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'RSHG� ]LUFRQLD� LV� XVHG� ZLGHO\� LQ� GLIIHU�
HQW�ILHOGV��VXFK�DV�VWUXFWXUDO�DQG�IXQFWLRQDO
FHUDPLFV�� DV� FDWDO\VWV�� VHQVRUV�� VROLG� HOHF�
WURO\WHV� RI� 6ROLG� 2[LGH� )XHO� &HOOV� �62)&��
HWF�� ,Q� ODVW� \HDUV�� D� JUHDW� LQWHUHVW� LV� RE�
VHUYHG�LQ�QDQRWHFKQRORJ\��DQG�LQ�SDUWLFXODU�
LQ� ]LUFRQLD� QDQRSRZGHUV�� ,W� LV� FRQQHFWHG
ZLWK� WKH� IDFW� WKDW�ZLWK� GHFUHDVLQJ� SDUWLFOH
VL]H�GRZQ�WR�D�FHUWDLQ�OLPLW��WKH�DPRXQW�RI
VXUIDFH� DWRPV� EHFRPHV� FRPSDUDEOH� ZLWK
DPRXQW�RI�DWRPV�LQ�WKH�EXON��WKXV�DIIHFWLQJ
GUDPDWLFDOO\�WKH�SURSHUWLHV�RI�PDWHULDOV�

7KHUH� DUH� WKUHH� SRO\PRUSKV� RI� ]LUFRQLD�
PRQRFOLQLF��P���WHWUDJRQDO��W���DQG�FXELF��F��
7KH� WUDQVIRUPDWLRQ� EHWZHHQ� GLIIHUHQW� SRO\�
PRUSKV�LV�YHU\�LPSRUWDQW�IRU�WKH�SURFHVVLQJ
DQG� PHFKDQLFDO� SURSHUWLHV� RI� ]LUFRQLD� FH�
UDPLFV�� ,W� LV� ZHOO� NQRZQ� WKDW� LQ� RUGHU� WR
REWDLQ�VWDEOH�W��RU�F�SKDVH�]LUFRQLD�DW�URRP
WHPSHUDWXUH�� GRSLQJ� RI� ]LUFRQLD� ZLWK� R[�
LGHV��VXFK�DV�&D2��0J2��<�2���DQG�&H2��LVUHTXLUHG�� 7KH� FU\VWDOOL]DWLRQ� SURFHVV� RI
GRSHG�]LUFRQLD�LV�YHU\�FRPSOH[�DQG�LQFOXGHV
D�SKDVH� WUDQVIRUPDWLRQ�ZLWK�FKHPLFDO� UHDF�
WLRQ��,Q�)LJ�����WKH�7*��'7*��DQG�'7$�GDWD
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IRU� FRPSRVLWLRQ� =U2������ PRO��� <�2�� DUHVKRZQ��$V�LW�LV�VHHQ�IURP�WKH�'7$�GDWD��WKH
FU\VWDOOL]DWLRQ�RI�GRSHG�]LUFRQLD�WDNHV�SODFH
DW�����&��
2YHU�WKH�ODVW�\HDUV��PRVW�RI�SXEOLFDWLRQV

