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7KH� SXOVH� HOHFWURO\VLV� SDUDPHWHUV� �FXUUHQW� GHQVLW\� DPSOLWXGH�� IUHTXHQF\� DQG� RQ�RII

WLPH�UDWLR�RI�SXOVHV��SDXVH�DQG�SXOVH�GXUDWLRQ��LQIOXHQFH�RQ�FREDOW�WXQJVWHQ�DOOR\�GHSRVL�
WLRQ� KDV� EHHQ� UHYHDOHG�� 7KH� DOOR\� HOHFWURGHSRVLWLRQ� SRVVLELOLW\� XVLQJ� VROXEOH� DQRGHV� KDV
EHHQ� SURYHG�� &RUURVLYH� UHVLVWDQFH� DQG� FDWDO\WLF� DFWLYLW\� RI� REWDLQHG� FRDWLQJV� KDYH� EHHQ
GHWHUPLQHG�
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7KH� HOHFWURO\WLF�&R±:� DOOR\V� DUH� NQRZQ
WR� EH� XVHG� DV� VSHFLDO� SURWHFWLYH� FRDWLQJV
SRVVHVVLQJ� DQ� HQKDQFHG� VWUHQJWK�� KDUGQHVV�
KLJK�ZHDU��KHDW�DQG�FKHPLFDO�UHVLVWDQFH�DQG
LPSURYHG� HOHFWURHURVLRQ� SURSHUWLHV�� 7KH
HOHFWURGHSRVLWLRQ� RI� WXQJVWHQ� DOOR\V� ZLWK
LURQ� JURXS� PHWDOV� WDNHV� SODFH� DIWHU� D� ILOP
RI�XQVWDEOH�LQWHUPHGLDWHV�RI�WXQJVWHQ�LQ�ORZ
R[LGDWLRQ� VWDWHV� LV� IRUPHG� LQ� WKH� FDWKRGH
OD\HU� >�@�� 6XFK� D� ILOP�� IURP� WKH� RQH� KDQG�
FRPSOLFDWHV� WKH� WXQJVWHQ� UHOHDVH� LQWR� WKH
DOOR\�� EXW� RQ� WKH� RWKHU� RQH�� LV� LWV� VRXUFH�
WKDW� LV� ZK\� WKH� WXQJVWHQ� FRQWHQW� LQ� WKH
FRDWLQJ� GHFUHDVHV� DV� WKH� ILOP� LV� GHVWUR\HG�
7KXV�� LW� LV� SRVVLEOH� WR� PDQDJH� WKH� DOOR\
GHSRVLWLRQ� SURFHVV� LQIOXHQFLQJ� WKH� ILOP� GH�
YHORSPHQW� E\� H[WHUQDO� FXUUHQW� SRODUL]DWLRQ
ZLWK�YDULHG�SXOVH��DQG�SDUDPHWHUV�
7KH�VWXG\�RI�LQIOXHQFH�RI�DOWHUQDWLQJ�DQG

GLUHFW� FXUUHQW� SDUDPHWHUV� RQ� WKH� VWUXFWXUH
DQG�SK\VLFDO�PHFKDQLFDO�SURSHUWLHV�RI�&R±:
GHSRVLWV� IURP�DPPRQLXP�FLWUDWH� HOHFWURO\WH
KDV� VKRZQ� >�@� WKDW�XQGHU� WKH� VDPH� FXUUHQW
GHQVLW\�� WKH�:� FRQWHQW� LQ� WKH� DOOR\� GXULQJ
WKH�SXOVH�HOHFWURO\VLV�LV����WR������KLJKHU�
7KLV� FDQ� EH� H[SODLQHG� E\� WKH� IDFW� WKDW� WKH
DOOR\� IRUPDWLRQ� XQGHU� WKH� SXOVH� RFFXUV� DW

