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7HPSHUDWXUH� GHSHQGHQFHV� RI� HOHFWULF� UHVLVWLYLW\� KDYH� EHHQ� LQYHVWLJDWHG� LQ� ���Ü����.
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&R±6L±%� EDVHG� PHWDOOLF� JODVVHV� �0*V�
ZHUH� WKH� VXEMHFW� RI� VHYHUDO� LQYHVWLJDWLRQV
GXH�WR�WKHLU�LQWHUHVWLQJ�PDJQHWLF�SURSHUWLHV
>����@�� 7KH� PDJQHWLF� SURSHUWLHV� GHSHQG
KHDYLO\� RQ� FRPSRVLWLRQ� DQG� RQ� FKHPLFDO
VKRUW�UDQJH� RUGHULQJ� >�@�� 0HDQZKLOH�� WKH
WUDQVSRUW� SURSHUWLHV� RI� WKHVH� 0*V� DUH� RI
JUHDW� LPSRUWDQFH� IRU� LQGXVWULDO� DSSOLFD�
WLRQV�� VLQFH� WKH� HGG\� FXUUHQW� ORVVHV�GHSHQG
VWURQJO\� RQ� WKH� YDOXH� RI� UHVLVWLYLW\�� 7KH
GRSLQJ� RI� EDVLF�0*V� LV� NQRZQ� WR� UHVXOW� LQ
HVVHQWLDO� YDULDWLRQ� RI� WKHLU� SHUIRUPDQFH
SURSHUWLHV� >�@�� 5HFHQWO\�� ZH� KDYH� UHSRUWHG
RXU� GDWD� RQ� WKH� LQIOXHQFH� RI� &U� DQG� )H
GRSDQWV� RQ� WKHUPRPDJQHWLF� EHKDYLRU� DQG
WKHUPDO�VWDELOLW\�RI�&R���6L�%�����ZKLFK�ZDVVKRZQ� WR�EH�FDXVHG�E\� IRUPDWLRQ�RI�GLIIHU�
HQW� W\SHV� RI� PDJQHWLF� FOXVWHUV� >����@�� 7KH
DLP�RI�WKLV�ZRUN�LV�WR�DQDO\]H�WKH�WHPSHUD�
WXUH� EHKDYLRU� RI� UHVLVWLYLW\� RI� &R���6L�%���EDVHG� DPRUSKRXV� DOOR\V� FRQWDLQLQJ� VPDOO
DPRXQWV�RI�)H�DQG�&U�ZLWK�UHVSHFW�WR�WKHLU
PDJQHWLF� SURSHUWLHV�� &R�EDVHG� PHWDOOLF
JODVVHV� RI� WKH� JHQHUDO� FRPSRVLWLRQ

&R����0H����6L�%���� �0H� �)H��&U�� KDYH� EHHQ
SUHSDUHG�LQ�D�IRUP�RI����PP�ZLGH�DQG���Ü
���PP�WKLFN�ULEERQV�E\�VLQJOH�UROO�TXHQFKLQJ
WHFKQLTXH�XVLQJ� WKH� LQLWLDO�PDWHULDOV�RI�KLJK
SXULW\��7KH�PHOW�WHPSHUDWXUH�EHIRUH�HMHFWLQJ
WKURXJK� UHFWDQJXODU� QR]]OH� ZDV� ���Ü���� .
KLJKHU�WKH�OLTXLGXV�WHPSHUDWXUH��WKH�VSHHG�RI
WKH� TXHQFKLQJ� GLVN� PDGH� IURP� FKURPLF
EURQ]H� ����� PP� LQ� GLDPHWHU�� ZDV� ���Ü
����PLQÜ��� 7KH� HMHFWLRQ� SUHVVXUH�ZDV� YDULHG
ZLWKLQ�OLPLWV�RI���Ü���N3D��GHSHQGLQJ�RQ�WKH
FDVWLQJ� FRQGLWLRQV�� 7KXV�� WKH� JDS� EHWZHHQ
QR]]OH� DQG�GLVN�ZDV�����Ü����PP��7KH�0*V
FRQWHQWV� ZHUH� FRQWUROOHG� E\� ;�UD\� IOXRUHV�
FHQFH�� 7KUHH� &R����0H����6L�%���� 0*V� ZLWKGLIIHUHQW� &R�)H�&U� UDWLR� KDYH� EHHQ� SUR�
GXFHG�� QDPHO\�� WKH� EDVLF� 0*� ZLWK� 0H� 
)H�&U� �PDUNHG� V\PEROLFDOO\� DV���� DQG� WZR
PRGHO�0*V�ZLWK�0H� �&U� �����DQG�0H� �)H
�����

$OO� VDPSOHV�ZHUH� DQDO\]HG�E\�;�UD\�GLI�
IUDFWLRQ� EHIRUH� UHVLVWRPHWULF� DQG� PDJQH�
WRPHWULF� PHDVXUHPHQWV�� 7KH� UHVXOWV� RE�
WDLQHG�SURYH�WKH�DPRUSKRXV�VWUXFWXUH�RI�DOO
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DV�TXHQFKHG� ULEERQV�� 1R� FU\VWDOOLQH� LQFOX�
VLRQV�ZHUH� GHWHFWHG��7KH� HOHFWULFDO� UHVLVWLY�
LW\� 5�7�� ZDV� VWXGLHG� LQ� WKH� WHPSHUDWXUH
UDQJH� ���Ü���� .� XQGHU� DUJRQ� DWPRVSKHUH
XVLQJ� IRXU�SUREH� PHWKRG� EHLQJ� UHDOL]HG� LQ
FRPSXWHU�FRQWUROOHG� H[SHULPHQWDO� WHFK�
QLTXH��7KH�KHDWLQJ�UDWH�ZDV���.�PLQ�LQ�DOO
H[SHULPHQWV�� 0DJQHWRPHWULF� LQYHVWLJDWLRQV
ZHUH� FDUULHG� RXW� LQ� WKH� WHPSHUDWXUH� UDQJH
���Ü����.�LQ�WKH�ILHOG�RI�����N$�P�XQGHU
SXULILHG� DUJRQ� PHGLXP� XVLQJ� )DUDGD\�W\SH
PDJQHWRPHWHU�ZLWK�PLFUREDODQFH��7KH�DFFX�
UDF\� RI� WKH� VXVFHSWLELOLW\� PHDVXUHPHQWV
'F�F�ZDV�EHWWHU�WKDQ�������DQG�WKDW�RI�WKH
WHPSHUDWXUH��'7�������.��

0HDVXUHPHQWV� RI� WKH� HOHFWULF� UHVLVWLYLW\� U
DW�URRP�WHPSHUDWXUH� �7� �����.��KDYH�VKRZQ
WKDW� LWV� YDOXHV� LQFUHDVH� DW� GHFUHDVLQJ� FKUR�
PLXP�FRQWHQW��IRU�0*����U� �����r���P:�°P�
IRU�0*�����U� �����r���P:�°P�DQG�IRU�0*
����U� �����r���P:�°P��

)LJ���� SUHVHQWV� WKH� WHPSHUDWXUH� GHSHQG�
HQFH�RI�HOHFWULF�UHVLVWLYLW\�U�7��IRU�WKH�EDVLF
DOOR\� ���� 6RPH� FKDUDFWHULVWLF� WHPSHUDWXUH
LQWHUYDOV�DUH�GLVWLQJXLVKDEOH�LQ�WKH�U�7��GH�
SHQGHQFHV�� ,� Û� U� GHFUHDVHV� VOLJKWO\� ZLWK
WHPSHUDWXUH� HOHYDWLRQ� ���|����� WR� ���� z��
,,� Û� U� LQFUHDVHV� QRQOLQHDUO\� ���|����� WR
����z��� ,,,�Û�U���� GHSHQGHQFH� EHFRPHV� DO�
PRVW� OLQHDU� DW� �� ����� WR� ���� z�� ,9�Û� U
YDOXH� LQFUHDVHV� VKDUSO\� ���|�����WR�����z��
9�Û�D� GUDVWLF� GHFUHDVH� RI� HOHFWULF� UHVLVWLY�
LW\����!�����.���

)LJ���� SUHVHQWV� WKH� WHPSHUDWXUH� GHSHQG�
HQFH� RI� HOHFWULF� UHVLVWLYLW\�U�7�� IRU� WKH�0*
���� 6LPLODU� SHFXOLDU� LQWHUYDOV� DUH� DOVR� RE�
VHUYHG� DW� WKLV� GHSHQGHQFH�� ,�Û���|����� WR
���� z�� ,,� Û� ��|����� WR� ���� z�� ,,,� Û
��|����� WR�����z�� ,9�Û���|�����WR�����z�
9�Û���!�����.��$�VSHFLILF� IHDWXUH�RI�U���

GHSHQGHQFH� IRU�0*���� DV� FRPSDUHG� WR� WKH
EDVLF�FRPSRVLWLRQ�LV�WKH�UHODWLYHO\�ORZ�UHVLV�
WLYLW\� LQFUHDVH� ZLWKLQ� WKH� LQWHUYDO� ,9�� 7KH
GUDVWLF� WZR�VWDJH� GHFUHDVH� RI� U� LV� REVHUYHG
DW�WKH�VXEVHTXHQW�KHDWLQJ�

U���� GHSHQGHQFH� IRU� VDPSOH� ��� �)LJ����
GLIIHUV� UDGLFDOO\� IURP� WKRVH� SUHVHQWHG� LQ
)LJV���� DQG� ���1R� UHVLVWLYLW\�PLQLPXP�KDV
EHHQ� UHYHDOHG�� %HVLGHV�� QRQOLQHDULW\� ZLWKLQ
WKH� LQWHUYDO� ,,� �7� ����� WR�����z�� LV�PDQL�
IHVWHG� ZHDNO\�� 7KH� OLQHDU� SDUW� RI� U���� GH�
SHQGHQFH� LQ� WKLV� FDVH� LV� H[SDQGHG� HQRXJK
DQG� LV� UDQJHG� IURP� ���� z� WR� ���� z�� $
VOLJKW�GHFUHDVH� RI�U� RFFXUV�DW� WHPSHUDWXUHV
H[FHHGLQJU� ����.��7KHQ�� WKH� UHVLVWLYLW\� LQ�
FUHDVH� DQG� DEUXSW� GHFUHDVH� DUH� REVHUYHG�
6XFK� D� EHKDYLRXU� LV� LQKHUHQW� RI� W\SLFDO
WUDQVLWLRQ� PHWDO� EDVHG� 0*V� DW� FU\VWDO�
OL]DWLRQ��

)LJV���� WKURXJK� �� SUHVHQW� DOVR� WKH� WHP�
SHUDWXUH� GHSHQGHQFHV� RI�PDJQHWLF� VXVFHSWL�
ELOLW\� F�7�� REWDLQHG� DW� WKH� VDPH� KHDWLQJ
UDWH�� VLQFH� WKH� KHDWLQJ� UDWH� LQIOXHQFHV� HV�
VHQWLDOO\� WKH� FU\VWDOOL]DWLRQ� WHPSHUDWXUH� RI
DPRUSKRXV� DOOR\V�� 7KLV� SHUPLWV� WR� FRPSDUH
WKH�SHFXOLDU�UHJLRQV�REWDLQHG�IURP�PDJQHWLF
DQG� UHVLVWLYLW\� PHDVXUHPHQWV�� %HVLGHV�� WKH
REWDLQHG� F�7�� GHSHQGHQFHV� SHUPLWWHG� XV� WR
GHWHUPLQH�WKH�YDOXHV�RI�IHUURPDJQHWLF�&XULH
WHPSHUDWXUH� 7F�� ����� ����� DQG� ���� .� IRUVSHFLPHQV� ���� ��� DQG� ���� UHVSHFWLYHO\�
0DJQHWLF�SURSHUWLHV�RI�WKHVH�DOOR\V�DUH�GLV�
FXVVHG� LQ� >����@� LQ�PRUH�GHWDLO��&RPSDULVRQ
RI� U���� DQG� FV���� GHSHQGHQFHV� DOORZV� WRVWDWH� WKH� SHFXOLDULWLHV� RI� UHVLVWLYLW\� DW
��!�����z����!����� z� DQG� ��!����� z� IRU
������� DQG����� UHVSHFWLYHO\�� RFFXU� GXH� WR
FU\VWDOOL]DWLRQ��$Q�DGGLWLRQDO�DUJXPHQWV�IRU
WKH�DERYH�VWDWHPHQW�IROORZV�IURP�WKH�;�UD\
GLIIUDFWLRQ� VWXGLHV� RI� WKH�0*V� DQQHDOHG� DW
WKH� DSSURSULDWH� WHPSHUDWXUHV�� %HIRUH�� ZH

