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0RGLILHG HOHFWURGHV DUH PDGH E\ LQFRUSRUWLQJ SURSHU

PRGLILHUV RQ HOHFWURGH VXUIDFHV� 7KH\ DUH SURPLVLQJ IRU PLQL�

PL]LQJ RYHUSRWHQWLDO� HQKDQFHPHQW RI VHOHFWLYLW\� LPSURYH�

PHQW RI VHQVLWLYLW\� DQG SUHYHQWLRQ RI HOHFWURGH IRXOLQJ���� $

ODUJH QXPEHU RI WHWUDD]D PDFURF\FOLF OLJDQGV FRQWDLQLQJ YDU�

LRXV PHWDOV KDYH UHFHLYHG PXFK DWWHQWLRQ GXH WR WKH XVHIXO�

QHVV DV PRGHOV IRU SRUSK\ULQV DQG FRUULQ ULQJV LQ ELRORJLFDO

V\VWHPV���� 0DQ\ RI WKHVH FRPSOH[HV KDYH EHHQ IRXQG WR EH

HIIHFWLYH FDWDO\VWV LQ WKH VROLG VWDWH IRU YDULRXV VXEVWUDWHV

VXFK DV &2�� 2�� ROHILQ� DOFRKRO� 12� 1�2� 12�
−� DQG GLWKLR�

GLSURSLRQLF DFLG�����

0RVW RI WHWUDD]D PDFURF\FOLF FRPSOH[HV UHSRUWHG KDYH

V\PPHWULF VWUXFWXUH� 7KH PDFURF\FOLF FRPSOH[ VXFK DV

1L�,,������������WHWUDPHWK\OGLEHQ]R>E�L@ >��������@WHWUDD]D�

>��@DQQXOHQH FRPSOH[ FDQ EH GHSRVLWHG RQ WKH HOHFWURGH VXU�

IDFH E\ R[LGDWLYH HOHFWURSRO\PHUL]DWLRQ DQG WKH ILOP RI

ZKLFK FDWDO\]HV WKH UHGXFWLRQ RI &2��
��:H KDYH V\QWKHVL]HG

QHZ 1L�,,��WHWUDD]D WHWUDD]D>��@DQQXOHQH FRPSOH[HV ZKLFK

KDYH DV\PPHWULF VWUXFWXUHV��� 7KH DV\PPHWULF FRPSOH[HV

DUH H[SHFWHG WKDW WKH HOHFWURFKHPLFDO FKDUDFWHULVWLFV DUH VLP�

LODU WR WKRVH RI WKH V\PPHWULF RQHV� +HQFH ZH LQWHQGHG WR

DSSO\ WKH HOHFWURFKHPLFDO FKDUDFWHULVWLFV RI WKH QHZO\ V\Q�

WKHVL]HG FRPSOH[HV WR WKH HOHFWURFDWDO\WLF DQDO\VLV RI VXE�

VWUDWHV�

,Q WKLV SDSHU ZH GHVFULEH HOHFWURFKHPLFDO FDWDO\WLF SURSHU�

WLHV RI WKH DV\PPHWULF 1L�,,��PDFURF\FOLF FRPSOH[ FRQWDLQ�

LQJ GLDQLRQLF EHQ]RWHWUDD]D>��@DQQXOHQH OLJDQG� 7KH JODVV\

FDUERQ HOHFWURGHV PRGLILHG ZLWK WKH DV\PPHWULF 1L�,,��WHWUD�

D]D>��@DQQXOHQH FRPSOH[ �SRO\PHU PRGLILHG *& HOHFWURGH�

LV DSSOLHG WR WKH HOHFWURFDWDO\WLF GHWHFWLRQ IRU WKH UHGXFWLRQ

RI R[\JHQ DQG WKH R[LGDWLRQV RI R[DODWH DQG /�DVFRUELF DFLG�

7KH VWDELOLW\ DQG WKH HIIHFW RI WKH SRO\PHU WKLFNQHVV RQ WKH

UHVSRQVHV RI WKH HOHFWURGHV DUH DOVR GHVFULEHG�

([SHULPHQWDO 6HFWLRQ

3UHSDUDWLRQ RI &KHPLFDOV� ���������7HWUDD]D����������

WHWUDPHWK\OF\FORWHWUDGHFLQDWRQLFNHO�,,� ZDV SUHSDUHG DV UH�

SRUWHG SUHYLRXVO\��� 7KH VWUXFWXUH RI WKLV FRPSOH[ LV VKRZQ

LQ )LJXUH �� 7HWUDHWK\ODPPRQLXP SHUFKORUDWH �7($3� ZDV

SUHSDUHG DQG SXULILHG DV GHVFULEHG E\ .ROWKRII DQG &RHW�

]HH��� 7HWUDEXWK\ODPPRQLXP SHUFKORUDWH �7%$3� ZDV SXU�

FKDVHG IURP 1DNDODL &KHPLFDOV DQG XVHG ZLWKRXW IXUWKHU