FRQVLGHUDEO\�KLJKHU�QHJDWLYH�SRWHQWLDOV�DQG
WKLV� WKH� LQFUHDVH� RI� UHIUDFWRU\� FRPSRQHQW
FRQWHQW� LQ� WKH�DOOR\�� WKH�DOOR\�FXUUHQW�HIIL�
FLHQF\� EHLQJ� ��� WR� ��� ��� $OWKRXJK� WKHUH
DUH� QXPHURXV� SXEOLFDWLRQV� FRQFHUQLQJ� &R
DQG� :� FR�GHSRVLWLRQ� >�Ü�@�� LQIRUPDWLRQ
DERXW�HOHFWURFKHPLFDO�SURSHUWLHV�RI�VXFK�DO�
OR\V� LV� DEVHQW� LQ� OLWHUDWXUH�� HVSHFLDOO\� UH�
JDUGLQJ�WKH�FRUURVLYH�EHKDYLRU�DQG�FDWDO\WLF
DFWLYLW\��6R�� WKH�SXUSRVH�RI� WKLV�ZRUN� LV� WR
GHILQH� UXOHV� RI� &R±:� DOOR\� HOHFWUR�FU\VWDO�
OL]DWLRQ� LQ� WKH�SXOVH�� WR� ILQG�RXW� WKH�SRVVL�
ELOLW\� RI� FXUUHQW� HIILFLHQF\� LQFUHDVH� DQG� WR
GHWHUPLQH�RSWLPXP�GHSRVLWLRQ�FRQGLWLRQV�RI
&R±:� DOOR\V�ZLWK�KLJK� FRUURVLRQ� UHVLVWDQFH
DQG�FDWDO\WLF�SURSHUWLHV��7R�SURYLGH�WKH�VWD�
EOH� ZRUN� RI� WKH� HOHFWURO\WH� VWDELOLW\� XVLQJ
VROXEOH� DQRGHV�� WKH� DQRGLF� EHKDYLRU� RI� &R
DQG�:�LQ�FLWUDWH�HOHFWURO\WH�ZDV�VWXGLHG�
7KH�FRDWLQJV�ZHUH�GHSRVLWHG�IURP�FLWUDWH

HOHFWURO\WH�DW�S+� ���LQ�WKH�WHPSHUDWXUH�LQ�
WHUYDO� ���� WR� ���� .�� 7KH� QHFHVVDU\� ¯s
YDOXH�ZDV�SURYLGHG�E\�VRGLXP�K\GUR[LGH�DG�
GLWLRQ�� 7KH� HOHFWURGHSRVLWLRQ� ZDV� FDUULHG
RXW� XVLQJ� XQLSRODU� SXOVH� FXUUHQW� RI� ��� WR
����+]�IUHTXHQF\� �I�� DQG�RQ�RII� WLPH�UDWLR
�4�� RI� ��� WR� ��� ZLWK� SODWLQXP� LQVROXEOH
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DQRGH�LQ�WKH�DPSOLWXGH�GHQVLW\�UDQJH��MS��RI����WR����k�GP���7KH�FRDWLQJV�RI���WR���PP
WKLFNQHVV� ZHUH� HOHFWURGHSRVLWHG� RQWR� VWHHO
�t��s��l����VDPSOHV�RI�����WR���FP��VXU�
IDFH� DUHD�� 7KH� FXUUHQW� \LHOG�(F� ZDV� GHWHU�PLQHG� E\� JUDYLPHWU\� WKDW� WXQJVWHQ� LV� LQ
FRPSOHWHO\�UHGXFHG�VWDWH��7KH�WXQJVWHQ�DQG
FREDOW�FRQWHQW�LQ�WKH�DOOR\�ZHUH�GHWHUPLQHG
XVLQJ� D� 63587� SRUWDEOH� ;�UD\� VSHFWURPH�
WHU��3ULRU� WR� WKH�PHWDO� DQRGLF�SRODUL]DWLRQ�
WKH�:� VXUIDFH�ZDV� SUH�DFWLYDWHG� FKHPLFDOO\
LQ� WKH� DONDOLQH� VROXWLRQ� RI� SRWDVVLXP� KH[�
DF\DQRIHUUDWH� �,,,�� DW� ���� .�� DQG� WKDW� RI
&R�� PHFKDQLFDOO\� XVLQJ� HPHU\� SDSHU� 1R���
3ODWLQXP�SODWH�ZDV�XVHG� DV� VHFRQGDU\� HOHF�
WURGH��FKORULGH�VLOYHUDV�WKH�UHIHUHQFH�RQH�
7KH� FRUURVLRQ� WHVWV� RI� WKH� DOOR\� FRDWLQJV