DUH�GHYRWHG�WR�]LUFRQLD�FHUDPLFV�GRSHG�ZLWK
D� VLQJOH� R[LGH�� $OWKRXJK� RSWLPL]HG� SURSHU�
WLHV� FDQ�EH� REWDLQHG� LQ� WKHVH� FHUDPLFV�� WHU�
QDU\� V\VWHPV� RQ� =U2��EDVH� DUH� GUDZLQJ� DQLQFUHDVLQJ� LQWHUHVW�� ,QFRUSRUDWLRQ�RI� VHFRQG
GRSDQW� PDNHV� LW� SRVVLEOH� WR� LPSURYH� PH�
FKDQLFDO� SURSHUWLHV�� LQFUHDVH� LRQLF� FRQGXF�
WLYLW\�� UHGXFH� WKH� VLQWHULQJ� WHPSHUDWXUH� RI
FHUDPLFV�� HWF�� )RU� H[DPSOH�� DGGLQJ� ����RI
<E�2��WR�]LUFRQLD�VWDELOL]HG�ZLWK�����<�2�UHVXOWV� LQ� FRPSOHWH� VWDELOL]DWLRQ�RI� WHWUDJR�
QDO� SKDVH��ZKLOH� ����RI�<�2�� LV� QHHGHG� WRVWDELOL]H�W�SKDVH�RI�=U2��LQ�D�ELQDU\�V\VWHP>�@��7KH�LQIOXHQFH�RI�VHFRQG�HOHPHQW�GRSLQJ
RI�<��&H��6F�DQG�&D�VWDELOL]HG�]LUFRQLD�ZLWK
VXFK� HOHPHQWV� DV�<��1L�� )H��&X��0Q��$O��%L
DQG� =Q� RQ� HOHFWULFDO� FRQGXFWLYLW\� DQG� PH�
FKDQLFDO� SURSHUWLHV� RI� VROLG� HOHFWURO\WHV� DUH
VKRZQ� LQ� >�Ü�@�� &H�GRSHG� \WWULD� VWDELOL]HG
]LUFRQLD� LV� RQH� RI� WKH� SURPLVLQJ� PDWHULDOV
IRU� QXFOHDU� ZDVWH� VWRUDJH� GXH� WR� LWV� KLJK
PHFKDQLFDO�SURSHUWLHV��KLJK�UDGLDWLRQ�VWDELO�
LW\� DQG� KLJK� PHOWLQJ� WHPSHUDWXUH� >��@�� 7L�
GRSHG� \WWULD� VWDELOL]HG� =U2�� DSSHDUV� WR� EHDQ� DWWUDFWLYH� PDWHULDO� IRU� 62)&� HOHFWURGHV
GXH� WR� LWV�PL[HG� FRQGXFWLYLW\� >��@�� 6HYHUDO
VWXGLHV�RI�VWUXFWXUDO�DQG�PHFKDQLFDO�SURSHU�
WLHV� RI� <� DQG� &H� VWDELOL]HG� ]LUFRQLD� GRSHG
ZLWK�$O��0Q��)H��1G�DQG�<E�R[LGHV�ZHUH�DOVR
FDUULHG�RXW�>�����Ü��@��=U2�±&H2�±&X2�WHU�QDU\� V\VWHP� LV� LQYHVWLJDWHG� DV� FDWDO\VW� IRU
R[LGDWLRQ�RI�SURSDQH�DQG�WROXHQH�>��@�
,Q� RXU� SUHYLRXV� VWXGLHV� >��Ü��@� RQ� WKH

LQIOXHQFH�RI�VHFRQG�HOHPHQW�GRSLQJ�RQ�SURS�
HUWLHV�RI�VWDELOL]HG�]LUFRQLD�QDQRSRZGHUV��LW
KDV� EHHQ� VKRZQ� WKDW� FKURPLXP� GRSLQJ� RI
\WWULD�VWDELOL]HG�]LUFRQLD�LQFUHDVHV�WKH�FU\V�
WDOOL]DWLRQ�WHPSHUDWXUH�E\�PRUH�WKDQ�����&
DQG�WULJJHUV�WKH�WHPSHUDWXUH�GHSHQGHQFH�RI
VXVFHSWLELOLW\�IURP�GLDPDJQHWLF�WR�SDUDPDJ�
QHWLF�W\SH�>��@��7KH�DLP�RI�WKLV�ZRUN�ZDV�WR
FRPSDUH� WKH� VXUIDFH� VWDWH� RI� FKURPLXP
GRSHG�\WWULD�VWDELOL]HG�]LUFRQLD�QDQRSRZGHUV
ZLWK� \WWULD� VWDELOL]HG� ]LUFRQLD� RQHV�� &RUUH�
VSRQGLQJO\�� ;�UD\� SKRWRHOHFWURQ� VSHFWURV�
FRS\�PHWKRG�ZDV�FKRVHQ�WR� LQYHVWLJDWH�VXU�
IDFH� VWDWH� RI� K\GUR[LGH� DQG� R[LGH� ]LUFRQLD
QDQRSRZGHUV� GRSHG� E\� \WWULXP� DQG� FKUR�
PLXP�R[LGHV�
=LUFRQLD� K\GUR[LGH� QDQRSRZGHUV� ZHUH

SUHSDUHG� E\� FR�SUHFLSLWDWLRQ� WHFKQLTXH�
$TXHRXV� VROXWLRQV� RI� =U2�12����� <��12���DQG�&U&O���+�2�WDNHQ�DW�VWRLFKLRPHWULF�UDWLRDQG� PL[HG� WRJHWKHU� ZHUH� XVHG� DV� VWDUWLQJ