SXULILFDWLRQ� 6RGLXP R[DODWH DQG /�DVFRUELF DFLG ZHUH ERXJKW

IURP -XQVHL &KHPLFDOV DQG 6LJPD� UHVSHFWLYHO\� $FHWRQLWULOH

�$1� ZDV SXULILHG DFFRUGLQJ WR SXEOLVKHG SURFHGXUHV��� $OO

DTXHRXV VROXWLRQV ZHUH SUHSDUHG ZLWK GHLRQL]HG ZDWHU SXUL�

ILHG XVLQJ D 0LOOLSRUH 0LOOL�4 ZDWHU V\VWHP �%HGIRUG� 0$��

(OHFWURFKHPLFDO 0HDVXUHPHQWV� &\FOLF YROWDPPHWU\ ZDV

SHUIRUPHG XVLQJ DQ (*	* 3ULQFHWRQ $SSOLHG 5HVHDUFK

�3$5� 0RGHO ���$ 3RODURJUDSKLF $QDO\]HU DQG D %LRDQD�

O\WLFDO 6\VWHPV �%$6� ���%� )RU WKH HOHFWURFKHPLFDO PHD�

VXUHPHQWV� D WKUHH�HOHFWURGH V\VWHP FRQVLVWLQJ RI WKH *&

HOHFWURGH DV D ZRUNLQJ HOHFWRGH� $J�$J� ���� 0 $J12� LQ

$1� DV D UHIHUHQFH HOHFWURGH� DQG D SODWLQXP ZLUH DV DQ DX[�

LOLDU\ HOHFWURGH ZDV XVHG� )RU WKH LQYHVWLJDWLRQ RI HOHFWURFDW�

DO\WLF DFWLYLW\ RI WKH PRGLILHG HOHFWURGHV� D VDWXUDWHG FDORPHO

HOHFWURGH �6&(� ZDV XVHG DV D UHIHUHQFH HOHFWURGH� (OHFWUR�

FKHPLFDO PHDVXUHPHQW ZDV FDUULHG RXW DW ���� � ��� R& IRU

WKH UHGXFWLRQ RI GLR[\JHQ DQG WKH R[LGDWLRQ RI R[DOLF DFLG�

DQG DW ���� � ��� R& IRU WKH R[LGDWLRQ RI /�DVFRUELF DFLG� 7KH

FRQVWDQW WHPSHUDWXUH ZDV DFKLHYHG E\ XVLQJ D )LVKHU 6FLHQ�

WLILF 0RGHO ���� 'LJLWDO &LUFXODWRU�

0RGLILFDWLRQ RI (OHFWURGHV� ,Q RUGHU WR IDEULFDWH WKH

SRO\PHU PRGLILHG *& HOHFWURGH� JODVV\ FDUERQ URGV �%$6

PRGHO 0)������ ��� PP LQ GLDPHWHU� ZHUH HPSOR\HG� 3ULRU

WR LWV PRGLILFDWLRQ� WKH *& HOHFWURGH ZDV SROLVKHG ZLWK DOX�

PLQD VOXUU\ ����� µP� %XHKOHU� RQ D PLFURFORWK SDG� ZDVKHG
ZLWK GHLRQL]HG ZDWHU� DQG WKHQ GULHG� $IWHU SROLVKLQJ SURFH�

GXUH� UHVLGXDO SROLVKLQJ PDWHULDO ZDV UHPRYHG E\ VRQLFDWLRQ

IRU RQH PLQ� DQG WKHQ GULHG� (OHFWURSRO\PHUL]DWLRQ RI 1L�,,��

WHWUDD]D>��@DQQXOHQH FRPSOH[ ZDV FDUULHG RXW E\ F\FOLQJ

SRWHQWLDO EHWZHHQ ���� DQG −��� 9 DW ��� P9�V LQ IUHVKO\

SUHSDUHG $1 VROXWLRQV FRQWDLQLQJ ��� × ��−� 0 1L�,,��WHWUD�

D]D>��@DQQXOHQH FRPSOH[ DQG ��� × ��−� 0 7($3 XQGHU

QLWURJHQ DWPRVSKHUH� $IWHU � F\FOHV� WKH HOHFWURGH ZDV UH�

PRYHG IURP WKH VROXWLRQ� ULQVHG ZLWK ZDWHU� DQG GULHG LQ DLU�

5HVXOWV DQG 'LVFXVVLRQ

&\FOLF 9ROWDPPRJUDPV DQG (OHFWURSRO\PHUL]DWLRQ RI

1L�,,��7HWUDD]D>��@DQQXOHQH� )LJXUH ��D� VKRZV D F\FOLF

YROWDPPRJUDP RI ��� × ��−�0 1LFNHO�,,��WHWUDD]D>��@DQQX�

)LJXUH �� 6WUXFWXUH RI DV\PPHWULF 1L�,,��WHWUDD]D>��@DQQXOHQH
FRPSOH[ VWXGLHG LQ WKLV ZRUN�
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OHQH LQ $1 FRQWDLQLQJ ��� × ��−� 0 7($3 REWDLRQHG E\