ZHUH� GRQH� E\� LPSHGDQFH� VSHFWURVFRS\
PHWKRG� >�@� XVLQJ� WKH� DOWHUQDWLQJ� FXUUHQW
EULGJH� c������ LQ� WKH� IUHTXHQF\� UDQJH� RI
�����WR�����N+]�DFFRUGLQJ�WR�WKH�VXFFHVVLYH
VXEVWLWXWLRQ� VFKHPH� LQ� ���� 0� +�62�� VROX�WLRQ�DW�URRP�WHPSHUDWXUH��%HIRUH�LPSHGDQFH
PHDVXUHPHQWV�� WKH� HOHFWURGHV� ZHUH� KHOG� LQ
WKH�ZRUNLQJ�VROXWLRQ���K�DW�FRUURVLRQ�SRWHQ�
WLDO� pFRU�� 7KH� FDWDO\WLF� SURSHUWLHV� RI� HOHF�WURGHSRVLWHG� DOOR\V� KDYH� EHHQ� HVWLPDWHG
IURP�WKH�H[FKDQJH�FXUUHQW�YDOXH�M�+��LQ�WKHPRGHO� UHDFWLRQ� RI� K\GURJHQ� UHGXFWLRQ� IURP
VXOIXULF� DFLG� VROXWLRQ�� 7KH� FHOO� ZDV� GHR[\�
JHQDWHG�E\�SXUJLQJ�ZLWK�KLJK�SXULW\�DUJRQ
DW�VLPXOWDQHRXV�ZRUN�XS�RI�VROXWLRQ�GXULQJ
��� PLQ�� 7KH� SRWHQWLDOV� ZHUH� PHDVXUHG
DJDLQVW�WKH�VDWXUDWHG�PHUFXU\�VXOIDWH�UHIHU�
HQFH� HOHFWURGH� DQG� UHFDOFXODWHG� WR� WKH� K\�
GURJHQ� VFDOH�� 7KH� SRODUL]DWLRQ�ZDV� UHDOL]HG
XVLQJ� D� 3,�������� SRWHQWLRVWDW� DQG� 35��
SURJUDPPHU�� SRODUL]DWLRQ� PHDVXUHPHQWV
ZHUH�UHJLVWHUHG�XVLQJ���FRRUGLQDWH�UHFRUGHU�
7KH� GLUHFW� FXUUHQW� GHQVLW\� LQFUHDVH

���� .� UHVXOWV� LQ� D� VKDUS� LQFUHDVH� RI� WKH
DOOR\�FXUUHQW�\LHOG��EXW�DOPRVW�GRHV�QRW� LQ�
IOXHQFH� LWV� FKHPLFDO� FRPSRVLWLRQ� �)LJ�����
WKH�FRDWLQJ�ORRNLQJ�DV�D�JUD\�PDW�OD\HU��7KH
VROXWLRQ� WHPSHUDWXUH� ORZHULQJ� GRZQ� WR
����.�FDXVHV�WKH�(F�GURS�GRZQ�WR������DW
WXQJVWHQ� FRQWHQW� LQ� WKH� DOOR\� LQFUHDVLQJ� WR
��� ��� 7KH� SXOVH� HOHFWURO\VLV� DW� WKDW� WHP�
SHUDWXUH�GRHV�QRW� FKDQJH� WKH�(F�YDOXH�FRQ�VLGHUDEO\�� DQG� WKH� GHSHQGHQFH� RI� WXQJVWHQ
FRQWHQW� LQ�WKH�DOOR\�RQ�WKH�SXOVH�DPSOLWXGH
KDV�D�PD[LPXP�DW����k�GP���PDVV�IUDFWLRQ
Z�:�� ���� ���� 7KXV�� LW� FDQ� EH� FRQFOXGHG
WKDW�ZLWKRXW� KHDWLQJ� WKH� DOOR\�(F� LV� UDWKHUORZ�� WKH� WXQJVWHQ� FRQWHQW� EHLQJ� KLJK�� EXW
WKHUH� LV� QR� GLIIHUHQFH� EHWZHHQ� FRDWLQJV� RE�
WDLQHG�LQ�VWDWLF�RU�SXOVH�UHJLPH��$W�WKH�HOHF�
WURO\WH� WHPSHUDWXUH� ���� .�� WKH� XQLSRODU
SXOVH� IUHTXHQF\� GHFUHDVH� XQGHU� WKH� VDPH

