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VSHFWUXP�RI�=Q6�&X�ZLWK�FRSSHU�FRQFHQWUDWLRQ�1&X�a�����ZW���KDV�EHHQ�GHPRQVWUDWHG��7KH
SKDVH� IRUPDWLRQ� SURFHVVHV� LQ� =Q6� LQYROYLQJ� &X� DUH� GLVFXVVHG�� ,W� KDV� EHHQ� VKRZQ� WKDW
FOXVWHULQJ� RI� FRSSHU� LRQV� LQ� WKH� PDWHULDO� RFFXUV� VWDUWLQJ� IURP� WKH� FRQFHQWUDWLRQ�1&X�!����ZW����)RUPDWLRQ�RI�FRPSOH[HV�LQFOXGLQJ�&X�FOXVWHUV�LV�DFFRPSDQLHG�E\�WKH�DSSHDUDQFH
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���,QWURGXFWLRQ
7KH�V\QWKHVLV�DQG�UHVHDUFK�RI�QDQRVWUXF�

WXUHG� PDWHULDOV� H[KLELWLQJ� ERWK� �FODVVLFDO�
VHPLFRQGXFWRU� DQG� QHZ� TXDQWXP�GLPHQ�
VLRQDO� SURSHUWLHV� LV� DPRQJ� GLUHFWLRQV� RI
SURPLVH� LQ� PRGHUQ� VHPLFRQGXFWRU� SK\VLFV
>����@�� 7KHVH� SURSHUWLHV� DUH� RI� LPSRUWDQFH
ILUVW� RI� DOO� IRU�SUDFWLFDO�DSSOLFDWLRQV��ZKLOH
SK\VLFDO� VWXG\� RI� WKH� FODVVLFDO� VHPLFRQGXF�
WRU�PDWHULDOV� XVHG� DV� D�PDWUL[� IRU� QDQRLQ�
FOXVLRQV�LV�DPRQJ�LPSRUWDQW�SUREOHPV�LQ�WKH
IXQGDPHQWDO�VFLHQFH��,Q�JHQHUDO��WKH�QDQRV�
WUXFWXUHG� PDWHULDOV� FDQ� EH� FRQVLGHUHG� DV
XVXDO� FRPSRXQGV� V\QWKHVL]HG� ZLWKLQ� DUWLIL�

FLDO�ERUGHUV��LQ�FRQGLWLRQV�RI�VR�FDOOHG��OLP�
LWHG� JHRPHWU\��� 7KH� QDQRFRPSRVLWHV� RE�
WDLQHG� E\� VLQJOH�VWDJH� V\QWKHVLV� DUH� RI� D
VSHFLDO� LQWHUHVW� >�Ü�@�� =Q6� LV� WKH� EDVH� RI
KLJK�TXDOLW\�SKRVSKRUV�IDEULFDWHG�E\�VLQJOH�
VWDJH� V\QWKHVLV�� WKHUHIRUH�� LW� LV� D� SURVSHF�
WLYH� PDWHULDO� IRU� XVLQJ� DV� D� PDWUL[� IRU
QDQRLQFOXVLRQV�� ,Q�SDUWLFXODU�� SKRVSKRUV�RQ
WKH� EDVLV� RI� FRSSHU�DFWLYDWHG� ]LQF� VXOILGH
DUH� ZLGHO\� XVHG� DPRQJ� WKH� PRVW� HIIHFWLYH
RQHV� LQ� JUHHQ�EOXH� VSHFWUDO� UHJLRQ�� DQG� WKH
WHFKQRORJ\� WKHUHRI� LV� ZHOO� GHYHORSHG��+RZ�
HYHU�� LQ� VRPH� FDVHV�� WKH� VWUXFWXUH� RI� WKH
OXPLQHVFHQFH� FHQWHUV� LQFOXGLQJ�&X� LRQV� UH�
PDLQV� XQFOHDU� WR� GDWH� >�Ü�@�� 7KLV� LV� H[�
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SODLQHG�E\�WKDW�R[\JHQ�LQ�=Q6�JLYHV�VLPLODU
OXPLQHVFHQFH�EDQGV�LQ�DEVHQFH�RI�FRSSHU�>�@
DQG� WKDW�� GXH� WR� UHFRPELQDWLRQ� LQWHUDFWLRQ�
WKH� EDQG� FKDUDFWHULVWLFV�PD\� FKDQJH� HVVHQ�
WLDOO\� LQ� SUHVHQFH� RI� GHIHFWV� RU� DGGLWLRQDO
�XQFRQWUROODEOH��LPSXULWLHV��$V�D�UHVXOW��GLV�
SOD\� RI� WKH� EDQGV� UHODWHG� WR� &X� LRQV� LQ
=Q6�&X� SKRWROXPLQHVFHQFH� �3/�� VSHFWUD� GH�
SHQGV� KHDYLO\� RQ� WKH� V\QWKHVLV� FRQGLWLRQV
LQIOXHQFLQJ�WKH�IRUPDWLRQ�RI�WKH�DFWLYH�FHQ�
WHU�VWUXFWXUH�

7RGD\�� WKH� QDWXUH� RI� WKH� VR�FDOOHG� GDUN
EOXH� DQG� JUHHQ� FHQWHUV� RI� OXPLQHVFHQFH
FDXVHG� E\�&X� LQ� =Q6� �EDQGV�%�� DQG�*Ü&X�
>�Ü�@� LV� VWXGLHG� PLQXWHO\� HQRXJK� LQ� PDQ\
DVSHFWV��,Q�>�Ü��@��LW�LV�VKRZQ�WKDW�WKH�FHQ�
WHU�UHVSRQVLEOH�IRU�*Ü&X�EDQG�RFFXUUHQFH�LV
WKH� LVRODWHG� FRSSHU� LRQ� VXEVWLWXWLQJ� ]LQF� LQ
WKH�=Q6� ODWWLFH�� ,W�KDV� EHHQ� IRXQG� WKDW� WKH
FHQWHU�V\PPHWU\�LV�QRW�ORZHU�WKDQ�WKH�UHJX�
ODU� XQLW� V\PPHWU\� LQ� FXELF� RU� KH[DJRQDO
=Q6� ODWWLFH��KHQFH��WKH�FRDFWLYDWRU�GRHV�QRW
LQYROYHG�LQWR�WKH�FHQWHU�VWUXFWXUH�

7KH�GDUN�EOXH�OXPLQHVFHQFH�LV�DVFULEHG�WR
IRUPDWLRQ� RI� &X�6� SKDVH� QXFOHL�DVVRFLDWHVVXFK�DV�&X=Q±&X=Q�>���@��7KH�IRUPDWLRQ�DQGPXWXDO�WUDQVIRUPDWLRQ�RI�WKH�GDUN�EOXH�DQG
JUHHQ�FRSSHU�FHQWHUV�XQGHU�DQQHDOLQJ� LV�DV�
VRFLDWHG�WR�SRWHQWLDO�SRVVLELOLW\�RI�&X�6�IRU�PDWLRQ� DW� LQWHUEORFN� VXUIDFHV� DV� D� VHSDUDWH
SKDVH��7KH� IRUPDWLRQ�RI�PRUH�FRPSOH[�FHQ�
WHUV� LQFOXGLQJ� &X�� VXFK� DV� FRSSHU� FOXVWHUV
RU� QDQRSDUWLFOHV� LQIOXHQFLQJ� RQ� =Q6� OXPL�
QHVFHQFH� HIILFLHQF\�� ZHUH� QRW� FRQVLGHUHG� LQ
OLWHUDWXUH�� DPRQJ� RWKHU� FDXVHV�� GXH� WR� WKH
GLIILFXOWLHV�UHODWHG�WR�GHWHFWLRQ�DQG�LGHQWLIL�
FDWLRQ�RI�VXFK�REMHFWV�LQ�D�PDWHULDO�

7KH�SXUSRVH�RI�WKLV�ZRUN�LV�WR�VWXG\�WKH
LQIOXHQFH� RI� &X� LPSXULW\� FRQFHQWUDWLRQ� RQ
WKH�3/�DQG�HOHFWURQ�SDUDPDJQHWLF�UHVRQDQFH
�(35�� FKDUDFWHULVWLFV� LQ� =Q6� VDPSOHV� RE�
WDLQHG� E\� D� VHOI�SURSDJDWLQJ� KLJK�WHPSHUD�
WXUH� V\QWKHVLV� �6+6�� DV� ZHOO� DV� WR� PDNH� D
GHWDLOHG� FRPSDUDWLYH�DQDO\VLV�RI� FKDQJHV� LQ
WKH�VSHFWUDO�FKDUDFWHULVWLFV�RI�SKRWROXPLQHV�
FHQFH�DQG�(35�GHSHQGLQJ�RQ�WKH�FRQFHQWUD�
WLRQ�RI�FRSSHU�LQWURGXFHG�

���([SHULPHQWDO�SURFHGXUHV
$� VHW� RI� &X�GRSHG� =Q6�EDVHG� SKRVSKRUV

ZDV� V\QWKHVL]HG�E\�6+6� LQ�QLWURJHQ�DWPRV�
SKHUH� DW� WKH� WHPSHUDWXUHV� SURYLGLQJ� LQWHU�
DFWLRQ�SURFHVV�EHWZHHQ�VXOIXU�DQG�]LQF�>��@�
&RSSHU�ZDV� LQWURGXFHG� LQWR� WKH�PDWHULDO� LQ
WKH�IRUP�RI�&X&O��7KLV�WHFKQLTXH�DOORZHG�XV
WR� LQWURGXFH� WKH� QHFHVVDU\� DPRXQW� RI� WKH
LPSXULW\� GXULQJ� V\QWKHVLV�� 7KH�&X� FRQFHQ�
WUDWLRQ� LQ� WKH� VHW� YDULHG� IURP� ���� XS� WR
��ZW�����LQLWLDO�PDWHULDOV�RI�=Q�DQG�6�ZHUH