PDWHULDOV�� 7KLV� SUHFXUVRU� VROXWLRQ� ZDV
PL[HG�ZLWK� ����� DPPRQLD� VROXWLRQ�� $IWHU
UHDFWLRQ�FRPSOHWLRQ�� WKH�SUHFLSLWDWH�ZDV�UH�
SHDWHGO\�ZDWHU�ZDVKHG�WR�UHPRYH�12�±�LRQV�,Q� WKLV� VWDWH�� ]LUFRQLXP�\WWULXP� K\GUR[LGH
JHO�FRQWDLQHG���Ü�����RI�ZDWHU�DQG�KDG�DQ
DPRUSKRXV�VWUXFWXUH��7KH�SUHFLSLWDWHV�ZHUH
WKHQ� GULHG� LQ� DLU� DW� ����&� LQ� D� PLFURZDYH
RYHQ��$�����:�PDJQHWURQ�VHUYHG�DV�VRXUFH
RI�PLFURZDYH� UDGLDWLRQ� ZLWK� RSHUDWLQJ� IUH�
TXHQF\�RI������*+]��7KH�VDPSOHV�RI�IROORZ�
LQJ� FRPSRVLWLRQV� ZHUH� LQYHVWLJDWHG�� =U2����� PRO��� <�2�������� �� &U�2��� =U2���������&U�2�� DQG� =U2������PRO���<�2�� OD�EHOHG� =<&�� =&�� DQG� =<�� UHVSHFWLYHO\�� 7KH
R[LGH� QDQRSRZGHUV� ZHUH� REWDLQHG� IURP� K\�
GUR[LGHV� E\� FDOFLQDWLRQ� DW� ����&� LQ� DLU� IRU
�� K�� DQG� ODEHOHG� DV� =<&7�� =&7�� DQG� =<7�
UHVSHFWLYHO\��7KH�SKDVH�FRPSRVLWLRQ�DQG�DY�
HUDJH� JUDLQ� VL]H� �&6$�� ZHUH� GHWHUPLQHG� E\
;�UD\� GLIIUDFWLRQ� XVLQJ� D� '521��� LQVWUX�
PHQW� DW� URRP� WHPSHUDWXUH�� (OHFWURQ� VWUXF�
WXUH�RI�QDQRSRZGHUV�ZDV�LQYHVWLJDWHG�E\�;�UD\
SKRWRHOHFWURQ� VSHFWURVFRS\� PHWKRG� XVLQJ
(6������ VSHFWURPHWHU� �(�0J.D� ��������H9�
3� ����� :�� S� �����Ü�� 3D�� HTXLSSHG� ZLWK
3+2,%26����� 63(&6� HQHUJ\� DQDO\]HU�� 7KH
VSHFWURPHWHU� ZDV� DOVR� HTXLSSHG� ZLWK� DQ� ,4(�
������LRQ�JXQ�DQG�WKH�VORZ�HOHFWURQV�JXQ�)*�
������WR�FRPSHQVDWH�WKH�VXUIDFH�FKDUJH�RI�LQ�
VXODWRUV�� 7KH� =U�G� ;36� VSHFWUD� ZHUH� GHFRP�
SRVHG� LQWR� SDLUV� RI� FRPSRQHQWV� ZLWK� WKH
IROORZLQJ�SDUDPHWHUV�(E��G���Ü�G����� �����H9�,��G�����,��G����� ������� 7KH� *DXVV�1HZWRQPHWKRG�ZDV�DSSOLHG�LQ�FDOFXODWLRQ��7KH�FRP�
SRQHQW� DUHDV� ZHUH� FDOFXODWHG� DIWHU� EDFN�
JURXQG� VXEWUDFWLRQ� E\� 6KLUOH\� PHWKRG�
&KHPLFDO� FRPSRVLWLRQ�� DYHUDJH� JUDLQ� VL]H
�&6$�� DQG� SKDVHV� RI� R[LGH� VDPSOHV� �ODEHOHG
7�� DUH� VKRZQ� LQ� 7DEOH���� ;�UD\� SKRWRHOHF�

)LJ�����7*��'7*�� DQG�'7$�FXUYHV� RI�=U2�����PRO���<�2��
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WURQ�VSHFWUD�DUH�VKRZQ�LQ�)LJ�����WKH�FRPSR�
QHQW�LQWHQVLWLHV��LQ�7DEOH���

7KH� ;�UD\� GLIIUDFWLRQ� UHVXOWV� VKRZ� WKDW
]LUFRQLD�K\GUR[LGH�SRZGHUV�DUH�DPRUSKRXV�
7KH� R[LGH� VSHFLHV� FDOFLQHG� DW� ����&� DUH

7DEOH����/DEHOLQJ��FKHPLFDO�FRPSRVLWLRQ��VL]H��&6$��DQG�SKDVHV�RI�]LUFRQLXP�R[LGH�QDQRSDUWLFOHV
FDOFLQHG�DW�����&�LQ�DLU
/DEHO &RPSRVLWLRQ *UDLQ�VL]H��QP 3KDVHV
=<&7 =U2������PRO���<�2����������&U�2� ���� ������7
=&7 =U2����������&U�2� ���� �����7��������0
=<7 =U2������PRO���<�2� ���� ������7