RQ�RII� WLPH� UDWLR� DQG� VLPXOWDQHRXV� DPSOL�
WXGH� LQFUHDVH� SURYLGHV� DQ� HQKDQFHG� (F� RIWKH�&R±:�DOOR\��)LJ���D��
$FFRUGLQJ� WR� >�@�� KLJK�IUHTXHQF\� SXOVH

FXUUHQW� VORZV� GRZQ� WKH� FDWKRGH� OD\HU� DOND�
OLQL]DWLRQ�DV�FRPSDUHG�WR�WKH�ORZ�IUHTXHQF\
SRODUL]DWLRQ�UHJLPHV��:KHQ�WKH�SXOVH�GXUD�
WLRQ� LQFUHDVHV�� WKH� DOOR\� (F� JURZV�� XQOLNHWKH�WXQJVWHQ�FRQWHQW��VLQFH��LQ�RXU�RSLQLRQ�
WKH� K\GURJHQ� HYROXWLRQ� SURFHVV� LV� LQWHQVL�
ILHG� LQ� VXFK� FRQGLWLRQV�� :KHQ� WKH� SDXVH
WLPH� UHGXFHV�� WKH� DOOR\� (F� GURSV� DW� ODUJHFXUUHQW�DPSOLWXGH�YDOXHV��ZKLOH�DW�ORZ�RQHV�
LW�LQFUHDVHV��,Q�DGGLWLRQ��WKH�SDXVH�WLPH�LQ�
FUHDVH� UHVXOWV� LQ� LQFUHDVLQJ� WXQJVWHQ� FRQ�
WHQW� DW� DQ\� FXUUHQW� GHQVLW\�� WKDW� LV� OLNH� WR
EH�FRQQHFWHG�ZLWK�WKH�FKHPLFDO�UHGXFWLRQ�RI
WXQJVWHQ� LQWHUPHGLDWH� FRPSRXQGV� E\� DG�
VRUEHG� K\GURJHQ� DWRPV� DV� D� FRPSRQHQW� RI
PXOWLVWDJH� SURFHVV� RI� WXQJVWHQ� �9,�� UHGXF�
WLRQ�>�@�
7KH� GHSHQGHQFH� RI� WXQJVWHQ� FRQWHQW� LQ

WKH� DOOR\� RQ� WKH�FXUUHQW� IUHTXHQF\�VKRZV�D
PLQLPXP� DW� I� ����+]�� ZKLOH� FXUUHQW� GHQ�
VLW\�DPSOLWXGH�GHFUHDVH�UHVXOWV�LQ�LQFUHDVLQJ
Z�:�� LQ� WKH� DOOR\� �)LJ���E��� $V� WKH� SXOVH
FXUUHQW� RQ�RII� WLPH� UDWLR� LQFUHDVHV�� WXQJ�
VWHQ�FRQWHQW�LQ�WKH�DOOR\�JURZV�DV�ZHOO��DQG
WKH�JUHDWHU�LV�WKH�SXOVH�DPSOLWXGH��DW�GXUD�
WLRQ���PV��� WKH�PRUH� VLJQLILFDQW� LV� WKDW� LQ�
IOXHQFH�� %\� SXOVH� SDUDPHWHUV�� LW� LV� HVWDE�
OLVKHG� WKDW� WXQJVWHQ� FRQWHQW� LQ� WKH�DOOR\� LV
LQ�LQYHUVH�SURSRUWLRQ�WR�WKH�SXOVH�GXUDWLRQ�
,W� IROORZV� IURP�WKH�GHSHQGHQFH�RI� WXQJVWHQ
FRQWHQW� LQ� WKH� DOOR\� RQ� WKH� FXUUHQW� GHQVLW\
DPSOLWXGH� DQG� WKH� SXOVH� RQ�RII� WLPH� UDWLR
�4��WKDW�4�GRHV�QRW�LQIOXHQFH�SUDFWLFDOO\�WKH
Z�:�� YDOXH�� H[FHSW� IRU� WKH�4o�� UHJLRQ�� ,Q
WKLV� UHJLRQ�� WXQJVWHQ� FRQWHQW� LQ� WKH� DOOR\