VFDQLQJ WKH SRWHQWLDO UHJLRQ IURP ���� WR −���9 YV� $J�$J��

$V VKRZQ LQ )LJXUH ��D�� WKH FRPSOH[ H[KLELWV WZR NQRZQ

VXFFHVVLYH LUUHYHUVLEOH R[LGDWLRQ SHDNV �(SD ���� DQG

����9� GXH WR WKH R[LGDWLRQ RI WKH PDFURF\FOH OLJDQG DQG D

FRQVLGHUDEOH UHYHUVLEOH SHDN �(SF −���9 DQG (SD −���9�
RI QLFNHO LRQ� 7KH F\FOLF YROWDPPRJUDP RI WKH FRPSOH[

XVHG LQ WKLV VWXG\ KDV VLPLODU VKDSH ZLWK WKDW IRU WKH PRVW

V\PPHWULF WHWUDD]D>��@DQQXOHQH FRPSOH[������

)LJXUH ��E� VKRZV WKH FKDQJH RI WKH F\FOLF YROWDPPR�

JUDPV RI WKH FRPSOH[ ZLWK WKH LQFUHDVH RI WKH QXPEHU RI

VFDQV LQ WKH SRWHQWLDO UDQJH IURP ���� WR −���9 YV� $J�$J��

2Q LQFUHDVLQJ WKH QXPEHU RI VFDQV� WKH WZR R[LGDWLRQ SHDNV

VWDUW WR JURZ� WKHQ FRPELQH WR RQH R[LGDWLRQ SHDN� DQG ILQDOO\

GLVDSSHDU DIWHU �� VFDQV� ,Q RUGHU WR GHWHUPLQH WKH QXPEHU RI

HOHFWURQV LQYROYHG LQ HDFK R[LGDWLRQ VWHS� WKH FRPSOH[ ZHUH

HOHFWURO\]HG LQ $1 DW WKH PRUH SRVLWLYH SRWHQWLDO E\ ���9

WKDQ WKDW RI HDFK R[LGDWLRQ ZDYH� :H IRXQG WKDW WKH HOHFWURQ

QXPEHU LQYROYHG LQ HDFK R[LGDWLRQ VWHS ZDV RQH� )URP WKLV

UHVXOW� ZH FRQFOXGHG SRO\PHU LV IRUPHG DW HOHFWURGH VXUIDFH

YLD UDGLFDO FDWLRQ DQG GLFDWLRQ� 7KH SHDN RI WKH QLFNHO LRQ LV

REVHUYHG LQ WKH QHJDWLYH SRWHQWLDO VLGH XS WR �� VFDQV� EXW

WKH SHDN GLVDSSHDUV DIWHU �� VFDQV� 6LQFH WKLV UHVXOW ZDV DOVR

REVHUYHG IRU WKH V\PPHWULF WHWUDD]D>��@DQQXOHQH FRPSOH[������

WKH PHFKDQLVP IRU WKH HOHFWURSRO\PHUL]DWLRQ RI WKH DV\P�

PHWULF FRPSOH[ LV WKRXJKW WR EH VLPLODU WR WKDW RI WKH V\P�

PHWULF RQH�

(OHFWURFDWDO\VLV 3URSHUWLHV RI 3RO\PHU 0RGLILHG *&

(OHFWURGH� 7KH HOHFWURFDWDO\WLF DFWLYLW\ RI WKH SRO\PHU PRGL�

ILHG *& HOHFWURGH ZDV H[DPLQHG IRU WKH UHGXFWLRQ RI R[\JHQ

DQG WKH R[LGDWLRQV RI R[DODWH DQG /�DVFRUELF DFLG E\ F\FOLF

