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���,QWURGXFWLRQ
,Q� >�Ü�@�� WKH� VWUXFWXUH� DQG� ODWWLFH� SD�

UDPHWHUV� RI� =Q�±[0J[6H� VLQJOH� FU\VWDOV� GH�SHQGLQJ�RQ�WKH�0J�FRQFHQWUDWLRQ�ZHUH�PHDV�
XUHG�� WKH� EHKDYLRU� RI� WKH�PHFKDQLFDO�� HOHF�
WURRSWLFDO�� SKRWRHOHFWULF�� DQG� GLHOHFWULF
SURSHUWLHV� RI� WKHVH� FU\VWDOV� ZDV� VWXGLHG
ZLWKLQ� D� ZLGH� WHPSHUDWXUH� UDQJH� LQ� WKH
VDPSOHV� RI� GLIIHUHQW� FKHPLFDO� FRPSRVLWLRQ�
+RZHYHU�� WLOO� TXLWH� UHFHQWO\�� WKH� WHPSHUD�
WXUH�GHSHQGHQFHV�RI�WKH�UHIUDFWLYH�LQGH[�IRU
=Q�±[0J[6H� VLQJOH� FU\VWDOV� DQG� WKHLU� SLH]R�HOHFWULF� SURSHUWLHV� KDYH� QRW� EHHQ� HVWDE�
OLVKHG��,W�VKRXOG�EH�QRWHG�WKDW�WKH�DYDLODEOH
OLWHUDWXUH� GDWD� RQ� WKH� WHPSHUDWXUH� GHSHQG�
HQFHV� RI� WKH� UHIUDFWLYH� LQGH[� GLIIHU� HVVHQ�
WLDOO\� HYHQ� IRU� WKH�ZHOO�NQRZQ� FODVVLF� FU\V�
WDOV�VXFK�DV�=Q6H�RU�&G6��DQG�LQ�VRPH�FDVHV
DUH� RI� HVWLPDWLYH� FKDUDFWHU�� 7KLV� LV� H[�

SODLQHG� E\� WKH� IDFW� WKDW� WKH� GQ�G7� YDOXHV
ZHUH� GHWHUPLQHG� E\� GLIIHUHQW� H[SHULPHQWDO
PHWKRGV�� DQG� WKH� LQYHVWLJDWHG� VDPSOHV� RI
VHPLFRQGXFWRU�PDWHULDOV�ZHUH�JURZQ�E\�GLI�
IHUHQW� WHFKQLTXHV� DQG� KDG� GLIIHUHQW� GRSLQJ
OHYHOV�>�@�

���([SHULPHQWDO�PHWKRGV
,Q� WKLV� VWXG\�� WKH� WHPSHUDWXUH� GHSHQG�

HQFHV� RI� WKH� UHIUDFWLYH� LQGH[� GQ�G7� �WKHU�
PRRSWLFDO� FRHIILFLHQW�� ZHUH� PHDVXUHG� IRU
=Q����0J����6H� VDPSOHV� DW� GLIIHUHQW� ZDYH�OHQJWKV� ������ PP� DQG� ����� PP�� ZLWKLQ� WKH
WHPSHUDWXUH�LQWHUYDO�IURP�����WR�����.��$W
WKH� PHQWLRQHG� PDJQHVLXP� FRQFHQWUDWLRQV�
WKH�VLQJOH�FU\VWDO�VXEVWLWXWLRQ�VROLG�VROXWLRQ
=Q�±[0J[6H� KDV� WKH� VWUXFWXUH� RI� ZXUW]LWH�DQG� LV� D� XQLD[LDO� FU\VWDO� >�@�� )RU� FRPSDUL�
VRQ��WKHUH�WKH�WKHUPRRSWLFDO�FRHIILFLHQWV�IRU
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=Q6H� FU\VWDOV� ZHUH� DOVR� PHDVXUHG�� 7KH� LQ�
YHVWLJDWHG� =Q6H�� &G6�� DQG� =Q0J6H� VLQJOH
FU\VWDOV� ZHUH� JURZQ� E\� WKH� YHUWLFDO� %ULGJ�
PDQ� PHWKRG�� 7KH� PHDVXUHPHQWV� ZHUH� FDU�
ULHG� RXW� XVLQJ� DQ� H[SHULPHQWDO� XQLW� ZKLFK
RSHUDWLRQ�ZDV�EDVHG�RQ�WKH�UHIUDFWLYH�SURS�
HUW\�RI�D�SULVP�

7KH� HUURU� RI� WKH� UHIUDFWLYH� LQGH[� PHDV�
XUHPHQWV� ZDV� r������Ü�� >�@�� WKH� UHODWLYH
HUURU� IRU� WKH� WKHUPRRSWLFDO� FRHIILFLHQW� GH�
WHUPLQDWLRQ� GLG� QRW� H[FHHG� r����� 7KH� UH�
SURGXFLELOLW\� RI� WKH� PHDVXUHPHQW� UHVXOWV
OD\� ZLWKLQ� OLPLWV� RI� FDOFXODWHG� HUURU� DQG
DJUHHG� ZHOO� ZLWK� WKH� DYDLODEOH� OLWHUDWXUH
GDWD�

,Q�WKLV�ZRUN��WKH�SLH]RHOHFWULF�SURSHUWLHV
RI�=Q�±[0J[6H� VLQJOH� FU\VWDOV� DQG� WKH� WHP�SHUDWXUH� GHSHQGHQFHV� RI� WKHVH� SURSHUWLHV
ZHUH� LQYHVWLJDWHG� IRU� WKH� ILUVW� WLPH�� 7KH
HOHFWURPHFKDQLFDO� ERQG� FRHIILFLHQW� NW� ZDVGHWHUPLQHG� IURP� WKH� PHDVXUHPHQWV� RI� WKH
UHVRQDQFH�DQG�DQWLUHVRQDQFH�IUHTXHQFLHV�IRU
WKLQ�SODQH�SDUDOOHO�FU\VWDO�VDPSOHV�ZLWK�WKH
SODQHV� RULHQWHG�SHUSHQGLFXODU� WR� WKH� >����@
GLUHFWLRQ�� 7KH� PHDVXUHPHQWV� ZHUH� UHDOL]HG
DW� WHPSHUDWXUHV� UDQJLQJ� EHWZHHQ� ���� DQG
����.�

���5HVXOWV
7DEOH���DQG�)LJ����SUHVHQW�WKH�UHVXOWV�RI

RXU� GQ�G7� PHDVXUHPHQWV� IRU� =Q6H�� &G6�

DQG� =Q0J6H� VLQJOH� FU\VWDOV� DV� ZHOO� DV� WKH
GDWD� REWDLQHG�E\�RWKHU�DXWKRUV� >�Ü��@��7KH
DJUHHPHQW�RI�RXU�UHVXOWV�ZLWK�WKH�OLWHUDWXUH
GDWD� ZLWKLQ� OLPLWV� RI� H[SHULPHQWDO� HUURU
WHVWLILHV�WKDW�WKH�UHVXOWV�RI�WKLV�UHVHDUFK�DUH
UHOLDEOH�� 7KH� GDWD� UHSRUWHG� LQ� RXU� SUHYLRXV
VWXG\� >��@� DQG� WKRVH� REWDLQHG� LQ� WKLV�ZRUN
VKRZ� WKDW� KH[DJRQDO� =Q�±[0J[6H� VLQJOHFU\VWDOV� �����d[d������ DUH�KLJKO\� WKHUPDOO\
VWDEOH�� RSHUDEOH� ZLWKLQ� D� ZLGH� UDQJH� RI
ZRUNLQJ� WHPSHUDWXUHV� DQG� KLJKO\� UDGLDWLRQ
UHVLVWDQW� �7DEOH����� ,Q� SDUWLFXODU�� DW� O� 
�����PP�� WKH� ODVHU� GDPDJH� WKUHVKROG� RI
=Q����0J����6H� VDPSOHV� LV� WZLFH� DV� KLJK� LQFRPSDULVRQ�ZLWK� WKDW� RI�&G6� VLQJOH� FU\VWDO
VDPSOHV��'XH�WR�WKLV�IDFW��ZH�KDYH�SURGXFHG
WKHUPDOO\� VWDEOH� KDOI�� DQG� TXDUWHU�ZDYH
SKDVH�SODWHV�LQWHQGHG�WR�ZRUN�ZLWK�KLJK�LQ�
WHQVLW\� &2�� DQG� &2��ODVHU� UDGLDWLRQ� DV� DQH[DPSOH�RI�WKH�XVH�RI�KH[DJRQDO�=Q�±[0J[6HVLQJOH� FU\VWDOV� �[�a������ LQ� SUDFWLFH�� 7KH
VWURQJ� WKHUPDOO\� VWDEOH�DQWLUHIOHFWLRQ�R[LGH
FRDWLQJV�RI� WKHVH�SODWHV�KDYH�EHHQ�REWDLQHG
E\�WKH�SKRWR�WKHUPDO�R[LGDWLRQ�>��@�

:H� KDYH� PHDVXUHG� WKH� SLH]RHOHFWULF
SURSHUWLHV�RI�=Q�±[0J[6H�VLQJOH�FU\VWDOV�DQGGHWHUPLQHG� WKH� WHPSHUDWXUH�GHSHQGHQFHV�RI
WKH� HOHFWURPHFKDQLFDO� ERQG� FRHIILFLHQW
�GNW�G7��IRU�WKLV�PDWHULDO��)LJ������7KH�KH[�DJRQDO�=Q�±[0J[6H�VLQJOH�FU\VWDOV�ZHUH�IRXQGWR� VKRZ� D� UDWKHU� KLJK� HOHFWURPHFKDQLFDO
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ERQG�FRHIILFLHQW��DW�����d[d������NW� ����r�����ZKLFK�LV�FORVH�WR�WKH�YDOXHV�W\SLFDO�RI�ZHOO�
NQRZQ�KH[DJRQDO�$,,%9,� FRPSRXQGV� DQG� WKH
VROLG� VROXWLRQV� EDVHG� WKHUHRQ� >��@��7KH� IUH�
TXHQF\�YDULDWLRQ�FRHIILFLHQW�IRU�D�UHVRQDWRU
PDGH�IURP�=Q����0J����6H�VLQJOH�FU\VWDO�ZDVHTXDO� WR� ������Ü��.Ü��� L�H�� ORZHU� WKDQ� WKDW
RI�&G6� UHVRQDWRU� �������Ü��.Ü����0RUHRYHU�
LW� ZDV� HVWDEOLVKHG� H[SHULPHQWDOO\� WKDW� WKH
4�IDFWRU� RI� =Q�±[0J[6H� UHVRQDWRUV� ZDV� DO�PRVW�WZLFH�DV�KLJK�LQ�FRPSDULVRQ�ZLWK�WKDW
RI� WKH� SLH]RHOHFWULF� UHVRQDWRUV� PDGH� IURP
KH[DJRQDO�&G6�VLQJOH�FU\VWDOV�
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IUDFWLYH�LQGH[�RI�=Q�±[0J[6H�VLQJOH�FU\VWDOVZHUH� PHDVXUHG� ZLWKLQ� WKH� WHPSHUDWXUH
UDQJH� IURP����� WR�����.�� ,W� LV� VKRZQ�WKDW
IRU�=Q����0J����6H� VLQJOH� FU\VWDOV� JURZQ�E\WKH� YHUWLFDO� %ULGJPDQ� PHWKRG�� WKH� GQ�G7
YDOXH�LV��������Ü��.Ü���DW�O� ������PP��DQG
�������Ü��.Ü�� �DW� O� ������PP��� 7KH� PHDV�
XUHG� GQ�G7� YDOXHV� IRU� KH[DJRQDO
=Q����0J����6H�VLQJOH�FU\VWDOV�GLIIHU�VOLJKWO\IURP� WKRVH� IRU� FXELF� =Q6H� VLQJOH� FU\VWDOV
DQG� DUH� HVVHQWLDOO\� ORZHU� WKDQ� WKH� FRUUH�
VSRQGLQJ�YDOXHV�IRU�KH[DJRQDO�&G6�FU\VWDOV
JURZQ� E\� WKH� VDPH� PHWKRG�� )RU� WKH� ILUVW
WLPH�KDV�EHHQ�PHDVXUHG�WKH�HOHFWURPHFKDQL�
FDO�ERQG�FRHIILFLHQW�NW�IRU�=Q�±[0J[6H�VLQJOHFU\VWDOV�� ,W� LV� HVWDEOLVKHG� WKDW� KH[DJRQDO
=Q�±[0J[6H� VLQJOH� FU\VWDOV� KDYH� UDWKHUKLJK� HOHFWURPHFKDQLFDO� ERQG� FRHIILFLHQW
NW� ����r�����ZKLFK�YDOXH�VOLJKWO\�FKDQJHV

ZLWKLQ����Ü����.�WHPSHUDWXUH�LQWHUYDO�DQG
LV�FORVH�WR�WKH�YDOXHV�W\SLFDO�RI�WKRVH�IRU�WKH
NQRZQ�KH[DJRQDO�$,,%9,�FU\VWDOV�
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)LJ����� 7HPSHUDWXUH� GHSHQGHQFHV� RI� UHIUDF�
WLYH� LQGH[� IRU� VLQJOH�FU\VWDO� $,,%9,� FRP�
SRXQGV�����=Q6H�����&G6�����=Q����0J����6H�

)LJ�����7HPSHUDWXUH�GHSHQGHQFHV�RI�SLH]RHOHF�
WULF� SURSHUWLHV� IRU� VLQJOH� FU\VWDOV� RI
=Q����0J����6H� VXEVWLWXWLRQ� VROLG� VROXWLRQ�� ��HOHFWURPHFKDQLFDO� ERQG� FRHIILFLHQW�� ��� DQWL�
UHVRQDQFH�IUHTXHQF\�����UHVRQDQFH�IUHTXHQF\�
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