)LJ���� (IIHFW� RI� FDWKRGH� GLUHFW� FXUUHQW� GHQ�
VLW\�RQ�FXUUHQW�HIILFLHQF\�&H�����DQG�WXQJVWHQ
FRQWHQW�Z�:������LQ�&R±:�DOOR\�
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JURZV�IRU�DOO�FXUUHQW�GHQVLW\�DPSOLWXGH�YDO�
XHV� RQ�RII� WLPH� UDWLR� UHGXFHV��ZKLOH� LQ� WKH
UHJLRQ�RI�KLJK� FXUUHQW�GHQVLWLHV�� WKHUH� LV� DQ
H[WUHPH� RI� Z�:��� 7KH� FRQVLGHUDWLRQ� RI� WKH
UHVSRQVH� VXUIDFH� FXWV� WHVWLILHV� WKDW� GHSHQG�
HQFH�RI�WKH�DOOR\�(F�RQ�WKH�RQ�RII�WLPH�UDWLRVKRZV�DQ�H[WUHPH�FKDUDFWHU��LQ�SDUWLFXODU��DV
WKH�RQ�RII�WLPH�UDWLR�LQFUHDVHV��WKH�IXQFW LRQ
SDVVHV�WKURXJK�D�PD[LPXP�DW�M� ������k�GP��
ZKLOH�DW�M� ����k�GP���LW�LQFUHDVHV�PRQRWR�
QRXVO\��7KH�FRDWLQJ�HOHFWURGHSRVLWLRQ�DW�IUH�
TXHQF\�YDULDWLRQ� DQG�FRQVWDQW�FXUUHQW�GHQ�
VLW\� DPSOLWXGH� KDV� GHPRQVWUDWHG� WKDW� WKH
SHUPLVVLEOH�PD[LPXP�DPSOLWXGH� LQ� WKH� ORZ
IUHTXHQF\� UHJLRQ� ���� WR� ��� +]�� LV
���k�GP��� VLQFH� WKH� FRDWLQJV� EHFRPH
FUDFNHG�DW�KLJKHU�YDOXHV��$V� WKH� IUHTXHQF\
LQFUHDVHV�� WKH� PD[LPXP� FDWKRGH� FXUUHQW

GHQVLW\�JURZV��7KXV��WKH�VWXG\�UHVXOWV�SUR�
YLGH� D� EDVLV� IRU� HOHFWURFKHPLFDO� GHSRVLWLRQ
RI� FDWDO\WLFDOO\� DFWLYH� DQG� FRUURVLRQ� UHVLV�
WDQW�&R±:�DOOR\�FRDWLQJV��WKHLU�FRPSRVLWLRQ
DQG�SURSHUW\�FRQWURO�E\�HOHFWURO\VLV�SDUDPH�
WHU� YDULDWLRQ�� $QRGLF� SRODUL]DWLRQ� GHSHQG�
HQFHV� IRU� WXQJVWHQ� LQ� FLWUDWH� HOHFWURO\WH
�)LJ���D�� WHVWLI\� WKDW� LQ� WKH�SRWHQWLDO�UDQJH
����WR�����9�DFWLYH�PHWDO�GLVVROXWLRQ�RFFXUV�
SUREDEO\�DFFRUGLQJ�WR�UHDFWLRQ�

:����+�2�o�:2�������+�����H� ���
7XQJVWHQ�SDVVLYDWLRQ�LQ�FLWUDWH�DFLG�VROX�

WLRQ��LQ�RXU�RSLQLRQ��LV�D�UHVXOW�RI�:2��:2�DQG�:�2�� R[LGH� IRUPDWLRQ� RQ� LWV� VXUIDFH�:KHQ� FREDOW� VXOIDWH� LV� DGGHG� WR� FLWULF� DFLG
VROXWLRQ�� D� FXUUHQW� GHFUHDVH� LQ� WKH� SDVVLYH
VWDWH�LV�REVHUYHG��ZKLFK�LV� OLNHO\�DVVRFLDWHG