YROWDPPHWU\� )LJXUH � VKRZV F\FOLF YROWDPPRJUDPV IRU WKH

HOHFWURFDWDO\WLF HIIHFW RI R[\JHQ� R[DODWH DQG /�DVFRUELF DFLG

REWDLQHG ZLWK EDUH DQG SRO\PHU PRGLILHG HOHFWURGHV� )LJXUH

��D� VKRZV WKDW WKH SHDN SRWHQWLDO RI R[\JHQ UHGXFWLRQ LV

VKLIWHG SRVLWLYHO\ DERXW ��� P9 ZKHQ WKH SRO\PHU PRGLILHG

HOHFWURGH LV XVHG� 7KH UHGXFWLRQ SHDN FXUUHQW LV DOVR �� µ$
KLJKHU WKDQ WKDW IRU WKH EDUH HOHFWURGH� )RU WKH R[LGDWLRQ RI

R[DODWH� WKH PRGLILHG HOHFWURGH JLYHV D KLJK R[LGDWLRQ SHDN

ZKLOH WKH EDUH HOHFWURGH GRHV QRW JLYH DQ\ SHDN �)LJLXH

��E��� )RU WKH R[LGDWLRQ RI /�DVFRUELF DFLG� WKH DQRGLF SHDN

SRWHQWLDO REWDLQHG ZLWK WKH PRGLILHG HOHFWURGH LV VKLIWHG

DERXW ��� P9 PRUH QHJDWLYH DQG LWV SHDN FXUUHQHW LQFUHDVHV

������ µ$� KLJKHU WKDQ WKDW IRU WKH EDUH HOHFWURGH� 7KH

SHDN FXUUHQW RU SHDN SRWHQWLDO SURYLGHV D PHDVXUH RI WKH FDW�

DO\WLF DFWLYLW\ DQG WKH SKHQRPHQD REVHUYHG KHUH DUH FOHDU

HYLGHQFHV RI WKH FDWDO\WLF HIIHFW RI WKH *& HOHFWURGH PRGL�

ILHG ZLWK DQ DV\PPHWULF 1L�,,��WHWUDD]D>��@DQQXOHQH FRPSOH[�

)LJXUH �� &\FOLF YROWDPPRJUDP RI ��� × ��−� 0 ���������WHWUD�
D]D����������WHWUDPHWK\O F\FORWHWUDGHFLQDWR�1L�,,� FRPSOH[ LQ ���
× ��−�0 7($3�$1 VROXWLRQ �D� DQG F\FOLF YROWDPPRJUDP RI WKH
FRPSOH[ SRO\PHUL]HG DW D *& HOHFWURGH E\ UHSHDWHG SRWHQWLDO VFDQV
EHWZHHQ −��� DQG ��� YROW �E�� VFDQ UDWH� ���P9�V�

)LJXUH �� (OHFWURFDWDO\WLF HIIHFW RI WKH SRO\PHU PRGLILHG *& HOHFWURGH IRU VXEVWUDWHV� R[\JHQ LQ ���� 0 .&O �D�� ��� × ��−�0 R[DODWH LQ
���� 0 .&O �E� DQG ��� × ��−�0 /�DVFRUELF DFLG LQ S+ ��� �F�� VFDQ UDWH� ��� P9�V� 'DVKHG OLQHV DUH IRU EDUH JODVV\ FDUERQ HOHFWURGHV DQG
VROLG OLQHV DUH IRU WKH SRO\PHU PRGLILHG *& HOHFWURGH�
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6LQFH WKH QLFNHO LRQ SHDNV UHPDLQ LQ WKH QHJDWLYH SRWHQWLDO

