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6LOLFRQH�QLWULGH��6L�1���LV�D�VWUXFWXUDO�FH�UDPLFV� RI� LPSRUWDQFH� LQ� QXPHURXV� PRGHUQ
DSSOLFDWLRQV��6L�1��LV�XVHG�LQ�DXWRPRWLYH�HQ�JLQH� SDUWV�� FXWWLQJ� WRROV�� PDFKLQH� FRPSR�
QHQWV�� HWF�� 6LOLFRQH� QLWULGH� DQG� VLOLFRQH
R[\QLWULGH� SOD\� DQ� LQFUHDVLQJO\� LPSRUWDQW
SDUW� LQ� HOHFWURQLF� LQGXVWU\� >�@� DQG� LQ� RS�
WRHOHFWURQLFV� >����@�� 6L�1�� LV� XVXDOO\� SUH�SDUHG�E\�KLJK�WHPSHUDWXUH�UHDFWLRQ�ELQGLQJ
RU�KRW�SUHVVLQJ�VLQWHULQJ�SURFHVV�DQG�WKHUH�
IRUH� LW� LV� DOZD\V� LQ� SRO\FU\VWDOOLQH� IRUP
ZLWK� PDQ\� GHIHFWV� DQG� LPSHUIHFWLRQV�
2IWHQ��YDULRXV�VLQWHULQJ�DGPL[WXUHV�RI�PHW�
DOV�DQG�R[LGHV�DUH�RIWHQ�DGGHG�WR�WKH�LQLWLDO
6L�1�� SRZGHU�� 7KRVH� DGPL[WXUHV� DUH� QHFHV�VDU\�WR�SURYLGH�VWDEOH�LQWHUJUDQXODU�MRLQLQJ
LQ� WKH� FRXUVH� RI� VLQWHULQJ�� 7KRVH�PD\� JLYH
ULVH� WR� DGGLWLRQDO� LQWHUJUDQXODU� SKDVH� RU
VROLG�VROXWLRQ�RI�WKH�DGPL[WXUH�LQ�WKH�6L�1�SKDVH�>�@��6LOLFRQH�QLWULGH�ILOPV�SUHSDUHG�E\
FKHPLFDO� YDSRU� GHSRVLWLRQ� DUH� OLNHO\� WR� EH
DPRUSKRXV��7KH�SRO\FU\VWDOOLQH�6L�1��H[LVWVLQ� WZR� IRUPV�� D� DQG� E�� ZLWK� E�6L�1�� WR� EHWKHUPRG\QDPLFDOO\�PRUH�VWDEOH�LQ�WKH�ODWWHU
>�@��%RWK�WKH�D�DQG�E�SKDVHV�KDYH�WKH�VDPH
EDVLF� VWUXFWXUDO� XQLWV� ZLWK� D� WHWUDKHGUDO
ELQGLQJ� IRU�6L� �6L±1��� DQG� D� ELQGLQJ� IRU�1�1±6L����7KH�XQLW�FHOO�RI�WKH�D�6L�1��LV�WZLFHDV� ODUJH� DV� WKDW� RI� WKH� E�SKDVH�� DQG� WKH

SKDVHV� GLIIHU� LQ� WKH� VWDFNLQJ� VHTXHQFH� RI
OD\HU�VXEXQLWV�DORQJ�WKH�F�D[LV��7KH�6L�1�2FU\VWDO�FDQ�EH�FRQVLGHUHG�DV�DQ�LQWHUPHGLDWH
SKDVH� EHWZHHQ� 6L2�� DQG�6L�1�� >�@�� 6LOLFRQHR[\QLWULGH�PD\�DSSHDU�DV�D�VHFRQGDU\�SKDVH
LQ�WKH�LQWHUIDFLDO�JUDLQ�ERXQGDU\�RI�E�6L�1��DQG� DV� D� UHVXOW� RI� R[\JHQ� VXEVWLWXWLRQ� IRU
QLWURJHQ� GXULQJ� VLQWHULQJ� SURFHVV�� 7KLV
SKDVH� LQIOXHQFHV� KHDYLO\� WKH� RYHUDOO� SHU�
IRUPDQFH� RI� VLOLFRQH� QLWULGH�EDVHG� VWUXF�
WXUDO�FHUDPLFV��

7KH�FHUDPLF�VDPSOHV�RI�E�6L�1��ZHUH�SUH�SDUHG� E\� KRW� SUHVVLQJ� DW� ����Ü�����&� DQG
���03D��$O�DQG�0R�ZHUH�XVHG�DV�WKH�VLQWHU�
LQJ�DGGLWLYHV��7KH�0R�DPRXQW�ZDV�WKH�VDPH
IRU�DOO�VDPSOHV��DERXW�������WKH�$O�RQH�ZDV
YDULHG� �IURP� ���� �� WR� ���� ���� 7KH� SKDVH
VWUXFWXUH� ZDV� VWXGLHG� E\� ;�UD\� GLIIUDF�
WRPHWU\�� $OO� VDPSOHV�� H[FHSW� IRU� 6L�1���������$O��ZHUH�LGHQWLFDO�LQ�WKH�SKDVH�VWUXF�
WXUH� FRQVLVWLQJ�RI�E�6L�1�� DQG�PRO\EGHQXPGLVLOLFLGH�0R6L���7KH�DOXPLQXP�GLG�QRW�SUR�GXFH�D�VHSDUDWH�SKDVH��EXW�IRUPHG�DQ�LQWHU�
VWLWLDO� VROLG� VROXWLRQ� LQ� VLOLFRQH� QLWULGH�� ,Q
WKH� VDPSOH�ZLWK� ������$O�� WKH� WKLUG� SKDVH
RI� VLOLFRQH� R[\QLWULGH� LV� SUHVHQW�� WRR�� 7KH
RSWLFDO�FRQVWDQWV�RI�E�6L�1��FHUDPLFV�LQ�YLV�LEOH� DQG� XOWUDYLROHW� UHJLRQ� ZHUH� PHDVXUHG
E\� HOOLSVRPHWU\� �%HDWW\� PHWKRG�� >�@� LQ
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ZDYHOHQJWK� UDQJH� RI� ����� PP� WR� ���� PP
���WR���H9���7KH�PHDVXUHPHQWV�ZHUH�FDUULHG
QHDU�WKH�PDLQ�DQJOH�RI�LQFLGHQFH�DERXW�����
7KH�SRODUL]DWLRQ� D]LPXWK�ZDV�\$� ������ LQ�VWHDG� RI� ����� EHFDXVH� RI�ZHDN� UHIOHFWLRQ� RI
WKH�S�FRPSRQHQW��7KH� UHIOHFWHG� OLJKW� LQWHQ�
VLW\� ZDV�PHDVXUHG� DW� WKUHH� IL[HG� SRVLWLRQV
RI�WKH�SRODUL]HU�����������DQG������8VLQJ�WKH
UHFHLYHG�OLJKW�LQWHQVLW\�,���,����,����WKH�DP�SOLWXGH� UDWLR� DQG� SKDVH� GLIIHUHQFH� EHWZHHQ
S�� DQG� V�SRODUL]HG� UHIOHFWHG� OLJKW� ZHUH� FDO�
FXODWHG��2SWLFDO� FRQVWDQWV�� UHIUDFWLYH� LQGH[
Q� DQG� H[WLQFWLRQ� FRHIILFLHQW� N� ZHUH� FDOFX�
ODWHG� XVLQJ� PHWDOORJUDSKLF� IRUPXODV� >�@�
7KHQ��XVLQJ� WKH� FRUUHODWLRQ� DPRQJ� WKH� UHDO
DQG� LPDJLQDU\� SDUWV� RI� GLHOHFWULF� IXQFWLRQ�
WKH�UHIUDFWLYH�LQGH[�Q�DQG�H[WLQFWLRQ�FRHIIL�
FLHQW� N�� WKH� GLHOHFWULF� IXQFWLRQ� ZDV� GHWHU�
PLQHG�

7KH� H[SHULPHQWDO� VSHFWUD� RI� UHIUDFWLYH
LQGH[�� UHDO� SDUWV� RI� GLHOHFWULF� IXQFWLRQ� DQG
RSWLFDO� FRQGXFWLYLW\� DUH� SUHVHQWHG� LQ� )LJV�
��� ��� ���$V� LV� VHHQ� IURP�)LJ���� DQG�)LJ����
WKH� GHSHQGHQFHV�Q�KQ�� DQG� Hc�KQ�� DUH� UDWKHU
VLPLODU�WR�HDFK�RWKHU�DQG�LQFUHDVH�ZLWK�SKR�
WRQ�HQHUJ\��,Q�WKH�,5�UHJLRQ��Hc�!����DQG�WKH
ORZ� YDOXH� RI� RSWLFDO� FRQGXFWLYLW\� HYLGHQFHV
WKDW�0R�DQG�$O�IUHH�HOHFWURQV�LQ�WKH�FHUDP�
LFV� LQIOXHQFH�RQO\� VOLJKWO\� WKH�RSWLFDO�SURS�
HUWLHV�� 0R� DQG� $O� DGPL[WXUHV� SURYLGH� ORZ
IUHH� HOHFWURQ� FRQFHQWUDWLRQ� LQ� WKH� FRQGXF�
WLYH�EDQG��$�PD[LPXP�DW����Ü����H9�LV�SUH�
VHQW� LQ� Q�KQ�� DQG� Hc�KQ�� GLDJUDPV� �)LJ����
)LJ������ ,Q� WKLV� UHJLRQ�� WKH� KH[DJRQDO� PR�
O\EGHQXP� GLVLOLFLGH� VKRZV� D� PD[LPXP� >�@
DQG�ZH�FDQ�DVVXPH�WKDW�WKLV�LV�WKH�FDXVH�RI
WKH�DERYH�PHQWLRQHG�PD[LPXP��,Q�WKH�VSHF�
WUD� RI� VDPSOHV� 6L�1������ �� $O�� 6L�1���������$O�� DQG�6L�1����������$O�� WKH� EDQGV
DW� ���� H9� DQG� ���� H9� DUH� REVHUYHG�� 7KRVH

DUH� UHODWHG� WR� KH[DJRQDO�0R6L�� WRR�� 7KRVHEDQGV� DUH� DEVHQW� LQ� WKH� VSHFWUD� RI� RWKHU
VDPSOHV��7KLV�FDQ�EH�H[SODLQHG�E\�IRUPDWLRQ
RI�D�GLVLOLFLGH�PRGLILFDWLRQ�ZLWK�GHIHFW�FU\V�
WDO� VWUXFWXUH� �DOPRVW� DPRUSKRXV�� GXULQJ
VLQWHULQJ�� 6XFK� PRGLILFDWLRQV� VKRZ� QR� H[�
SOLFLW� PD[LPD�� $OXPLQXP� H[KLELWV� D� PD[L�
PXP� DW� ���� H9� ZKLFK� LV� RQO\� REVHUYHG� LQ
WKH�VSHFWUD�RI�VDPSOHV�6L�1����������$O�DQG
6L�1����������$O�

7KH�VSHFWUDO�GHSHQGHQFH�RI�H[WLQFWLRQ�FRHI�
ILFLHQW�FDQ�EH�ILWWHG�E\�HPSLULFDO�IRUPXOD�>�@�
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ZKHUH�O�LV�ZDYHOHQJWK��(J��EDQG�JDS��N�YDU�LHV� IURP� �� WR� �� GHSHQGLQJ� RQ� WKH� VDPSOH
PDWHULDO�� )RU� VLOLFRQH� QLWULGH�� N� ZDV� DF�

)LJ����� 5HDO� SDUW� RI� GLHOHFWULF� IXQFWLRQ� RI
6�1��FHUDPLF�VDPSOHV�

)LJ����� 2SWLFDO� FRQGXFWLYLW\� RI�6�1�� FHUDPLFVDPSOHV�

)LJ�����5HIUDFWLYH�LQGH[�RI�6�1��
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FHSWHG� WR� EH� �� >��@�� 8VLQJ� WKH� FRUUHODWLRQ
�����WKH�EDQG�JDS�YDOXHV�IRU�VLOLFRQH�QLWULGH
FHUDPLFV�KDYH�EHHQ�GHWHUPLQHG��

7KH� EDQG� JDS� ZLGWK� IRU� 6L�1���������$O��6L�1��������$O��6L�1����������$�O�6L�1����� �� $O�� 6L�1�������� �� $O�� DQG� 6L�1�������$O� VDPSOHV� LV� WKH�VDPH�ZLWKLQ� WKH�FDO�
FXODWLRQ� HUURU� DQG� DPRXQWV� ���� H9�� 7KH
6L�1�������� �� $O� VDPSOH� KDV� D� QDUURZHG
EDQG�JDS��(J� �����H9��7KH�HVWLPDWHG�EDQGJDS�ZLGWK� LV� VPDOOHU� WKDQ� WKHRUHWLFDO�YDOXH
FDOFXODWHG� IRU� SXUH� E�6L�1�� VLQJOH� FU\VWDO�7KH� PLQLPXP� EDQG� JDS� YDOXH� LV� ����� H9�
ZKLFK� FRUUHVSRQGV� WR� LQGLUHFW� WUDQVLWLRQV
IURP�WKH�YDOHQFH�EDQG�WRS�$�WR�WKH�FRQGXF�
WLRQ� EDQG� ERWWRP� *�� WKH� GLUHFW� WUDQVLWLRQ
*�o�*� HQHUJ\� EHLQJ� ����� H9�� 7KH� H[SHUL�
PHQWDO� (J� YDOXH� IRU� E�6L�1�� VLQJOH� FU\VWDOREWDLQHG� E\� ;�UD\� VSHFWURVFRS\� LV� ���� H9
>��@�� 2XU� HVWLPDWLRQV� RI� (J� DUH� LQ� JRRGDJUHHPHQW� ZLWK� WKH� UHVXOWV� LQ� >������@
ZKHUH�WKH�EDQG�JDS�YDOXHV�ZHUH�GHWHUPLQHG
IRU� FHUDPLF� DQG� VLOLFRQH� QLWULGH� SRZGHUV�
,QYHVWLJDWLQJ� RI� DPRUSKRXV� DQG� D�6L�1�ILOPV� VKRZV� WKDW� WKH� RSWLFDO� EDQG� JDS� LQ�
FUHDVHV� VPRRWKO\� IURP� ����� H9� WR� ���� H9
GHSHQGLQJ� RQ� WKH� VWRLFKLRPHWU\� RI� 6L�±;1;>������@�� 7KH� EDQG� JDS� UHGXFWLRQ� LV� FDXVHG
E\� WKH� SUHVHQFH� RI� EURNHQ�6L±1� DQG�ZURQJ
6L±6L� DQG�1±1�ERQGV��%RWK�6L� DQG�1�GHIHFW
ERQGV� LQWURGXFH� ORFDOL]HG� VWDWHV� LQWR� WKH
JDS�� $V� WKH� FHUDPLFV� ZDV� VLQWHUHG� DW� KLJK
WHPSHUDWXUH� DQG�SUHVVXUH�� WKH�EURNHQ�FU\V�
WDOOLQH� VWUXFWXUH� RI� VLOLFRQH�QLWULGH�ZDV�RE�
WDLQHG�>�@�

$V� LV� VHHQ� IURP� )LJ����� WKH� UHIUDFWLRQ
LQGH[� RI� FHUDPLF� VDPSOHV� LQFUHDVHV� IURP
�����XS�WR������7KH�SUHVHQFH�RI�DGPL[WXUHV
KDV� D� OLWWOH� LQIOXHQFH� RQ� WKH� Q�KQ�� GHSHQG�
HQFH� VKDSH�� 7KH� UHIUDFWLYH� LQGH[� YDOXH� LV
ORZHU� WKDQ� WKDW� RI� SXUH� E�6L�1��� 7KH� SUHV�HQFH� RI� R[\JHQ� LQIOXHQFHV� VWURQJO\� WKH� UH�
IUDFWLYH�LQGH[�>��@��7KH�VXEVWLWXWLRQ�RI�R[\�
JHQ� IRU� QLWURJHQ� LQ� VLOLFRQH� QLWULGH� RFFXUV
GXULQJ� WKH� VLQWHULQJ� SURFHVV�� VR� VLOLFRQH
R[\QLWULGH� LV� IRUPHG��:H� XVHG� %UXJJHPDQ
HIIHFWLYH�PHGLXP�DSSUR[LPDWLRQ� >��@� WR�HV�
WLPDWH� WKH� VLOLFRQH� R[\QLWULGH� DPRXQW�� 7KH
HIIHFWLYH� GLHOHFWULF� FRQVWDQW� H� RI� WKH�SK\VL�
FDO�PL[WXUH�LV�GHVFULEHG�E\�WKH�HTXDWLRQ
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ZKHUH� F� LV� WKH� FRQFHQWUDWLRQ� RI� WKH� DGPL[�
WXUHV�ZLWK�FRPSOH[�GLHOHFWULF�FRQVWDQW�H��LQWKH� PDWUL[� ZLWK� FRPSOH[� GLHOHFWULF� FRQ�

VWDQW�H���7KH�UHIUDFWLYH�LQGH[�RI�SXUH�E�6L�1�
DW�O� �������QP� LV������ZKLOH� IRU�6L�1�2�
Q� ������ >�@�� 8VLQJ� WKH� HTXDWLRQ� ����� ZH
KDYH� FDOFXODWHG� WKH� GHSHQGHQFH� RI� UHIUDFWLYH
LQGH[�RQ�R[\QLWULGH�FRQFHQWUDWLRQ��7KH�UHVXOW
LV�SUHVHQWHG�DV�WKH�Q�F��GLDJUDP�LQ�)LJ����

7KH� UHIUDFWLYH� LQGH[� DW� O� �������QP
ZDV�ZLWKLQ�OLPLWV�RI����Ü����IRU�DOO�FHUDPLF
VDPSOHV�� H[FHSW� IRU� 6L�1����������$O�� Q� 
�����DQG�IRU�6L�1��������$O��Q� �������7KH
ORZHUHG� YDOXH� LQ� WKH� IRUPHU� FDVH� LV� FRQ�
QHFWHG�ZLWK�DV�ODUJH�DPRXQW�RI�R[\JHQ��WKH
VLOLFRQH�R[\QLWULGH�FRQFHQWUDWLRQ�ZDV�������
,W� ZDV� FRQILUPHG� E\� ;�UD\� GLIIUDFWRPHWU\�
R[\QLWULGH�SKDVH�ZDV�GHWHFWHG��7KH�HOHYDWHG
YDOXH�LQ�WKH�VHFRQG�FDVH�FDQ�EH�H[SODLQHG�E\
ORZ�FRQFHQWUDWLRQ�RI�R[\JHQ��F� ��������7KH
RWKHU� FHUDPLF� VDPSOHV� FRQWDLQ� 6L�1�2� FRQ�FHQWUDWLRQV�ZLWKLQ�OLPLWV�RI�����Ü�����8VLQJ
HOOLSVRPHWU\�DQG�HIIHFWLYH�PHGLXP�DSSUR[L�
PDWLRQ��ZH�FDQ�HVWLPDWH�WKH�R[\JHQ�DPRXQW
LQ�WKH�FHUDPLFV�

7KXV�� HOOLSVRPHWULF� LQYHVWLJDWLRQ� RI� VLOL�
FRQH�QLWULGH�FHUDPLFV�DQG�EDQG�JDS�FDOFXOD�
WLRQ�HQDEOH�XV� WR�FRQFOXGH� WKDW� WKH�JDS�GH�
FUHDVH� LV� FRQQHFWHG� ZLWK� EURNHQ� FU\VWDOOLQH
VWUXFWXUH�RI�E�6L�1��DQG�IRUPDWLRQ�RI�ZURQJLQWHUDWRPLF� ERQGV�� $QDO\]LQJ� WKH� H[SHUL�
PHQWDO� GDWD� RQ� GLHOHFWULF� IXQFWLRQ� DQG� UH�
IUDFWLYH� LQGH[�� ZH� KDYH� FRQFOXGHG� WKH� IRU�
PDWLRQ�RI�D� FU\VWDOOLQH�PRGLILFDWLRQ�RI�PR�
O\EGHQXP� GLVLOLFLGH� GXULQJ� WKH� VLQWHULQJ�
7KH�VLOLFRQH�R[\QLWULGH�DPRXQW�SUHVHQW�LQ�FH�
UDPLF�VDPSOHV�KDV�EHHQ�HVWLPDWHG�E\�%UXJJH�
PDQ�HIIHFWLYH�PHGLXP�DSSUR[LPDWLRQ�

)LJ�����7KH�GHSHQGHQFH�RI�VLOLFRQH�QLWULGH�UH�
IUDFWLYH� LQGH[� RQ� VLOLFRQH� R[\QLWULGH� FRQFHQ�
WUDWLRQ��
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5HIHUHQFHV
� ���9�,�%HO\��/�/�9DVLO\HYD��9�$�*ULWVHQNR�HW�DO��

6LOLFRQ�1LWULGH�LQ�(OHFWURQLFV��1DXND��1RYRVL�
ELUVN��������>LQ�5XVVLDQ@�

� ���7�6�(ULNVVRQ�� &�*�*UDQTXLVW�� -��$SSO��3K\V��
����������������

� ���0�GHO� *LXGLFH�� )�%UXQR�� 7�&LFLQHOOL��0�9DOOL�
$SSO��2SW�������������������

� ���5�$�$QGULHYVN\�� ,�,�6SLYDN�� 6LOLFRQ� 1LWULGH
DQG� 0DWHULDOV� RQ� LWV� %DVLV�� 0HWDOOXUJLD�
0RVNRZ��������>LQ�5XVVLDQ@�

� ���7�<D�.RVRODSRYD�� 7�9�$QGUHHYD�� 7�%�%DUWQLW�
VND\D� HW� DO��� 1RQ�0HWDO� +LJK�0HOWLQJ� &RP�
SRXQGV��0HWDOOXUJLD��0RVNRZ��������>LQ�5XVVLDQ@�

� ���<RQJ�1LDQ� ;X�� :�<�&KLQJ�� 3K\V��5HY��� ���
�������������

� ���$�9�5]KDQRY�� .�.�6YLWDVKHY�� $�,�6HPHQHQNR
HW�DO���3ULQFLSOHV�RI�(OOLSVRPHWU\��1DXND��1R�
YRVLELUVN��������>LQ�5XVVLDQ@�

� ���0�9�%HORXV�� <X�9�.XGU\DYWVHY�� <X�1�0DNR�
JRQ� HW� DO��� )L]�� 0HWDO��0HWDOORYHG��� ���� ��
��������

� ���1�0RWW��(�'HYLV��(OHFWURQLF�3URFHVVHV�LQ�1RQ�
FU\VWDOOLQH�6XEVWDQFHV��&ODUHGRQ�3UHVV��1HZ�<RUN
�������

����3�6�.LVOL\�� 6�$�$UWHP\XN�� %�$�$WDPDQHQNR
HW� DO��� 6YHUNKWYHUG\H� 0DWHULDO\�� 1R���� ��
��������

����&�6HQHPDXG��0�'ULVV�.KRGMD��$�*KHRUJKLX�HW
DO���-��$SSO��3K\V�������������������
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