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LWH� /D���1G���6U���0Q2�� DQG� LQ� FKURPLXP� FKDONRJHQLGH� VSLQHOV� [&X&U�6�Ü��±[�&X���$O���&U�6�DW�����d[d������,W�DWWDLQV������DQG�����IRU�WKH�PDQJDQLWH�LQ�����DQG�����N2H�PDJQHWLF
ILHOGV��UHVSHFWLYHO\��DQG������WR�����IRU�WKLRFKURPLWHV�LQ������N2H�ILHOG��7KH�&05�LQ�WKHVH
PDWHULDOV� LV� VXSSRVHG�WR�EH�RI� WKH� VDPH�QDWXUH�DQG� LV�DVVRFLDWHG�ZLWK�DQ� LQKRPRJHQHRXV
PDJQHWLF�VWDWH�FDXVHG�E\�DQ�LQWHQVH�VÜG�H[FKDQJH�
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7KH� LQWHUHVW� LQ�PDJQHWLF� VHPLFRQGXFWRUV
LV� FDXVHG�E\� WKH�XQLTXH�SK\VLFDO� SURSHUWLHV
WKHUHRI��ILUVW�RI�DOO��E\� WKH�FRORVVDO�PDJQH�
WRUHVLVWDQFH� �&05�� WKDW� ZDV� IRXQG� ERWK� LQ
HXURSLXP�PRQR[LGH� DQG�PRQRFKDONRJHQLGHV
DQG�LQ�FKURPLXP�FKDONRVSLQHOV�DV�ZHOO�DV�LQ
PDQJDQLWHV�� 7KRVH� PDWHULDOV� VKRZ� D� ZLGH
YDULHW\� RI� FKHPLFDO�� VWUXFWXUH� DQG� HOHFWURQ
SURSHUWLHV�� 7KDW� LV�ZK\� WKH� WKHRUHWLFDO� DQG
H[SHULPHQWDO� VWXGLHV� WKHUHRI� DQG� FRPSDUL�
VRQ� RI� WKH� UHVXOWV� VR� REWDLQHG� SURYLGHV� DQ
XQLTXH� FKDQFH� WR� XQGHUVWDQG� WKH� &05� QD�
WXUH�LQ�PRUH�GHWDLO�

)RU� SUDFWLFDO� DSSOLFDWLRQV� RI�&05�PDWH�
ULDOV��WKH�&XULH�SRLQW�WKHUHRI�LV�UHTXLUHG�WR
H[FHVV� WKH� URRP� WHPSHUDWXUH� DQG� WKH� &05
HIIHFW� VKRXOG�EH�DWWDLQDEOH� LQ� ORZ�PDJQHWLF
ILHOGV��,Q�PDQJDQLWHV��KRZHYHU��WKH�&05�LV
REWDLQDEOH� DV�D� UXOH� LQ�KLJK�ILHOGV� RI���� WR
����N2H��$�UHFRUG�&05�DPRXQWLQJ������LQ
D� ORZ� ����� N2H�� ILHOG� KDV� EHHQ� IRXQG� LQ
/D���1G���&D���0Q2�� FHUDPLFV� DW� ��� .� >�@�,Q�WKLV�ZRUN��6U�ZDV�VXEVWLWXWHG�IRU�&D�LQ�WKH
DERYH� FRPSRVLWLRQ� WR� LQFUHDVH� WKH� 7F� YDOXH