)LJ������$QRGLF�SRODUL]DWLRQ�GHSHQGHQFHV�RI�:��D��DQG�&R��E��LQ�HOHFWURO\WHV�RI�FRPSRVLWLRQ��PRO�O��FLWULF
DFLG�Ü����� �����FLWULF�DFLG�Ü������&R62��Ü����� �����FLWULF�DFLG�Ü������&R62��Ü������1D�:2��Ü���������3RWHQWLDO�VFDQQLQJ�UDWH�LV����P9�V�

)LJ����(IIHFW� RI�SXOVH� FXUUHQW�DPSOLWXGH�DQG� IUHFXHQF\�(F� �D�� DQG� WXJVWHQ�FRQWHQW�Z�:�� �E�� LQ�&R±�:
DOOR\�
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ZLWK� FREDOW� R[LGH� �,,,�� IRUPDWLRQ� KDYLQJ� D
KLJKHU� UHVLVWLYLW\� DV� FRPSDUHG� WR� WXQJVWHQ
R[LGHV�� :KHQ� VRGLXP� WXQJVWDWH� LV� DGGHG�
WKH�ZDYH�LQ�WKH�SDVVLYH�UHJLRQ�EHFRPH�PRUH
SURQRXQFHG��DQG�WKLV�IDFW�DOORZV�WR�VXSSRVH
WKDW� LQ� WKH� SUHVHQFH� RI� :2��±� LRQV� WKHFKHPLFDO�UHGXFWLRQ�RI�FREDOW�RFFXUV�>�@��7KH
VWXG\� UHVXOWV� DOORZ� WR� FRQFOXGH� WKDW� LW� LV
SRVVLEOH� WR� FDUU\� RXW� WKH�&R±:� DOOR\� HOHF�
WURGHSRVLWLRQ�SURFHVV�XVLQJ�VROXEOH�WXQJVWHQ
DQRGH�LQ�WKH�DQRGLF�FXUUHQW�GHQVLW\�UDQJH��
WR���$�GP��� &RQVLGHUDWLRQ� RI� FREDOW� DQRGLF
SRODUL]DWLRQ� GHSHQGHQFH� LQ� FLWUDWH� HOHFWUR�
O\WH� �)LJ���E�� H[KLELWV� D� UHJLRQ� RI� DFWLYH
PHWDO� GLVVROXWLRQ�� DQG� DGGLWLRQ� RI� ERWK
&R62�� DQG� 1D�:2�� LQFUHDVHV� WKH� UDWH� RIWKDW� SURFHVV�� 7KH� H[SHULPHQWV� KDYH� VKRZQ
WKDW� LQ� WKH� FXUUHQW�GHQVLW\� UDQJH�RI����� WR
����$�GP��� DQRGLF� FXUUHQW� HIILFLHQF\
DPRXQWV�DERXW�������
7KH�DOOR\�IXQFWLRQDO�SURSHUWLHV�KDYH�EHHQ

HVWLPDWHG� E\� WKH� FRUURVLYH� UHVLVWDQFH� DQG
FDWDO\WLF� DFWLYLW\� LQ� K\GURJHQ� UHGXFWLRQ
PRGHO� UHDFWLRQ�� :LWK� LQFUHDVLQJ� WXQJVWHQ
FRQWHQW� LQ� WKH� DOOR\�� WKH� UDQGRP� FRUURVLRQ
SRWHQWLDO� pFRU� RI� &R±:� FRDWLQJ� LV� VKLIWHGWRZDUGV�WKH�SRVLWLYH�GLUHFWLRQ��WKXV�LQGLFDW�
LQJ�LWV�LQFUHDVLQJ�FRUURVLYH�UHVLVWDQFH�
7KH� DOOR\� FKHPLFDO� UHVLVWDQFH�ZDV� WHVWHG

