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7KH� UHFHQW� LQWHUHVW� LQ� VWXGLHV� RI� PXOWL�
OD\HUHG� V\VWHPV� LV� FRQQHFWHG� QRW� RQO\�ZLWK
WKH� FRQWLQXRXV� VHDUFK� IRU� QRYHO� HOHPHQWDO
EDVLV� IRU� PLFURHOHFWURQLFV� EXW� DOVR� ZLWK� D
SRVVLELOLW\�WR�GUDZ�IURP�VXFK�VWXGLHV�LPSRU�
WDQW� IXQGDPHQWDO� LQIRUPDWLRQ� FRQFHUQLQJ
WKH� LQWHUDFWLRQ� RI� FRQGXFWLYLW\� HOHFWURQV
ZLWK� LQWHUIDFHV� EHWZHHQ�PDWHULDOV� GLIIHULQJ
LQ�SK\VLFDO�FKDUDFWHULVWLFV��,W�LV�ZHOO�NQRZQ
WKDW�IHUURPDJQHWLF�OD\HUV�RI�)H��&R��1L��DQG
DOOR\V� WKHUHRI�� ZKHQ� GLYLGHG� E\� QRQ�IHUUR�
PDJQHWLF� PHWDO� OD\HUV� VXFK� DV� &X�� $J�� 3W�
&U��HWF���FDQ�EH�LQYROYHG�LQWR�IHUURPDJQHWLF
�)0�� RU� DQWLIHUURPDJQHWLF� �$)0�� H[FKDQJH
LQWHUDFWLRQ��GHSHQGLQJ�RQ�WKH�QRQ�IHUURPDJ�
QHWLF� OD\HU� WKLFNQHVV�� +HQFH�� QXPHURXV
WKHRUHWLFDO� DQG� H[SHULPHQWDO� ZRUNV� ZDV
DLPHG� DW� VWXGLHV� RI� PXOWLOD\HU� &R�&X� DQG
)H�&U� ILOPV� VKRZLQJ� WKH� JLDQW� PDJQHWRUH�
VLVWDQFH� �*05�� HIIHFW�� 7KHUH� DUH� RQO\� IHZ
ZRUNV� GHDOLQJ�ZLWK�*05� LQ� RWKHU� V\VWHPV�

VXFK�DV�)H1L�&X�$J���'\�6F��DOWKRXJK�VRPH
VSHFLILF�IHDWXUHV�DUH�REVHUYDEOH�LQ�WKRVH�V\V�
WHPV�� WRR�� ,Q� WKH� ILUVW� FDVH�� WKH� DEVHQFH� RI
K\VWHUHVLV� LV� SRVVLEOH� ZKLOH� LQ� WKH� VHFRQG
RQH�� D� KLJK� SRVLWLYH� PDJQHWRUHVLVWDQFH
YDOXH� >�@�� 7KH� ILOP� V\VWHP� ZLWK� IHUURPDJ�
QHWLF� OD\HUV� )H��1L��� �3HUPDOOR\� ��+�� LVVWLOO�LQVXIILFLHQWO\�VWXGLHG�LQ�ZKDW�FRQFHUQV
WKH� *05�� ,Q� WKLV� ZRUN�� WKH� FU\VWDO� VWUXF�
WXUH�� SKDVH� FRPSRVLWLRQ� DQG� PDJQHWRUHVLV�
WLYH� HIIHFW� LV� VWXGLHG� IRU� IUHVKO\� FRQGHQVHG
WKUHH�OD\HU� )H1L�&X�$J��)H1L� ILOPV� DV� ZHOO
DV� WKH� GHSHQGHQFH� RI� PDJQHWRUHVLVWDQFH
�05��RQ� WKH� WHPSHUDWXUH� DQG� WKH�QRQ�PDJ�
QHWLF�LQWHUOD\HU�WKLFNQHVV�

7KH� WKUHH�OD\HU� )H1L�&X�$J��)H1L� ILOPV
FRPSULVLQJ� ��� WR� ��� QP� WKLFN� )H1L� OD\HUV
DQG� �� WR� ��� QP� WKLFN�&X� RU�$J� RQHV� ZHUH
SUHSDUHG� LQ� D� 983��0� YDFXXP� XQLW� �WKH
UHVLGXDO� SUHVVXUH� ��Ü�� 3D�� XVLQJ� HOHFWURQ
EHDP�VSXWWHULQJ� �)H1L�� DQG�UHVLVWLYH�HYDSR�
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UDWLRQ� �&X�� $J��� 7KH� EXON� 3HUPDOOR\� ��+
ZDV� XVHG� DV� WKH� LQLWLDO� PDWHULDO� WR� GHSRVLW
)H1L� OD\HUV�� 7KH� ILOPV� ZHUH� GHSRVLWHG� RQWR
JODVV� VXEVWUDWHV� �IRU� UHVLVWDQFH� DQG� 05
PHDVXUHPHQWV�� DQG� .%U� FOHDYHV� �IRU� VWUXF�
WXUH� LQYHVWLJDWLRQV�� DW� URRP� WHPSHUDWXUH�
7KH� OD\HU� WKLFNQHVV� ZDV� FRQWUROOHG� E\� WKH
GHSRVLWLRQ� GXUDWLRQ� DW� D� NQRZQ� FRQGHQVD�
WLRQ� UDWH�� 7R� GHWHUPLQH� WKH� FRQGHQVDWLRQ
UDWH�� D� VHULHV� RI� VLQJOH�OD\HU�)H1L��&X�� DQG
$J� ILOPV� ZDV� SUHSDUHG� DQG� WKH� WKLFNQHVV
WKHUHRI� ZDV�PHDVXUHG� XVLQJ� D�0,,��� LQWHU�
IHURPHWHU�ZLWK�FRPSXWHUL]HG�V\VWHP�UHFRUG�
LQJ�WKH�LQWHUIHUHQFH�SDWWHUQ�>�@��7R�SURYLGH
WKH� SDUDOOHO� RULHQWDWLRQ� RI� HDV\� PDJQHWL]D�
WLRQ�D[HV�LQ�IHUURPDJQHWLF�OD\HUV��WKH�ILOPV
ZHUH�GHSRVLWHG�LQ�DQ�H[WHUQDO�PDJQHWLF�ILHOG
DW�+� ���N$�P������2H���7R�VWXG\�WKH�05�
WKH�VDPSOH�JHRPHWU\��DV�D���r�����PP�ORQJ
DQG��r�����PP�ZLGH�UHFWDQJXODU�VWULS��ZDV
SURYLGHG� XVLQJ� D� VSHFLDO� 1LFKURPH� IRLO
VFUHHQ��7KH�VDPSOHV�VR�SUHSDUHG�ZHUH�WUDQV�
IHUUHG� LQWR� D� VSHFLDO� VHWXS� SURYLGLQJ� DQ
XOWUD�KLJK�RLO�IUHH�YDFXXP����Ü��WR���Ü��3D�
>�@�� VLQFH� WKH�PHDVXUHPHQWV� RI�05�DQG� LWV
WHPSHUDWXUH� GHSHQGHQFH� FRQWLQXHG� VHYHUDO
WHQV� RI� KRXUV� DQG� LQYROYHG� �� RU� �� KHDW�
LQJ�FRROLQJ�F\FOHV�ZLWKLQ�����WR�����.�WHP�
SHUDWXUH�UDQJH�

7KH� HOHFWULF� UHVLVWDQFH� ZDV� PHDVXUHG
XVLQJ� WKH� VWDQGDUG� WZR�SUREH� WHFKQLTXH� DW
������ �� UHODWLYH� HUURU�� 7KH� PDJQHWRUHVLV�
WDQFH�ZDV�GHWHUPLQHG�XVLQJ�WKH�NQRZQ�UHOD�
WLRQVKLS� '5�5�� ��5�+��Ü�5���5��� ZKHUH
5�+��LV�WKH�UHVLVWDQFH�RI�D�PXOWLOD\HU�LQ�WKHPDJQHWLF� ILHOG�+��5��� WKH�PD[LPXP�PXOWL�OD\HU�UHVLVWDQFH��6LQFH�WKH�VDPSOH�WKLFNQHVV
LV�QRW� LQFOXGHG� LQ� WKH� IRUPXOD��WKH�05�GH�
WHUPLQDWLRQ�DFFXUDF\�LV�GHILQHG�E\�WKDW�RI�5
PHDVXUHPHQW�� 7KH� ILOP� FU\VWDO� VWUXFWXUH
ZDV�VWXGLHG�XVLQJ�WKH�WUDQVPLVVLRQ�HOHFWURQ
PLFURVFRS\� �3(0����� LQVWUXPHQW�� DQG� WKH
SKDVH�FRPSRVLWLRQ��E\�HOHFWURQ�GLIIUDFWLRQ�

,Q�PRVW� FDVHV�� WKH� FRQGHQVHG�)H1L� ILOPV
GLIIHU� LQ� FRPSRVLWLRQ� IURP� WKH� LQLWLDO� DOOR\
�3HUPDOOR\� ��+�� GXH� WR� IUDFWLRQDWLRQ� >�@�
7KDW� LV� ZK\� ZH� KDYH� VWXGLHG� VSHFLDOO\� WKH

FKHPLFDO� FRPSRVLWLRQV� RQ� WKH� LQLWLDO� DOOR\
DQG� WKH� ILOPV�XVLQJ� DQ�('6� HQHUJ\�GLVSHU�
VLRQ� VSHFWURPHWHU��7KH�UHVXOWV� REWDLQHG� DUH
SUHVHQWHG� LQ� 7DEOH�� 7KH� LQLWLDO� PDWHULDO� LV
VHHQ� WR� FRUUHVSRQG� WR� ��� �� )H�Ü������1L
�WKH� PHDVXUHPHQW� HUURU� EHLQJ� ZLWKLQ
��������$OO� XQDQQHDOHG� ILOPV� DUH� SRO\FU\V�
WDOOLQH� RQHV� ZLWK� D� YHU\� VPDOO� JUDLQ� VL]H
�OHVV� WKDQ� �� QP��� 7KH� HOHFWURQ� PLFURVFRSLF
LPDJHV� RI� WKH� ILOPV� ZLWK�&X� DQG�$J� LQWHU�
OD\HUV� DUH� VLPLODU� WR� WKRVH� RI� VLQJOH�OD\HU
)H1L�DOOR\�>�@��$V�DQ�LOOXVWUDWLRQ��)LJV���D�E
VKRZ�WKH�VWUXFWXUH�DQG�HOHFWURQ�GLIIUDFWLRQ
SDWWHUQV� IRU� )H1L�&X�)H1L� DW� G)H1L� ���QP��G&X� ���QP�DQG�IRU�)H1L�$J�)H1L�DWG)H1L� ���� QP�� G$J� ��� QP�� 7KH� IUHVKO\FRQGHQVHG� ILOPV� FRQWDLQ� WKH� IFF�SKDVH�ZLWK
WKH� ODWWLFH� SDUDPHWHU� D� RI� ������ WR
������QP��7KH�EDQGV�FRUUHVSRQGLQJ�WR�)H1L
DQG� &X� DUH� LQGLVWLQJXLVKDEOH� GXH� WR� YHU\
FORVH� LQWHUSODQH� VSDFLQJV� �WKH� ODWWLFH� SD�
UDPHWHU�IRU�EXON�3HUPDOOR\�RI�WKH�FRPSRVL�
WLRQ�LQ�TXHVWLRQ�LV�D�� ��������QP�>�@�ZKLOHIRU�FRSSHU��D�� ��������QP���,Q�WKH�HOHFWURQGLIIUDFWLRQ� SDWWHUQV� RI�)H1L�$J�)H1L� ILOPV�
EDQGV� RI� WKH� IFF� $J� SKDVH� �D� ������Ü
������QP��D�� ��������QP��DQG�RI�IFF�)H1LDOOR\��)LJ���F��

7KH� 05� PHDVXUHPHQW� UHVXOWV� IRU� WKH
WKUHH�OD\HU� ILOPV� DUH� VKRZQ� LQ� )LJ����� )RU
XQDQQHDOHG� )H1L�&X�$J��)H1L� ILOPV� ZLWK
G)H1L�RI����WR����QP��G&X�RI���WR����QP�DQGG$J�RI���WR����QP��D�GHFUHDVH�RI�WKH�HOHFWULFUHVLVWDQFH�LV�REVHUYHG�LQ�PDJQHWLF�ILHOG��LQ�

)LJ����0LFURVWUXFWXUH� �D��DQG�HOHFWURQ�GLIIUDF�
WLRQ� SDWWHUQ� �E�� RI� DQ� XQDQQHDOHG� WKUHH�OD\HU
)H1L�&X�)H1L�ILOP�ZLWK�G)H1L� ����QP��G&X� �� QP�� HOHFWURQ� GLIIUDFWLRQ� SDWWHUQ� �F�� RI� DQ
XQDQQHDOHG�WKUHH�OD\HU�)H1L�$J�L)H1L�ILOP�ZLWK
G)H1L� ����QP��G$J� ���QP�

7DEOH�� (OHPHQWDO� FRPSRVLWLRQ� RI� )H����1L���DOOR\�
6DPSOH�WKLFNQHVV��QP v)H��� &1L���

%XON�)H����1L��� ���� ����
�� ���� ����
��� ���� ����
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GHSHQGHQW� RI� WKH� VDPSOH� DUUDQJHPHQW� UHOD�
WLYH� WR� WKH� PDJQHWLF� ILHOG� LQGXFWLRQ� OLQHV
�)LJ���D�E�F��� 7KLV� IDFW� LV� D� FKDUDFWHULVWLF
VLJQ� RI� WKH� *05� HIIHFW� >�@�� ,W� LV� WR� QRWH�
KRZHYHU�� WKDW� RQO\� DQ� $05� ��'5�5��PD[� �����WR��������LV�REVHUYHG�IRU�ILOPV�ZLWK�D
VLOYHU�LQWHUOD\HU�ZKHQ�G$J�LV���WR���QP��$VWKH�G$J� LQFUHDVHV� IXUWKHU�� WKH� ILOP�05� EH�KDYHV�VLPLODUO\�WR�WKDW�RI�ILOPV�ZLWK�FRSSHU
LQWHUOD\HU�� )RU� WKH� ILOPV� ZLWK� G&X� RI� �� WR��QP��)LJ���G���D�FRQVLGHUDEOH�GLIIHUHQFH�EH�
WZHHQ� WKH� ORQJLWXGLQDO� DQG� WUDQVYHUVDO�05
YDOXHV� LV� W\SLFDO�� WKH� ODWWHU� H[FHHGLQJ� WKH
IRUPHU�E\�D�IDFWRU�RI���WR����)RU�WKH�ILOPV
ZLWK�G&X� RI� �� WR� ��� QP�� WKH�'5�5��+�� GH�SHQGHQFHV�IRU�WKH�ORQJLWXGLQDO�DQG�WUDQVYHU�
VDO�05�DUH�DOPRVW�FRLQFLGHQW��DQG�IRU�VRPH
ILOPV�� WKH� ORQJLWXGLQDO�05�H[FHHGV� LQVLJQL�
ILFDQWO\�WKH�WUDQVYHUVDO�RQH��7KH�PDJQHWRUH�
VLVWDQFH�YDOXH�DWWDLQV�����DW�URRP�WHPSHUD�
WXUH�� ZKLOH� $05� QRW� H[FHHGLQJ� ���� �� LV
REVHUYHG� IRU� XQDQQHDOHG� )H1L� ILOPV�� 7KXV�
WKH�*05�HIIHFW� VHHPV� WR�EH�UHDOL]HG� LQ�WKH
WKUHH�OD\HU�V\VWHPV�

7KH�*05�UHVXOWV� IURP�GLIIHUHQW� VFDWWHU�
LQJ�RI�WZR�HOHFWURQ�JURXSV�GLIIHULQJ�LQ�VSLQ
RULHQWDWLRQ�UHODWLYH�WR�WKH�PDJQHWL]DWLRQ�GL�
UHFWLRQ�RI�WKH�PDJQHWLF�VWUXFWXUH�WKDW�VFDW�
WHUV� WKH� HOHFWURQV� >�@�� ,Q� PXOWLOD\HUV�� WKH
LQWHUIHUHQFH� RI� HOHFWURQ� ZDYHV� UHIOHFWHG

IURP�WKH�RXWHU�DQG�LQQHU�LQWHUIDFHV�EHWZHHQ
WKH� PDJQHWLF� DQG� QRQ�PDJQHWLF� OD\HUV� LV
DOVR�NQRZQ�WR�FRQWULEXWH�FRQVLGHUDEO\�WR�WKH
*05�>�@��

,W�LV�WR�QRWH�WKDW�QR�PDJQHWRUHVLVWLYH�HI�
IHFW� K\VWHUHVLV� LV� REVHUYHG� LQ� WKH� VDPSOHV
ZLWK� G)H1L� RI� ��� WR� ��� QP� �)LJ���D�F��� ,QWKLV�FDVH��WKH�PDJQHWLF�VDWXUDWLRQ�RFFXUV�LQ
D� UHODWLYHO\� VWURQJ� ILHOG� +�!��� N2H� �WKH
VDWXUDWLRQ�ILHOG�ZDV�DVVXPHG�WR�EH�WKH�ILHOG
FRUUHVSRQGLQJ� WR� ����'5�5��PD[� LQ� WKH
'5�5��+�� FXUYH���7KH� DEVHQFH� RI�K\VWHUHVLVPD\� EH� DVVRFLDWHG� DV� LQ� >�@� ZLWK� WKH� ORZ
UHVLGXDO�PDJQHWL]DWLRQ�RI�WKH�PDJQHWLF� OD\�
HUV�� )RU� WKH� VDPSOHV� ZLWK� G)H1L� RI� ��� WR���QP��WKH�PDJQHWRUHVLVWLYH�HIIHFW�K\VWHUH�
VLV� �RSHQ� ORRSV�� LV� REVHUYHG� LQGHSHQGHQW� RI
WKH�LQWHUOD\HU�W\SH�DQG�WKLFNQHVV��)LJ����E�G��
7KH� VDWXUDWLRQ� ILHOG� LV� PXFK� ORZHU� LQ� WKLV
FDVH��+6�|����2H��3HUKDSV�WKLV�LV�DVVRFLDWHGZLWK� GLIIHUHQW� PHFKDQLVPV� RI� WKH� ILOP� UH�
PDJQHWL]DWLRQ�

7KH� WHPSHUDWXUH�GHSHQGHQFHV�RI� ORQJLWX�
GLQDO�DQG�WUDQVYHUVDO�05�KDYH�EHHQ�VWXGLHG
LQ� WKH� ���� WR� ����.� UDQJH� IRU� XQDQQHDOHG
WKUHH�OD\HU� )H1L�&X�$J��)H1L� ILOPV� ZLWK
YDULRXV� QRQ�PDJQHWLF� LQWHUOD\HU� WKLFNQHVV�
)LJ���� VKRZV� WKH� �'5�5��PD[�7�� GHSHQGHQFHVIRU�ORQJLWXGLQDO�05��)RU�DOO�WKH�VDPSOHV�ZLWK

)LJ�� ���'HSHQGHQFHV� RI� ORQJLWXGLQDO� �,,�� DQG� WUDQVYHUVDO� �A��05� RQ� WKH�PDJQHWLF� ILHOG� VWUHQJWK�+� IRU
WKUHH�OD\HU�)H1L�&X�)H1L��D��E��G��ILOPV�ZLWK�G)H1L� ����QP��G&X� ���QP��D���G)H1L� ����QP��G&X� ���QP�E��G)H1L� ����QP��G&X� �����QP��G��DQG�)H1L�$J�)H1L��F��G)H1L� ����QP��G$J� ���QP
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���� WR� ��� QP� WKLFN� FRSSHU� LQWHUOD\HU�� WKH
05� LQFUHDVHV� E\� D� IDFWRU� RI����� WR��� DV� WKH
WHPSHUDWXUH� GHFUHDVHV� IURP� URRP� YDOXH
GRZQ� WR� ���� .� �WKH� '5� ULVHV� DQG�5�GURSV��
,Q� FRQWUDVW� WR� ILOPV� ZLWK� FRSSHU� LQWHUOD\HU�
WKRVH� ZLWK� VLOYHU� RQH� ��� WR� �� QP�� VKRZ� QR
HVVHQWLDO� 05� YDULDWLRQV� ZLWKLQ� WKH� ���� WR
����.�WHPSHUDWXUH�UDQJH��$V�WKH�VLOYHU�LQWHU�
OD\HU� WKLFNQHVV� LQFUHDVHV�� WKH� �'5�5��PD[�7�GHSHQGHQFHV�EHFRPH�VLPLODU�WR�WKRVH�IRU�FRS�
SHU�FRQWDLQLQJ� ILOPV�� 7KH� �'5�5��PD[�7�� GH�SHQGHQFHV� IRU� WUDQVYHUVDO�05�DUH� VLPLODU� WR
WKRVH�IRU�WKH�ORQJLWXGLQDO�RQH�

,Q�)LJ�����SUHVHQWHG�DUH� WKH�GHSHQGHQFHV
RI� ORQJLWXGLQDO�05� ��'5�5��PD[�� RQ� WKH�&XDQG�$J� LQWHUOD\HU� WKLFNQHVV�� 7KRVH� GHSHQG�
HQFHV� DUH� RVFLOODWLQJ� DQG� LQFOXGH� WZR�PD[�
LPD�UHVXOWLQJ�IURP�WKH�DQWL�SDUDOOHO�RULHQWD�
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