VLGH XS WR �� VFDQV �)LJXUH ��E��� WKH FDWDO\WLF DFWLYLW\ RI WKH

SRO\PHU PRGLILHG HOHFWURGH LV WKRXJKW WR EH GXH WR WKH FDWD�

O\WLF IXQFWLRQ RI QLFNHO PHWDO LQ YDULRXV R[LGDWLRQ�UHGXFWLRQ

UHDFWLRQV�

5HVSRQVH 'HSHQGHQFH RI 3RO\PHU 0RGLILHG *& (OHF�

WURGHV� 7KH HIIHFW RI SRO\PHU WKLFNQHVV RQ WKH HOHFWURFDWD�

O\WLF UHVSRQVH RI WKH SRO\PHU PRGLILHG HOHFWURGH ZDV

H[DPLQHG IRU /�DVFRUELF DFLG E\ XVLQJ GLIIHUHQW QXPEHUV RI

SRWHQWLDO F\FOLQJ WR HOHFWURSRO\PHUL]H� 7KH SORWV RI SHDN

FXUUHQW DQG DQRGLF SHDN SRWHQWLDO RI /�DVFRUELF DFLG YHUVXV

QXPEHU RI F\FOHV DUH VKRZQ LQ )LJXUH �� 2Q LQFUHDVLQJ WKH

QXPEHU RI F\FOHV� WKH SHDN SRWHQWLDO ZDV UDSLGO\ VKLIWHG

DERXW ��� P9 WR QHJDWLYH SRWHQWLDO XS WR DERXW � F\FOHV DQG

WKHQ UHPDLQHG FRQVWDQW� 7KH SHDN FXUUHQW ZDV IRXQG WR EH

FRQVWDQW LQ WKH UDQJH IURP � WR �� F\FOHV ZLWKLQ WKH H[SHUL�

PHQWDO HUURU RI � ��� 7KH JUDGXDO LQFUHDVH RI WKH SHDN FXU�

UHQW XS WR � F\FOHV LV REYLRXVO\ GXH WR WKH LQFUHDVH RI WKH

FRQFHQWUDWLRQ RI SRO\PHUL]HG FRPSOH[� 7KH FXUUHQW GHFUHDVH

DIWHU �� F\FOHV PD\ EH DWWULEXWHG WR WKH LQFUHDVH RI HOHFWULF

UHVLVWDQFH GXH WR WKH LQFUHDVH RI WKH SRO\PHU WKLFNQHVV�

7KH HIIHFW RI WHPSHUDWXUH LQ WKH UDQJH RI ���� R& RQ WKH

UHVSRQVH RI WKH SRO\PHU PRGLILHG *& HOHFWURGH IRU /�DVFRU�

ELF DFLG LQ S+ ��� VROXWLRQ ZDV LQYHVWLJDWHG� 7KH SHDN FXU�

UHQW UDSLGO\ LQFUHDVHG XS WR DERXW �� R& DQG ZDV FRQVWDQW

DIWHUZDUGV� 6LQFH ZH REVHUYHG WKDW UHQHZDO RI WKH HOHFWURGH

VXUIDFH ZDV UHODWLYHO\ GLIILFXOW DQG WKH SRVVLEOH QXPEHU RI

FRQWLQXRXV XVHV RI WKH HOHFWURGH ZDV UHGXFHG DW WHPSHUDWXUH

RYHU �� R&� WKH DSSURSULDWH WHPSHUDWXUH WR XVH WKLV HOHFWURGH

LV �� R&�

7KH VWDELOLW\ RI WKH SRO\PHU PRGLILHG *& HOHFWURGH IRU

VXEVWUDWH ZDV H[DPLQHG� 7KH UHVXOW VKRZHG WKDW WKH HOHF�

WURGH FRXOG EH XVHG XS WR � WLPHV IRU WKH GHWHUPLQDWLRQ RI /�

DVFRUELF DFLG�

7KH UHVXOWV REWDLQHG LQ WKLV VWXG\ VKRZV WKDW DQ HOHFWURGH

FDQ EH HDVLO\ PRGLILHG ZLWK WKH DV\PPHWULF 1L�,,��WHWUD�

D]D>��@DQQXOHQH FRPSOH[ E\ F\FOLQJ WKH SRWHQWLDO LQ D FRQ�

VWDQW SRWHQWLDO UDQJH� 6LQFH D VPDOO DPRXQW RI PRGLILHU LV

XVHG DQG WKH DXWRPDWLRQ LQ WKH IDEULFDWLRQ RI D VPDOO HOHF�

WURGH LV SRVVLEOH� WKLV PHWKRG LV VXLWDEOH IRU WKH HOHFWURGH WR

XVHG LQ D IORZ LQMHFWLRQ DQDO\VLV V\VWHP� 7KH HOHFWURFDWDO\WLF

DELOLW\ REVHUYHG IRU GLR[\JHQ� R[DODWH� DQG /�DVFRUELF DFLG

LQGLFDWHV WKDW WKLV W\SH RI HOHFWURGH FDQ EH DSSOLHG WR WKH

DPSHURPHWULF GHWHUPLQDWLRQ RI WKHVH FRPSRXQGV�

$FNQRZOHGJPHQW� 7KLV ZRUN ZDV VXSSRUWHG E\ WKH %UDLQ
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