E\� LPSHGDQFH� VSHFWURVFRS\� PHWKRG�� ,Q� H[�
SHULPHQWDO� LPSHGDQFH� KRGRJUDSKV� RI� &R�:
DOOR\�FRDWLQJV��WKH�IUHTXHQF\�FKDUDFWHULVWLFV
LQ�FRPSOH[�VXUIDFH���Z&6Ü56�GHVFULEH�VDWLV�IDFWRULO\� D� SDUW� WKH� FLUFOH� ZLWK� FHQWHU� OR�
FDWHG� EHORZ� WKH� DEVFLVVD� D[LV�� ,W� IROORZV
IURP�WKH� LPSHGDQFH�WKHRU\� >��@�WKDW�D�VXE�
VWLWXWLQJ�HTXLYDOHQW�VFKHPH�RI�SDUDOOHO�FRQ�
QHFWHG� FDSDFLW\� DQG� UHVLVWDQFH� PD\� FRUUH�
VSRQG� WR� VXFK� KRGRJUDSK�� 7KH� VHPLFLUFOH
FHQWHU�GLVSODFHPHQW�EHORZ�WKH�D[LV�RI�DFWLYH
LPSHGDQFH� FRPSRQHQW� 56� LV� XVXDOO\� H[�SODLQHG�E\� LQIOXHQFH�RI�HOHFWURGH�URXJKQHVV
DQG� LWV� VXUIDFH� KHWHURUHVLVWDQFH� >��@�� 7KH
WXQJVWHQ� FRQWHQW� LQFUHDVH� LQ� WKH� DOOR\� WR
����� UHVXOWV� LQ� HQODUJHG� VHPLFLUFOH� GLDPH�
WHU�� L�H�� FRUURVLRQ� UHVLVWDQFH� �)LJ������ IRO�
ORZHU� E\� VWDELOL]DWLRQ� RI� 5S�� 7KH� IXUWKHUFRQVLGHUDWLRQ� RI� KRGRJUDSKV� KDV� SHUPLWWHG
WR� LPSURYH� WKH� HTXLYDOHQW� VFKHPH� RI� HOHF�
WURGH�VXEVWLWXWLRQ�DQG�WR�GHVFULEH�LW�
7KH� KRGRJUDSK� VKDSH� IRU� WKH� HOHFWURGH

ZLWK� FREDOW� FRDWLQJ� �Z�:�� ���� LV� VXEVWDQ�
WLDOO\�GLIIHUHQW��,Q�WKH�ORZ�IUHTXHQF\�UDQJH�
WKH�H[SHULPHQWDO�SRLQWV�IRUP�D�OLQH�ZLWK�WKH
VORSH�DQJOH�DERXW������,PSHGDQFH�RI�VXFK�DQ
HOHFWURGH� FDQ� EH� VLPXODWHG� E\� WKH� (UVKOHU�
5HQGOV� HTXLYDOHQW� VFKHPH� WKDW� GHVFULEHV� D
PL[HG�NLQHWLFV�� ,Q�VXFK�FDVH��WKH�UHVLVWDQFH
5S�GHFUHDVHV�E\�WZR�RUGHUV��VHH�)LJ������DQG

WKH� FDSDFLW\� &�� REWDLQHG� IURP� WKH� GHSHQG�HQFH� &SÜ��Z5S� JURZV� WR� ���� P)�FP��� 7KLV
DEQRUPDOO\�KLJK�&S� FDQ�EH�H[SODLQHG��SURE�DEO\��E\�FRDWLQJ�VXUIDFH�GHJUDGDWLRQ�UHVXOW�
LQJ� LQ� WKH� FRDWLQJ� FRPSOHWH� GLVVROXWLRQ
ZLWKLQ� �� K�� 7KH� HVVHQWLDO� GLIIHUHQFH� LQ� KR�
GRJUDSK�IRU�&R�DQG�&R±:�GHSRVLWV�ZLWK�WKH
YDULHG� UHIUDFWRU\� PHWDO� FRQWHQW� DOORZV� WR
VWDWH�WKDW�WXQJVWHQ�FRGHSRVLWLRQ�FKDQJHV�WKH
QDWXUH� RI� HOHFWURFKHPLFDO� UHDFWLRQV� DQG� WKH
IRUPDWLRQ�RI�FRUURVLRQ�UHVLVWDQW�HOHFWURO\WLF
&R±:�DOOR\�WDNHV�SODFH�
7KH� FDWDO\WLF� DFWLYLW\� RI� REWDLQHG� DOOR\V

