLYHG�DW�WKH�ILUVW�VWDJH�

7KH� $$2� VDPSOHV�� ZKLFK� ZHUH� REWDLQHG
LQ�WKH�WZR�VWHS�DOXPLQXP�DQRGL]LQJ��UHYHDO
DQ�RUGHUHG�SRURXV�VWUXFWXUH�ZLWK�D�SHUSHQ�
GLFXODU�DUUDQJHPHQW�RI�SRUHV�FKDQQHOV�UHOD�
WLYH�WR�WKH�VDPSOH�VXUIDFH��7KH�VWUXFWXUH�RI
DQRGLF� ILOPV� FRQVLVWV� RI� GRPDLQV� �UHJLRQV
ZLWK� VWULFWO\� KH[DJRQDO� DUUDQJHPHQW� RI
FKDQQHOV�� ZLWK� VL]H� RI� �Ü��� PP�� ZKLFK� LV
GLVRULHQWHG� UHODWLYH� WR� HDFK� RWKHU� �)LJ���E��
0DWKHPDWLFDO� WUHDWPHQW� RI� WKH� REWDLQHG� E\
6(0� GDWD� VKRZV� WKDW� WKH� DYHUDJH� SRUH� GL�
DPHWHU�LV���r��QP�DQG�WKH�GLVWDQFH�EHWZHHQ
WKHLU�FHQWHUV�LV���r��QP��)LJ���F��

$IWHU� WKH� VHSDUDWLRQ� RI� $$2� ILOP� IURP
WKH�DOXPLQXP�VXEVWUDWH�� WKH�EDFNVLGH�SRUHV
DUH�FORVHG�E\�WKH�EDUULHU�OD\HU�>��@��5HYHUVH
VLGH� RI� WKLV� ILOP� KDV� KH[DJRQDOO\� DUUDQJHG
KHPLVSKHUHV� WKDW� IRUPHG� IURP� WKH� EDUULHU
OD\HU�� WKH�KHPLVSKHUH� FHQWHU�FRLQFLGHV�ZLWK
WKH� FKDQQHO� SRUH� FHQWHU�� $FFRUGLQJ� WR� WKH
6(0�GDWD�DQG�IXUWKHU�PDWKHPDWLFDO�FDOFXOD�
WLRQV�� WKH� DYHUDJH� GLVWDQFH� EHWZHHQ� WKH
KHPLVSKHUHV�LV���r��QP��)LJ���G��

,Q� WKH� OXPLQHVFHQFH� VSHFWUXP� RI� WKH
XQDQQHDOHG� $$2� ILOP� VDPSOH� GHPRQVWUDWHV
WKH� EURDG� EDQG� �OPD[� ����� QP�� EHORQJLQJWR� ODWWLFH� GHIHFWV� >��@� �)LJ����� FXUYH����� 7R
UHPRYH� WKHVH� GHIHFWV� WKH� ILOPV� ZHUH� DQ�
QHDOHG� DW� GLIIHUHQW� WHPSHUDWXUHV�� ZKLFK� GR
QRW� EUHDN� WKH� RUGHUHG� VWUXFWXUH� RI� WKH
ILOPV�� IRU� �� K�� ,W�ZDV� IRXQG� WKDW� WKH� RSWL�
PDO�DQQHDOLQJ� WUHDWPHQW� LV� H[SRVXUH�RI� WKH

VDPSOH� IRU���K� DW�7� �����&� UHVXOWLQJ� LQ� D
VLJQLILFDQW�GHFUHDVH� RI� WKH�GHIHFWV� OXPLQHV�
FHQFH�LQWHQVLW\�ZLWKRXW�GLVWXUELQJ�WKH�PDWH�
ULDO�VWUXFWXUH��)LJ�����

���&RQFOXVLRQV
,Q� WKLV� ZRUN� KLJKO\�RUGHUHG� ZHDN�OXPL�

QHVFHQW�SRURXV�DQRGLF�DOXPLQXP�R[LGH�ILOPV
KDV� EHHQ� REWDLQHG�� 7KH� WKLFNQHVV� RI� WKH
ILOPV� LV�QHDU�����PP�� WKH� SRUH� GLDPHWHU� LV
��r�� QP� DQG� WKH� DYHUDJH� GLVWDQFH� EHWZHHQ
WKHLU�FHQWHUV�LV���r��QP��6XFK�ILOPV�FDQ�EH
XVHG�DV�WHPSODWHV�IRU�FUHDWLRQ�RI�KLJKO\�RU�
GHUHG� QDQRVWUXFWXUHG� FRPSRVLWH� PDWHULDOV
RI�YDULRXV�FRPSRVLWLRQ�DQG�OLQHDU�VL]H�
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)LJ����� /XPLQHVFHQFH� VSHFWUD� RI� $$2� ILOPV
�OH[F� ����� QP�� DW� GLIIHUHQW� DQQHDOLQJ� WUHDW�PHQW� GXULQJ� �� KRXUV�� �� Û� XQWUHDWHG� ILOP�
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