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'HSDUWPHQW RI 3ODVWLF 7HFKQRORJ\� +DUFRXUW %XWOHU 7HFKQRORJLFDO ,QVWLWXWH .DQSXU − ��� ���
,QGLD

�5HFHLYHG 0DUFK ��� ����� LQ UHYLVHG IRUP 'HFHPEHU ��� �����

$EVWUDFW

7KH SK\VLFDO VWDWH RI EHQ]RLF DFLG �%$� DQG LWV LQWHUDFWLRQ ZLWK HWK\O FHOOXORVH �(&� ZHUH H[�

DPLQHG LQ HWK\O FHOOXORVH−EHQ]RLF DFLG PDWULFHV E\ 'LIIHUHQWLDO 6FDQQLQJ &DORULPHWU\ �'6&��

7KH JODVV WUDQVLWLRQ WHPSHUDWXUH �7J� RI (& RI YDULRXV PDWULFHV KDYLQJ %$ LQ VROLG VROXWLRQ IRUP

�XSWR ������ ZDV UHGXFHG� 7KH %$ LQ PDWULFHV FRQWDLQLQJ PRUH WKDQ ����� GUXJ H[KLELWHG GLV�

WLQFW PHOWLQJ HQGRWKHUPV GXH WR FU\VWDOOLQH IRUP� 7KH SHDN WHPSHUDWXUHV RI WKHVH HQGRWKHUPV

ZHUH ORZHUHG DQG WKH\ EURDGHQHG DV WKH FRQFHQWUDWLRQ ZDV ORZHUHG� 7KH VROXELOLW\ RI %$ LQ�

FUHDVHG DW LWV PHOWLQJ SRLQW DV FRPSDUHG WR DPELHQW WHPSHUDWXUH� 7KH PHOWLQJ HQWKDOS\ RI %$�

ZKHQ SORWWHG DV D IXQFWLRQ RI LWV FRQFHQWUDWLRQ \LHOGHG D VWUDLJKW OLQH ZLWK LQWHUFHSW RI

��� PJ J−� RI PDWUL[� 7KLV LV WKH VROXELOLW\ RI %$ LQ (& DW LWV PHOWLQJ WHPSHUDWXUH� )RXULHU 7UDQV�

IRUP ,QIUD 5HG 6SHFWURVFRS\ �)7,5� LQYHVWLJDWLRQV FRQILUPHG WKDW K\GURJHQ ERQGLQJ RFFXUUHG

EHWZHHQ (& DQG %$ WKURXJK K\GUR[\O JURXSV�

.H\ZRUGV� EHQ]RLF DFLG� FRQWUROOHG UHOHDVH� '6&� HWK\O FHOOXORVH� )7,5

,QWURGXFWLRQ

3RO\PHULF PDWUL[ GHYLFHV >�� �@ DUH LPSRUWDQW FRQWUROOHG UHOHDVH GHYLFHV ZKLFK
DUH ILQGLQJ LQFUHDVLQJ XVDJH� 0DWUL[ W\SH FRQWUROOHG GUXJ GHOLYHU\ GHYLFHV FRQWDLQ
GUXJ KRPRJHQHRXVO\ GLVWULEXWHG LQ SRO\PHU� 3DUW RI WKH GUXJ LV GLVVROYHG LQ WKH SRO\�
PHU DQG WKH UHPDLQLQJ IUDFWLRQ H[LVWV LQ FU\VWDO IRUP� 'HWHUPLQDWLRQ RI WKH DPRXQW
RI GUXJ LQ FU\VWDOOLQH IRUP LV FUXFLDO EHFDXVH LW DIIHFWV WKH UDWH DQG PHFKDQLVP RI
GUXJ UHOHDVH >�@� 7KHHXZHV HW DO� >�@ XVHG '6& WR GHWHUPLQH WKH GUXJ VROXELOLW\ LQ D
SRO\PHU DW WKH PHOWLQJ SRLQW RI GUXJ� WKH DPRXQW RI GUXJ SUHVHQW LQ WKH FU\VWDOOLQH
IRUP DQG WKH KHDW RI PL[LQJ IRU SRO\GLPHWK\OVLOR[DQH PDWULFHV� /DWHU 9DQ %RPPHO
>�@ XVHG '6& WR GHWHUPLQH WKH SHUFHQWDJH FU\VWDOOLQH GUXJ LQ HWK\O FHOOXORVH PDWULFHV
E\ PHDVXULQJ WKH PHOWLQJ HQWKDOSLHV RI SXUH GUXJ DQG PDWUL[� 6LPLODU FRQFHSW KDV

����±�������� � ����
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 7R ZKRP DOO FRUUHVSRQGHQFH VKRXOG EH DGGUHVVHG�

 'LUHFWRU� 'HIHQFH 0DWHULDO 6WRUHV 5HVHDUFK DQG 'HYHORSPHQW (VWDEOLVKPHQW� .DQSXU � ��� ����

,QGLD�



EHHQ DOVR XVHG WR GHWHUPLQH WKH FRPSRVLWLRQ RI SRO\PHU EOHQGV >�@� 7KH REMHFWLYH RI
SUHVHQW LQYHVWLJDWLRQ ZDV WR HYDOXDWH WKH SHUFHQWDJH RI FU\VWDOOLQH GUXJ SUHVHQW LQ WKH
PDWULFHV E\ '6& DV LW LV D VLPSOH DQG UDSLG WHFKQLTXH� 7KLV SDSHU DOVR GHDOV ZLWK WKH
XVH RI '6& IRU GHWHUPLQLQJ WKH RFFXUUHQFH RI VHFRQGDU\ LQWHUDFWLRQV EHWZHHQ GUXJ DQG
SRO\PHU� DV WKH\ OHDG WR ODUJH GHYLDWLRQV LQ FRQWUROOHG UHOHDVH EHKDYLRXU RI PDWULFHV�

([SHULPHQWDO

0DWHULDOV

(WK\O FHOOXORVH ��� &3� ZDV REWDLQHG IURP $OGULFK &KHPLFDO &RUS�� 86$� %HQ�
]RLF DFLG DQG DFHWRQH ZHUH REWDLQHG IURP 5DQED[\ &KHPLFDOV /WG�� ,QGLD�

3UHSDUDWLRQ RI PDWUL[

6ROYHQW FDVWLQJ WHFKQLTXH ZKLFK LV D VWDQGDUG WHFKQLTXH IRU SURGXFLQJ KRPRJH�
QHRXV PDWULFHV ZLWK JRRG UHSURGXFLELOLW\ DW ODE VFDOH ZDV XVHG IRU SUHSDULQJ PDWUL�
FHV >�� �@� 7KH FDVWLQJ VROXWLRQ ZDV SUHSDUHG LQ DFHWRQH DQG FRQWDLQHG �� �� ��� �����
����� ����� ����� �� DQG ����� EHQ]RLF DFLG RQ WRWDO VROLG FRQWHQW EDVLV� $ OHYHOOHG
JODVV SODWH FODPSHG ZLWK PHWDO VWULSV RQ ERWK VLGHV ZDV XVHG DV PRXOG� 7KH ILOP ZDV
GULHG IRU �� K DW URRP WHPSHUDWXUH DQG WKHQ �� K XQGHU � DWP YDFXXP LQ RUGHU WR HQ�
VXUH VROYHQW HYDSRUDWLRQ� 7KH PDWULFHV ZHUH FXW LQ WKH VL]H RI �×� FP� IURP WKH GULHG
ILOP �WKLFNQHVV ��� µP� DQG VWRUHG LQ GHVVLFDWRU�

'LIIHUHQWLDO VFDQQLQJ FDORULPHWU\

'6& ���� 7$ ,QVWUXPHQWV ZDV XVHG WR DQDO\VH �−� PJ VDPSOHV XQGHU QLWURJHQ
DWPRVSKHUH DW D KHDWLQJ UDWH RI ��R& PLQ−� IURP ��−���R&�

7KHUPRJUDYLPHWU\

7*$ ���� 7$ ,QVWUXPHQWV ZDV XVHG WR DQDO\VH VDPSOHV XQGHU QLWURJHQ DWPRV�
SKHUH DW D KHDWLQJ UDWH RI ��R& PLQ−� IURP ��−���R&�

)7,5 DQDO\VLV

7KH LQIUD�UHG VSHFWUD ZHUH UHFRUGHG ZLWK %RPHP 0%���� )RXULHU 7UDQVIRUP ,Q�
IUD 5HG 6SHFWURSKRWRPHWHU DW D UHVROXWLRQ RI � FP−�� XVLQJ D GHXWHUDWHG WULJO\FLQH
VXOIDWH �'7*6� GHWHFWRU� 0DWULFHV ZHUH DQDO\VHG LQ SRWDVVLXP EURPLGH SHOOHW IRUP
DQG WKH PD[LPXP DEVRUSWLRQ LQ DOO VSHFWUD ZDV EHORZ ����� 7KH SHDNV ZHUH DQDO\VHG
E\ XVLQJ FHQWUH RI JUDYLW\ PHWKRG ZLWK D WROHUDQFH RI ����

5HVXOWV�DQG�GLVFXVVLRQ

7KH PDWULFHV KDYLQJ � DQG ��� GUXJ ORDGLQJ ZHUH FOHDU DQG FRORXUOHVV LQ WKH DS�
SHDUDQFH� ZKLOH GUXJ FU\VWDOV ZHUH YLVLEOH E\ WKH QDNHG H\H LQ WKH PDWULFHV FRQWDLQ�
LQJ KLJKHU GUXJ ORDGLQJ� 7KH GUXJ FU\VWDOOL]DWLRQ SKHQRPHQD LQ YDULRXV PDWULFHV
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ZHUH VWXGLHG E\ 6FDQQLQJ (OHFWURQ 0LFURVFRS\ >�@ DQG GUXJ FU\VWDO VL]H ZDV PD[L�
PXP DW ����� GUXJ ORDGLQJ �)LJ� ��� 7KH UHVXOWV RI '6& LQYHVWLJDWLRQV RI PDWULFHV
FRQWDLQLQJ �−����� %$ DUH DV IROORZV�

0RLVWXUH HQGRWKHUP

7KH '6& VFDQV LQGLFDWH D EURDG HQGRWKHUPLF HYHQW LQ WKH WHPSHUDWXUH UDQJH RI
��−���R& IRU PDWULFHV FRQWDLQLQJ � WR ����� %$� +RZHYHU� VXFK DQ HYHQW ZDV DE�
VHQW RU QHJOLJLEOH LQ WKH FDVH RI SXUH (& PDWUL[ RU SRZGHU� UHVSHFWLYHO\� 7KH WRWDO
KHDW DEVRUEHG YDULHV EHWZHHQ ��−�� - J−� IRU YDULRXV PDWULFHV� ,Q RUGHU WR LQYHVWL�
JDWH WKH QDWXUH RI HQGRWKHUP� WKH '6& UXQ ZDV FDUULHG RXW IRU ��� %$ FRQWDLQLQJ
PDWUL[ XSWR ���R& DW D SURJUDPPHG KHDWLQJ UDWH RI ��R& PLQ−�� �$W ���R& QR GHJ�
UDGDWLRQ RFFXUV LQ (&�� $Q HQGRWKHUP ZDV REVHUYHG LQ WKLV '6& VFDQ LQ WKH WHPSHUD�
WXUH UDQJH RI ��−���R&� 7KH '6& FHOO ZDV DOORZHG WR FRRO XSWR ��R&� 7KH PDWUL[
ZDV UHKHDWHG WR ���R& DW WKH VDPH KHDWLQJ UDWH DQG QR HQGRWKHUP ZDV REVHUYHG� ,W
LQGLFDWHG WKDW WKH HQGRWKHUP PLJKW EH FDXVHG E\ WKH HYDSRUDWLRQ RI ZDWHU RU UHVLGXDO
VROYHQW L�H� DFHWRQH�

)RU IXUWKHU YHULILFDWLRQ 7* RI YDULRXV PDWULFHV ZHUH FDUULHG RXW DQG WKHUH ZDV QR
DSSUHFLDEOH PDVV ORVV LQ WKH WHPSHUDWXUH UDQJH RI ����−����R& ZKLFK LV WKH ERLOLQJ
SRLQW RI DFHWRQH� 7KLV HOLPLQDWHG WKH SRVVLELOLW\ WKDW WKLV HQGRWKHUP ZDV FDXVHG E\
UHVLGXDO VROYHQW� +RZHYHU UDSLG PDVV ORVV RFFXUUHG DERYH WKLV WHPSHUDWXUH LQGLFDW�
LQJ WKDW WKH H[FKDQJHG YRODWLOH FRXOG EH ZDWHU� 7KH PDVV ORVV IURP ���� WR ���� ZDV
REVHUYHG DW WKH WHPSHUDWXUH UDQJH RI ��−���R& IRU YDULRXV GUXJ FRQWDLQLQJ PDWULFHV�
7KH PDVV ORVV DQG KHDW DEVRUEHG YDULHG LQ DQ DUELWUDU\ IDVKLRQ IRU YDULRXV PDWULFHV�
6XFK PRLVWXUH HQGRWKHUPV KDG EHHQ UHSRUWHG HDUOLHU IRU (& ILOPV XVHG LQ WDEOHW FRDW�
LQJ UHVHUYRLU GHYLFHV E\ 6DNHOODULRX HW DO� >�@ DQG 'XEHUQHW HW DO� >�@� ,W ZDV DOVR
QRWHG WKDW PRLVWXUH HQGRWKHUPV ZHUH HQKDQFHG LQ GUXJ ORDGHG PDWULFHV DV FRPSDUHG
WR SXUH SRO\PHU LQGLFDWLQJ VRPH VRUW RI LQWHUDFWLRQ EHWZHHQ %$ DQG (& OHDGLQJ WR
HQKDQFHG PRLVWXUH DEVRUSWLRQ�

*ODVV WUDQVLWLRQ WHPSHUDWXUH

7KH '6& VFDQ �)LJ� �� RI (& ILOP FRQILUPHG WKDW (& LV DQ DPRUSKRXV SRO\PHU LQ
DFFRUGDQFH ZLWK SUHYLRXV ILQGLQJV >�� �@ DV LW GLG QRW VKRZ D PHOWLQJ HQGRWKHUP FRU�
UHVSRQGLQJ WR PHOWLQJ RI FU\VWDOOLQH SKDVH� 7KH 7J RI (& PDWUL[ H[KLELWHG D VOLJKWO\