LQ�WKH�VWRLFKLRPHWULF�UDWLR��$IWHU�V\QWKHVLV�
WKH� REWDLQHG� PDWHULDO� KDV� EHHQ� VHSDUDWHG
EDVLQJ� RQ� WKH� JUDQXORPHWU\�� 7KH� SRZGHU
IUDFWLRQ�RI�DERXW����WR����PP�VL]H�ZDV�XVHG
WR� WKH� VWXG\�� 7KH� 3/� VSHFWUD� ZHUH� H[FLWHG
E\�������QP�OLQH�RI�/*,����ODVHU�DQG�UHJLV�
WHUHG�XVLQJ�D�.698����VSHFWURPHWHU�DW�7� 
����.��7KH�(35�PHDVXUHPHQWV�ZHUH�FDUULHG
RXW� XVLQJ� ;�EDQG� �Q�#����� *+]�� RI� D� 5D�
GLRSDQ� ;������ (35� VSHFWURPHWHU� ZLWK
����N+]�PRGXODWLRQV�RI�PDJQHWLF�ILHOG�

���5HVXOWV�DQG�GLVFXVVLRQ
7KH�3/�VSHFWUD�RI�=Q6�&X�SKRVSKRUV�V\Q�

WKHVL]HG�ZLWK�GLIIHUHQW� FRSSHU� FRQWHQWV� �XS
WR� �� ZW�� ��� DUH� VKRZQ� LQ� )LJ����� 7KH� 3/
VSHFWUD�DSSHDU�WR�EH�D�FRPSOH[�ZLGH�EDQG�LQ
WKH�EOXH�JUHHQ�VSHFWUDO�UDQJH��LW�FRQVLVWV�RI
VHYHUDO� LQGLYLGXDO� OLQHV��7KH�FKDQJH�RI�FRS�
SHU� FKORULGH�]LQF� VXOILGH� UDWLR� GXULQJ� V\Q�
WKHVLV� UHVXOWV� LQ� LQWHQVLW\� UHGLVWULEXWLRQ
WKHUHRI� �VHH�)LJ������7KH�FRSSHU�IUHH�VDPSOH
H[KLELWV�D�VLQJOH�3/�OLQH�DW�����QP��$QRWKHU
3/� OLQH� ZLWK� PD[LPXP� DW� OPD[� �����QP� LVDSSHDUHG�IRU�DOO�FRSSHU�FRQFHQWUDWLRQV�VWXG�
LHG�DQG�GRPLQDWHV�LQ�WKH�3/�VSHFWUD�RI�VDP�
SOHV� ZLWK� WKH� KLJKHVW� &X� FRQFHQWUDWLRQ
���ZW������7KH�3/� OLQH�DW�����QP�UHYHDOHG
DV� D� ZLQJ� LQ� D� VKRUW�ZDYH� SDUW� RI� WKH
VSHFWUXP� IRU� FRSSHU�FRQWDLQLQJ� VDPSOHV
�����1&X�����ZW������%RWK� OLQHV� KDYH�YLVX�
DOO\� HTXDO� LQWHQVLWLHV� LQ� WKH� VDPSOH� ZLWK
1&X� �����ZW�����)LJ�����FXUYH����

7R� DQDO\]H� WKH� 3/� VSHFWUD� VKRZQ� LQ
)LJ�� ��� ZH� XVHG� SURFHGXUH� RI� VSHFWUXP� GH�
FRPSRVLWLRQ� LQWR� HOHPHQWDU\� FRPSRQHQWV
SURSRVHG�E\�$OHQWVHY�)RFN�PHWKRG�>������@�
$FFRUGLQJ� WR� WKLV� PHWKRG�� WKH� 3/� VSHFWUD
LQFOXGLQJ� DQ� LGHQWLFDO� VHW� RI� HOHPHQWDU\
FRPSRQHQWV� EXW� EHLQJ� REWDLQHG� IRU� =Q6�&X
VDPSOHV�ZLWK�GLIIHUHQW�FRSSHU�FRQWHQWV�ZHUH
FKRVHQ� IRU� WKH� DQDO\VLV�� 7KH� DQDO\VLV� RI

)LJ�����3/�VSHFWUD�RI�&X�GRSHG�]LQF�VXOILGH�SRZGHUV
ZLWK�&X�FRQFHQWUDWLRQ����Ü�����ZW�������Ü�����ZW�
�����Ü�����ZW�������Ü�����ZW�������Ü���ZW����
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WKHVH� VSHFWUD� KDV� VKRZQ� WKH� SUHVHQFH� RI
WKUHH� HOHPHQWDU\� FRPSRQHQWV� ZLWK� OPD[DERXW����������DQG�����QP��6XFK�GHFRPSR�
VLWLRQ� RI� 3/� VSHFWUXP� IRU� WKH� VDPSOH� ZLWK
����ZW����FRSSHU�FRQFHQWUDWLRQ�LV�SUHVHQWHG
LQ�)LJ����DV�DQ�H[DPSOH�

7KH� XQDPELJXRXV� LGHQWLILFDWLRQ� RI� WKH
HOHPHQWDU\� FRPSRQHQWV� IRUPLQJ� WKH� 3/
VSHFWUXP� RI� =Q6�&X� UHSUHVHQWV� VRPH� GLIIL�
FXOWLHV��+RZHYHU��DOWKRXJK�WKHUH�LV�QR�JHQ�
HUDOL]HG�PRGHO�IRU�WKH�OXPLQHVFHQFH�FHQWHUV
FRQWDLQLQJ�&X� LRQV�� LW� ZDV� IRXQG� WKDW� IRU�
PDWLRQ� RI� WKH� %�EDQG� ZLWK� OPD[� DERXW���� QP� �)LJ����� FXUYH� ��� DQG� *�EDQG� ZLWK
OPD[� DERXW� ����QP� �)LJ����� FXUYH���� LQ� OX�PLQHVFHQFH� VSHFWUD� RI� &X�GRSHG� =Q6� DUH
FDXVHG� E\� WKH� UDGLDWLYH� FHQWHUV� LQFOXGLQJ
&X��DQG�&X����UHVSHFWLYHO\�>����@��7KH�GDUN�
EOXH� DQG� JUHHQ� HOHFWUROXPLQHVFHQFH� FHQWHUV
DUH�WKH�EHVW�VWXGLHG�RQHV�>��@��,W�ZDV�VKRZQ
>�����@� WKDW� WKH� IRUPDWLRQ� RI� GDUN�EOXH� OX�
PLQHVFHQFH� FHQWHUV� LV� UHODWHG� WR� WKH� =Q6±
&X�6� V\VWHP� ZKLOH� WKH� JUHHQ� OXPLQHVFHQFHFHQWHUV� DUH� FDXVHG� E\�=Q6±&X6� V\VWHP��$V
DOO� WKH�=Q6�&X� VDPSOHV�ZHUH� V\QWKHVL]HG� LQ
LGHQWLFDO�FRQGLWLRQV��H[FHSW�IRU�YDU\LQJ�1&XSDUDPHWHU� RQO\�� WKH� LQWHQVLW\� UDWLR� RI
%�EDQG� WR�*�EDQG� RQH� FDQ� EH� FRQVLGHUHG� DV
WKH� DPRXQW� UDWLR� RI� UDGLDWLYH� FHQWHUV� LQ�
FOXGLQJ�&X��WR�WKRVHW�LQFOXGLQJ�&X���

)LJ���� VKRZV� WKDW� WKH� 3/� VSHFWUD� ORQJ�
ZDYH�ZLQJV�RI�DOO�FRSSHU�FRQWDLQLQJ�VDPSOHV
DUH�VLPLODU��7KLV�SRLQWV�RXW�WKDW�WKH�YLVXDO
YDULDWLRQ� RI� 3/� OLQHVKDSH� LQ� =Q6�&X� SKRV�
SKRUV� UHVXOWV� IURP� FKDQJH� RI� WKH� LQWHQVLW\
UDWLR� EHWZHHQ� WKH� HOHPHQWDU\� FRPSRQHQWV
IRUPLQJ� VKRUW�ZDYH� SDUW� RI� WKH� VSHFWUD�
QDPHO\� FKDQJH� RI� WKH� UHODWLYHO\� LQWHQVLW\
UDWLR�EHWZHHQ�%��DQG�*�EDQGV��$V�LW�ZLOO�EH
VKRZQ� EHORZ�� WKH� UHODWLYH�%�EDQG� LQWHQVLW\

YDULDWLRQ�GHSHQGLQJ�RQ�1&X�LV�QRQOLQHDU�DQGFRUUHODWHV�ZHOO�ZLWK�(35�GDWD��
7KH�(35�PHDVXUHPHQWV�ZHUH�FDUULHG�RXW

XVLQJ�WKH�VDPH�=Q6�&X�VDPSOHV�ZLWK�FRSSHU
FRQFHQWUDWLRQ�YDU\LQJ�IURP���XS�WR���ZW����
)LJ���� VKRZV� WKH� URRP�WHPSHUDWXUH� (35
VSHFWUD�RI�VHYHUDO�]LQF�VXOILGH�SRZGHUV�ZLWK
GLIIHUHQW� FRSSHU� FRQFHQWUDWLRQV�� 7KH� SKRV�
SKRUV� ZLWK� ORZ� FRSSHU� FRQFHQWUDWLRQ� ����
DQG�����ZW�����GR�QRW�H[KLELW�DQ\�(35�VLJ�
QDOV�UHODWHG�WR�SDUDPDJQHWLF�VSHFLHV�LQFOXG�
LQJ�&X�LRQV��7KH�(35�VSHFWUD�RI�WKHVH�VDP�
SOHV� FRQVLVW� RI� VL[�ZHDN� OLQHV� DWWULEXWHG� WR
XQFRQWUROODEOH�0Q���LPSXULW\�LQ�=Q6�ODWWLFH�
,QFUHDVLQJ�RI�LQWURGXFHG�FRSSHU�FRQFHQWUD�
WLRQ� UHVXOWV� LQ� WKH� DSSHDUDQFH� RI� D� QHZ
EURDG� DQG� LQWHQVH� (35� VLJQDO� FKDUDFWHUL]HG
E\�J� ����r����DQG�'+SS|����P7��VHH�)LJ�����,W� DULVHV� LQ� WKH� WKUHVKROG� PDQQHU� DQG� LWV
LQWHQVLW\� LQFUHDVHV� ZLWK� IXUWKHU� ULVH� RI� LQ�
WURGXFHG�FRSSHU�FRQFHQWUDWLRQ�

7KLV� (35� VLJQDO� SRVVHVVHV� D� QXPEHU� RI
IHDWXUHV�� )LUVW� RI� DOO�� LWV� LQWHJUDWHG� LQWHQ�
VLW\� LV� YHU\� KLJK� LQ� FRPSDULVRQ� ZLWK� WKH
(35�VLJQDOV�FDXVHG�E\�FRQYHQWLRQDO�SDUDP�
DJQHWLF� V\VWHPV�� ,Q� DGGLWLRQ�� LW� GHPRQ�
VWUDWHV� DQ� XQXVXDO� WHPSHUDWXUH� EHKDYLRU�
)LUVW��ZLWK� WHPSHUDWXUH� ORZHULQJ�� WKH� LQWH�
JUDWHG� LQWHQVLW\� RI� VSHFWUXP� ,(35�7�� LQ�FUHDVHV� PXFK� ZHDNHU� WKDQ� LW� LV� WR� H[SHFW
IURP� WKH� &XULH� ODZ� IRU� WKH� SDUDPDJQHWLF
FHQWHUV� �,(35�7��a���7��� 6HFRQG�� WKH� UHVR�QDQW�PDJQHWLF� ILHOG�+UHV� LV� GLVSODFHG� WR�ZDUGV� ORZHU� YDOXHV�� VR� J� IDFWRU� LV
����r���� DW� 7� ���� .�� )LQDOO\�� LQ� ��� WR
���� .� LQWHUYDO�� DQ� DGGLWLRQDO� QDUURZHU
(35�OLQH��J� ����r������'+SS|���P7��LV�UH�YHDOHG�� LWV� VSHFWUDO� SRVLWLRQ� EHLQJ� LQGH�

)LJ�����3/� VSHFWUXP�RI� WKH�=Q6�SRZGHU�GRSHG
E\�FRSSHU�ZLWK�FRQFHQWUDWLRQ�RI�����ZW�����7KH
VKDSHG�OLQH�VKRZV�HOHPHQWDU\�FRPSRQHQW�RI�WKH
=Q6�&X�3/�VSHFWUXP� )LJ�����(35�VSHFWUD��7� �����.��RI�WKH�=Q6�&X

ZLWK� &X� FRQFHQWUDWLRQ�� �� Ü� ���� ZW�� ��
��Ü�����ZW�������Ü�����ZW�������Ü���ZW����
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SHQGHQW� RI� WKH� PHDVXUHPHQW� WHPSHUDWXUH
�VHH�)LJ�����

/HW� WKH� H[SHULPHQWDO� UHVXOWV� REWDLQHG�EH
DQDO\]HG��)LJ�����FXUYH����VKRZV�GHSHQGHQFH
RI�WKH�(35�VSHFWUXP�LQWHJUDWHG�LQWHQVLW\�RQ
WKH� LQWURGXFHG� FRSSHU� FRQWHQW� DW� 7� �����.�
&XUYH���SUHVHQWV�WKH�FKDQJH�RI�WKH�SKRWROX�
PLQHVFHQFH� %�� DQG� *�EDQGV� LQWHQVLW\� UDWLR
ZLWK�1&X�LQFUHDVLQJ��$�EDVLF�GLVWLQFWLRQ�DS�SHDUV� WR� WDNH� SODFH� LQ� EHKDYLRU� RI� WKH
=Q6�&X� V\VWHP�DW� ORZ�DQG�KLJK�FRSSHU�FRQ�
FHQWUDWLRQV�� $W� ORZ�1&X� �DUHD� $� LQ� )LJ����WKH� �,%�,*�3/� YDOXH� JURZV� ZLWK� LQFUHDVLQJ1&X� DQG� UHDFKHV� LWV� PD[LPXP� DW
1&X|���� ZW� ��� 7KLV� JURZWK� LV� FDXVHG
PDLQO\� E\� LQFUHDVH� LQ� UHODWLYH� QXPEHU� RI
UDGLDWLYH� FHQWHUV� UHVSRQVLEOH� IRU� WKH
%�EDQG��$V�WKH�*�EDQG�LV�XVXDOO\�DWWULEXWHG
WR� WKH� SUHVHQFH� RI� ELYDOHQW� FRSSHU� ��&X6!
EDQG� >��� �@��� LW� ZDV� SRVVLEOH� WR� H[SHFW� WKH
FRUUHVSRQGLQJ� (35� VSHFWUXP� LQ� =Q6�&X� DW
1&X|���� ZW�� ��� +RZHYHU�� DQ\� FRSSHU�FRQ�
WDLQLQJ� SDUDPDJQHWLF� FHQWHUV� DUH� QRW� UH�
YHDOHG� LQ� WKH� (35� VSHFWUD� RI� WKH� VDPSOHV
ZLWK� LQWURGXFHG� FRSSHU� FRQFHQWUDWLRQ� ���
1&X�������ZW�����)LJ�����FXUYH�����7KLV�FDQ
EH�H[SODLQHG�E\�EURDGHQLQJ�RI�WKH�&X��� LRQ
(35� OLQHV� DW� URRP� WHPSHUDWXUHV� GXH� WR
VWURQJ� VSLQ�ODWWLFH� FRXSOLQJ� FDXVHG� E\� -DKQ�
7HOOHU�HIIHFW�>��@�RU�LQIOXHQFH�RI�IDVW�UHOD[LQJ
SDUDPDJQHWLF� R[\JHQ� TXDVLPROHFXOHV� >�@��$F�
FRUGLQJ�WR�>��@��WKH�VSLQ�UHOD[DWLRQ�SURFHVVHV
DUH� VORZHG� GRZQ� E\� GHFUHDVLQJ� WHPSHUDWXUH
GRZQ� WR� �Ü��.� DQG� (35� VLJQDOV� IURP� ELYD�
OHQW�FRSSHU�LRQV�EHYRPH�REVHUYDEOH�

7KH� VLWXDWLRQ� LV� GUDVWLFDOO\� FKDQJHG� DW
IXUWKHU� 1&X� LQFUHDVH�� 7KH� �,%�,*�3/� UDWLRVWDUWV� WR�GURSO�ZLWK�1&X�JURZWK� �DUHD�%� LQ

)LJ����� PDLQO\� GXH� WR� UHGXFWLRQ� RI� UHODWLYH
FRQWULEXWLRQ� IURP� ,%�� 7KLV� LV� DFFRPSDQLHGE\� DSSHDUDQFH� DQG� UDSLG� LQFUHDVH� RI� (35
VLJQDO� JHQHUDOO\� FRQVLVWLQJ� RI� WZR� RYHU�
ODSSHG� OLQHV� Û� ZLGH� DQG� QDUURZ� �)LJ�����
7KH�UDGLRVSHFWURVFRSLF�FKDUDFWHULVWLFV�RI�WKH
PRVW�LQWHQVH�ZLGH�OLQH��J�IDFWRU�DQG�LWV�WHP�
SHUDWXUH� GHSHQGHQFH� DV� ZHOO� DV� LWV� DQRPD�
ORXV�OLQHZLGWK�DQG�WHPSHUDWXUH�EHKDYLRU��GR
QRW�DJUHH�ZLWK�SXEOLVKHG�GDWD�IRU�&X���LRQV
LQ�=Q6�>�����@�WKDW�SRLQW�RXW�DQRWKHU�RULJLQ
RI�WKH�REVHUYHG�(35�VSHFWUXP��7DNLQJ�LQWR
FRQVLGHUDWLRQ�WKH�DOPRVW�WKUHVKROG�FKDUDFWHU
RI� LWV� RFFXUUHQFH�� LW� LV� SRVVLEOH� WR� DVVXPH
WKDW� WKH� (35� VSHFWUXP� QDWXUH� LV� GXH� WR
HVVHQWLDO�FOXVWHULQJ�RI�FRSSHU�LRQV�RFFXUULQJ
GXULQJ� V\QWKHVLV� ZKHQ� WKH� LQWURGXFHG� FRS�
SHU� FRQFHQWUDWLRQ� H[FHHGV� D� FHUWDLQ� YDOXH�
7KH� VSHFLILF� IHDWXUHV� RI� WKH� VDPSOH� V\QWKH�
VLV� WHFKQRORJ\� DSSHDU� WR� EH� GHFLVLYH�� )RU
HDFK� VHW� RI� WKH� V\QWKHVLV� WHFKQRORJLFDO� SD�
UDPHWHUV��WKHUH�ZLOO�EH�D�VSHFLILF��WKUHVKROG
&X� FRQFHQWUDWLRQ�� ,QWURGXFWLRQ� RI� FRPSDUD�
EOH� FRSSHU� FRQFHQWUDWLRQV� LQ� WKH� VWDQGDUG
WHFKQRORJLFDO� SURFHGXUH� E\� VHGLPHQWDWLRQ
IURP�DTXHRXV�VROXWLRQV�XVLQJ�K\GURJHQ�VXO�
ILGH�ZLWK� WKH� VXEVHTXHQW� MRLQW�DQQHDOLQJ�RI
=Q6� SRZGHU� DQG� &X� ZDV� IRXQG� WR� GR� QRW
UHVXOW� LQ� RFFXUUHQFH� RI� VXFK� (35� VLJQDOV
>������@��0RUHRYHU��WKH�GHWHFWHG�FRUUHODWLRQ
EHWZHHQ� UHODWLYH� GURS� RI� ,%� 3/� LQWHQVLW\DQG� LQFUHDVH� RI� WKH� (35� VLJQDO� �)LJ�� ��
VSHFLILHV�WKDW�WKH�FOXVWHULQJ�RFFXUV��ILUVW�RI
DOO�� GXH� WR� IDOOLQJ� HIILFLHQF\�RI�&X�6� SKDVHIRUPDWLRQ� GXULQJ�=Q6�&X� V\QWKHVLV� DV� FRP�
SDUHG�WR�WKH�&X6�SKDVH��

:KDW�LV�QDWXUH�RI�QHZ�PDJQHWLF�VWDWHV�LQ
=Q6�&X� VDPSOHV"� 7KH� DQRPDORXV� WHPSHUD�
WXUH�GHSHQGHQFH�RI�WKH�LQWHJUDWHG�VSHFWUXP
LQWHQVLW\�� UHGXFWLRQ� RI� WKH� UHVRQDQW� PDJ�
QHWLF� ILHOG� �+UHV�� ZLWK� GHFUHDVLQJ� PHDVXUH�

)LJ����� (35� VSHFWUD� RI� =Q6�&X� VDPSOH� ZLWK
FRSSHU�FRQFHQWUDWLRQ�RI�1&X|����ZW����PHDV�
XUHG�DW�GLIIHUHQW�WHPSHUDWXUHV�

)LJ����� ,QWHJUDWHG�LQWHQVLW\�RI�WKH�(35�VSHF�
WUD�DQG�LQWHQVLW\�UDWLR�RI�3/�%��DQG�*�EDQGV
DV�IXQFWLRQV�RI�1&X�DW�7� �����.�
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PHQW� WHPSHUDWXUH�� WKH� VSHFLILF� OLQHVKDSH
ZLWK� D�QDUURZ� OLQH� REVHUYHG� LQ�D� UHVWULFWHG
WHPSHUDWXUH� LQWHUYDO�Û�DOO� WKHVH�DWWULEXWHV
DUH�XQXVXDO�IRU�EHKDYLRU�RI�VSLQ�V\VWHPV�RI
WKH� LVRODWHG� SDUDPDJQHWLF� FHQWHUV�� 2Q� WKH
RWKHU� KDQG�� VXFK� EHKDYLRU� LV� W\SLFDO� RI� VR�
FDOOHG� VXSHUSDUDPDJQHWLF� V\VWHPV� IRUPHG
E\� HQVHPEOHV� RI� VPDOO� IHUURPDJQHWLF� SDUWL�
FOHV�>��Ü��@��,Q�RXU�FDVH��WKH�QDWXUH�RI�VXFK
SDUWLFOHV� FDQ� EH� DWWULEXWHG� WR� IRUPDWLRQ� RI
QDQRVL]HG�FRSSHU�FOXVWHUV�GXULQJ�WKH�FU\VWDO
V\QWKHVLV�� ,QGHHG�� WKH� SKHQRPHQRQ� RI� FRS�
SHU�FOXVWHULQJ�LQ�=Q6�&X�DV�ZHOO�DV�LWV�LQIOX�
HQFH� RQ� HOHFWUROXPLQHVFHQFH� FKDUDFWHULVWLFV
ZDV�UHYHDOHG�LQ�D�QXPEHU�RI�ZRUNV�>VHH��IRU
H[DPSOH�� ��@��0XFK�PRUH� VXUSULVLQJ� LV� WKH
IDFW�WKDW�FRSSHU�QDQRFOXVWHUV�PD\�VKRZ�IHU�
URPDJQHWLF� SURSHUWLHV��1HYHUWKHOHVV�� RFFXU�
UHQFH�RI�PDJQHWLF�SURSHUWLHV�RI�$X��$J��DQG
&X� QDQRSDUWLFOHV� �G�a��Ü�� QP�� EHLQJ� LQ�
LWLDOO\� QRQPDJQHWLF� RQ� D� PDFURVFDOH�� LV� UH�
YHDOHG�UHFHQWO\�DQG�LV�LQWHUSUHWHG�LQ�FRQQHF�
WLRQ�ZLWK�IXQGDPHQWDO�SUREOHPV�RI�PDJQHW�
LVP�>��@�

:LWKLQ� WKH� FRQVLGHUHG� PRGHO� LQFOXGLQJ
VXSHUSDUDPDJQHWLF�EHKDYLRU�RI�FRSSHU�QDQR�
FOXVWHUV��LW�LV�HDV\�WR�H[SODLQ�WKH�IHDWXUHV�RI
PDJQHWLF�UHVRQDQFH�UHVSRQVH�LQ�=Q6�&X�VDP�
SOHV�VWXGLHG��6R��WKH�UHGXFWLRQ�RI�QHFHVVDU\
H[WHUQDO� ILHOG� +UHV� REVHUYDEOH� DW� WKH� WHP�SHUDWXUH� ORZHULQJ� LV�FRQQHFWHG�ZLWK�WKH�DF�
WLRQ� RI� WKH� LQWHUQDO� �VXSHUSDUDPDJQHWLF�
ILHOG�LQFUHDVLQJ�LQ�WKH�LQWHQVLW\�XS�WR�WUDQ�
VLWLRQ� WR� WKH� �EORFNHG��� L�H�� IHUURPDJQHWLF
VWDWH� >��@�� $QRWKHU� FRQVHTXHQFH� IROORZLQJ
IURP� WKLV� DSSURDFK� LV�YLVXDO� VXEGLYLVLRQ�RI
WKH� PDJQHWLF� UHVRQDQFH� VSHFWUXP� LQWR� D
�QDUURZ��OLQH�DQG�D��ZLGH��RQH��VHH�)LJ�����
,Q� IDFW�� ERWK� WKRVH� OLQHV� EHORQJ� WR� WKH
XQLWHG�PDJQHWLF� UHVRQDQFH� VSHFWUXP� IRU� DQ
HQVHPEOH�RI�QDQRSDUWLFOHV�ZLWK�FRQVLGHUDEO\
YDU\LQJ�VL]H��,Q�WKLV�FDVH��WKH�UDWLR�EHWZHHQ
VSHFWUXP� FRQWULEXWLRQV� IURP� SDUWLFOHV� RI
WKH� VPDOO� DQG� JUHDW� VL]HV� ��QDUURZ�� DQG
�ZLGH��OLQHV��UHVSHFWLYHO\��GHSHQGV�RQ�D�VHW
RI� SDUDPHWHUV�� LQFOXGLQJ� WKH� GLVSHUVLRQ
FKDUDFWHULVWLFV�RI�WKH�SDUWLFOHV�DQG�WHPSHUD�
WXUH� >��Ü��@�� ,W� LV� WR�QRWH� WKDW� WKH�QDUURZ
OLQH� REVHUYHG� LQ� RXU� H[SHULPHQWV� �)LJ����
FDQ� EH� DWWULEXWHG� QRW� RQO\� WR� VPDOO� FRSSHU
FOXVWHUV��EXW�DOVR�WR�VLQJOH�&X���FHQWHUV�GXH
WR� SUR[LPLW\� RI� WKHLU� UDGLRVSHFWURVFRSLF
FKDUDFWHULVWLFV��VHH�>�@�
������������������&RQFOXVLRQ
�

7KXV��WKH�GDWD�REWDLQHG�DOORZ�XV�WR�FRQ�
FOXGH�WKDW�DW� LQFUHDVLQJ�LQWURGXFHG�&X�FRQ�
FHQWUDWLRQ�GXULQJ�6+6�V\QWKHVLV�RI�=Q6�&X�

D�FHUWDLQ�IUDFWLRQ�RI�FRSSHU�DWRPV�QRW�RQO\
IRUPV� UDGLDWLYH� FHQWHUV� LQFOXGLQJ�&X��� DQG
&X��� VXFK� DV�&X�6� DQG�&X6� SKDVHV�� EXW� LVDOVR�LQYROYHG�LQ�IRUPDWLRQ�RI�PRUH�FRPSOH[
HQVHPEOHV�� 7KH� FRSSHU� LRQV� FOXVWHULQJ� LQ�
YROYLQJ�D� ODUJH�QXPEHU�RI�&X�DWRPV�RFFXUV
DW�1&X�!�����ZW�����7KH� ODWWHU�SURFHVV�KDV
D� WKUHVKROG� FKDUDFWHU� DQG� LW� LV� PDQLIHVWHG
DV� WKH� RFFXUUHQFH� RI� D� VXSHUSDUDPDJQHWLF
VXEV\VWHP� LQ� UHVHDUFKHG� PDWHULDOV� EHLQJ
FRQILUPHG� LQ� H[SHULPHQW� DV� RFFXUUHQFH� RI
DQRPDORXV�(35�VLJQDO�

5HIHUHQFHV
� ���$�<D�6KLN�� /�*�%DNXHYD�� 6�)�0XF\K\Q�

6�$�5\NRY�� 3K\VLFV� RI� WKH� /RZ�WHPSHUDWXUH
6\VWHPV�� 1DXND�� 6W�3HWHUVEXUJ� ������� >LQ
5XVVLDQ@�

� ���$�)�.UDYFKHQNR�� 9�1�2YV\XN�� (OHFWURQLF
3URFHVVHV� LQ� WKH� /RZ�GLPHQVLRQDO� 6ROLG� 6\V�
WHPV�� 1RYRVLELUVN� 8QLY��3XEO��� 1RYRVLELUVN
�������>LQ�5XVVLDQ@�

� ���8�6FKXUPDQQ�� :�+DUWXQJ�� +�7DNHOH� HW� DO��
1DQRWHFKQRORJ\������������������

� ���$�0�*XUYLFK��,QWURGXFWLRQ�LQ�3K\VLFDO�&KHP�
LVWU\� RI� &U\VDO� 3KRVSKRUV�� 9\VKD\D� 6KNROD�
0RVFRZ��������>LQ�5XVVLDQ@�

� ���3K\VLFV� DQG� &KHPLVWU\� RI� ,,�9,� &RPSRXQGV�
(GV��0�$YHQ�DQG�-�6�3UHQHU�� �1RUWK�+ROODQG
3XEOLVKLQJ�&RPSDQ\��$PVWHUGDP���������
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� ���/�$�*URPRY�� 9�$�7URILPRY�� =K��)L]��.KLP��
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0DQXIDFWXULQJ�DQG�2SWLFDO�3URSHUWLHV��1DXND�
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6RF��-DS��������������������

����6�6KLRQR\D�� LQ�� ,QW��&RQI��RQ� ,,Ü9,� 6HPLFRQ�
GXFWLQJ� &RPSRXQGV�� 1HZ�<RUN�� $PVWHUGDP
��������S���
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)L]��L� .KLP��7YHUGRJR� 7LOD�� ��� ���� ������� >LQ
8NUDLQLHQ@��

����0�9�)RN��7UXG\�),$1����������������
����(�(�%XNNH�� 7�,�9R]QHVHQVND\D�� 1�3�*ROXEHYD

HW�DO���7UXG\�),$1�����������������
����,�.�9HUHVFKDJLQ�� %�$�.RYDOHY�� /�$�.R�

V\DFKHQNR�� 6�0�.RNLQ�� (OHFWUROXPLQHVFHQW
/LJKW� 6RXUFHV�� (QHUJRDWRPL]GDW�� 0RVFRZ
�������>LQ�5XVVLDQ@���

����2�1�.D]\DQNLQ�� /�<D�0DUNRYVNL\�� ,�$�0L�
URQRY� HW� DO��� ,QRUJDQLF� 3KRVSKRUV�� .KLPLD�
/HQLQJUDG��������>LQ�5XVVLDQ@�
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