DQG� WKH� /D���1G���6U���0Q2��VLQJOH�FU\VWDO�VRREWDLQHG� ZDV� VWXGLHG�� )XUWKHUPRUH�� VWXGLHG
ZDV�WKH�VROLG�VROXWLRQ�V\VWHP�RI�FRSSHU�WKLR�
FKURPLWH�� [&X&U�6�Ü��±[�&X���$O���&U�6��VLQFH�WKH�FRSSHU�WKLRFKURPLWHV�DUH�NQRZQ�WR
VKRZ�WKH�KLJKHVW�PDJQHWLF�RUGHULQJ�WHPSHUD�
WXUHV� DPRQJ� WKH� FKURPLXP� FKDONRJHQLGH
VSLQHOV� >����@�� %HIRUH�� WKH� &05�QHDU�7F� ZDVUHYHDOHG� LQ� [&X&U�6�Ü��±[�&X���0H���&U�6�FRPSRVLWLRQV� RI� UHODWHG� VWUXFWXUH� EXW� KDY�
LQJ� 7F� YDOXHV� PXFK� ORZHU� WKDQ� WKH� URRPWHPSHUDWXUH� >����@�� 1RWH� WKDW� D� KLJK� QHJD�
WLYH� PDJQHWRUHVLVWDQFH� ZDV� IRXQG� UHFHQWO\
IRU� IHUURPDJQHWLF� VHPLFRQGXFWRUV
)H�±[&X[&U�6���[� ���DQG������>����@��IRU�[� ����� LW� DPRXQWHG����� LQ����N2H� ILHOG�QHDU
7F� �����.�,Q�WKLV�ZRUN��VWXGLHG�KDYH�EHHQ�WKH�WHP�
SHUDWXUH� DQG� ILHOG� GHSHQGHQFHV� RI� HOHFWULF
FRQGXFWLYLW\�DQG�ORQJLWXGLQDO�PDJQHWRUHVLV�
WDQFH��05��IRU�/D���1G���6U���0Q2��PDQJDQ�LWH� DQG� [&X&U�6�Ü��±[�&X���$O���&U�6�� FKUR�PLXP�FKDONRVSLQHOV�DW��d[d������7KH�PHDV�
XUHPHQWV� ZHUH� FDUULHG� RXW� XVLQJ� WKH
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IRXU�SUREH� WHFKQLTXH�� WKH� VLQJOH� FU\VWDO� UH�
VLVWDQFH� EHLQJ� PHDVXUHG� DORQJ� WKH� F� D[LV�
7KH�7F� YDOXHV� IRU� WKH� FRPSRXQGV� ZHUH� GH�WHUPLQHG� DV� WKH� PLQLPXP� WHPSHUDWXUHV� LQ
WKH� wF�w7�7�� FXUYHV� ZKHUH� F� LV� WKH� LQLWLDO
PDJQHWLF� VXVFHSWLELOLW\� PHDVXUHG� LQ� DOWHU�
QDWLQJ� PDJQHWLF� ILHOG� DW� �� N+]� XVLQJ� D
)����� IHUURPHWHU�� )RU� /D���1G���6U���0Q2��7F�KDV�EHHQ�IRXQG�WR�EH�RI�����.��IRU�WKDWFRPSRXQG�� F� ZDV� PHDVXUHG� DORQJ� WKH� F
D[LV���1HDU�WR�WKDW�WHPSHUDWXUH��WKH�HOHFWULF
UHVLVWLYLW\� U� KDV� EHHQ� IRXQG� WR� LQFUHDVH
VKDUSO\�IURP���Ü��:�FP�DW����.�WR�������Ü��:�FP
DW� ����.�� $SSOLFDWLRQ� RI� DQ� H[WHUQDO�PDJ�
QHWLF� ILHOG� UHVXOWV� LQ� GHFUHDVLQJ� U�� L�H��
FDXVHV�D�QHJDWLYH�05��7HPSHUDWXUH�GHSHQG�
HQFHV� RI�05� IRU� WKDW� FRPSRXQG� LQ� YDULRXV
PDJQHWLF� ILHOGV� DUH� SUHVHQWHG� LQ� )LJ�����$W
7F�� D� VKDUS� PD[LPXP� RI� WKH� 05� DEVROXWHYDOXH� LV� REVHUYHG� WKDW� LV� W\SLFDO� RI� VLQJOH
FU\VWDOV�� 7KH� QHJDWLYH� 05� �U+�Ü�U���U�� DW�WDLQV�������������DQG�����LQ�����������DQG
����N2H�ILHOGV��UHVSHFWLYHO\�

7KH� PDJQHWLF� SURSHUWLHV� RI� WKH
[&X&U�6�Ü��±[�&X���$O���&U�6��VROLG�VROXWLRQV\VWHP���d[d������KDYH�EHHQ�VWXGLHG�LQ�>�@�
7KH� ����d[d����� FRPSRVLWLRQV� RI� WKDW� V\V�
WHP� KDYH� EHHQ� IRXQG� WR� EH� VHPLFRQGXFWRUV
KDYLQJ�7F� DERYH� URRP� WHPSHUDWXUH� �ZLWKLQ����WR�����.�UDQJH���,Q�WKLV�ZRUN��WHPSHUD�
WXUH� DQG� ILHOG� GHSHQGHQFHV� RI� 05� IRU� DOO
WKH�VDPSOHV�RI�WKDW�V\VWHP�KDYH�EHHQ�VWXG�
LHG�� $� QHJDWLYH� &05� KDV� EHHQ� UHYHDOHG
WKHUHLQ�ZLWK� DEVROXWH�YDOXH�KDYLQJ�D�PD[L�
PXP�QHDU�7F� �)LJ������$V�[� LQFUHDVHV�� WKDWPD[LPXP�EHFRPHV�VPRRWKHQHG�DQG�ORZHUHG�
$W�[� �������WKH�05�YDOXH�DWWDLQV������LQ
���N2H�PDJQHWLF�ILHOG�QHDU�7F� ����.�ZKLOHIRU� FRPSRVLWLRQV� ZLWK� ����d[d������ LW� DW�

WDLQV� ����Ü���� �� LQ� ���� N2H� ILHOG� QHDU
URRP�WHPSHUDWXUH�

7KXV��LQ�WKH�VWXGLHG�PDQJDQLWH�DQG�FKUR�
PLXP� FKDONRVSLQHOV�� D� PD[LPXP� DEVROXWH
YDOXH� RI� QHJDWLYH� PDJQHWRUHVLVWDQFH� LV� RE�
VHUYHG� QHDU� 7F�� 7KH� WHPSHUDWXUH� DQG� ILHOGGHSHQGHQFHV� RI�05� DUH� RI� WKH� VDPH� VKDSH�
7KH�05�LQ�WKH�VWXGLHG�PDQJDQLWH�DQG�FKUR�
PLXP� FKDONRVSLQHOV� FDQ� EH� VXSSRVHG� WR� EH
RI� WKH� VDPH� QDWXUH� DQG� WR� EH� DVVRFLDWHG
ZLWK�WKH�H[LVWHQFH�RI�D�PDJQHWLFDOO\�ELSKDVH
VWDWH� �0%36�� FDXVHG� E\� DQ� LQWHQVH� VÜG� H[�
FKDQJH� >�@�� ,Q� >�@�� WKH� VÜG� H[FKDQJH� LQWH�
JUDO� LQ� [&X&U�6�Ü��±[�&X���$O���&U�6�� ZDVHVWLPDWHG�EDVLQJ�RQ�WKH�SDUDPDJQHWLF�&XULH
SRLQW� FKDQJH� GXH� WR� LQWURGXFWLRQ� RI� D
GRSDQW��,W�KDV�EHHQ�IRXQG�WR�EH�RI�WKH�RUGHU
RI�����H9��WKXV��LQ�IDFW��DQ�LQWHQVH�VÜG�H[�
FKDQJH� WDNHV� SODFH� LQ� WKH� V\VWHP�� ,Q� LW
NQRZQ�WKDW�LQ�PDJQHWLF�VHPLFRQGXFWRUV��WKH
FKDUJH� FDUULHU� HQHUJ\� LV� PLQLPXP� DW� WKH
FRPSOHWH� IHUURPDJQHWLF� �)0�� RUGHULQJ� LQ
WKH�FU\VWDO�DQG�LQFUHDVHV�DW�LWV�GHWHULRUDWLRQ
RU�VXEVWLWXWLRQ�E\�DQRWKHU�NLQG�RI�PDJQHWLF
RUGHULQJ�� 7KDW� LV� ZK\� WKH� FKDUJH� FDUULHUV
DUH�ORFDOL]HG�LQ�)0�GURSOHWV�VLWXDWHG�ZLWKLQ
DQ� DQWLIHUURPDJQHWLF� �$)0�� VHPLFRQGXFWRU
�LQVXODWLQJ�0%36���$V�WKH�LPSXULW\�FRQFHQ�
WUDWLRQ� ULVHV�� WKH� )0� GURSOHWV� LQFUHDVH� LQ
VL]H�DQG�DW�D�VXIILFLHQWO\�KLJK�GRSLQJ�OHYHO�
WKH� SHUFRODWLRQ� WKHUHRI� WDNHV� SODFH� DQG� WKH
FRQGXFWLYH�0%36� LV� IRUPHG�� ZKHUH� WKH� LQ�
VXODWLQJ� $)0� GURSOHWV� DUH� VLWXDWHG� ZLWKLQ
WKH�)0�PDWUL[�

7KH� FRPSRXQGV� VWXGLHG� LQ� WKLV�ZRUN�DUH
REWDLQHG�E\�GRSLQJ�WKH�$)0�VHPLFRQGXFWRUV
5H0Q2�� �5H� �/D±1G�� RU� &X���$O���&U�6�DQG�WKH�0%36�DUH�UHDOL]HG�WKHUHLQ��QDPHO\�
WKH�LQVXODWLQJ�RQH�LQ�WKLRFKURPLWHV�DQG�FRQ�
GXFWLYH�LQ�PDQJDQLWH��$SSOLFDWLRQ�RI�D�PDJ�
QHWLF�ILHOG�WR� WKH� VDPSOH�EHLQJ� LQ� WKH� LQVX�

)LJ����� 7HPSHUDWXUH� GHSHQGHQFHV� RI� PDJQH�
WRUHVLVWDQFH� IRU� /D���1G���6U���0Q2�� LQ� YDUL�RXV�PDJQHWLF�ILHOGV�

)LJ����� 7HPSHUDWXUH� GHSHQGHQFHV� RI� PDJQH�
WRUHVLVWDQFH�IRU�[&X&U�6�Ü��±[�&X���$O���&U�6�V\VWHP�VDPSOHV�LQ�����N2H�PDJQHWLF�ILHOG�
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ODWLQJ� 0%36� UHVXOWV� LQ� DQ� LQFUHDVH� RI� WKH
)0� GURSOHW� YROXPH� DQG� WKH� RULHQWDWLRQ� RI
WKHLU� PDJQHWLF� PRPHQWV� DORQJ� WKH� ILHOG�
WKXV�IDYRULQJ�WKH�WXQQHOLQJ�RI�FKDUJH�FDUUL�
HUV� EHWZHHQ� WKH� GURSOHWV�� 0RUHRYHU�� WKH
PDJQHWLF� ILHOG� LQFUHDVHV� WKH� NLQHWLF� HQHUJ\
RI�HOHFWURQV�LQVLGH�WKH�)0�GURSOHWV�DQG�WKXV
IDYRUV�WKH�WXQQHOLQJ�WKHUHRI�DQG�WKH�GURSOHW
GHVWUXFWLRQ��,W�LV�MXVW�WKH�IDFWRUV�WKDW�FDXVH
WKH�&05��$V�WR�WKH�FRQGXFWLYH�0%36��WKHUH
DUH� WZR� PHFKDQLVPV� FDXVLQJ� WKH� LQIOXHQFH
RI� WKH� LPSXULW\�PDJQHW� LQWHUDFWLRQ� RQ� WKH
UHVLVWDQFH�� 7KRVH� DUH� WKH� FKDUJH� FDUULHU
VFDWWHU� WKDW� UHGXFHV� WKHLU� PRELOLW\� DQG
FDXVHV� WKH� IRUPDWLRQ� RI� D� WDLO� LQ� WKH� EDQG
WKHUHRI� FRQVLVWLQJ� RI� ORFDOL]HG� VWDWHV�� 1HDU
7F�� WKH� FKDUJH� FDUULHU� PRELOLW\� GURSVVKDUSO\� DQG� WKRVH� EHFRPH� ORFDOL]HG� LQ� SDUW
ZLWKLQ� WKH� EDQG� WDLO�� ,Q� D� PDJQHWLF� ILHOG�
WKH� LPSXULW\�PDJQHWLF� VFDWWHULQJ� RI� WKH
FKDUJH�FDUULHUV�EHFRPHV�UHGXFHG��WKH�FDUULHU
PRELOLW\�LQFUHDVHV��DQG�WKRVH�DUH�GHORFDOL]HG
IURP�WKH�EDQG�WDLO��WKH�FKDUJH�FDUULHU�QXP�
EHU�LQFUHDVHV���WKXV�UHVXOWLQJ�LQ�D�&05�>�@�

$XWKRUV� DUH� WKDQNIXO� WR� $�0�%DOEDVKRY
DQG�<D�$�.HVOHU� ZKR� KDYH� V\QWKHVL]HG� DQG
DQDO\]HG�WKH�VDPSOHV�

7KLV� ZRUN� KDV� EHHQ� VXSSRUWHG� E\� 5)))
�3URMHFW����������������

5HIHUHQFHV
� ���*�+�5DR�� /�5�6XQ�� -�.�/LDQJ� HW� DO��� $SSO�

3K\V��/HWW������������������
� ���)�.�/RWJHULQJ��6RO��6W��&RPPXQV����������������
� ���0�5REELQV�� +�:�/HKPDQQ�� -�*�:KLWH�� -�

3K\V��&KHP��6RO�������������������
� ���.�3�%HORY�� /�,�.RURO\RYD�� 1�$�7VYHWNRYD�

)L]��7YHUG��7HOD�����������������
� ���.�3�%HORY�� /�,�.RURO\RYD�� 1�$�7VYHWNRYD�

)L]��7YHUG��7HOD�����������������
� ���$�'HE��0�0L]XPDNL��7�0XUR�HW�DO���3K\V��5HY�

%��������������������
� ���9�)ULWVFK�� $�� 'HLVHQKRIHU�� 5�� )LFKWO� HW� DO��

3K\V��5HY��%��������������������
� ���/�,�.RURO\RYD�� $�,�$EUDPRYLFK�� <D�$�.HVOHU

HW� DO��� 9HVWQ��0RVN��8QLY��� 6HU��)L]��� $VWURQ��
��������������
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