
,QIOXHQFH�RI�VWUXFWXUDO�UHOD[DWLRQ�RQ�WKHSHUIRUPDQFH�RI�&R�EDVHG�DPRUSKRXV�PHWDOOLFDOOR\V
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'HSDUWPHQW�RI�3K\VLFV��7�6KHYFKHQNR�.\LY�1DWLRQDO�8QLYHUVLW\��
���9RORG\P\UVND�6W���������.\LY��8NUDLQH

7KH� LQIOXHQFH� RI� VWUXFWXUDO� UHOD[DWLRQ� RQ� WKH� HOHFWULF� UHVLVWLYLW\� U� DQG� VWUXFWXUH� SD�
UDPHWHUV� RI� ORZ�DOOR\HG� &R±&U±6L±%� DPRUSKRXV� PHWDOOLF� DOOR\V� KDV� EHHQ� VWXGLHG�� 7KHVH
PDWHULDOV� VKRZ� D� PLQLPXP� LQ� U���� GHSHQGHQFHV�� ,W� KDV� EHHQ� VKRZQ� WKDW� WKH� VWUXFWXUDO
UHOD[DWLRQ� RI� WKH� VWXGLHG� DOOR\V� GRHV� QRW� FKDQJH� WKH� JHQHUDO� VKDSH� RI� U���� FXUYHV�� EXW
DIIHFWV� HVVHQWLDOO\� WKH� SRVLWLRQ� RI�PLQLPXP��PLQ�� 7KH�KLJK� YDOXHV� RI��PLQ� DUH� GXH�PRVWOLNHO\�QRW�RQO\�WR�WKH�SUHVHQFH�RI�DOOR\LQJ�FRPSRQHQW�EXW�DOVR�E\�D�VSHFLDO�FRPSRVLWLRQ�RI
WKH� PHWDOORLG� JURXS�� 7KH� YDULDWLRQ� RI� �PLQ� GXULQJ� VWUXFWXUDO� UHOD[DWLRQ� LV� FDXVHG� E\YDULDWLRQ�RI�WKH�VKRUW�UDQJH�RUGHULQJ�FKDUDFWHU�
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$PRUSKRXV� PHWDOOLF� DOOR\V� �$0$V�� RE�
WDLQHG� E\� UDSLG� VROLGLILFDWLRQ� DUH� NQRZQ� WR
EH� PHWDVWDEOH� V\VWHPV� >����@�� 7KHLU� QRQ�
HTXLOLEULXP� H[WHQW� GHSHQGV� RQ� WKH� TXHQFK�
LQJ�FRQGLWLRQV��LQ�SDUWLFXODU��RQ�WKH�FRROLQJ
UDWH�� 6LQFH� WKH� DV�TXHQFKHG� PDWHULDOV� DUH
FKDUDFWHUL]HG�E\� D� UDWKHU�KLJK� IUHH�YROXPH
DQG�UHODWLYHO\�ORZ�YDOXHV�RI�VKRUW�UDQJH�RU�
GHULQJ�SDUDPHWHU��WKH�KLJK�WHPSHUDWXUH�DQ�
QHDOLQJ� UHVXOWV� LQ� D� UHGXFWLRQ� RI� $0$� LQ�
WULQVLF� HQHUJ\� GXH� WR� UHOD[DWLRQ� WRZDUGV� D
PRUH�VWDEOH�VWDWH�ZLWKLQ�WKH�UDQJH�RI�DPRU�
SKRXV� VWUXFWXUH�� $FFRUGLQJ� WR� WKH� PRGHUQ
FRQFHSWLRQV�� WKH� VWUXFWXUDO� UHOD[DWLRQ� RF�
FXUV� GXH� WR� GHFUHDVH� RI� WKH� IUHH� YROXPH�
FKDQJHV� RI� WKH� WRSRORJLFDO� DQG� FKHPLFDO
VKRUW�UDQJH�RUGHULQJ�DQG�UHVLGXDO�VWUHVV�UH�
GXFWLRQ� >����@�� 7KH� UHVXOW� RI� VWUXFWXUDO� UH�
OD[DWLRQ� FRQVLVWV� LQ� WKH� HYROXWLRQ� RI� VRPH
$0$V�IXQFWLRQDO�SURSHUWLHV�VHQVLWLYH�WR�WKH
DWRPLF� VWUXFWXUH� �H�J��� PHFKDQLFDO�� HOHFWUL�
FDO��PDJQHWLF��HWF����9HU\�RIWHQ��WKH�RSWLPDO