)LJ����� 7HPSHUDWXUH� GHSHQGHQFH� RI� HOHFWULFDO
UHVLVWLYLW\� U� ���� DQG� PDJQHWLF� VXVFHSWLELOLW\
F�����IRU�WKH�0*����

)LJ����� 7HPSHUDWXUH� GHSHQGHQFH� RI� HOHFWULFDO
UHVLVWLYLW\� U� ���� DQG� PDJQHWLF� VXVFHSWLELOLW\
F�����IRU�WKH�0*����
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KDYH�IRXQG�>����@�WKDW�WKH�FU\VWDOOL]DWLRQ�LV
WZR�VWDJH� IRU� WKHVH� 0*V�� D�&R�6L� SKDVH�1L�,Q�W\SH� FU\VWDOOLQH� SKDVH�� VSDFH� JURXS3���PPF��D� ��������QP�DQG�°� ��������QPLV� IRUPHG� DW� ILUVW� VWDJH�� E�&R�6L� �VSDFHJURXS�3QPP��D� ���������QP��E� ���������QP�
F� ��������� QP�� DQG� GLVWRUWHG� �&R�0H��%�VSDFH� JURXS�3PPP�� SKDVHV� DUH� IRUPHG� DW
WKH� VHFRQG� VWDJH�� )LJ���� GLVSOD\V� DV� DQ� H[�
DPSOH� WKH� SDUWV� RI� GLIIUDFWLRQ� SDWWHUQV� IRU
0*� ��� REWDLQHG� IRU� GLIIHUHQW� DQQHDOLQJ
WHPSHUDWXUHV�� 6R�� WKH� DQRPDORXV� EHKDYLRXU
RI� U� LQ� WKH� QHDU�FU\VWDOOL]DWLRQ� UHJLRQ� LV
FDXVHG� E\� WKH� IRUPDWLRQ� RI� D�&R�6L� SKDVHZLWK� UHODWLYHO\� KLJK� UHVLVWLYLW\�� 7KH� VXE�
VHTXHQW�GHFUHDVH� RI�U� LV� FDXVHG�GXH�ERWK
WR� IRUPDWLRQ� RI� �&R�0H��%� DQG� SRO\�PRUSK�D�&R�6L�o�E�&R�6L�WUDQVIRUPDWLRQ�7KH�U����EHKDYLRU�QHDU�URRP�WHPSHUDWXUH
LV� HVSHFLDOO\� XQXVXDO�� $� ORZ� PLQLPXP� RI
HOHFWULF�UHVLVWLYLW\�LV�REVHUYHG�LQ�WKLV�UHJLRQ
IRU� WKH� DOOR\V� FRQWDLQLQJ� &U� ���� DQG� ����
6XFK� W\SH� RI� PLQLPXP� IRU� WKH� QRQ�IHUUR�
PDJQHWLF� 0*V� ZLWK� PDJQHWLF� LPSXULWLHV� LV
FRQGLWLRQHG� E\� WKH� .RQGR� HIIHFW� >����@�� ,Q
VRPH�FDVHV�� WKLV�PLQLPXP�RFFXUV�DW�D�UHOD�
WLYHO\� KLJK� WHPSHUDWXUH� ��PLQ�a�����.� IRU3G±&U±6L�DPRUSKRXV�V\VWHP�DW�D�KLJK�FKUR�
PLXP� FRQWHQW� >�@��� 7KH� �PRGLILHG�� WKHRU\
RI� WKH� .RQGR� HIIHFW� KDV� EHHQ� GHYHORSHG� WR
H[SODLQ�WKH�QDWXUH�RI�VXFK�U�EHKDYLRXU�LQ�D
FDVH� RI� IHUURPDJQHWLF� JODVVHV� >�@�� 7KH� HV�
VHQFH�RI�WKLV�WKHRU\�FRQGLWLRQHG�E\�WKH�IDFW
WKDW�WKH�GLVWULEXWLRQ�RI�HIIHFWLYH�ORFDO�PDJ�
QHWLF� ILHOGV�+� DFWLQJ� RQ� PDJQHWLF� LRQV� LQ
VRPH� DPRUSKRXV� V\VWHPV� FRXOG� EH� HVVHQ�
WLDOO\� ZLGHO\� WDLOLQJ� GRZQ� WR� ]HUR� RU� HYHQ
QHJDWLYH� +� YDOXHV�� $V� D� UHVXOW�� DQ� H[�
WUHPHO\� ORZ� PDJQHWLF� ILHOG� DFWV� RQ� VRPH
VSLQV�� VR� WKH\� FRXOG� EH� LQYROYHG� LQWR� WKH
.RQGR�VFDWWHULQJ��7KRXJK�WKH�H[SHULPHQWDO