)LJ�����;36�VSHFWUD�RI�=U�G� OHYHOV��7�Û�DIWHU�FDOFLQDWLRQ�DW�����&�LQ�DLU��FRPSRQHQWV�RI�=U�G���� OHYHOODEHOHG� DV� D�E�F�G� DUH�� =U��� �(E�G���� ������� H9��� =U���(E�G���� ������� H9��� =U���2�±�� �(E�G���� ������H9���=U���2+�� �(E�G���� �������H9���UHVSHFWLYHO\��FRPSRQHQWV�D��E��F��G��FRUUHVSRQG�WR�=U�G���OHYHO�
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���� �� WHWUDJRQDO�� H[FHSW� IRU� =&7� RQH
ZKLFK� DOVR� LQFOXGHV� ��� �� RI� PRQRFOLQLF
SKDVH�� 7KLV� LV� FRQQHFWHG� ZLWK� WKH� VPDOO
DPRXQW�RI�FKURPLXP�R[LGH�ZKLFK�LV�LQVXIIL�
FLHQW� IRU� FRPSOHWH� VWDELOL]DWLRQ� RI� WHWUDJR�
QDO� SKDVH� >��@�� 1HYHUWKHOHVV�� GRSDQWV� ZLWK
LRQLF� UDGLXV� VPDOOHU� WKDQ� =U� DWRPLF� UDGLXV
DUH� QRW� UHIHUUHG� WR� DV� VWDELOL]HUV�� 7KH�=<7
VDPSOH� LV�D�ZHOO�VWXGLHG�WHWUDJRQDO�]LUFRQLD
GLR[LGH� ZLWK� FU\VWDOOL]DWLRQ� WHPSHUDWXUH
DURXQG� ����&�� EXW� DGGLQJ� ������ RI�&U�2�LQGXFHV� WKH� FU\VWDOOL]DWLRQ� WHPSHUDWXUH
VKLIW�WRZDUGV�KLJKHU� WHPSHUDWXUH�UHJLRQ�E\
PRUH�WKDQ�����&�>��@�
7KH�VXUIDFH�VWDWH�RI�K\GUR[LGH�DQG�R[LGH

QDQRSDUWLFOHV� LV� FRPSOH[� DQG� VKRZV� VHYHUDO
VWDWHV�ZLWK�GLIIHUHQW�ELQGLQJ�HQHUJLHV�FRUUH�
VSRQGLQJ� WR� GLIIHUHQW� QRQHTXLYDOHQW� VWDWHV
RI�]LUFRQLXP�DWRPV��DV� LW� FDQ�EH� VHHQ� IURP
WKH�;36� VSHFWUD� RI�=U�G� OHYHOV� �)LJ������2Q
WKH� VXUIDFH� RI� WKHVH� QDQRSDUWLFOHV�� ]LUFR�
QLXP�DWRPV�DUH�SUHVHQW� LQ�IRXU�VWDWHV��=U��
�(E�G���� ������� H9�� FRPSOH[� D��� =U��
�(E�G���� ������� H9�� FRPSOH[� E��� =U���2�±�
ZLWK� (E�G���� ������� H9�� �FRPSOH[� F�� DQG=U���2+�� ZLWK�(E�G���� ������� H9� �FRPSOH[G��� UHVSHFWLYHO\�� =U���2�±�� DQG� =U���2+�
VWDWHV�DUH�FRPPRQ�IRU� LQYHVWLJDWHG�V\VWHPV
DQG�SUHVHQFH�RI�=U���DQG�=U���VWDWHV�PD\�EH
FRQQHFWHG� ZLWK� WKH� GLIIHUHQFH� EHWZHHQ
VSHHGV� RI� 2+� JURXSV� GHWDFKPHQW� DQG� UH�
SODFHPHQW� WKHP� ZLWK� R[\JHQ� DWRPV�� =U��
VWDWHV� ZHUH� DOVR� REVHUYHG� E\� RWKHU� UH�
VHDUFKHUV� >������@�� ,Q� WKH�VWDELOL]HG�PDWHUL�
DOV��WKH�HIIHFWLYH�UHGXFWLRQ�RI�WKH�]LUFRQLXP
FRRUGLQDWLRQ� E\� R[\JHQ� IURP� HLJKWIROG� WR
VHYHQIROG� UHVXOWV� LQ� WKH� LQWURGXFWLRQ�RI� RF�
FXSLHG�=U�G�YDOHQFH�EDQGV�ZKLFK�DUH�DVVRFL�
DWHG�ZLWK�=U���>��@�
7KH� SUHVHQFH� RI� =U��� VWDWHV� ZLWK� HQHUJ\