FRPELQDWLRQ�RI�WKH�$0$�IXQFWLRQDO�SURSHU�
WLHV� LV� DFKLHYHG� MXVW� LQ� UHVXOW� RI� VWUXFWXUDO
UHOD[DWLRQ��7KHUHIRUH��$0$V�VKRXOG�EH�SUH�
OLPLQDU\� DQQHDOHG� WR� LPSURYH� WKH� VWDELOLW\
RI�WKHLU�SHUIRUPDQFH�SURSHUWLHV�

7KH�&R�EDVHG�$0$V�DUH�NQRZQ�WR�EH�PD�
WHULDOV� RI� JRRG� SURVSHFWV� IRU� LQGXVWULDO� DS�
SOLFDWLRQV� LQ� PDJQHWLF� HOHPHQWV� DQG� PRG�
XOHV� RI� WKH� HOHFWURQLF� HQJLQHHULQJ�� %HVLGHV�
D�VSHFLILF�IHDWXUH�RI�WKH�$0$V�EDVHG�RQ�WKH
&R±&U±6L±%�V\VWHP�LV�WKH�DQRPDORXV�EHKDY�
LRU� RI� HOHFWULF� UHVLVWDQFH� YV�� WHPSHUDWXUH
U����� LQ� SDUWLFXODU�� WKH� SUHVHQFH� RI� D�PLQL�
PXP�ZKLFK�PD\�EH�ORFDWHG�HYHQ�DERYH�URRP
WHPSHUDWXUH�� 7KH� QDWXUH� RI� VXFK� EHKDYLRU
KDYH�EHHQ�DQDO\]HG� LQ�GHWDLO� LQ� >�@��6R��WKH
DLP� RI� WKLV�ZRUN� LV� WR� VWXG\� WKH� WUDQVSRUW
SURSHUWLHV�RI�&R±&U±6L±%�$0$V�GXULQJ� WKH
VWUXFWXUDO�UHOD[DWLRQ�

7KH� LQYHVWLJDWHG� VDPSOHV� RI�&R±&U±6L±%
$0$� ���� PP� ZLGH� DQG� ��Ü��� PP� WKLFN�
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ZHUH�SUHSDUHG�E\�VLQJOH�UROO�TXHQFKLQJ�WHFK�
QLTXH� XVLQJ� KLJK� SXULW\� LQLWLDO� PDWHULDOV
�EHWWHU�WKDQ��������7KH�&R��&U�6L��%���DQG&R��)H���&U���6L��%���$0$V�ZHUH�VWXGLHG� LQPRVW� GHWDLO�� *HQHUDOO\�� WKH� VWUXFWXUDO� UH�
OD[DWLRQ� RI�$0$V� LV� UHDOL]HG� HLWKHU� E\� LVR�
WKHUPDO� RU� LVRFKURQDO� DQQHDOLQJ�� +RZHYHU�
LQ� RXU� ZRUN�� WKH� UHOD[DWLRQ�ZDV� SHUIRUPHG
E\�DQ� DOWHUQDWLYH�SURFHGXUH��QDPHO\�E\� WKH
KHDWLQJ� XS� WR� D� FHUWDLQ� WHPSHUDWXUH� DW
���.�PLQ�UDWH�DQG�VXEVHTXHQW�UDSLG�FRROLQJ
GRZQ�WR�URRP�WHPSHUDWXUH��7R�WKDW�HQG��WKH
DERXW� ���� PP� ZLGH� DQG� ��� PP� ORQJ� VDP�
SOHV�ZHUH� FXW� RXW� RI� WKH� ULEERQV��7KH� VDP�
SOHV� ZHUH� SODFHG� LQWR� KLJK� WHPSHUDWXUH
EORFN� IRU� U���� PHDVXULQJ� ZLWK� DXWRPDWLF
FRQWURO� RI� WKH� KHDWLQJ� UDWH�� 7KH� VDPSOH� RI
�u��PP�� VL]H� IRU� WKH� GLIIUDFWLRQ� H[SHUL�
PHQWV� ZDV� DOVR� ORFDWHG� LQ� WKH� VDPH� EORFN
FORVH� WR� WKH� VDPSOH� IRU� UHVLVWLYH� VWXGLHV�
$IWHU� WKH� KHDW� WUHDWPHQW�� WKH� VWDQGDUG
IRXU�SUREH�PHWKRG�KDV�EHHQ�XVHG�WR�PHDVXUH
WKH�U����GHSHQGHQFHV�LQ���Ü����.�WHPSHUD�
WXUH�UDQJH��7KH�;�UD\�GLIIUDFWLRQ�LQYHVWLJD�
WLRQ� ZDV� SHUIRUPHG� XVLQJ� D� '521��� GLI�
IUDFWRPHWHU�LQ�&hDD�UDGLDWLRQ�$FFRUGLQJ�WR�WKH�GLIIUDFWLRQ�GDWD��DOO�WKH
VDPSOHV� KDYH� WKH� ;�UD\� DPRUSKRXV� VWUXF�
WXUH�HYHQ�DIWHU�KHDW�WUHDWPHQW�XS�WR�����.�
7KLV� LQGLFDWHV� WKDW� WKH� UHYHDOHG� FKDQJHV� LQ
UHVLVWLYLW\�DUH�FRQGLWLRQHG�MXVW�E\�WKH�VWUXF�
WXUDO� UHOD[DWLRQ� UDWKHU� WKDQ� E\� WKH� DOOR\
FU\VWDOOL]DWLRQ��

:H�KDYH�VWDWHG�EHIRUH�>�@�WKDW�D�VSHFLILF
IHDWXUH� LQ� U�7�� GHSHQGHQFHV� IRU� $0$V� RI
WKH�&R±6L±%� V\VWHP� LV� WKH� DSSHDUDQFH� RI� D
PLQLPXP�ZKHQ�$0$�RI� WKH� EDVLF� FRPSRVL�
WLRQ� LV� GRSHG�ZLWK� FKURPLXP�� 7KH� SRVLWLRQ
RI�WKLV�PLQLPXP�GHSHQGV�HVVHQWLDOO\�RQ�WKH

&U� FRQWHQW� DQG� VRPHWLPH� PD\� H[FHHG� WKH
URRP�WHPSHUDWXUH� >�@��)LJ���� LOOXVWUDWHV�WKH
LQIOXHQFH�RI�WKH�UHOD[DWLRQ�DQQHDOLQJ�RQ�WKH
U�7��GHSHQGHQFH�RI�WKH�&R��)H���&U���6L��%���ZLWK� WKH� ORZHVW� FKURPLXP� FRQWHQW� DPRQJ
WKH� LQYHVWLJDWHG� $0$V��� ,W� LV� VHHQ� WKDW� WKH
VWUXFWXUDO� UHOD[DWLRQ� RI� WKH� LQYHVWLJDWHG
$0$V�GRHV�QRW�FKDQJH�WKH�JHQHUDO�FKDUDFWHU
RI� U�7�� FXUYHV�� ZKLOH� DIIHFWLQJ� VWURQJO\� WKH
SRVLWLRQ� RI� PLQLPXP�7PLQ�� 7KH� GHSHQGHQFHVRI�7PLQ�RQ�WKH�DQQHDOLQJ�WHPSHUDWXUH�7K�IRU&R��&U�6L��%��� DQG� &R��)H���&U���6L��%��$0$V� DUH� SUHVHQWHG� LQ� )LJ����� 7KH� KHDW
WUHDWPHQW�HYHQ�DW�D�WHPSHUDWXUH�ORZHU�WKDQ
���� .� LV� VHHQ� WR� FDXVH� D� ORZHULQJ� RI�7PLQIRU�&R��)H���&U���6L��%���$0$�� ,W�GHFUHDVHVILUVW�IURP�����WR�����.�DQG�WKHQ�LQFUHDVHV
XS� WR� ����.� UHDFKLQJ� WKH� VDWXUDWLRQ� DW�7KQHDU�����.��$W� WKH� VDPH� WLPH�� WKH�HOHFWULF
UHVLVWLYLW\�DW� URRP�WHPSHUDWXUH� LV�IRXQG�WR
EH� OHVV� VHQVLWLYH� WR� WKH� ORZ�WHPSHUDWXUH
WUHDWPHQW�� 7KH� YDOXHV� RI� U� UHPDLQ� DOPRVW
LQYDULDEOH� XS� WR� �K�a����� .� DQG� EHJLQ� WRULVH� RQO\� DW� WKH� WUHDWPHQW� WHPSHUDWXUHV
KLJKHU�WKDQ�����.��)LJ�����

7KH�KLJKHU�7PLQ� YDOXHV�KDYH�EHHQ� IRXQGWR� EH� LQKHUHQW� LQ� $0$V� ZLWK� KLJKHU� FKUR�
PLXP� FRQWHQW�� ,Q� SDUWLFXODU�� 7PLQ� IRU� DV�TXHQFKHG�&R��&U�6L��%��� DOOR\� LV� ����.�� ,QWKLV� FDVH�� LQ� FRQWUDVW� WR� $0$� FRQVLGHUHG
EHIRUH�� WKH� �PLQ� YDOXH� LV� DOPRVW� FRQVWDQW�����.��XS�WR�7K� �����.��2QO\�DW�WKH�IXU�WKHU�HOHYDWLRQ�RI�WKH�DQQHDOLQJ�WHPSHUDWXUH
LW� JUDGXDOO\� LQFUHDVHV�XS� WR� ����.�DW�7K� ���� .�� 7KH� U����7K�� GHSHQGHQF\� IRU� WKLV$0$� LV� SUHVHQWHG� LQ� )LJ����� ,W� VKRXOG� EH
QRWHG�WKDW�WKLV�GHSHQGHQFH�LV�VLPLODU�LQ�JHQ�
HUDO� WR� WKDW� IRU�&R��)H���&U����6L%���� $0$�+RZHYHU�� WKH� GLIIHUHQFH� FRQVLVWV� LQ� D�ZHDN

)LJ�����U�7��GHSHQGHQFHV�IRU�&R��)H���&U���6L��%��$0$�DIWHU�KHDW�WUHDWPHQW����Ü�LQLW����Ü�����.�
��Ü�����.����Ü�����.����Ü�����.����Ü�����.�

)LJ����� 7KH� GHSHQGHQFHV� RI� 7PLQ� RQ� WKH� DQ�QHDOLQJ�WHPSHUDWXUH�7K�IRU�&R��&U�6L��%������DQG�&R��)H���&U���6L��%�������$0$V�
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UHGXFLQJ� RI� U���� DW� KHDW� WUHDWPHQW� RI&R��&U�6L��%���LQ�WKH�UDQJH����Ü����.��%H�VLGHV�� WKH� LQFUHDVLQJ�RI�U���� DW�7K�!�����.LQ�WKLV�FDVH�LV�OHVV�SURQRXQFHG�
$ORQJ� ZLWK� WKH� FKDQJHV� RI� WUDQVSRUW

SURSHUWLHV� DW� UHOD[DWLRQ� DQQHDOLQJ�� DQ� HYR�
OXWLRQ� RI� WKH� SDUDPHWHU� FKDUDFWHUL]LQJ� WKH
$0$�DWRPLF�VWUXFWXUH�ZDV�REVHUYHG��$V�DQ
H[DPSOH�� )LJ���� SUHVHQWV� WKH� YDULDWLRQ� RI
WKH� ILUVW�PD[LPXP�SRVLWLRQ� RI� KDOR� �T� DQG
LWV� KDOI�ZLGWK� Z� DV� D� IXQFWLRQ� RI� 7K� IRU&R��)H���&U���6L��%��� �)LJ���È�� DQG
&R��&U�6L��%��� �)LJ���E��$0$V��7KH�FKDUDF�WHU�RI�WKHVH�GHSHQGHQFHV�LV�VHHQ�WR�EH�VRPH�
ZKDW� GLIIHUHQW�� 7KH� &R��)H���&U���6L��%��$0$� LV� FKDUDFWHUL]HG� E\� LQFUHDVH� RI� �T
YDOXH�DW�7K�XS�WR�����.�DQG�E\�VXEVHTXHQWUHGXFWLRQ� DW� KLJKHU� WHPSHUDWXUHV�� ,Q� FRQ�
WUDVW�� IRU�&R��&U�6L��%���$0$�� �T� FKDQJHVQRQ�PRQRWRQRXVO\�H[KLELWLQJ�D�PLQLPXP�DW

7K� ����.�� +LJK�WHPSHUDWXUH� WUHDWPHQW� DW7K�H[FHHGLQJ�����.�SURPRWHV�D�FRQVLGHUDEOHGHFUHDVH� RI��T��&HUWDLQ�GLIIHUHQFHV�EHWZHHQ
WKHVH� WZR� DOOR\V� DUH� DOVR� REVHUYHG� LQ� WKH
Z�7K�� GHSHQGHQFHV�� 0RUHRYHU�� LW� PD\� EHQRWHG� WKDW� WKH� KHDW� WUHDWPHQW� QHDU� ���� .
FDXVHV� WKH� VWUXFWXUH� IRUPDWLRQ� LQ� ERWK
$0$V��ZKLFK�LV�FKDUDFWHUL]HG�E\�DOPRVW�WKH
VDPH�YDOXHV�RI��T�DQG�Z�

,W�LV�ZHOO�NQRZQ�WKDW�WKH�ILUVW�GLIIUDFWLRQ
KDOR�SRVLWLRQ�IRU�DPRUSKRXV�PDWHULDOV�LV�GL�
UHFWO\� UHODWHG� ZLWK� PRVW� SUREDEOH� YDOXH� RI
LQWHUDWRPLF� GLVWDQFH� �WKH� KLJKHU� LV� WKH
DQJOH�� WKH� VPDOOHU� LV� WKH� LQWHUDWRPLF� GLV�
WDQFH���7KH�KDOI�ZLGWK�UHIOHFWV�WKH�GLVRUGHU�
LQJ� H[WHQW� DQG� WKH� OHYHO� RI� WKH� TXHQFK
VWUHVV� �WKH� KLJKHU� LV� Z�� WKH� KLJKHU� LV� WKH
GLVRUGHULQJ� DQG�RU� TXHQFK� VWUHVV�� >�@�� 7KH
�T� DQG� Z� YDOXHV� DUH� ������� DQG� ������ IRU
DV�TXHQFKHG� &R��)H���&U���6L��%��� DQG
������� DQG� ������ IRU� DV�TXHQFKHG
&R��&U�6L��%���� UHVSHFWLYHO\�� 6R�� WKH� ILUVW$0$�FDQ�EH�VXSSRVHG�WR�EH�FKDUDFWHUL]HG�E\
KLJKHU� YDOXHV� RI� HLWKHU� IUHH� YROXPH� RU
TXHQFK�VWUHVV��-XVW�WKLV�LV�WKRXJKW�WR�GHILQH
VRPH� GLIIHUHQFH� LQ� WKH� HYROXWLRQ� RI� WKH
VWXGLHG� FKDUDFWHULVWLFV� XSRQ� VWUXFWXUDO� UH�
OD[DWLRQ��,W�LV�NQRZQ�WKDW�WKH�GRSLQJ�RI�)H
EDVHG� $0$V� ZLWK� FKURPLXP� UHVXOWV� LQ� DQ
LQFUHDVH�RI�VWUXFWXUDO�GLVRUGHULQJ�>�@��1DWX�
UDOO\�� WKLV� VKRXOG� EH� DOVR� H[SHFWHG� IRU� WKH
VWXGLHG�$0$V��+RZHYHU�� MXGJLQJ� IURP� WKH
VWUXFWXUDO� GDWD� IRU� �&R�)H�&U�±6L±%� $0$V
ZLWK�GLIIHUHQW�FRQWHQW�RI�WKH�GRSLQJ�FRPSR�
QHQWV��LW�PD\�EH�VXSSRVHG�WKDW�WKH�REVHUYHG
UHJXODULWLHV�DUH�FRQGLWLRQHG�QRW�RQO\�E\�GLI�
IHUHQFH� LQ�$0$�FRPSRVLWLRQ�� EXW�DOVR� E\� D
FHUWDLQ� GLIIHUHQFH� LQ� WKH� TXHQFKLQJ� FRQGL�
WLRQV�

7KH�LQWHQVLW\�RI�UHOD[DWLRQ��LQ�SDUWLFXODU
RI� ORZ�WHPSHUDWXUH� RQH�� LV� NQRZQ� WR� EH�GL�

)LJ����� 1RUPDOL]HG� UHVLVWLYLW\� DW� URRP� WHP�
SHUDWXUH�DV�D� IXQFWLRQ�RI� WKH�KHDW�WUHDWPHQW
WHPSHUDWXUH� IRU� &R��&U�6L��%��� ���� DQG
&R��)H���&U���6L��%�������$0$V�

)LJ����� 9DULDWLRQ� RI� WKH� �T� KDOR� ILUVW� PD[LPXP� SRVLWLRQ� DQG� LWV� KDOI�ZLGWK� Z� ZLWK� 7K� IRU&R��)H���&U���6L��%����È��DQG�&R��&U�6L��%����E��$0$V��
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UHFWO\� GHILQHG� E\� WKH� IUHH� YROXPH� SUHVHQFH
LQ�WKH�$0$V�>�@��7KH�PHWDOORLG�DWRPV�HVVHQ�
WLDOO\� JRYHUQ� WKLV� SURFHVV�� 7KHLU� GLVSODFH�
PHQW� GXULQJ� VWUXFWXUDO� UHOD[DWLRQ� FDXVHV� D
PRGLILFDWLRQ� LQ� WKH� VKRUW�UDQJH� RUGHULQJ
DQG��UHVSHFWLYHO\��IRUPDWLRQ�RI�D�PRUH�FRP�
SDFW�VWUXFWXUH��GXH�WR�IUHH�YROXPH�H[KDXVW�
LQJ��� 6LQFH� WKH� ERQGV� RI� FKURPLXP� ZLWK
PHWDOORLG�DWRPV�DUH�VWURQJHU� LQ�FRPSDULVRQ
ZLWK�WKRVH�IRU�FREDOW�DWRPV��WKH�PRELOLW\�RI
PHWDOORLG�DWRPV�WXUQV�RXW�WR�EH�LQKLELWHG�DW
&U� GRSLQJ�� 7KLV�� UHVSHFWLYHO\�� LPSURYHV� WKH
WKHUPDO� VWDELOLW\� RI� WKH� DPRUSKRXV� VWUXF�
WXUH� >�@�� $Q� LQFUHDVH� RI� �T� YDOXH� �L�H��� D
GHFUHDVH� RI� PHDQ� LQWHUDWRPLF� GLVWDQFH�� KDV
EHHQ� REVHUYHG� XSRQ� DQQHDOLQJ� RI
&R��)H���&U���6L��%��� $0$� XS� WR� 7K�a���� .�� ,Q� RWKHU� ZRUGV�� D� PRUH� FRPSDFW
DPRUSKRXV�VWUXFWXUH�LV�IRUPHG��$W�WKH�VDPH
WLPH��WKH�KDOI�ZLGWK�RI�WKH�GLIIUDFWLRQ�KDOR
GHFUHDVHV��7KLV�LPSOLHV�WKDW�IUHH�YROXPH�UH�
GXFHV�DQG�FRXOG�UHIOHFW�WKH�YDULDWLRQ�RI�WKH
VKRUW�UDQJH� RUGHULQJ�� ,Q� FRQWUDVW�� WKH� UH�
OD[DWLRQ� DQQHDOLQJ� RI� &R��&U�6L��%��� $0$�FKDUDFWHUL]HG�E\�D�KLJKHU�VWUXFWXUDO�RUGHU�
LQJ� LQ� WKH� DV�FDVW� VWDWH�� DW� D� WHPSHUDWXUH
ORZHU� WKDQ� 7K�a����� .� VOLJKWO\� GHFUHDVHVWKH� YDOXH� RI� �T�� 7KLV� FDQQRW� EH� DVFULEHG
XQDPELJXRXVO\� WR� WKH� IUHH�YROXPH�H[KDXVW�
LQJ�� KRZHYHU�� PD\� EH� FRQGLWLRQHG� E\� WKH
PLFUR�VWUHVV� UHGXFWLRQ�� 7KH� ODWWHU� LV� FRQ�
ILUPHG� E\� D� VOLJKW� GHFUHDVH� RI� WKH� GLIIUDF�
WLRQ� KDOR� KDOI�ZLGWK�� +RZHYHU�� WKH� VWUXF�
WXUDO� UHOD[DWLRQ�SURFHVV�DW�KLJKHU�7K� ����Ü����.��LV�FRQWUROOHG�PDLQO\�E\�WKH�VWUXFWXUH
GHQVLILFDWLRQ� WKDW� UHVXOWV� LQ� D� UHGXFWLRQ� RI
WKH�PHDQ� LQWHUDWRPLF�GLVWDQFH� �WKH� LQFUHDV�
LQJ��T���7KH�UHYHDOHG�GLIIHUHQFH�LQ�WKH�WHP�
SHUDWXUH� EHKDYLRU� RI� VWUXFWXUDO� SDUDPHWHUV
DW�ORZ�DQQHDOLQJ�WHPSHUDWXUHV�IRU�WKHVH�WZR
$0$V�LV�FDXVHG�PRVW�OLNHO\�QRW�RQO\�E\�WKH
GLIIHUHQFH� LQ� VWUXFWXUDO� VWDWH�RI�WKH�DV�FDVW
VDPSOHV��EXW�DOVR�E\�WKH�GLIIHUHQW�FKURPLXP
FRQWHQW� >�@�� 7KH� ULVLQJ� RI� 7K� DERYH� ����.IRU� &R��)H���&U���6L��%��� $0$� DQG� DERYH����.�IRU�&R��&U�6L��%���$0$�UHVXOWV� LQ�DVKDUS� GHFUHDVH� RI� �T� DQG�Z��0RUHRYHU�� WKH
YDOXHV� RI� WKHVH� VWUXFWXUDO� SDUDPHWHUV� IRU
ERWK�FRPSRVLWLRQV�ZHUH�IRXQG�WR�EHFDPH�DO�
PRVW� WKH� VDPH� DW�7K�a�����.�� ,Q� WKLV� FDVH�WKH� RFFXUULQJ�FKDQJHV�RI� WKH� VWUXFWXUDO�SD�
UDPHWHUV� DUH� FRQVLGHUHG� WR� EH� GXH� WR� YDUL�
DWLRQ� RI� WKH� FKHPLFDO� VKRUW�UDQJH� RUGHULQJ
LQ�WKH�QHDUHVW�QHLJKERU�RI�PHWDO�DWRPV�

$� SHFXOLDU� IHDWXUH� RI� WKH� VWXGLHG�$0$V
LV�WKH�DQRPDORXV�EHKDYLRU�RI�U�7��FXUYHV��LQ
SDUWLFXODU�� WKH� SUHVHQFH� RI� D� PLQLPXP�
ZKLFK� SRVLWLRQ� PD\� H[FHHG� WKH� URRP� WHP�
SHUDWXUH��7KH�QDWXUH�RI�VXFK�DQRPDORXV�EH�

KDYLRU� KDV� EHHQ� DQDO\]HG� LQ�PRUH� GHWDLO� LQ
>�@�� 7KH� QDWXUH� RI� WKLV� DQRPDO\� LV� WKRXJKW
WR�EH�UHODWHG�ZLWK�WKH�SUHVHQFH�RI�&U�DQG�LWV
SRVLWLRQ�ZHUH�VKRZQ�WR�EH�GHWHUPLQHG�E\�WKH
FKURPLXP� FRQWHQWV� RU�� PRUH� SUHFLVHO\�� E\
WKH�SUHVHQFH�RI�DWRPLF�LQKRPRJHQHLWLHV�ZLWK
DQWLIHUURPDJQHWLF� LQWHUDFWLRQ� RI� &U� DWRPV
DQG� QHLJKERULQJ� &R� DWRPV�� 7KH� DQDO\VLV
SHUIRUPHG� LQ� >�@� KDV� VKRZQ� WKDW� WKH� PRVW
SUREDEOH� DGGLWLRQDO� PHFKDQLVP� RI� WKH� VFDW�
WHULQJ� LV� WKH� HOHFWURQ�HOHFWURQ� LQWHUDFWLRQ
FDXVLQJ� WKH� SUHVHQFH� RI� D� WHUP� LQ� WRWDO� UH�
VLVWLYLW\�GHFUHDVLQJ�ZLWK�WHPSHUDWXUH��2WKHU
PHFKDQLVPV�RI�FDUULHU�VFDWWHULQJ��WKH�)DEHU�
=LPDQ��PDJQRQ�HWF���LQFUHDVH�ZLWK�WHPSHUD�
WXUH��6R��WKH�FRPPRQ�DFWLRQ�RI�WKHVH�FRQWUL�
EXWLRQV� SURPRWHV� WKH� RQVHW� RI� UHVLVWLYLW\
PLQLPXP�

+RZHYHU��WKH�QDWXUH�RI�KLJK�7PLQ�YDOXHVUHPDLQV� FXUUHQWO\� VWLOO� XQFOHDU�� 7KH� PRVW
SUREDEOH�UHDVRQ�LV�UHODWHG�ZLWK�WKH�FRPSRVL�
WLRQ� RI� PHWDOORLG� JURXS� LQ� WKH� VWXGLHG� DO�
OR\V�� )RU� H[DPSOH�� WKH� FKDUDFWHU� RI� U�7�
FXUYHV� IRU�&R��&U[6L�%��� $0$V� LV� FORVH� WROLQHDU� WKDW� LV� W\SLFDO� RI�$0$V� RQ� WKH� EDVH
RI� WUDQVLWLRQ�PHWDOV�� 6R�� HYHQ� LQVLJQLILFDQW
FKDQJHV� LQ� WKH� QHDUHVW� DWRPLF� QHLJKERULQJ
RI�FKURPLXP�DWRP�PD\�PRGLI\�VWURQJO\�WKH
VFDWWHULQJ�SDUDPHWHUV�DQG��UHVSHFWLYHO\��WKH
7PLQ� SRVLWLRQ�� $FFRUGLQJ� WR� WKH� VWUXFWXUDOGDWD�� WKH� FKDQJHV� RFFXUULQJ� LQ
&R��)H���&U���6L��%��� $0$� DIWHU� WKH� ORZ�WHPSHUDWXUH�UHOD[DWLRQ�DQQHDOLQJ�DUH�FRQGL�
WLRQHG�E\�WKH�IUHH�YROXPH�H[KDXVWLQJ��7KLV�
LQ� WXUQ�� UHVXOWV� LQ� D� VXEVWDQWLDO� FKDQJH� RI
WKH�VKRUW�UDQJH�RUGHULQJ�GHJUHH�DQG��UHVSHF�
WLYHO\��LQ�D�FRQVLGHUDEOH�YDULDWLRQ�RI�7PLQ�DVFRPSDUHG� WR� WKRVH� IRU� WKH� RWKHU� VWXGLHG
$0$��7KLV� LV� VHHQ� WR� EH� WKH�PRVW�SUREDEOH
UHDVRQ�IRU�7PLQ�HQKDQFHPHQW��VLQFH�WKH�HYR�OXWLRQ�RI�WKH�FKHPLFDO�VKRUW�UDQJH�RUGHULQJ
WDNHV� SODFH� IRU� ERWK� FRPSRVLWLRQV� DW� VXIIL�
FLHQWO\� KLJK� DQQHDOLQJ� WHPSHUDWXUHV�� 7KLV
FRQILUPV� DQ� HVVHQWLDO� UROH� RI� WKH� DWRPLF
QHLJKERULQJ�� LQ� SDUWLFXODU�� RI� WKH� FOXVWHU
VWUXFWXUH�� LQ� WKH� VFDWWHULQJ� PHFKDQLVPV�
+RZHYHU�� WKH� SUHVHQWHG� H[SHULPHQWDO� GDWD
DQG�WKH� ODFN�RI� WKH�GHWDLOHG� WKHRULHV�RI�WKH
FDUULHU� VFDWWHULQJ� LQ� VXFK� V\VWHPV� GRHV�QRW
SHUPLW� WR� SURSRVH� WKH� XOWLPDWH� H[SODQDWLRQ
RI� WKH� SK\VLFDO� PLFURVFRSLF� PHFKDQLVPV� RI
WKH�UHYHDOHG�UHJXODULWLHV�

7KXV�� WKH� VWUXFWXUDO� UHOD[DWLRQ� RI� &R±
&U±6L±%�$0$V�KDV�EHHQ�VKRZQ�WR�EH�DFFRP�
SDQLHG� E\� YDULDWLRQV� LQ� WKH� WRSRORJLFDO� DQG
FKHPLFDO� VKRUW�UDQJH� RUGHULQJ�� 7KLV� LV� FRQ�
ILUPHG� E\� WKH� ;�UD\� GLIIUDFWLRQ� GDWD�� 7KH
REVHUYHG� UHJXODULWLHV� PD\� EH� FRQVLGHUHG
ZLWKLQ�WKH�URXWLQH�PRGHOV�RI�WKH�UHOD[DWLRQ
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SURFHVV� LQ� DPRUSKRXV� V\VWHPV�� ,W� KDV� EHHQ
VKRZQ�WKDW�WKH�VWUXFWXUDO�UHOD[DWLRQ�RI�WKH
VWXGLHG�$0$V� GRHV� QRW� FKDQJH� WKH� JHQHUDO
VKDSH�RI�WKH�U����FXUYHV��EXW�DIIHFWV�HVVHQ�
WLDOO\� WKH� SRVLWLRQ� RI� UHVLVWLYLW\� PLQLPXP�
7KH�PRVW�SUREDEOH�UHDVRQ�RI�KLJK��PLQ�YDOXHVLV�WKRXJKW�WR�EH�FDXVHG�QRW�RQO\�E\�WKH�SUHV�
HQFH� RI� DOOR\LQJ� FRPSRQHQW�� EXW� DOVR� E\� D
VSHFLILF� FRPSRVLWLRQ� RI� WKH� PHWDOORLG� JURXS�
7KH�FKDQJHV�RI��PLQ�DUH�FRQGLWLRQHG�E\�YDUL�DWLRQV�RI�WKH�VKRUW�UDQJH�RUGHULQJ�XSRQ�KHDW
WUHDWPHQW�
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