WHPSHUDWXUH� YDOXHV� FRUUHVSRQGLQJ� WR� UHVLV�
WLYLW\�PLQLPXP�DUH�TXLWH� ORZ� �DUH�HTXDO�WR
VHYHUDO�WHQV�RI�.HOYLQV��IRU�WKH�PDMRULW\�RI
IHUURPDJQHWLF�PHWDO�PHWDOORLG�V\VWHPV�>��@�
WKH�YDOXH�RI�7PLQ�|�����.�ZDV�UHSRUWHG�IRU)H��1L��&U��3��%��0*�>��@��1HYHUWKHOHVV�� HYHQ� WKLV� YDOXH� LV� QRWLFH�
DEO\�ORZHU�WKDQ�WKH�YDOXHV�RI�7PLQ�REVHUYHGIRU� WKH� VWXGLHG� &U�FRQWDLQLQJ� 0*V�� $� FHU�
WDLQ�FRUUHODWLRQ�EHWZHHQ� WKH�YDOXHV�RI�7PLQDQG�7°��QDPHO\��WKH�KLJKHU�LV�7°��WKH�KLJKHULV� 7PLQ�� FRXOG� EH� GHWHFWHG� MXVW� IRU� WKHVHDOOR\V��7DNLQJ� WKLV� LQWR�DFFRXQW�� WKH�RULJLQ
RI�UHVLVWLYLW\�PLQLPXP�FRXOG�EH�VXSSRVHG�WR
EH�RI�PDJQHWLF�QDWXUH��$FFRUGLQJ�WR�FDOFXOD�
WLRQV�SUHVHQWHG�LQ�>�@��WKH�UHTXLUHG�GLVWULEX�
WLRQ� RI� WKH� ORFDO� PDJQHWLF� ILHOGV� LV� QRW
UHDFKHG�LI�RQO\�WKH�GLUHFW�H[FKDQJH�EHWZHHQ
QHLJKERULQJ� PDJQHWLF� LRQV� DQG� ORQJ�UDQJH
5..<�LQWHUDFWLRQ�DUH�FRQVLGHUHG�XQGHU�UHD�
VRQDEOH�YDOXHV�RI�LQYROYHG�SDUDPHWHUV��2QO\
WKH� DFFRXQWLQJ� IRU� DGGLWLRQDO� VWURQJ� LQGL�
UHFW� DQWLIHUURPDJQHWLF� H[FKDQJH� EHWZHHQ
WKH� PDJQHWLF� LRQV� VHSDUDWHG� E\� WKH� PHWDO�
ORLG� DWRPV� FRXOG� SURYLGH� WKH� FRPSHQVDWLRQ
RI�VWURQJ�GLUHFW�H[FKDQJH�DQG�UHVXOW�LQ�WKH
UHTXLUHG� UHVXOW�� 7KHUHIRUH�� LW� ORRNV� UHDVRQ�
DEOH� WR� VXSSRVH� WKDW� LW� LV� MXVW� FKURPLXP
DGPL[WXUHV�WKDW�SURYLGH�WKH�VWURQJ�LQGLUHFW
DQWLIHUURPDJQHWLF� H[FKDQJH� LQ� WKH� VWXGLHG
0*V� DQG� UHVXOWV� LQ� KLJK� YDOXHV� RI� 7PLQ�7KLV� LV� FRQILUPHG� E\� WKH� IRUPDWLRQ� RI� &U�
EDVHG�DQWLIHUURPDJQHWLF�FOXVWHUV�LQ�VXFK�DO�
OR\V�>�@�DQG�E\�WKH�DEVHQFH�RI�WKH�UHVLVWLYLW\
PLQLPXP�IRU�0*�ZLWK�0H� �)H������

+HUH��ZH�GLVFXVV�RQH�RI�WKH�SRVVLEOH�UHD�
VRQV�IRU�WKH�RULJLQ�RI�UHVLVWLYLW\�PLQLPXP�
0HDQZKLOH�� WKH� DOWHUQDWLYH� H[SODQDWLRQV
�UHIHU��H�J��WR�>��@��FRXOG�QRW�EH�WRWDOO\�H[�
FOXGHG��)LQDOO\��LW�LV�ZRUWK�WR�QRWH�WKDW�WKH
GHFUHDVH� RI� U� YDOXHV� DW� URRP� WHPSHUDWXUH
ZLWK� LQFUHDVLQJ� FKURPLXP�FRQWHQW� FRXOG�EH

)LJ�����3DUWV�RI�WKH�;�UD\�GLIIUDFWLRQ�SDWWHUQV
IRU�WKH�0*����DV�TXHQFKHG�����DQG�DQQHDOHG�DW
����.����������.�����DQG�����.�����

)LJ����� 7HPSHUDWXUH� GHSHQGHQFH� RI� HOHFWULFDO
UHVLVWLYLW\� U� ���� DQG� PDJQHWLF� VXVFHSWLELOLW\
F�����IRU�WKH�0*����

0�*�%DELFK�HW�DO����$QRPDORXV�EHKDYLRXU�RI����
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RI� WKH� VLPLODU� QDWXUH� DV� IRU� 0*V� RQ� WKH
EDVH�RI�)H±6L±%�V\VWHP�ZH�KDYH�VWXGLHG�EH�
IRUH�>��@��7KLV�LV�FDXVHG�E\�WKH�VKLIW�RI�WKH
)HUPL�OHYHO�WR�WKH�OHIW�WRZDUG�WKH�PD[LPXP
RI�G�EDQG�VWDWH�GHQVLW\�DW�SDUWLDO�&R�VXEVWL�
WXWLRQ� E\� )H� DQG� &U� DWRPV�� ZKLFK� SRVVHVV
ORZHU�QXPEHU�RI�G�HOHFWURQV�

7KXV�� WHPSHUDWXUH� GHSHQGHQFHV� RI� HOHF�
WULF� UHVLVWLYLW\� KDYH� EHHQ� LQYHVWLJDWHG� LQ
���Ü���� .� WHPSHUDWXUH� UDQJH� IRU
&R����0H����6L�%���� PHWDOOLF� JODVVHV� �0H� 
)H��&U��� 6HYHUDO� FKDUDFWHULVWLF� WHPSHUDWXUH
LQWHUYDOV� DUH� GLVWLQJXLVKHG� DW� U�7�� GHSHQG�
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