
0DJQHWLF�SURSHUWLHV�DQG�VWUXFWXUH�RI�1G±)H±%PHOW�VSXQ�DOOR\V�IRU�LVRWURSLF�ERQGHG�PDJQHWV
%�$�$YUDPHQNR
��2�0�%RYGD��9�2�%RYGD��(�$�&KHUQRY
�$�$�.RVWLQ��'�9�.XWQL\��$�*�5DYOLN
��/�9�2QLVFKHQNR��2�6�7RUWLND�

1DWLRQDO�6FLHQWLILF�&HQWHU��.KDUNLY�,QVWLWXWH�RI�3K\VLFV�DQG�7HFKQRORJ\��
1DWLRQDO�$FDGHP\�RI�6FLHQFHV�RI�8NUDLQH��

��$NDGHPLFKHVND\D�6W���������.KDUNLY��8NUDLQH
1DWLRQDO�7HFKQLFDO�8QLYHUVLW\��.KDUNLY�3RO\WHFKQLF�,QVWLWXWH��
���)UXQ]H�6W���������.KDUNLY��8NUDLQH�

7KH� SKDVH� HYROXWLRQ� DQG� PDJQHWLF� SURSHUWLHV� RI� ERWK� PHOW�VSXQ� 1G[)H����±[%���²� ���Ü���PDVV���ULEERQV�DQG�LVRWURSLF�ERQGHG�PDJQHWV�KDYH�EHHQ�LQYHVWLJDWHG��$�KLJK
FRHUFLYLW\�DQG�UHPDQHQFH�KDV�EHHQ�VKRZQ�WR�EH�DWWDLQDEOH�HYHQ� LQ�WKH�DV�VSXQ�VWDWH�ZLWK
1G� LQ� WKH� UDQJH� RI� [� ���Ü��� PDVV� �� ZLWKRXW� KHDW� WUHDWPHQW�� 7KH� LQIOXHQFH� RI� KHDW
WUHDWPHQW� LQ� WKH� ���� WR� ���R�&� � UDQJH� RQ�PDJQHWLF� SURSHUWLHV� RI�PHOW�VSXQ� ULEERQV� KDV
EHHQ� VWXGLHG�� $� ZHOO�H[SUHVVHG� HIIHFW� RI� 1G� FRQFHQWUDWLRQ� RQ� WKH� ODWWLFH� YROXPH� RI
1G�)H��%��3���PQP��SKDVH�DQG�YROXPH�IUDFWLRQ�RI�VHFRQGDU\�SKDVHV�KDV�EHHQ�UHYHDOHG��,WZDV� VKRZQ� WKDW� H[FKDQJH�FRXSOLQJ� HIIHFW� SOD\V� LPSRUWDQW� UROH� LQ� WKH� KDUG� PDJQHWLF
SURSHUWLHV� RI� WKH� DOOR\V�ZLWK� ORZ�1G� FRQWHQW�� EXW�PHOW�VSXQ� DOOR\V�ZLWK� KLJK� UHPDQHQFH
DORQJ�DUH�QRW�VXIILFLHQW�WR�JXDUDQWHH�KLJK�PDJQHWLF�SHUIRUPDQFH�
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1DQRFRPSRVLWH�PDJQHWLF�PDWHULDOV� EDVHG
RQ�1G±)H±%�PHOW�VSXQ�DOOR\V�DWWUDFW�D�FRQ�
VLGHUDEOH�DWWHQWLRQ�GXH�WR�WKHLU�RXWVWDQGLQJ
PDJQHWLF�SURSHUWLHV�>�@��7KHVH�DOOR\V�FDQ�EH
VXEGLYLGHG� LQWR� WZR� FDWHJRULHV� E\� FRPSRVL�
WLRQ�� 2QH� JURXS� FRQVLVWV� RI�1G�)H��%� KDUGPDJQHWLF� SKDVH� DQG� WKH� RWKHU� RQH� FRQVLVWV
RI�KDUG�PDJQHWLF�SKDVH�H[FKDQJH�FRXSOHG�WR
D�VRIW�PDJQHWLF�SKDVH��7KH�LVRWURSLF�ERQGHG
PDJQHWV� XVLQJ� ERWK� VLQJOH�SKDVH� DQG� WZR�
SKDVH� PHOW�VSXQ� DOOR\V� FRQWLQXH� WR� HQDEOH
LPSRUWDQW�QHZ�DSSOLFDWLRQV�LQ�DFWXDWRUV�DQG
VHQVRUV� IRU� VWRUDJH� PHGLD�� FRQVXPHU� HOHF�
WURQLFV� DQG� DXWRPRWLYH� LQGXVWU\�� 7KH�PDJ�

QHWLF�� FRUURVLRQ� DQG� WKHUPDO� SURSHUWLHV� RI
VXFK�PDWHULDOV�FRQWLQXH�WR�EH�LPSURYHG��7KH
WHFKQLFDO� LQVHQWLYH� WR� XVH� RI�1G±)H±%� PHOW�
VSXQ�DOOR\V�LV�VWLPXODWHG�E\�YDULRXV�FRPELQD�
WLRQV� RI� LQWULQVLF� PDJQHWLF� SURSHUWLHV�� ORZ
IOX[� DJLQJ� ORVV�� JRRG� WKHUPDO� DQG� FRUURVLRQ
VWDELOLW\��%XW�WKH�EHVW�PDJQHWLF�SHUIRUPDQFH
RI� WKH� ERQGHG� PDJQHW� DOVR� GHSHQGV� RQ� WKH
W\SH�RI�SRO\PHU�UHVLQ�DQG�YROXPH�IUDFWLRQ�RI
WKH� PDJQHWLF� PDWHULDO�� ([SHULPHQWDO� UHVXOWV
>�Ü�@� DQG� PLFUR�VFDOH� PDJQHWLF� FDOFXODWLRQV
>�Ü�@� VKRZ� WKDW� WKH� PDJQHWLF� SURSHUWLHV� RI
VXFK�PDWHULDOV�GHSHQG�KHDYLO\�RQ�WKH�PLFUR�
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VWUXFWXUH�� HVSHFLDOO\� RQ� WKH� JUDLQ� VL]H� DQG
SKDVH�GLVWULEXWLRQ�

$� W\SLFDO� IHDWXUH� RI� 1G±)H±%� WHUQDU\
V\VWHPV� LV� QRQ�HTXLOLEULXP� VROLGLILFDWLRQ� RI
DOOR\V��,Q�WKLV�FDVH��WKH�UHDFWLRQV�W\SLFDO�RI
HTXLOLEULXP� FU\VWDOOL]DWLRQ� UHPDLQ� LQFRP�
SOHWH� RU� HYHQ� DUH� FRPSOHWHO\� VXSSUHVVHG�
7KLV� LV� HVSHFLDOO\� WUXH� IRU� SHULWHFWLF� UHDF�
WLRQV�� WKDW� DUH� W\SLFDO� RI� WKH�1G±)H±%� V\V�
WHP� DQG� DUH� FRQWUROOHG� E\� WKH� GLIIXVLRQ� RI
HOHPHQWV�LQ�WKH�VROLG�VWDWH��)RU�H[DPSOH��WKH
PDLQ� KDUG� PDJQHWLF� 1G�)H��%� SKDVH� LVIRUPHG� E\� SHULWHFWLF� UHDFWLRQ�� +HQFH�� LQ�
FUHDVH� RI� WKH� DOOR\� FU\VWDOOL]DWLRQ� UDWH� UH�
VXOWV� LQ� VXSSUHVVLRQ� RI� SHULWHFWLF� UHDFWLRQ
DQG� WKXV� LQ� WKH� H[WHQVLRQ� RI� WKH� WHPSHUD�
WXUH�UDQJH�DQG�LQFUHDVH�RI�WKH�FRQFHQWUDWLRQ
UDQJH� ZKHUH� WKH� SULPDU\� LURQ� FU\VWDOV� DUH
SUHFLSLWDWHG� >�@�� 7KH� QRQ�HTXLOLEULXP� FU\V�
WDOOL]DWLRQ�KDV�EHHQ�HYLGHQFHG�LQ�H[SHULPHQW
E\� YDULRXV� WHFKQLTXHV� �SKDVH� DQDO\VLV� DQG
GLIIHUHQWLDO� WKHUPDO� DQDO\VHV�� XQGHU� VWXG\�
LQJ�YHUWLFDO�SRO\WKHUPLF�FURVV�FXW�RI�WHUQDU\
GLDJUDP� DORQJ� WKH� OLQH� FRUUHVSRQGLQJ� WR
1G�%� ����� UDWLR� WUDYHUVLQJ� WKH� FRQFHQWUD�
WLRQ� SODQH� SRLQW� WKDW� FRUUHVSRQGV� WR� WKH
1G�)H��%�SKDVH�VWRLFKLRPHWU\��2WKHU� HIIHFWV�RI�QRQ�HTXLOLEULXP�FU\VWDO�
OL]DWLRQ� DUH� REVHUYHG� LQ� WKH� DUHD�ZKHUH� WKH
SULPDU\� FU\VWDOOL]DWLRQ� ILHOGV� RI� )H�� )H�%�1G�)H��%��1G)H�%�� SKDVHV�PHHW� WKH�SURMHF�WLRQ� RI� OLTXLGXV� VXUIDFH� RQ� FRQFHQWUDWLRQ
SODQH� >�@��0RUHRYHU�� WKH� TXHQFKLQJ� UDWH� RI
DOOR\V� GXULQJ� PHOW�VSLQQLQJ� SURFHVV� FDQ
UHDFK����Ü����z�V�DQG�WKLV�VKRXOG�UHVXOW�LQ
WKH� IRUPDWLRQ� RI� PHWDVWDEOH� DPRUSKRXV� RU
QDQRFU\VWDOOLQH� VRIW� PDJQHWLF� SKDVHV� DQG
WKXV� GHWHULRUDWH� WKH�PDJQHWLF� SURSHUWLHV� RI
DOOR\V��,Q�DGGLWLRQ��WKH�1G�)H��%�SKDVH�QRQ�VWRLFKLRPHWU\� PD\� DIIHFW� KHDYLO\� WKH� DV�
TXHQFKHG�PLFURVWUXFWXUH��ZKLFK�LQ�WXUQ�ZLOO
LQIOXHQFH�WKH�FU\VWDOOL]DWLRQ�SDWKZD\�GXULQJ
DQQHDOLQJ��,Q�RUGHU�WR�XQGHUVWDQG�WKH�HIIHFW
RI� DOOR\� FRPSRVLWLRQ� RQ� WKH� FU\VWDOOL]DWLRQ
EHKDYLRU� DQG� REVHUYH� WKH� FU\VWDOOL]DWLRQ
SDWKZD\V� LQ� ERWK� W\SHV� RI� 1G±)H±%� PHOW�
VSXQ�QDQRFRPSRVLWHV��ZH� SHUIRUPHG� D� FRP�
SUHKHQVLYH� VWXG\� LQFOXGLQJ� PDJQHWLF� PHDV�
XUHPHQWV� DQG� ;�UD\� GLIIUDFWLRQ� �;5'�� H[�
SHULPHQWV� RI� PHOW�VSXQ� DQG� KHDW�WUHDWHG
1G±)H±%�DOOR\V��

$OOR\� LQJRWV� ZLWK� FRPSRVLWLRQV� RI
1G[)H����±[%���� DQG� [� ���Ü��� ZW� �� ZHUH
SURGXFHG� E\� DUF� PHOWLQJ� XQGHU� SXULILHG
DUJRQ� DWPRVSKHUH�� 7KH� TXHQFKHG� ULEERQV
ZHUH�REWDLQHG�E\�PHOW�VSLQQLQJ�LQ�$U�DWPRV�
SKHUH� DW� D� UROO� VSHHG� RI� ��� P�V�� 7\SLFDO
ULEERQ� WKLFNQHVV�ZDV� DERXW� ��Ü��� PP�� 7KH
DV�VSXQ�ULEERQV�ZHUH�H[DPLQHG�LQ�WKH�LQLWLDO

VWDWH� DQG� WKHQ� ZHUH� DQQHDOHG� LQ� WKH� WHP�
SHUDWXUH� UDQJH� IURP� ���� WR� ����&� IRU� �Ü
��� PLQ� XQGHU� YDFXXP� WR� GHYHORS� WKH� GH�
VLUHG� QDQRFU\VWDOOLQH� PLFURVWUXFWXUH�� 7KH
ERQGHG� PDJQHWV� ZHUH� PDGH� E\� PL[LQJ� WKH
JURXQG� PHOW�VSXQ� ULEERQV� ZLWK� IRUPDOGH�
K\GH� UHVLQ�� SUHVVLQJ� WKH� PL[WXUH� DW
���WRQV�FP�� DQG� WKHQ� FXULQJ� DW� ����&� IRU
��� PLQ�� 7KH� ERQGHG� PDJQHWV� ZHUH� ��� PP
LQ�GLDPHWHU� DQG���PP� LQ� OHQJWK��7KH�PDJ�
QHWLF� SURSHUWLHV� RI� WKH� ULEERQV� ZHUH� PHDV�
XUHG� E\� YLEUDWLQJ� VDPSOH� PDJQHWRPHWHU
�960��ZLWK�DQ�DPSOLWXGH�PDJQHWLF�ILHOG�XS
WR� �� 7�� DQG� WKH� FKDUDFWHULVWLFV� RI� WKH
ERQGHG�VDPSOHV�ZHUH�GHWHUPLQHG�E\�K\VWHU�
HVLPHWHU� ZLWK� SXOVH� ILHOG� PDJQHWL]DWLRQ�
7KH� FU\VWDO� VWUXFWXUH� ZDV� H[DPLQHG� E\� t�
UD\�GLIIUDFWRPHWHU�'521��� LQ�&R�.D�UDGLD�WLRQ�

)LJ����VKRZV�WKH�ORFDWLRQ�RI�H[SHULPHQWDO
PHOW�VSXQ� DOOR\V� LQ� WKH� 1G±)H±%� WHUQDU\
SKDVH�GLDJUDP��7KH�FRPSRVLWLRQV�RI�LQWHUHVW
DUH�ORFDWHG�DORQJ�WKH�OLQH�RI�FRQVWDQW�%�FRQ�
FHQWUDWLRQ������PDVV����DQG�FURVV�WKH�FRP�
PRQ�YHUWH[�RI�D�)H1G�)H��%±1G�)H��%��DQG1G�)H��%±1G)H�%�±1G� WULDQJOHV�� 7KH� PDLQSKDVHV�ZRXOG�EH�D�)H�DQG�1G�)H��%� �DW� ORZ1G� FRQWHQW�� DQG�1G�)H��%� �DW�KLJK�1G� FRQ�WHQW��� 7KH� PHWDVWDEOH� SKDVH� 1G�)H��%�� LQFRPSRVLWLRQV� RI� ORZ�1G� FRQWHQW� FDQ� EH� H[�
SHFWHG�� WRR��)LJ���D� LOOXVWUDWHV� WKH�UHODWLRQ�
VKLS�EHWZHHQ�+&�PHDVXUHG�QRUPDO�DQG�SDU�DOOHO� WR� WKH� ULEERQ� SODQH� IRU� VDPSOHV� ZLWK
YDULRXV� 1G� FRQWHQW�� )LJ���EÜ�G� UHSUHVHQW
W\SLFDO� K\VWHUHVLV� ORRSV� IRU� VRPH�PHOW�VSXQ
ULEERQV� UHJLVWHUHG� LQ� WKH� ILHOG� SDUDOOHO� WR

)LJ����� )H�ULFK� FRUQHU� RI� 1G±)H±%� V\VWHP�
7KH�GLDJUDP�VKRZV�FRPSRVLWLRQV�RI�1G[)H���±[±\%\�[� ���Ü���� \� ����Ü��� PDVV� ��� 1RWH
1G�)H��%�DQG�)H�%�DUH�PHWDVWDEOH�SKDVHV��FLU�FOHV�DUH�H[SHULPHQWDO�DOOR\V��
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WKH� ULEERQ� SODQH�� ,W� FDQ� EH� VHHQ� WKDW� D
VPRRWK� K\VWHUHVLV� ORRS� ZLWK� GHFHQW� PDJ�
QHWLF� SURSHUWLHV� RI�0U�0V� ������DQG�+F� ���� N$�P� KDV� EHHQ� REWDLQHG� LQ� WKH� DOOR\
ZLWK�[� ����PDVV����7KH�KLJKHVW�FRHUFLYLW\
ZDV�REWDLQHG�LQ�WKH�VDPSOHV�ZLWK�KLJK�1G�FRQ�
WHQW� �[� ���� DQG� ��� PDVV� ���� +\VWHUHVLV
FXUYHV�RI�WKH�PHOW�VSXQ�ULEERQV�ZLWK�1G�LQ�WKH
UDQJH� IURP� ����� WR� ����� PDVV� �� REWDLQHG
IURP�960�PHDVXUHPHQWV� VKRZ� VDWXUDWLRQ� UH�
PDQHQFH� UDWLR�0U�0V� LQ� WKH� UDQJH� RI� ���Ü������ 7KHUHIRUH�� WKH� LQWHUJUDLQ� H[FKDQJH�
FRXSOLQJ� HIIHFW� VKRXOG� SOD\� DQ� LPSRUWDQW
UROH�LQ�WKH�DOOR\�

7KH�HIIHFW�RI�1G�FRQWHQW�RQ�WKH�PDJQHWLF
SURSHUWLHV�RI�LVRWURSLF�ERQGHG�1G[)H����±[%���PDJQHWV��UHPDQHQFH�%U�DQG�+FL�� LV�VKRZQ�LQ)LJV���D�DQG��E��UHVSHFWLYHO\��)LJ���F�SUHVHQWV
K\VWHUHVLV�ORRSV�RI�VRPH�ERQGHG�VDPSOHV��$F�
FRUGLQJ�WR�)LJ�����WKUHH�FRHUFLYLW\�UHJLRQV�FDQ
EH�GLVWLQJXLVKHG��7KH�FRHUFLYLW\�DSSHDUV�WR�UH�
PDLQ�DW�DERXW�����N$�P�LQ�WKH�UDQJH�[� ���Ü
��� PDVV� ��� WKHQ� LQFUHDVHV� VOLJKWO\� XS� WR
����N$�P�ZKHQ�[�LV�UDLVLQJ�WR������PDVV��
DQG� ILQDOO\� UDLVHV� FRQVLGHUDEO\� XS� WR
����� Nk�ä� IRU� DOOR\� ZLWK� [� ���Ü���PDVV
���&KDQJHV�RI�FRHUFLYLW\�DUH�FDXVHG�E\�SH�
FXOLDULWLHV�RI�PHOW�VSXQ�DOOR\�SKDVH�FRPSRVL�
WLRQ� DQG� UHIOHFWV� FOHDUO\� WKH� WUDQVLWLRQV�EH�
WZHHQ� GLIIHUHQW� WLH� OLQHV� RI� SKDVH� GLDJUDP�
5HPDQHQFH� GRHV� QRW� VKRZ� DQ\� VLJQLILFDQW
GHSHQGHQFH� RQ� FRPSRVLWLRQ� RI� WKH� VDPSOHV�
,W� VKRXOG� EH� QRWHG� WKDW� WKHUH� LV� VKDUS� GH�
FUHDVH� RI� %U� IRU� VDPSOHV� ZLWK� [� ����PDVV
��DQG�[� ����PDVV����7KHUH�LV�RQH�SRVVLEOH
UHDVRQ�IRU�WKH�YDULDWLRQ�RI�WKH�UHPDQHQFH�IRU
DOOR\V�ZLWK�²� ���Ü���PDVV���GXH� WR� LW�FRQ�
VLGHUDEOH� VHQVLWLYLW\� WR� WKH� PDQXIDFWXULQJ
FRQGLWLRQV� GXULQJ� ERQGLQJ� SURFHVV� �FUXVKLQJ

DQG� FRPSDFWLQJ��� $OWKRXJK� WKH� 1G[)H����±
[%���� ERQGHG� PDJQHWV� DW� [� ���Ü�����PDVV�� VKRZ� PRGHUDWH� FRHUFLYLW\� LQ� WKH� UDQJH
���Ü���� N$�P�� D� SRRU� VTXDUHQHVV� DSSHDUV
LQ� WKH� GHPDJQHWL]DWLRQ� FXUYHV� FDXVLQJ� D
PXFK� ORZHU� �%+�PD[� �VHH� )LJ���F��� 0RUH�RYHU�� WKH� VTXDUHQHVV� RI� K\VWHUHVLV� ORRSV� RI
WKH� ULEERQV� �)LJ���F�� PHDVXUHG� LQ�SODQH� LV
HVVHQWLDOO\� KLJKHU� WKDQ� WKH� VTXDUHQHVV� RI
ERQGHG� PDJQHWV� �)LJ���F��� 7KHUH� DUH� WZR
SRVVLEOH�UHDVRQV�RQ�VXFK�EHKDYLRU��2QH�UHD�
VRQ�LV�WKH�SRRU�VTXDUHQHVV�LQ�WKLV�DOOR\�PD\
DULVH� IURP�WKH�IDFW� WKDW�D�)H� LV�D�PDJQHWL�
FDOO\� VRIW� SKDVH� ZLWK� LQDSSURSULDWH� VL]H
DQG�RU� GLVWULEXWLRQ� ZKLFK� LQWHUIHUHV� H[�
FKDQJH�FRXSOLQJ�EHWZHHQ�DGMDFHQW�1G�)H��%DQG�D�)H� JUDLQV�� 7KH� RWKHU� SRVVLEOH� UHDVRQ
PD\�EH�UHODWHG�WR�WKH� LVRWURSLF�GLVWULEXWLRQ
DQG� ORZ� YROXPH� IUDFWLRQ� RI� WKH� ULEERQV� LQ
WKH�ERQGHG�PDJQHWV��ZKLFK�GHWHULRUDWH�ERWK
VTXDUHQHVV�DQG�UHPDQHQFH��

)LJ���� VKRZV� ;5'� SDWWHUQV� IRU
1G[)H����±[%���� �[� ����� ������ ���� ������ DQG���� ULEERQV�� )RU� WKH�[� ����� ����� DQG���
DOOR\V�� ;�UD\� SKDVH� DQDO\VLV� LQGLFDWHV
WKDW� WKH� DOOR\V� FRQWDLQ� PDLQO\� PDJQHWL�
FDOO\� KDUG� 1G�)H��%� SKDVH� DQG� D�)H� VRIWSKDVH��7KH�PDLQ�DSSUHFLDEOH� IHDWXUH� LQ� WKH
;5'�SDWWHUQV�LV�WKH�SHDN�EURDGHQLQJ�ZKLFK
LV� WKH� LQGLFDWLRQ� RI� ILQH� JUDLQ� VL]H�� $V� LV
VHHQ� LQ�)LJ����� WKH�YROXPH�IUDFWLRQ�RI�D�)H
SKDVH� JUDGXDOO\� GHFUHDVHV� ZLWK� LQFUHDVLQJ
1G�FRQWHQW��7KH�5LHWYHOG�UHILQHPHQW�RI�WKH
;5'� VKRZV� WKDW� WKH� ODWWLFH� YROXPH� RI
1G�)H��%� �3���PQP�� SKDVH� LQFUHDVHV� IURP�������c��IRU�[� ������PDVV���WR��������c�
IRU�[� ����PDVV��PHOW�VSXQ�DOOR\V��

)LJ�����+F�YV��1G�FRQWHQW�IRU�1G[)H���±[±\%\��PDVV����PHOW�VSXQ�ULEERQV��D��DQG�K\VWHUHVLV�ORRSV�RI
WKH�ULEERQV�ZLWK�YDULRXV�1G�FRQWHQW��ZW������E���[� ���������F���[� �������G���[� �����
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0HOW�VSXQ�ULEERQV�ZHUH�DQQHDOHG�WR�RSWL�
PL]H� PLFURVWUXFWXUH� DQG� WR� LPSURYH� PDJ�
QHWLF�SURSHUWLHV��0DJQHWLF�SURSHUWLHV�RI�LVR�
WURSLF� ERQGHG� PDJQHWV� PDQXIDFWXUHG� IURP
PHOW�VSXQ� ULEERQV� DQQHDOHG� DW� GLIIHUHQW
WHPSHUDWXUHV� DUH� VKRZQ� LQ� )LJ���DÜF�� 7KH
KHDW� WUHDWPHQW� DW� WHPSHUDWXUHV� UDQJH� RI
���Ü����&� GRHV� QRW� VKRZ� FRQVLGHUDEOH� LP�
SURYHPHQW�RI�FRHUFLYLW\�IRU�PHOW�VSXQ�DOOR\V
ZLWK�1G� FRQWHQW� EHORZ�[� ����PDVV���� H[�
FHSW� IRU� WKH� VDPSOH� ZLWK� [� ����PDVV��
7KH� FRHUFLYLW\� RI� +&� ����� N$�P� LV� RE�WDLQHG� IRU� WKH� VDPSOH� DQQHDOHG� DW� 7� 
����&�� ,W� FDQ� EH� VHHQ� WKDW� 1G[)H����±[%���ULEERQV� ZLWK� KLJKHU� 1G� FRQWHQW� �[� ���Ü
���PDVV����DQQHDOHG� DW� WHPSHUDWXUH� EHORZ
7� �����&� GR� QRW� VKRZ� DQ\� FRHUFLYLW\� LP�
SURYHPHQW��0RUHRYHU��D� IXUWKHU� LQFUHDVH�RI
DQQHDOLQJ� WHPSHUDWXUH� XS� WR�7� �����&� GH�
FUHDVHV� FRHUFLYLW\� IURP�+F� ������N$�P�WR���� N$�P� IRU� [� ���� PDVV� �� DQG� [� 
��� PDVV� �� VDPSOHV�� $Q� LQFUHDVH� RI� KHDW
WUHDWPHQW� WHPSHUDWXUH� WR� 7� �����&� PD\
FDXVH� UHFU\VOOL]DWLRQ� DQG� JURZWK� RI
1G�)H��%� JUDLQV�� ZKLFK� PLJKW� DFFRXQW� IRUWKH�GURS�LQ�FRHUFLYLW\�RI�VDPSOHV�ZLWK�KLJK
1G�FRQWHQW��[�!����PDVV�����

2Q� WKH� RWKHU� KDQG�� WKH� UHPDQHQFH� LQ�
FUHDVHV� DIWHU� KHDW� WUHDWPHQW� DW� ����&� WR
����� 7� IRU� PHOW�VSXQ� VDPSOHV� ZLWK� [� 

)LJ����� ;5'� SDWWHUQV� RI� WKH� 1G[)H���±[±\%\�[� ��������������������������PDVV����PHOW�
VSXQ�ULEERQV����Ü�1G��)H���%�����Ü�D�)H�

)LJ����� 5HPDQHQFH� �D�� DQG� FRHUFLYLW\� �E�� DV� IXQFWLRQV� RI� 1G� FRQWHQW� IRU� 1G[)H���±[±\%\� ERQGHGPDJQHW� VDPSOHV� SUHSDUHG� IURP� DV�VSRRQ� ULEERQV�� 'HPDJQHWL]DWLRQ� FXUYHV� RI� VRPH� VDPSOHV� �F��
���[� ���������[� ����������[� ����������[� ����������[� ����PDVV����
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���PDVV���DQG�[� ����PDVV����7KH�KLJKHVW
UHPDQHQFH� RI� ����� 7� DQG� ���� 7� KDYH� EHHQ
DFKLHYHG� LQ� WKH� ERQGHG� VDPSOHV� ZLWK� ²� 
��� PDVV� �� DQG� [� ���� PDVV� ��� UHVSHF�
WLYHO\�� +HDW� WUHDWPHQW� DW� ����&� LQFUHDVHV
UHPDQHQFH� WR� ���� 7� LQ� VDPSOHV� ZLWK
[� ����PDVV���DQG����PDVV����2QH�SRVVL�
EOH� UHDVRQ� IRU� UHPDQHQFH� LPSURYHPHQW� DW
KLJK�DQQHDOLQJ�WHPSHUDWXUHV�LQ�WKH�VDPSOHV
ZLWK� [� �����Ü���PDVV��� FDQ� EH� WKH�D�)H
SKDVH� JUDLQ� JURZWK�� +RZHYHU�� WKH� JUDLQ
JURZWK�GXH�WR�WKH�KLJK�WHPSHUDWXUH�DQQHDO�
LQJ� LV� WRR� H[FHVVLYH��7KLV�PD\� H[SODLQ�ZK\
FRHUFLYLW\� RI� WKH� 1G[)H����±[%���� ULEERQVZLWK� [�  �����Ü��� PDVV� �� DQQHDOHG� DW
����&� LV� VR� SRRU�� 7\SLFDO� GHPDJQHWLVDWLRQ
FXUYHV� RI� KHDW�WUHDWHG� ERQGHG� VDPSOHV� DUH
VKRZQ�LQ�)LJ���F�

7KH� DOWHUDWLRQ�RI� FRHUFLYLW\� LQ� WKH�PHOW�
VSXQ� DOOR\V� ZLWK� YDULDWLRQ� RI� 1G� FRQWHQW
FOHDUO\� LQGLFDWHV� WKH� GHYHORSPHQW� RI� SDU�
WLFXODU� VWUXFWXUH� DQG� LWV� LQIOXHQFH� RQ�PDJ�
QHWLF� SURSHUWLHV�� ,QFUHDVLQJ�1G� FRQWHQW� UH�
VXOWV� LQ� LQFUHDVHG� YROXPH� IUDFWLRQ� RI� KLJK�
DQLVRWURSLF�1G�)H��%�SKDVH�LQ�WKH�PHOW�VSXQDOOR\V� DQG�KHQFH� DIIHFWV� FRHUFLYLW\�� 7KH� DO�
OR\V� LQ�WKH�UDQJH�[� �����Ü�����PDVV����[
 ������ PDVV� �� EHLQJ� WKH� 1G�)H��%� VWR�FKLRPHWULF�FRPSRVLWLRQ��DUH�RI�VSHFLDO�LQWHU�
HVW� EHFDXVH� WKHVH� DOOR\V� DUH� ORFDWHG� QHDU
1G�)H��%��FRPSRVLWLRQ�DQG�XVHG�IRU�SURGXF�LQJ� H[FKDQJH�VSULQJ� PDJQHWV� FRPELQLQJ
PDJQHWLFDOO\� KDUG� SKDVH� DQG� PDJQHWLFDOO\
VRIW�RQH��7KLV�H[SODLQV�ZK\�PDJQHWLF�SURS�
HUWLHV� RI� WKH�1G[)H����±[%���� ULEERQV� LQ� WKHUDQJH� [� �����Ü����� PDVV� �� FRQWDLQLQJ
RQO\�1G�)H��%�DQG�D�)H�SKDVHV�VKRZ�PRGHU�DWH�PDJQHWLF� FKDUDFWHULVWLFV� GXH� WR� WKH� H[�

FKDQJH� FRXSOLQJ� EHWZHHQ� WKH� PDJQHWLFDOO\
VRIW�DQG�KDUG�JUDLQV�

,W� LV�NQRZQ�WKDW�WKH�UHPDQHQFH�RI�QDQR�
FRPSRVLWH� LQFUHDVHV� ZLWK� WKH� LQFUHDVLQJ
DPRXQW� RI� VRIW� PDJQHWLF� SKDVH�� EXW� LW
VKRXOG�DOVR�EH�QRWHG�WKDW�VXFK�DQ� LPSURYH�
PHQW� � GRHV� QRW� IDYRU� WKH� LQFUHDV� RI� PDJ�
QHWLF� SHUIRUPDQFH� RI� D�)H�1G�)H��%� QDQR�FRPSRVLWHV�� 7KH� QRPLQDO� FRPSRVLWLRQV� RI
WKRVH� DOOR\V� YDU\� DORQJ� WKH� 1G�)H��%� DQGD�)H�WLH�OLQH��$V�H[SHFWHG��%U�LQFUHDVHV�DQG+FL�GHFUHDVHV�ZLWK�LQFUHDVLQJ�D�)H�DPRXQWV�'HVSLWH�WKH�LQFUHDVH�LQ�%U��WKH��%+�PD[�XQ�H[SHFWHGO\� GHFUHDVHV� ZLWK� WKH� LQFUHDVLQJ
DPRXQW�RI�D�)H���LQ�VSLWH�RI�WKH�ZHOO�NQRZQ
GHSHQGHQFH��%+�PD[|%U�����7KXV��D�KLJK�%UYDOXH� DORQH� LV� LQVXIILFLHQW� WR� JXDUDQWHH� D
KLJK��%+�PD[�IRU�WKH�QDQRFRPSRVLWH��7R�RE�WDLQ� D� QDQRFRPSRVLWH� ZLWK� KLJK� �%+�PD[�RQH� PXVW� EDODQFH� WKH� %U��+FL� DQG� GHPDJ�QHWL]DWLRQ� FXUYH� VTXDUHQHVV�� $OWKRXJK� DO�
OR\LQJ� HOHPHQWV� DUH� NQRZQ� WR� UHILQH
1G±)H±%� QDQRFRPSRVLWH� PLFURVWUXFWXUHV� WR
\LHOG� LPSURYHG� RYHUDOO� PDJQHWLF� SHUIRUP�
DQFH� >������@�� WKH� GHPDJQHWL]DWLRQ� FXUYH
VTXDUHQHVV�RI�QDQRFRPSRVLWHV�LV��LQ�JHQHUDO�
LQIHULRU� WR� QHDU�VWRFKLRPHWULF� 1G�)H��%FRPSRVLWLRQV� SURGXFHG� E\� PHOW�VSLQQLQJ
WHFKQLTXH��

7R� FRQFOXGH�� WKH� 1G[)H����±[%���� �IURP²� ���� WR�²� ����PDVV����PHOW�VSXQ�DOOR\V
KDYH� EHHQ� VWXGLHG� FRPSUHKHQVLYHO\�� +LJK
FRHUFLYLW\�DQG�UHPDQHQFH�FRXOG�EH�REWDLQHG
LQ� DV�VSXQ� 1G[)H����±[%���� VDPSOHV� ZLWK[�  � ��Ü���PDVV���� 7KH�;�UD\� DQDO\VLV� KDV
UHYHDOHG�WKDW�1G[)H����±[%����PHOW�VSXQ�DOOR\VLQ� WKH� UDQJH� RI� FRPSRVLWLRQV�[� ���Ü���PDVV
�� FRQVLVW� RI� KDUG�PDJQHWLF�1G�)H��%� SKDVHDQG� VRIW�PDJQHWLF� D�)H� RQH�� 7KH� H[FKDQJH

)LJ����� &RHUFLYLW\� �D�� DQG� UHPDQHQFH� �E�� DV� IXQFWLRQV� RI� 1G� FRQWHQW� IRU� 1G[)H���±[±\%\� ERQGHGPDJQHW�VDPSOHV�SUHSDUHG�IURP�WKH�ULEERQV�DQQHDOHG�DW����Ü����&��'HPDJQHWL]DWLRQ�FXUYHV�RI�VRPH
VDPSOHV� �F��� [� ������� ������ ������ ���� ���� ���� ��� PDVV���� IRU� WKH� ��� ��� ��� ��� ��� ��� �� VDPSOHV�
UHVSHFWLYHO\��
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FRXSOLQJ�SOD\V�DQ�LPSRUWDQW�UROH�LQ�WKH�KDUG
PDJQHWLF� SURSHUWLHV� LQ� WKH� DOOR\V��7KH� HIIHFW
RI� DQQHDOLQJ� RQ� PDJQHWLF� SURSHUWLHV� RI� DV�
VSXQ� 1G[)H����±[%���� ULEERQV� KDV� EHHQ� HVWDE�OLVKHG��7KH�KHDW� WUHDWPHQW�RI�1G[)H����±[%����²� ���Ü���PDVV����PHOW�VSXQ�DOOR\V� LQ�WKH
���Ü����&�UDQJH�UHVXOWV�LQ�D�VLJQLILFDQW�LP�
SURYHPHQW� RI� UHPDQHQFH� GXH� WR� UHFU\VWDOOL�
]DWLRQ�RI�D�)H�JUDLQV��DV�WKLV�SKDVH� LV�WKH
PDMRU� RQH� LQ� WKHVH� DOOR\V��+HDW� WUHDWPHQW
RI� 1G[)H����±[%���� �²� ���Ü��� PDVV� ��
PHOW�VSXQ� DOOR\V� GRHV� QRW� VKRZ� DQ\� SUR�
QRXQFHG� HIIHFW� RQ� UHPDQHQFH� DQG� FRHUFLY�
LW\�� H[FHSW� IRU� WKH� DOOR\V� ZLWK� KLJK� 1G
FRQWHQW� �²� ���Ü���PDVV����ZKLFK�VKRZ�D
GURS�LQ�+&�DIWHU�DQQHDOLQJ�DW�����&�
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