(E�G���� ������� H9� LQ� =U�G� VSHFWUD� FDQ� EHFRQQHFWHG�ZLWK�QRQ�VWRLFKLRPHWU\�RI�LQYHVWL�
JDWHG� R[LGHV� DQG� K\GUR[LGHV�� $FFRUGLQJ� WR
>��@��FKDUJH�FRPSHQVDWLRQ�XQGHU�R[\JHQ�GH�
IHFWV� IRUPDWLRQ� PD\� RFFXU� LQ� WZR� ZD\V�

HLWKHU� XQGHU� FRQQHFWLRQ� RI� DQ� HOHFWURQ� WR
=U��� LRQ�ZLWK�WUDQVLWLRQ�RI�WKH�ODWWHU�WR�WKH
ORZHU�YDOHQFH� VWDWH� RU�XQGHU�HOHFWURQ� ORFDO�
L]DWLRQ�LQ�R[\JHQ�YDFDQF\�ZLWK�)�FHQWHU�IRU�
PDWLRQ� �GHWDFKPHQW� RI�2+� JURXSV� UHTXLUHV
RQH� HOHFWURQ� SHU� RQH� R[\JHQ� YDFDQF\��� 7KH
LQIOXHQFH� RI� &U� GRSLQJ� RQ� QDQRSDUWLFOHV� V\V�
WHP� EHKDYLRU� ZDV� LQYHVWLJDWHG� LQ� GLIIHUHQW
VWXGLHV� E\� (35�PHWKRG� >���� ���� ��@�� 7KHVH
LQYHVWLJDWLRQV� GHPRQVWUDWH� SRVVLELOLW\� RI
XVH� RI� &U� LRQV� DV� PDUNHUV�� FDUU\LQJ� LQIRU�
PDWLRQ� DERXW� SURSHUWLHV� RI� ]LUFRQLD
QDQRSDUWLFOHV� DQG� WKHLU� FKDQJHV� XQGHU� GLI�
IHUHQW� FRQGLWLRQV�� 7KH� VLJQLILFDQW� LQFUHDVH
RI� =U��� FRPSRQHQW� LQ� WKH� FDVH� RI� RQH�HOH�
PHQW��&U�RU�<��GRSLQJ��LQ�FRQWUDVW�WR�GRSLQJ
ZLWK�WZR�HOHPHQWV��&U�DQG�<��VKRXOG�EH�DOVR
PHQWLRQHG��,Q�WKH�FDVH�RI�VLPXOWDQHRXV�GRS�
LQJ�ZLWK�FKURPLXP�DQG�\WWULXP�R[LGHV��WKLV
IDFW� PD\� EH� DVVRFLDWHG� ZLWK� LQKLELWLRQ� RI
2+� JURXS� GHWDFKPHQW� DQG� FU\VWDOOL]DWLRQ
RQVHW�>��@��+LJK�LQWHQVLW\�RI�=U���FRPSRQHQW
LQ�FRPSDULVRQ�WR�WUDGLWLRQDOO\�REVHUYHG�QRQ�
VWRLFKLRPHWU\� LV� H[SODLQHG� E\� JUHDW� FRQWUL�
EXWLRQ� RI� VXUIDFH� LQ� QDQRSRZGHU� V\VWHP�
8QOLNH� (35� VSHFWURVFRS\�� WKH�;36�PHWKRG
GLVFRYHUV�=U���VWDWH��ZKLFK�FDQ�DOVR�EH�DVVR�
FLDWHG� ZLWK� VXUIDFH� GHK\GUDWLRQ� RI� K\GUR[�
LGH� DQG� R[LGH� QDQRSDUWLFOHV�� $V� LW� LV� VHHQ
IURP� WKH� 7*� FXUYH� �)LJ������ WKH� PDVV� ORVV
GRHV�QRW�VWRS�HYHQ�DERYH�����&�
7KH� GRSLQJ� RI� ]LUFRQLXP� K\GUR[LGH� DQG

R[LGH�DIIHFWV�DOO�FRPSRQHQWV�RI�=U�G� OHYHOV�
EXW� WKH� PRVW� GUDPDWLF� HIIHFW� LW� KDV� RQ
=U���2�±�� DQG� =U���2+�� VWDWHV�� 7KH� LQLWLDO
VWDWHV� RI� VDPSOHV� ZLWK� \WWULXP� DQG� FKUR�
PLXP�DQG�ZLWK�\WWULXP�RQO\�GLIIHU�VOLJKWO\
IURP� RQH� DQRWKHU�� EXW� DIWHU� FDOFLQDWLRQ� DW
����&� IRU� �� K� LQ� DLU�� DPRXQW� RI� =U±2+
ERQGV� LQ� FDVH� RI� &U�GRSLQJ� GHFUHDVHG� E\
�����LQ�FRQWUDVW�WR�VLPXOWDQHRXV�GRSLQJ�E\
FKURPLXP� DQG� \WWULXP� R[LGHV�� ZKHUH� WKLV
YDOXH�DPRXQWV�������7KH�LQFUHDVHG�DPRXQW
RI� 2+� ERQGV� LQ� FDOFLQHG� VDPSOH� ZLWK� \W�
WULXP�DQG�FKURPLXP�LQIOXHQFHV�WKH�FU\VWDO�

7DEOH����,QWHQVLWLHV�RI�FRPSRQHQWV�RI�=U�G��DQG�2�V��;36�VSHFWUD
&KDUJH�VWDWH %LQGLQJ

HQHUJ\��H9
5HODWLYH�LQWHQVLW\

=<& =<&7 =& =&7 =< =<7
=U�� ��������G���� ��� ��� ��� ��� ��� ���
=U�� ��������G���� ���� ���� ���� ���� ���� ����

=U���2�±� ��������G���� ���� ���� ���� ���� ���� ����
=U���2+� ��������G���� ���� ���� ���� ���� ���� ����
=U±2±< �������2�V� ��� ���� ��� ��� ��� ����
+�2 �������2�V� ��� ��� ��� ��� ��� ���
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OL]DWLRQ� SURFHVV�� DOVR� LQFUHDVLQJ� WKH� FU\VWDO�
OL]DWLRQ�WHPSHUDWXUH�E\�PRUH�WKDQ�����&��7KH
2�V�VWDWHV�ZKLFK�FRUUHVSRQG�WR�DEVRUEHG�+�2PROHFXOHV� GLVDSSHDU� DOPRVW� FRPSOHWHO\� DIWHU
FDOFLQDWLRQ� IRU� DOO� VDPSOHV�� 7KH� G\QDPLFV� RI
FKDQJHV� LV� VSHFLILF� IRU� HDFK� VDPSOH�� EXW� WKH
JHQHUDO�WUHQG�LV�UHGXFWLRQ�RI�K\GUR[LGH�VWDWHV
FRQWULEXWLRQ�� DOWKRXJK� K\GUR[LGH� VWDWHV� GR
QRW�GLVDSSHDU� FRPSOHWHO\� DIWHU� FDOFLQDWLRQ�DW
����&�� )RU� DOO� FDOFLQHG� VDPSOHV�� WKH� UDWLR
=U���2�±��=U���2+�� RI� VXUIDFH� VWDWHV� LQ�
FUHDVHV�� UHVXOWLQJ� LQ� LQFUHDVHG� DPRXQW� RI
R[LGH� VWDWHV�� 7KH� ORZHVW� YDOXH� RI� =U���2�±
��=U���2+�� UDWLR� FRUUHVSRQGV� WR� WKH� VDPSOH
FRQWDLQLQJ� ERWK� \WWULXP� DQG� FKURPLXP
GRSDQWV�� 6XFK� D� EHKDYLRU� PD\� UHVXOW� IURP
LQFUHDVH� RI� 0±2+� FRPSOH[� ELQGLQJ� HQHUJ\
GXH� WR� SUHVHQFH� RI� FKURPLXP� DWRPV�
=U���2�±��=U���2+��UDWLR�IRU�VDPSOHV�FRQWDLQ�
LQJ�RQO\�<�DQG�RQO\�LQVHUW�VSDFH��&U�GRSDQWV�
LV� KLJKHU� WKDQ� IRU� VDPSOH� LQFOXGLQJ� ERWK
GRSDQWV��7KLV�IDFW�VKRZV�WKDW�WKH�GRSLQJ�ZLWK
VHFRQG�HOHPHQW�FDQ�DIIHFW�0±2+�FRPSOH[�ELQG�
LQJ�HQHUJ\�>��@�
$FFRUGLQJ� WR� WKH�GDWD� VKRZQ� LQ�7DEOH���

D� FKDQJH� RI�=U±2±<� VWDWHV� DOVR� WDNHV� SODFH
RQ� WKH� VXUIDFH� RI� QDQRSDUWLFOHV� DIWHU� FDOFL�
QDWLRQ�� )RU� VDPSOH� ZLWK� FKURPLXP� DQG� \W�
WULXP� GRSDQWV�� D� FRQVLGHUDEOH� ULVH� RI� VXFK
VWDWHV� RFFXUV�� FRQWUDU\� WR� WKH� VDPSOH�ZLWK�
RXW� FKURPLXP�� 7KLV� FDQ� EH� DVVRFLDWHG�ZLWK
WKH� GLIIXVLRQ� RI� \WWULXP� DWRPV� WR� WKH� VXU�
IDFH�RI�SDUWLFOHV�RU�ZLWK�SDUWLDO�GHVWUXFWLRQ
RI�WKH�VKHOO�FRQVLVWLQJ�RI�+�2�DQG�2+�PROH�FXOHV�
7KH�GHVFULEHG�FKDQJHV�RI�VWDWHV�LQ�GRSHG