)LJ� � 6FDQQLQJ (OHFWURQ 0LFURJUDSK RI PDWUL[ VXUIDFH FRQWDLQLQJ ����� %$
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ORZHU YDOXH RI �����R& WKDQ IRU SXUH (& ���R& SRVVLEO\ GXH WR DFHWRQH LQFRUSRUD�
WLRQ GXULQJ PDWUL[ SUHSDUDWLRQ�

7KH 7J ZDV UHGXFHG IURP ����� WR ��R& DV GUXJ ORDGLQJ ZDV LQFUHDVHG IURP � WR
����� �7DEOH ��� ZKLOH PDWULFHV ZLWK KLJKHU ORDGLQJV GLG QRW H[KLELW D FOHDU 7J� 7KH
GHSUHVVLRQ RI 7J VKRZV WKDW LQFRUSRUDWLRQ RI GUXJ ZDV SODVWLFL]LQJ WKH GUXJ FRQWDLQ�
LQJ PDWULFHV DV UHSRUWHG LQ 7DEOH � VLPLODU WR HDUOLHU UHVXOWV >�� �� ��@� 7KH UHVXOWV LQ�
GLFDWHG WKDW SODVWLFL]DWLRQ RFFXUUHG RQO\ ZKHQ WKH GUXJ ZDV LQ GLVVROYHG VWDWH DV WKH
PDWULFHV ZHUH KDYLQJ KRPRJHQHRXV VWUXFWXUH� )RU PDWULFHV FDUU\LQJ GUXJ LQ FU\VWDO�
OLQH IRUP WKH GUXJ FU\VWDOV KLQGHU WKH PRYHPHQW RI SRO\PHU FKDLQV DQG QXOOLI\ WKH
SODVWLFL]DWLRQ HIIHFW HYHQ WKRXJK GUXJ ZDV SUHVHQW DW PROHFXODU OHYHO� 7KH PDWULFHV
ZLWK KLJKHU GUXJ ORDGLQJV GLG QRW H[KLELW D FOHDU 7J EHFDXVH WKH HQGRWKHUP FRUUH�
VSRQGLQJ WR PHOWLQJ RI GUXJ FU\VWDOV KLQGHUHG LQ H[DFWO\ GHWHUPLQLQJ 7J�

0HOWLQJ HQGRWKHUP FRUUHVSRQGLQJ WR GUXJ FU\VWDOV

7KH '6& VFDQV RI PDWULFHV FRQWDLQLQJ �−��� GUXJ GLG QRW VKRZ D PHOWLQJ HQ�
GRWKHUP ZKLOH PDWULFHV FRQWDLQLQJ ����−����� GUXJ VKRZHG GLVWLQFW PHOWLQJ HQ�
GRWKHUP� 7DEOH � JLYHV WKH YDOXHV RI PHOWLQJ HQWKDOSLHV DQG SHDN PD[LPXP WHPSHUD�
WXUH IRU WKHVH HQGRWKHUPV� '6& RI WKH PDWUL[ ZLWK ����� GUXJ GLG QRW VKRZ PHOWLQJ
RI GUXJ FU\VWDOV GXULQJ '6& UXQ� EXW LW H[KLELWHG ODUJH VL]H GUXJ FU\VWDOV DW DPELHQW
FRQGLWLRQV� )LJXUH � VKRZV WKH 6(0 RI PDWUL[ VXUIDFH FRQWDLQLQJ ����� GUXJ� ZKLFK
VKRZV ODUJH VL]H >�@ GUXJ FU\VWDOV� ,W VXJJHVWV WKDW WKH VROXELOLW\ RI %$ LQ (& LQ�
FUHDVHG VLJQLILFDQWO\ DW WKH PHOWLQJ WHPSHUDWXUH RI GUXJ DV FRPSDUHG WR DPELHQW
WHPSHUDWXUH LQGLFDWLQJ HQKDQFHG PLVFLELOLW\ DW HOHYDWHG WHPSHUDWXUH� 7KH PHOWLQJ
SRLQW RI SXUH %$ FU\VWDOV ZDV GHWHUPLQHG E\ G\QDPLF '6& VFDQ EH �����R&� ZKLOH
LW ORZHUHG WR ����R& IRU PDWUL[ FRQWDLQLQJ ����� %$� ,W ZDV DOVR REVHUYHG WKDW WKH
SHDN EURDGHQHG DQG VKLIWHG PRUH WRZDUGV ORZHU VLGH DV GUXJ FRQWHQW RI PDWUL[ ZDV
LQFUHDVHG� ,W LQGLFDWHV WKDW %$ LV PLVFLEOH DQG DFWLQJ DV GLOXHQW IRU (& DV WKH GHSUHV�

)LJ� � '6& VFDQ RI �D� SXUH %$ �E� SK\VLFDO PL[WXUH RI (& DQG %$ LQ HTXDO UDWLR �F� SODLQ
(& PDWUL[ �G� PDWUL[ FRQWDLQLQJ HTXDO DPRXQWV RI %$ DQG (&
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VLRQ RI PHOWLQJ WHPSHUDWXUH LQ FDVH RI SRO\PHU�GLOXHQW V\VWHP LV ZHOO HVWDEOLVKHG
>��@� 7KH PHOWLQJ SRLQW GHSUHVVLRQ KDV EHHQ REVHUYHG DOVR LQ FDVH RI PLVFLEOH SRO\�
PHU−SRO\PHU EOHQGV DQG LW LV XVHG DV D PHDVXUH WR MXGJH WKH PLVFLELOLW\ RI ERWK FRP�
SRQHQWV >��� ��@� 1HJOLJLEOH GHSUHVVLRQ ZRXOG KDYH EHHQ REVHUYHG LQ FDVH %$ GLG
QRW DFW DV GLOXHQW IRU (& RU %$ DQG (& ZHUH LPPLVFLEOH�

7KH GHSUHVVLRQ LQ PHOWLQJ SRLQW ZDV REWDLQHG E\ VXEWUDFWLQJ WKH PHOWLQJ SRLQW RI
PDWUL[ IURP PHOWLQJ SRLQW RI SXUH GUXJ ������−WSHDN�� DQG SORWWHG YV� GUXJ FRQWHQW� $
VWUDLJKW OLQH SORW ZDV REWDLQHG� ZKLFK LV VKRZQ LQ )LJ� � ZKLFK FDQ EH XVHG WR GHWHU�
PLQH WKH GUXJ FRQWHQW RI PDWUL[ E\ PHDVXULQJ WKH VKLIW LQ PHOWLQJ WHPSHUDWXUH E\ D
VLPSOH G\QDPLF '6& VFDQ�

)LJXUH � VKRZV D VKDUS PHOWLQJ SHDN IRU SXUH %$ FU\VWDOV ZLWK SHDN PD[LPXP
WHPSHUDWXUH �����R& DQG PHOWLQJ HQWKDOS\ ����� - J−�� )LJXUH � VKRZV WKH VFDQ RI
SK\VLFDO PL[WXUH RI (& DQG %$ LQ ����� UDWLR ZLWK PHOWLQJ HQWKDOS\ ���� - J−��
ZKLOH WKH KHDW DEVRUEHG E\ (& ZDV FDOFXODWHG WR EH QHJOLJLEOH� 7KLV ORZHULQJ RI
PHOWLQJ HQWKDOS\ RI %$ IURP ����� WR ���� - J−� PLJKW KDYH RFFXUUHG GXH WR SDUWLDO
VROXELOL]DWLRQ RI %$ LQ (&� )LJXUH � DOVR VKRZV WKH '6& VFDQ RI PDWUL[ FRQWDLQLQJ
(& DQG %$ UDWLR LQGLFDWLQJ IXUWKHU ORZHULQJ RI PHOWLQJ HQWKDOS\ DQG PHOWLQJ SRLQW
DFFRPSDQLHG E\ FRQVLGHUDEOH EURDGHQLQJ RI SHDN� $ERYH REVHUYDWLRQV FOHDUO\ LQGL�
FDWH GUXJ±SRO\PHU LQWHUDFWLRQ RI VRPH VRUW ZKLFK LQFUHDVHV LQ PDWUL[ IRUP GXH WR
KRPRJHQLVDWLRQ RI (& DQG %$ LQ DFHWRQH�

7DEOH � OLVWV WKH UHVXOWV RI '6& VFDQV RI YDULRXV PDWULFHV DQG SXUH (& DQG %$�
7KH GUXJ FRQWHQW �PJ RI %$�J RI PDWUL[� YV� PHOWLQJ HQWKDOS\ RI YDULRXV GUXJ FRQ�
WDLQLQJ PDWULFHV ZDV SORWWHG LQ )LJ �� $ VWUDLJKW OLQH SORW ZDV REWDLQHG� ZKLFK XSRQ
H[WUDSRODWLRQ JDYH LQWHUFHSW KDYLQJ YDOXH ��� PJ�J RI PDWUL[� ,W FRXOG EH FRQVLGHUHG
DV GUXJ VROXELOLW\ LQ SRO\PHU DW WKH PHOWLQJ WHPSHUDWXUH RI GUXJ >�@� 7KLV YDOXH LV
HTXLYDOHQW WR ��� GUXJ LQ PDWUL[� VR LW FRXOG EH DVVXPHG WKDW XSWR ��� %$ FRQFHQ�
WUDWLRQ GUXJ UHPDLQV LQ GLVVROYHG IRUP LQ PDWUL[ DW LWV PHOWLQJ WHPSHUDWXUH� %$
DERYH ��� FRQFHQWUDWLRQ H[LVW LQ FU\VWDOOLQH IRUP LQ PDWULFHV DQG LV UHVSRQVLEOH IRU
WKH PHOWLQJ HQGRWKHUP FRUUHVSRQGLQJ WR PHOWLQJ RI GUXJ FU\VWDOV� 7KH YDOXHV RI %$
FRQFHQWUDWLRQ LQ GLVVROYHG DQG FU\VWDOOLQH IRUP ZHUH FDOFXODWHG DQG UHSRUWHG LQ 7D�

)LJ� � 3ORW RI GHSUHVVLRQ LQ PHOWLQJ SRLQW YV� GUXJ FRQWHQW IRU (& PDWULFHV FRQWDLQLQJ YDUL�
RXV DPRXQW RI %$
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EOH �� )RU (&�%$ PDWULFHV WKLV YDOXH LV TXLWH KLJK LQ FRPSDULVRQ WR �� DQG � PJ�J
RI PDWUL[ REVHUYHG IRU FKROHVWHURO DQG SURJHVWHURQH LQ VLOLFRQH UXEEHU PDWULFHV >�@�
$OO WKH UHVXOWV LQGLFDWH VRPH VRUW RI VHFRQGDU\ LQWHUDFWLRQ RFFXUULQJ LQ EHWZHHQ (&
DQG %$ ZKLFK UHVXOWHG LQ PLVFLELOLW\ EHWZHHQ WKH WZR�

)LJ� � 3ORW RI PHOWLQJ HQWKDOS\ �ERWK REVHUYHG DQG FDOFXODWHG� YV� GUXJ FRQWHQW IRU (& DQG
%$ PDWULFHV� R − REVHUYHG� [ − FDOFXODWHG

)LJ� �D 3HDN SRVLWLRQV IRU K\GUR[\O JURXS LQ �D� SODLQ (&� �E� ��� %$� �F� ����� %$�
�G� ����� %$ DQG �H� ��� %$ FRQWDLQLQJ (& PDWULFHV
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7KH KHDW UHTXLUHG WR PHOW WKH FU\VWDOOLQH SRUWLRQ RI GUXJ LQ PDWUL[ FDQ EH FDOFX�
ODWHG E\ XVLQJ WKH GUXJ VROXELOLW\ LQ PDWUL[ REWDLQHG E\ )LJ� �� )ROORZLQJ VLPSOH UH�
ODWLRQVKLS LV SURSRVHG DQG WHVWHG WR FDOFXODWH WKH KHDW UHTXLUHG WR PHOW WKH FU\VWDOOLQH
SRUWLRQ RI %$ LQ PDWUL[ E\ FRQVLGHULQJ WKH KHDW RI PL[LQJ ]HUR RU QHJOLJLEOH�

TW  �PW − PV� TG

ZKHUH� TG ± PHOWLQJ HQWKDOS\ RI SXUH GUXJ �- J
−��� PW ± WRWDO GUXJ FRQFHQWUDWLRQ �J RI

GUXJ�J RI PDWUL[�� PV ± VROXELOLW\ RI GUXJ LQ SRO\PHU DW WKH PHOWLQJ SRLQW RI GUXJ �J
RI GUXJ�J RI PDWUL[�� +HUH PV LV IRXQG WR EH ��� PJ J

−� RI PDWUL[�
,Q RUGHU WR YHULI\ WKH YDOLGLW\ RI DERYH HTXDWLRQ WKH YDOXHV ZHUH FDOFXODWHG DQG

SORWWHG DV VKRZQ LQ )LJ� � E\ GRWWHG OLQH� 7KH YDOXHV RI PHOWLQJ HQWKDOSLHV REWDLQHG
H[SHULPHQWDOO\ DQG FDOFXODWHG E\ WKH HTXDWLRQ DJUHH ZLWKLQ H[SHULPHQWDO HUURU FRQ�
ILUPLQJ LWV YDOLGLW\� 7KH GLIIHUHQFH EHWZHHQ REVHUYHG DQG FDOFXODWHG YDOXHV RI TW OLHV
LQ WKH UDQJH RI ���� WR −��� DQG ZRXOG EH GXH WR KHDW RI PL[LQJ RU RWKHU WKHUPDO HI�
IHFWV� ,W LV DOVR UHSRUWHG WKDW KHDW RI PL[LQJ VKRXOG EH ]HUR RU QHJDWLYH LQ FDVH RI RF�
FXUUHQFH RI VHFRQGDU\ LQWHUDFWLRQ EHWZHHQ WZR FRPSRQHQWV >��@� DIILUPLQJ WKH VXV�
SLFLRQ RI VHFRQGDU\ LQWHUDFWLRQV EHWZHHQ (& DQG %$�

)LJ� �E 3HDN SRVLWLRQV IRU FDUER[\O JURXS LQ �D� SXUH %$� �E� ��� %$� �F� ����� %$�
�G� ����� %$ DQG �H� ��� %$ FRQWDLQLQJ (& PDWULFHV
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$V PHQWLRQHG HDUOLHU '6& DQDO\VLV FOHDUO\ LQGLFDWHG DQ LQWHUDFWLRQ EHWZHHQ (&
DQG %$� 'RQEURZ DQG )ULHGPDQ >�@ VXVSHFWHG K\GURJHQ ERQGLQJ RFFXUUHG EHWZHHQ
(& DQG %$ GXULQJ VRUSWLRQ DQG SHUPHDELOLW\ VWXGLHV� 7KLV ZDV VXSSRUWHG E\ VXE�
VWDQWLDO HQKDQFHPHQW LQ XSWDNH RI %$ E\ (& ILOPV GXULQJ VRUSWLRQ H[SHULPHQWV DV
FRPSDUHG WR RWKHU FRPSRXQGV >��@� 7R H[DFWO\ GHWHUPLQH WKH QDWXUH RI LQWHUDFWLRQ�
)7,5 RI PDWULFHV ZLWK �� ����� ����� ���� DQG ��� ZHUH GRQH� +\GURJHQ ERQGLQJ LV
FKDUDFWHUL]HG E\ EURDGHQLQJ DQG ORZHULQJ RI SHDN SRVLWLRQV RI FRUUHVSRQGLQJ IXQF�
WLRQDO JURXSV LQ ,5 VSHFWUXP >��@� 2Q DQDO\VLV RI WKH VSHFWUD� FKDQJHV LQ SHDN SRVL�
WLRQV RI RQO\ K\GUR[\O DQG FDUER[\O JURXSV ZHUH REVHUYHG �)LJ� �D DQG �E�� )LJ�
XUH �D VKRZHG FRQVLGHUDEOH LQFUHDVH LQ WKH LQWHQVLW\ RI K\GUR[\O JURXS RI (& DQG
SHDN SRVLWLRQ VKLIWHG IURP �������� �������� ������� DQG ������� FP−� IRU ���
����� ���� DQG ��� GUXJ FRQWDLQLQJ PDWUL[� UHVSHFWLYHO\� 7KH FRQVLGHUDEOH VKLIWLQJ
LQ SHDN SRVLWLRQ LQGLFDWHG D K\GURJHQ ERQG RI UHDVRQDEO\ KLJK VWUHQJWK�

)RU SXUH %$ WKH FDUERQ\O SHDN ZDV EURDG DQG ORZHUHG WR ������� FP−� IURP
XVXDO ���� FP−�� GXH WR DFLG GLPHUL]DWLRQ >��@� $QRWKHU ERQG FKDUDFWHULVWLF RI WKH
GLPHULF DFLG VSHFLHV DULVHV IURP WKH 2−+ RXW RI SODQH GHIRUPDWLRQ YLEUDWLRQ ZKLFK
DSSHDUHG DW ������� ������� ������ ����� DQG ������ FP−� IRU ��� ����� ����� ���
%$ FRQWDLQLQJ PDWUL[ DQG SXUH %$� UHVSHFWLYHO\ >��@� 7KH LQWHUPROHFXODU K\GURJHQ
ERQGLQJ LV IDYRXUHG ZKHQ WKH K\GURJHQ DWRP LV DWWDFKHG WR DQ HOHFWURQHJDWLYH DWRP
�VXFK DV R[\JHQ�� )RU (& VXFK R[\JHQ LV DYDLODEOH LQ XQVXEVWLWXWHG µ&+�2+¶ JURXS
DV GHJUHH RI VXEVWLWXWLRQ ZDV LQ EHWZHHQ ���−���� $V FDUERQ\O JURXS LV VKLIWLQJ WR
KLJKHU VLGH� LW FDQ EH FRQFOXGHG WKDW µ+¶ IURP %$ LV PDNLQJ K\GURJHQ ERQG ZLWK XQ�
VXEVWLWXWHG µ&+�2+¶ RI (&�

&RQFOXVLRQV

0HOWLQJ RI %$ LQ (& PDWUL[ ZDV FKDUDFWHUL]HG E\ ORZHULQJ RI PHOWLQJ SRLQW DQG
FRQVLGHUDEOH EURDGHQLQJ RI SHDN� 7KH GUXJ VROXELOLW\ DW WKH PHOWLQJ SRLQW RI GUXJ
ZDV GHWHUPLQHG WR EH ��� PJ�J RI PDWUL[ E\ PHDVXULQJ WKH PHOWLQJ HQGRWKHUP RI
%$ IRU YDULRXV GUXJ OHYHO FRQWDLQLQJ PDWULFHV� ZKLFK ZDV XQXVXDOO\ KLJK� *RRG PLV�
FLELOLW\ RI %$ LQ (&� DV HYLGHQW IURP ORZHULQJ RI %$¶V PHOWLQJ SRLQW DQG KLJK VROX�
ELOLW\ LQ (& LQGLFDWHG VHFRQGDU\ LQWHUDFWLRQV VXFK DV K\GURJHQ ERQGLQJ ZKLFK ZDV
FRQILUPHG E\ )7,5 VWXGLHV� ,W FDQ EH FRQFOXGHG IURP WKH VWXG\ WKDW '6& FDQ EH XVHG
DV D TXLFN VFDQQLQJ WHFKQLTXH IRU FRQWUROOHG UHOHDVH PDWUL[ GHYLFHV IRU GHWHUPLQLQJ
PRLVWXUH� SODVWLFL]DWLRQ RI PDWUL[ E\ GUXJ� GUXJ VROXELOLW\� GUXJ FRQWHQW DQG K\GUR�
JHQ ERQGLQJ EHWZHHQ SRO\PHU DQG GUXJ PDNLQJ LW YDOXDEOH IRU SUHIRUPXODWLRQ LQYHV�
WLJDWLRQV�

5HIHUHQFHV

� $� )� .\GRQLHXV� &RQWUROOHG 5HOHDVH 7HFKQRORJLHV� 0HWKRG� 7KHRU\ DQG $SSOLFDWLRQV� 9RO�
� 	 �� &5& 3UHVV ,QF� )ORULGD� �����

� -� +HOOHU DQG 5� :� %DNHU� LQ 5� %DNHU �HG��� &RQWUROOHG 5HOHDVH RI %LRDFWLYH 0DWHULDOV�
$FDGHPLF 3UHVV 1HZ <RUN� �����

� )� 7KHHXZHV� $� +XVVDLQ DQG 7� +LJXFKL� -� 3KDUP� 6FL�� ��� ������ ����
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� (� 0� *� 9DQ %RPPHO� 3K� '� 7KHVLV� 8WUHFKW� 7KH 1HWKHUODQG �����
� 5� /� %ODLQH� $SSOLFDWLRQ %ULHI� 'XSRQW &R�� 1R� 7$ ���
� 5� 6LQJKDO DQG *� 1� 0DWKXU� -� 3RO\PHU 0DWHULDOV� �� ������ ����
� 3� 6DNHOODULRX� 5� &� 5RZH DQG (� )� 7� :KLWH� ,QW� -� 3KDUP�� �� ������ ����
� &� 'XEHUQHW� -� &� 5RXODQG DQG -� 3� %HQRLW� ,QW� -� 3KDUP�� �� ������ ���
� &� 0� .OHFK DQG ;� /L� -� 3KDUP� 6FL�� �� ������ ����
�� 0� 5� -HQTXLQ� 6� 0� /LHERZLW] DQG 5� (� 6DUDELD� -� 3KDUP� 6FL�� �� ������ ����
�� -� 3� 5XQW� LQ +� 5� 0DUN� 1� 0� %LNDOHV� &� *� 2YHUEHUJHU DQG *� 0HQJHV �(GV��� (QF\�

FORSHGLD RI 3RO\PHU 6FLHQFH DQG (QJ�� 9RO� �� :LOH\ ����� S� ����
�� 0� .LPXUD� 5� 6� 3RUWHU DQG *� 6DOHH� -� 3RO\P� 6FL�� 3RO\P� 3K\V� ('�� �� ������ ����
�� 9� 0� 1DGNDUQL� 9� /� 6KLQJDNXOL DQG -� 3� -RJ� -� $SSO� 3RO\P� 6FL�� �� ������ ����
�� '� 5� 3DXO� -� :� %DUORZ DQG +� .HVNNXOD LQ +� )� 0DUN� 1� 0� %LNDOHV� &� *� 2YHUEHUJHU�

*� 0HQJHU� -� ,� .URVFKZLW] �(GV��� (QF\FORSHGLD RI 3RO\PHU 6FLHQFH DQG (QJ�� 9RO� ���
:LOH\ 1HZ <RUN� S� ����

�� 0� 'RQEURZ DQG 0� )ULHGPDQ� 3KDUP� 3KDUPDF�� �� ������ ����
�� 2� 9RJHO� 7H[WERRN RI 3UDFWLFDO 2UJDQLF &KHPLVWU\� 5HYLVHG E\ %� 6� )XUQLVV� $� -� +DQ�

QDIRUG� 3� :� *� 6PLWK� $� 5� 7DWFKHOO� /RQJPDQ 6LQJDSRUH 3XE� 3YW� /WG� 6LQJDSRUH� �����
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