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6RPH� SUHYLRXV� SXEOLFDWLRQV� UHSRUWHG� WKH
PDJQHWRHOHFWULF�HIIHFW��l((��LQ�VLQJOH�FU\V�
WDOV�DQG�HSLWD[LDO�ILOPV�RI�\WWULXP�LURQ�JDU�
QHWV� �<,*�� >�Ü�@�� 7KH� 0((� FRQVLVWV� LQ� LQ�
GXFWLRQ� RI� D� PDJQHWL]DWLRQ� E\� DQ� HOHFWULF
ILHOG�(� RU� SRODUL]DWLRQ� E\� D�PDJQHWLF� ILHOG
+��<,*�VKRZHG�WKH�PDJQHWRHOHFWULF�LQWHUDF�
WLRQ�RI�D� ORZ�YDOXH��KRZHYHU��QXPHURXV�UH�
VHDUFKHV� RQ� WKH� WHFKQRORJLFDO� DVSHFWV� RI
0((� LQ�<,*�KDYH�EHHQ�FDUULHG�RXW� WR�GHP�
RQVWUDWH� WKLV�PDWHULDO� DV� D� SRWHQWLDO� FDQGL�
GDWH�IRU�VRPH�GHYLFHV��RSWLFDO�GLRGHV��PRGX�
ODWLRQ�RI�DPSOLWXGH��SRODUL]DWLRQ��DQG�SKDVH
RI� RSWLFDO� ZDYHV�� HWF��� >�@�� $� JRRG� LVRODWRU
PDWHULDO�PXVW� EH�PDJQHWR�RSWLFDOO\� DFWLYH� DV
ZHOO� DV� WUDQVSDUHQW� LQ� WKH� UDQJH�RI� LQWHUHVW�
<,*�LV�MXVW�VXFK�D�PDWHULDO��,Q�WKLV�SDSHU��ZH
UHSRUW�WKH�UHVXOWV�RI�VRPH�H[SHULPHQWDO�VWXG�
LHV� RI� WKHUPDO� LQIOXHQFH� RQ� PDJQHWRHOHFWULF
FKDUDFWHULVWLFV�RI�HSLWD[LDO�<,*�ILOPV�

:H�XVHG�ODVHU�SRODULPHWHU�WHFKQLTXH��GH�
VFULEHG� LQ� GHWDLO� LQ� >����@�� IRU� RXU� UH�
VHDUFKHV��7KH�PHWKRG�FRQVLVWV�LQ�WKH�UHFRUG�
LQJ� RI� WKH� HOHFWULF� ILHOG�LQGXFHG� FKDQJHV� RI

WKH�PDJQHWR�RSWLFDO�)DUDGD\� URWDWLRQ� LQ� LQ�
YHVWLJDWHG� VWUXFWXUH�Û�D(02�� DQG�UHIHUUHGWR� LQ� >�@� DV� WKH� HOHFWURPDJQHWR�RSWLFDO
�(02��HIIHFW� �(02(���&RQVLGHULQJ�WKH�KLJK
VHQVLWLYLW\� RI� (02(� WR� FKDQJHV� LQ� VWUXF�
WXUDO� FKDUDFWHULVWLFV� RI� PDJQHWRHOHFWULF
ILOPV� >����@�� ZH� KDYH� VWXGLHG� WKH� WKHUPDO
DQQHDOLQJ�HIIHFW�RQ�WKH�FKDUDFWHU�RI�WKH�UH�
FRUGHG� PDJQHWRHOHFWULF� PDQLIHVWDWLRQV� LQ
HSLWD[LDO� <,*� ILOPV�� 0HDVXUHG� ZHUH� WKH
PDJQHWLF� ILHOG� DQG� HOHFWULF� ILHOG� GHSHQG�
HQFHV�RI�(02(��WKH�DQJOH�RI�OLJKW�SRODUL]D�
WLRQ�SODQH�URWDWLRQ�Û�D(02��IRU�WZR�FRQGL�WLRQV� RI� WKH� <,*� ILOP�� SULRU� WR� DQG� DIWHU
WKHUPDO�WUHDWPHQW�RI�WKH�VDPSOH��7KH�PHDV�
XUHPHQWV� ZHUH� FDUULHG� RXW� DW� O� ������PP
�+H±1H�ODVHU�ZDV�XVHG�DV�D�SURELQJ�EHDP�LQ
WKH� H[SHULPHQW�� LQ� WKH� +__(__N� JHRPHWU\�
ZKHUH�+�LV�WKH�VWDWLF�PDJQHWLF�ILHOG��(��WKH
ORZ�IUHTXHQF\�YDULDEOH�HOHFWULF� ILHOG��N�� WKH
OLJKW�ZDYH�YHFWRU�

7KH� <,*� ILOP� ZDV� SODFHG� EHWZHHQ� WZR
RSWLFDOO\� WUDQVSDUHQW� HOHFWURGHV� XVHG� WR
DSSO\� DQ� H[WHUQDO� HOHFWULF� ILHOG� DW� WKH� IUH�
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TXHQF\�Z� �����+]��7KH�HSLWD[LDO�<,*�ILOP
�RI�DERXW����PP�WKLFNQHVV��ZDV�JURZQ�RQ�DQ
DERXW�����PP�WKLFN�JDOOLXP�JDGROLQLXP�JDU�
QHW� �***�� VXEVWUDWH�� 7KH� VDPSOH�ZDV� WKHU�
PDOO\� WUHDWHG� DW�7� �����&� IRU����PLQ�IRO�
ORZHG�E\�VORZ�FRROLQJ�

,Q� )LJ����� VKRZQ� DUH� WKH� H[SHULPHQWDO
PDJQHWLF�ILHOG�GHSHQGHQFHV�RI�(02(��FXUYH��
LV� WDNHQ� SULRU� WR� WKHUPDO� DQQHDO�<,*� ILOP�
DQG�FXUYH����WKHUHDIWHU��7KH�HIIHFW�LV�UHJLV�
WHUHG� XVLQJ� WKH� GRXEOHG� IUHTXHQF\� RI� HOHF�
WULF� ILHOG� �D� (02� HIIHFW� TXDGUDWLF�ZLWK� UH�
VSHFW�WR�HOHFWULF�ILHOG���$V�LV�VHHQ�IURP�)LJ����
D(02�|��� LQ� ILHOGV� FRUUHVSRQGLQJ� WR� WUDQVL�WLRQ�WR�PDJQHWLF�VDWXUDWLRQ�RI�WKH�<,*�ILOP
�+�!�����2H���L�H��WKH�YDOXH�RI�ILOP�PDJQHW�
LVDWLRQ� 0� LQ� HOHFWULF� ILHOG� UHPDLQV� HVVHQ�
WLDOO\� FRQVWDQW�� 7KHVH� GHSHQGHQFHV� VKRZ
WKDW�D�ORZ�WHPSHUDWXUH�WKHUPDO�LQIOXHQFH�RQ
WKH�VDPSOH�UHVXOWV�LQ�DQ�LQFUHDVH�RI�D(02�LQPD[LPXP�� EXW� WKH� FKDUDFWHU� RI� PDJQHWLF�
ILHOG� (02(� GHSHQGHQFHV� GRHV� QRW� FKDQJH
HVVHQWLDOO\�� 7KH� (02(� URWDWLRQ� DPSOLWXGH
�D(02��LQFUHDVHV�E\�D�IDFWRU�RI�DERXW�����DVFRPSDUHG� WR� WKDW� IRU�XQDQQHDOHG�<,*�ILOP�
7KH� FDXVHV� RI� WKLV� LQFUHDVH� ZLOO� EH� FRQVLG�
HUHG�EHORZ�

,Q� )LJ����� WKH� HOHFWULF�ILHOG� GHSHQGHQFHV
RI�(02�HIIHFW��,��,,��SULRU�WR�WKHUPDO�LQIOX�
HQFH� DQG� ,,,�� ,9�� WKHUHDIWHU�� DUH� VKRZQ� IRU
IRXU� PDJQHWLF� ILHOG� YDOXHV� �+�� ����2H�+�� �����2H��+�� ����2H��DQG�+�� �����2H��,W� LV� VHHQ� LQ�)LJ���� WKDW� WKH� UHJLVWHUHG� VLJ�
QDO� �D(02�� YDOXH� GHSHQGV� OLQHDUO\� RQ� WKHVTXDUHG�(�ILHOG�

,Q�RXU�RSLQLRQ�� VXFK�FKDQJH� LQ�WKH�PDJ�
QHWLF�ILHOG�GHSHQGHQFHV�RI�D(02�LQ�<,*�ILOPDIWHU�WKHUPDO�DQQHDOLQJ�FDQ�EH�H[SODLQHG�DV
IROORZV�� 7KH� <,*� ILOPV� FDQ� EH� REWDLQHG
XVLQJ� YDULRXV� WKLQ� ILOP� WHFKQLTXHV�� LQFOXG�
LQJ�WKH�OLTXLG�SKDVH�HSLWD[\��'XULQJ�IRUPD�

WLRQ� RI� HSLWD[LDO� <,*� ILOPV�� PHFKDQLFDO
VWUHVVHV� DQG� VWUDLQV� DULVH� WKHUHLQ� >��@�� 7KH
VWUDLQV� LQ� WKH� VXUIDFH� HSLWD[LDO� ILOP� OD\HU
DUH�LQKRPRJHQHRXV�EHFDXVH�RI�GLIIHUHQFH�EH�
WZHHQ� WKH� ODWWLFH� FRQVWDQWV� RI� WKH� ILOP�DQG
VXEVWUDWH�� 7HPSHUDWXUH� FRQGLWLRQV� RI� V\Q�
WKHVLV� WKH� HSLWD[LDO� ILOP� YROXPH� DQG� ILOP
VXUIDFH� DUH� GLIIHUHQW�� 7KDW� FDXVHV� WKH� IRU�
PDWLRQ� RI� VXSHUILFLDO� WUDQVLWLYH� OD\HUV� DW
WKH� VXEVWUDWH�ILOP� DQG� ILOP�DLU� LQWHUIDFHV�
7KHVH� OD\HUV� GLIIHU� IURP� WKH�<,*� ILOP�YRO�
XPH�QRW�RQO\� LQ�WKH�PLFURFU\VWDOOLQH�KRPR�
JHQHLW\�RYHU�WKH�WKLFNQHVV��DQG��DV�D�FRQVH�
TXHQFH�� LQ� PLFURPDJQHWLF� SDUDPHWHUV��� EXW
DOVR�LQ�WKH�FKHPLFDO�FRPSRVLWLRQ��7KXV��WKH
JDUQHW� ILOPV� JURZQ� RQ� PLVPDWFKHG� VXE�
VWUDWHV� PD\� EH� VWUDLQHG� DQG�� DV� D� UHVXOW�
ORFDO� DUHDV� RU� WKLQ� OD\HUV�PD\� DULVH� LQ� WKH
<,*� ILOP�YROXPH�ZKHUH� WKH� FHQWHU�V\PPHW�
ULF� FXELF� FU\VWDO� VWUXFWXUH� �W\SLFDO� RI� IHU�
ULWH�JDUQHW� VLQJOH� FU\VWDOV�� LV� GLVWRUWHG�
7KHUPDO�LQIOXHQFH�RQ�WKH�VDPSOH�PD\�HOLPL�
QDWH� WKRVH� ORFDO� VWUHVVHV� LQ�<,*� ILOPV�� 7KH
(02� HIIHFW� VTXDUH�ODZ� LQ� HOHFWULF� ILHOG� LV
FKDUDFWHULVWLF� RQO\� IRU� FHQWHU�V\PPHWULF
PDJQHWRHOHFWULF� PDWHULDOV� >�����@� DQG� WKH
LQFUHDVH�RU�GHFUHDVH�RI�(02�VLJQDO�YDOXH�DW
WKH�VDPH�VLWH�RI�<,*�FDQ�WHVWLI\�FKDQJLQJ�LQ
FHQWHU�V\PPHWULF� VWUXFWXUH� RI� WKH� VDPSOH�
,Q� SDUWLFXODU�� LQFUHDVH� RI� (02� VLJQDO� LQ
PD[LPXP� �)LJ����� PD\� EH� D� UHVSRQVH� WR
HOLPLQDWLRQ� RI� LQKRPRJHQHRXV� PHFKDQLFDO
VWUHVVHV� LQ� WKH� SULPDU\� FHQWHU�V\PPHWULF
PDJQHWRHOHFWULF�PDWHULDO�

%HVLGHV�� QRW� H[FOXGHG� LV� WKH� PHFKDQLVP
RI� LPSXULW\� UHGLVWULEXWLRQ� LQ� WKH� FU\VWDO�
ORJUDSKLF� SRVLWLRQV� XQGHU� WKH� WKHUPDO� DQ�
QHDOLQJ� RI� <,*� ILOPV�� 7KH� <,*� ILOPV� DUH
NQRZQ� WR� EH� LQKRPRJHQHRXV� LQ� FRQFHQWUD�
WLRQ� GXH� WR� FRQGLWLRQV� RI� WKHLU� JURZWK�� 2Q

)LJ�� ��� 7KH� PDJQHWLF�ILHOG� GHSHQGHQFHV� RI
(02(�IRU�<,*�ILOP����Ü�EHIRUH�WKHUPDO�LQIOX�
HQFH�RQ�<,*�ILOP����Ü�DIWHU�WKHUPDO�LQIOXHQFH�

)LJ�� ��� 7KH� HOHFWULF�ILHOG� GHSHQGHQFHV� RI
(02(� LQ�<,*� ILOP� IRU� GLIIHUHQW� YDOXHV� RI� D
PDJQHWLF� ILHOG�� ,�,,� Ü� EHIRUH� WKHUPDO� LQIOX�
HQFH� RQ�<,*� ILOP�DQG� ,,,�,9�Ü� DIWHU� WKHUPDO
LQIOXHQFH�
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RFFXSDQF\� RI� GLIIHUHQW� FU\VWDOORJUDSKLF� SR�
VLWLRQV� HVVHQWLDOO\� LQIOXHQFH��:KHQ� WKH� HSL�
WD[LDO�<,*�ILOP�EHLQJ�IRUPHG�RQ�D�VXEVWUDWH
LV� ZLWKGUDZQ� IURP� WKH� VROXWLRQ� �VHSDUDWHG
IURP� WKH� VROXWLRQ�PHOW� VXUIDFH��� WKH� WHP�
SHUDWXUH� FRQGLWLRQV� FKDQJH� �DIWHU� WKH� VHSD�
UDWLRQ��WKH�ILOP�IRUPDWLRQ�VWLOO�SURFHHGV�IRU
VRPH�WLPH��

7KH� PDJQHWLF� DQLVRWURS\� FKDQJLQJ� LQ
<,*� ILOPV� DV� D� UHVSRQVH� WR� WHPSHUDWXUH� LQ�
IOXHQFH�LQ�WKLV�FDVH�PD\�EH�FDQQRW�EH�HVVHQ�
WLDO��DV�WKH�DQQHDOLQJ�WHPSHUDWXUH�DQG�WLPH
DUH� TXLWH� VPDOO�� 7KRXJK� LW� LV� NQRZQ� >��@
WKDW� D� UDWKHU� ORQJ� WKHUPDO� DQQHDOLQJ� RI
HSLWD[LDO� ILOPV� ���� KRXUV� DQG� PRUH�� DW
7�!������&� �KLJK�WHPSHUDWXUH� DQQHDOLQJ�
PD\�UHVXOW� LQ�DQ�HVVHQWLDO�UHGXFWLRQ�RU�IXOO
GLVDSSHDUDQFH� RI� WKH� XQLD[LDO� DQLVRWURS\
ILHOG�ZKLFK�DULVHV�DW�WKH�ILOP�JURZWK�

7KXV�� ZH� KDYH� UHYHDOHG� LQ� H[SHULPHQW
FKDQJHV� LQ�PDJQHWLF�ILHOG� DQG� HOHFWULF�ILHOG
GHSHQGHQFHV�RI�(02(�LQ�HSLWD[LDO�<,*�ILOPV
DIWHU�WKHUPDO�DQQHDOLQJ��7KH�UHVXOWV�RI�RXU
H[SHULPHQWV�VKRZ�WKDW�WKH�UHOD[DWLRQ�RI�LQ�
KRPRJHQHRXV� PHFKDQLFDO� VWUHVVHV� LQ� WKH
VWXGLHG� VDPSOH� DQG� UHOD[DWLRQ� RI� WKH� ILOP

VWUDLQV�E\�WKH�VXEVWUDWH�FDQ�EH�WKH�SULQFLSDO
FDXVH�RI�WKH�VSHFLILHG�FKDQJHV�
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