=U2�� QDQRSDUWLFOHV� FDQ� LPSDFW� GUDPDWLFDOO\WKH� SURSHUWLHV� RI� WKLV� SDUWLFXODWH� V\VWHPV�
VXFK� DV� DJJORPHUDWLRQ�� FDWDO\WLF� DFWLYLW\�
VRUSWLRQ�SURSHUWLHV��FRPSDFWLQJ��HWF�
7KXV�� WKH� VXUIDFH� RI� ERWK� ]LUFRQLXP�K\�

GUR[LGH� DQG� R[LGH� KDV� D� UDWKHU� FRPSOH[
VWUXFWXUH� DQG� LQFOXGHV� =U���2�±��� =U���2+��
=U��� DQG�=U���VWDWHV��=U���2�±�� DQG�=U���2+�
VWDWHV�DUH�FRPPRQ�IRU�LQYHVWLJDWHG�V\VWHPV
ZKLOH� WKH� SUHVHQFH� RI� =U��� DQG� =U��� VWDWHV
PD\� EH� FRQQHFWHG� ZLWK� WKH� GLIIHUHQFH� EH�
WZHHQ�VSHHGV�RI�2+�JURXSV�GHWDFKPHQW�DQG
UHSODFHPHQW� WKHP� ZLWK� R[\JHQ� DWRPV�� $
KLJK� QRQ�VWRLFKLRPHWU\� GHJUHH� REVHUYHG� LQ
RXU�H[SHULPHQWV�FDQ�EH�H[SODLQHG�E\�FRQWUL�
EXWLRQ� IURP� WKH� VXUIDFH� RI� LQYHVWLJDWHG
QDQRSDUWLFOHV�
7KH� FRQWULEXWLRQ� IURP�=U��±2+� ERQGV� LQ

FDVH� RI� VLPXOWDQHRXV� �&U� DQG� <�� DQG� VHSD�
UDWH��&U�RU�<��GRSLQJ�GHFUHDVHV�IURP�������
WR� ������� ZLWK� PD[LPXP� YDOXH� LQ� �����
&U�GRSHG�]LUFRQLD�VDPSOH��7KH�XVH�RI�VLPXO�
WDQHRXV�RU�VHSDUDWH�GRSLQJ�PDNHV�LW�SRVVLEOH

WR� FKDQJH� WKH� QRQ�VWRLFKLRPHWU\� GHJUHH� RI
R[LGH�PDWUL[��6R�� LQ� WKH� FDVH�RI� VLPXOWDQH�
RXV�GRSLQJ�ZLWK�FKURPLXP�DQG�\WWULXP��WKH
DPRXQW�RI�=U���VWDWHV�FKDQJHV�DIWHU�FDOFLQD�
WLRQ�RQO\�VOLJKWO\��������ZKLOH�VHSDUDWH�GRS�
LQJ�ZLWK� FKURPLXP�RU� \WWULXP� UHVXOWV� LQ� D
VLJQLILFDQW� LQFUHDVH� RI�=U��� VWDWHV� E\�����
DQG�������UHVSHFWLYHO\�
'RSLQJ�RI�]LUFRQLXP�K\GUR[LGH�DQG�R[LGH

DIIHFWV�DOO�FRPSRQHQWV�RI�=U�G�;36�VSHFWUD�
EXW� PRVW� GUDPDWLFDOO\� LQIOXHQFHV� WKH
=U���2�±�� DQG� =U���2+�� VWDWHV�� 7KH� DPRXQW
RI� K\GUR[\O� JURXSV� DIWHU� FDOFLQDWLRQ� LV
PXFK� KLJKHU� IRU� VDPSOH� ZLWK� \WWULXP� DQG
FKURPLXP� GRSDQWV�� WKRXJK� LQLWLDO� VWDWHV� RI
VDPSOHV� =U2������ PRO��� <�2���������&U�2��DQG�=U2������PRO���<�2��GLIIHU�RQO\VOLJKWO\�� 7KLV� IDFW� VKRZV� WKDW� GRSLQJ� ZLWK
ERWK� FKURPLXP� DQG� \WWULXP� R[LGHV� FDQ� DI�
IHFW�WKH�0±2+�FRPSOH[�ELQGLQJ�HQHUJ\�DQG
H[SODLQV� WKH� FU\VWDOOL]DWLRQ� WHPSHUDWXUH� LQ�
FUHDVH�E\�PRUH�WKDQ�����&�
7KLV�ZRUN�KDV� EHHQ� GRQH�XQGHU� WKH� SUR�

MHFW� RI� 67&8�1$6� RI� 8NUDLQH� �� ����� DQG
1$6�RI�8NUDLQH�JUDQW����������+�

5HIHUHQFHV
� ���<�.DQ�� *�=KDQJ�� 3�:DQJ� HW� DO��� -��(XU��&HU�

6RF�������������������
� ���-��+�/HH�� 6�0�<RRQ�� %��.�.LP� HW� DO��� 66,�

����������������
� ���&�5�)RVFKLQL��'�3�I�6RX]D��3�,�3�)LOKR�HW�DO��

-��(XU��&HU��6RF�������������������
� ���6�5DQ��/�:LQQXEVW��:�:LUDWKD�HW�DO���-��(XU�

&HU��6RF������������������
� ���-�9�+HUOH�� 5�9DVTXH]�� -��(XU��&HU��6RF��� ���

������������
� ���-��+�/HH��<��6�-XQJ��+��6�:RR�HW�DO���-��(XU�

&HU��6RF�������������������
� ���0�+LUDQR�� 7�2GD�� .�8NDL� HW� DO��� 66,�� ����

�����������
� ���%�$�%RXNDPS�� 7�3�5DPLQJ�� $�-�$�:LQQXEVW

HW�DO���66,������������������
� ���<��/LX��/�(��/DR��66,������������������
����$�$�%XNDHPVNL\��'�%DUULHU��*�0RGROR��-��(XU�

&HU��6RF�������������������
����.�.RZDOVNL�� $�%HUQDVLN�� -�&DPUD� HW� DO��� -�

(XU��&HU��6RF�������������������
����7�;X�� -�9OHXJHOV�� 2�9DQ� GHU� %LHVW� HW� DO��� -�

(XU��&HU��6RF�������������������
����9�5�0DVWHODUR�� 9�%ULRLV�� '�3�)�GH� 6RX]D� HW

DO���-��(XU��&HU��6RF������������������
����<�6DNND��7�,VKLL��7�6�6X]XNL�HW�DO���-��(XU��&HU�

6RF������������������
����6��<�<DQJ�� -��+�/HH�� -��-�.LP� HW� DO��� 66,�

����������������
����0�/DEDNL�� 6�6LIIHUW�� -��)�/DPRQLHU� HW� DO��

$SSO��&DWDO��%��(QY������������������
����7�.RQVWDQWLQRYD��,�'DQLOHQNR��$�'REULFRY�HW�DO��

LQ��3URF��RI�,QW��&RQI��RQ�$GYDQFHV�LQ�6FLHQFH
DQG�7HFKQRORJ\��7HFKQD�������������S�����
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����7�(�.RQVWDQWLQRYD�� LQ�� 3URF��RI� ,QW�� &RQI��RQ
1DQRVL]H� 6\VWHPV�� (OHFWURQLF�� $WRPLF� 6WUXF�
WXUH� DQG� 3URSHUWLHV�� .LHY�� 8NUDLQH� �������
S�����

����'�/�6DYLQD��9�9�7RNL\��7�(�.RQVWDQWLQRYD�HW
DO���LQ��3URF��,QW��&RQI��RQ�1DQRVL]H�6\VWHPV�
(OHFWURQLF��$WRPLF� 6WUXFWXUH� DQG� 3URSHUWLHV�
.LHY��8NUDLQH���������S�����

����$�%�%ULFN�� ,�3�%\NRY�� 0�'�*OLQFKXN� HW� DO��
1DQRVWU��0DW��6FL����������������

����.�,�<DQ\VKNHYLFK�� 2�)�'HPLGHQNR�� 7�(�.RQ�
VWDQWLQRYD�HW�DO���+LJK�3UHV��3K\V��DQG�7HFKQ��
��������������

����*�6WHIDQLFc�� 6�0XVLF�� $�*DMRYLF�� -��0RO�
6WUXFW������Ü����������������

����&�'LDJQH�� +�,GULVV��.�3HDUVRQ� HW� DO���&RPSW�
5HQG��&KLP�����������������

����5�+�)UHQFK�� 6�-�*ODVV�� )�6�2KXFKL� HW� DO��
3K\V��5HY��%���������������������

����9�1�6WUHFRORYVNL\�� <X�0�3ROH]DHY�� 6�)�3DO�
JXHY��2[LGHV�ZLWK�,PSXULW\�&DXVHG�'LVRUGHU�
&RPSRVLWLRQ�� 6WUXFWXUH�� 3KDVH� 7UDQVIRUPD�
WLRQV��1DXND��0RVNYD���������>LQ�5XVVLDQ@�

����$�0�6OLSHQ\XN�� 0�'�*OLQFKXN�� ,�3�%\NRY�
)HUURHOHFWULFV������������������

����$�%�%ULFN�� ,�3�%\NRY�� 0�'�*OLQFKXN� HW� DO��
1DQRVWU��0DW��6FL����������������
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