LQ� K\GURJHQ� HYROXWLRQ� UHDFWLRQ� LQFUHDVHV
ZLWK� ULVLQJ� WXQJVWHQ� FRQWHQW� �)LJ������ 7KH
V\QHUJLVP� HIIHFW� LV� REVHUYHG� LQ� WKLV� FDVH�
L�H�� K\GURJHQ� H[FKDQJH� FXUUHQW� GHQVLW\� RQ
WKH� DOOR\� H[FHHGV� LWV� YDOXHV� IRU� WKH� DOOR\�
IRUPLQJ�FRPSRQHQWV�
7R� FRQFOXGH�� WKH� HIIHFW� RI� PDLQ� SXOVH

HOHFWURO\VLV�SDUDPHWHUV��FXUUHQW�GHQVLW\�DP�
SOLWXGH�� SXOVH� IUHTXHQF\� DQG� RQ�RII� WLPH
UDWLR�� WKH� SXOVH� DQG� SDXVH� GXUDWLRQ�� RQ� FR�
EDOW�WXQJVWHQ�DOOR\�FRPSRVLWLRQ�DQG�LWV�FXU�
UHQW�HIILFLHQF\�KDV�EHHQ�GHWHUPLQHG��7KH�UH�
JLPHV�SURYLGLQJ�WKH�FRDWLQJV�ZLWK�SUHGHWHU�
PLQHG� FRQWHQWV� RI� WKH� DOOR\�IRUPLQJ
FRPSRQHQWV�KDYH�EHHQ�LGHQWLILHG��7KH�&R±:
DOOR\�GHSRVLWLRQ�SRVVLELOLW\�XVLQJ�VROXEOH�&R
DQG�:�DQRGHV�KDV�EHHQ�SURYHG��WKH�FXUUHQW
GHQVLW\� LQWHUYDO� SUHIHUUHG� WR� FDUU\� RXW� WKH
SURFHVV�KDV�EHHQ�GHWHUPLQHG��7KH�DOOR\�FRU�
URVLRQ� VWDELOLW\� H[SORUHG� XVLQJ� WKH� LPSHG�
DQFH� VSHFWURVFRS\� PHWKRG� DQVZHUV� FRP�
SOHWHO\� WR�HOHFWURFKHPLFDO�NLQHWLFV� ODZV� DQG
LV� GHILQHG� E\� WKH� DOOR\�IRUPLQJ� FRPSRQHQW
FRQWHQWV� DQG� LQFUHDVHV� LQ� SURSRUWLRQ� ZLWK
WKH�WXQJVWHQ�FRQWHQW��7KH�&R±:�DOOR\�FDWD�
O\WLF�DFWLYLW\�KDV�EHHQ�HVWDEOLVKHG�WR�H[FHHG

)LJ�� ��� 7KH� DOOR\� WXQJVWHQ� FRQWHQW� LQIOXHQFH
RQ� FRUURVLRQ� UHVLVWDQFH�5S� DQG� K\GURJHQ� H[�
FKDQJH�FXUUHQW�GHQVLW\�M+�

� �

0�9HG�HW�DO����1HZ�DSSURDFK�WR�FDWDO\WLF����

)XQFWLRQDO�PDWHULDOV������������� ���



LWV�YDOXHV�IRU�WKH�DOOR\�IRUPLQJ�FRPSRQHQWV
DV� D� UHVXOW� RI� V\QHUJLVP� HIIHFW�� 7KH� VWXG\
KDV�SURYHG�WKH�SRVVLELOLW\�RI�FREDOW�WXQJVWHQ
DOOR\�GHSRVLWLRQ�ZLWK�VDWLVIDFWRU\�KLJK�FXU�
UHQW�HIILFLHQF\�DQG�SUHGLFWDEOH�KLJK�OHYHO�RI
DQWLFRUURVLRQ�DQG�FDWDO\WLF�SURSHUWLHV��

5HIHUHQFHV
� ���$�7�9DVNR�� 6�9�.RYDFK�� (OHFWURFKHPLVWU\� RI
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