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FKHPLFDO ELRVHQVRUV�

,QWURGXFWLRQ

7KH GHWHFWLRQ RI VSHFLILF EDVH VHTXHQFHV LQ KXPDQ DQG

EDFWHULDO QXFOHLF DFLGV LV EHFRPLQJ LQFUHDVLQJO\ LPSRUWDQW LQ

WKH GLDJQRVLV RI GLVHDVHV� ,QWHUDFWLRQV RI '1$ ZLWK FKHPL�

FDOV DQG UDGLDWLRQ FDQ UHVXOW LQ YDULRXV W\SHV RI '1$ GDP�

DJH� 7KH R[LGDWLRQ DQG DON\ODWLRQ RI QXFOHLF DFLGV KDYH EHHQ

DQ LQWHUHVWLQJ UHVHDUFK ILHOG LQ WR[LFRORJ\ LQ UHODWLRQ WR FDQ�

FHU DQG DJLQJ�� *XDQLQH VKRZV KLJKHU UHDFWLYLWLHV WKDQ WKH

RWKHU IRXU EDVHV LQ WKH UHDFWLRQV ZLWK DON\ODWLQJ DJHQWV�

K\GUR[\O UDGLFDOV� WUDQVLWLRQ�PHWDO FRPSOH[HV� DQG RWKHU

R[LGDQWV�� 7KH KLJK UHDFWLYLW\ RI JXDQLQH RYHU WKH RWKHU

QXFOHRWLGHV UHVXOWV IURP WKH RQH�HOHFWURQ SRWHQWLDOV ZKLFK LV

���� 9 �YV 1+(� IRU JXDQRVLQH� ���� 9 IRU DGHQRVLQH� DQG

KLJKHU IRU WKH S\ULPLGLQHV��

%DVHV RI WKH QXFOHLF DFLG FRPSRQHQWV DUH NQRZQ WR

XQGHUJR UHGR[ SURFHVVHV DW PHUFXU\ DQG FDUERQ HOHFWURGHV�

5LERVH DQG GHR[\ULERVH ERXQG WR QXFOHRVLGHV DQG QXFOHR�

WLGHV DV ZHOO DV SKRVSKDWH JURXSV DUH HOHFWURLQDFWLYH� ZKLOH

JXDQLQH DQG DGHQLQH FDQ EH R[LGL]HG DW FDUERQ HOHFWURGHV��

5HGXFWLRQ RI JXDQLQH� F\WRVLQH� DQG DGHQLQH RFFXUV DW KLJKO\

QHJDWLYH SRWHQWLDOV WKDW FDQ EH DWWDLQHG RQO\ ZLWK PHUFXU\

HOHFWURGHV� 1XFOHLF DFLG EDVHV DQG QXFOHRVLGHV DUH VWURQJO\

DGVRUEHG DW WKH PHUFXU\ HOHFWURGH� DQG DGHQLQH DQG F\WRVLQH

SURGXFH UHGXFWLRQ VLJQDOV�� ,Q DGGLWLRQ WR WKH XVXDO QXFOHLF

DFLG FRPSRQHQWV D ODUJH QXPEHU RI SXULQH DQG S\ULPLGLQH

GHULYDWLYHV IRUP VSDULQJO\ VROXEOH FRPSRXQGV ZLWK WKH PHU�

FXU\ HOHFWURGH� DQG FDQ EH GHWHUPLQHG E\ FDWKRGLF VWULSSLQJ

YROWDPPHWU\ DW QDQRPRODU FRQFHQWUDWLRQV����

5HFHQWO\� GHYHORSHG ZDV WKH HOHFWURFKHPLFDO V\VWHP� LQ

ZKLFK '1$ FDQ EH GHWHFWHG HOHFWURFKHPLFDOO\ DW EDUH DQG

PRGLILHG LQGLXP WLQ R[LGH �,72� HOHFWURGHV����� ,Q WKLV VWXG\�

, ZLVK WR IRFXV RQ WKH HOHFWURFKHPLFDO EHKDYLRU RI YDULRXV

PRQRQXFOHRWLGHV ZLWK DQ HOHFWURQ PHGLDWRU RQ WKH ,72 HOHF�

WURGH� ,Q WKLV DSSURDFK� WKH UDWH FRQVWDQW IRU RQH�HOHFWURQ

R[LGDWLRQ RI PRGLILHG JXDQLQH EDVHV E\ WKH WUDQVLWLRQ�PHWDO

PHGLDWRU LV PHDVXUHG XVLQJ FDWDO\WLF F\FOLF YROWDPPHWU\�

([SHULPHQWDO 6HFWLRQ

5HDJHQWV� $OO UHDJHQWV DQG VROYHQWV ZHUH SXUFKDVHG IURP

FRPPHUFLDO VRXUFHV DQG XVHG DV UHFHLYHG� 0HWDO PHGLDWRU RI

5X�,,� ZDV UHFU\VWDOOL]HG LQ HWKDQRO EHIRUH XVH� ,72 HOHF�

WURGHV ZHUH REWDLQHG IURP 'HOWD 7HFKQRORJLHV �6WLOOZDWHU�

01�� :DWHU ZDV REWDLQHG IURP D 0LOOL�4 SXULILFDWLRQ V\V�

WHPV�

(OHFWURFKHPLFDO $QDO\VLV� &\FOLF YROWDPPRJUDPV ZHUH

REWDLQHG XVLQJ D 3$5 ���$ DQG ���$ SRWHQWLRVWDW�JDO�

YDQRVWDW ZLWK D VLQJOH FRPSDUWPHQW YROWDPPHWULF FHOO� 7KH

FHOO ZDV HTXLSSHG ZLWK DQ LQGLXP WLQ R[LGH ZRUNLQJ HOHF�

WURGH �DUHD ���� FP��� D 3W�ZLUH FRXQWHU HOHFWURGH� DQG D $J�

$J&O UHIHUHQFH HOHFWURGH� ,Q D W\SLFDO H[SHULPHQW� D VDPSOH

FRQWDLQLQJ �� µ0 PHWDO FRPSOH[ DQG ��� P0 QXFOHRWLGH

SKRVSKDWH GLVVROYHG LQ EXIIHUHG DTXHRXV VROXWLRQV FRQWDLQ�

LQJ ��� P0 1D&O DQG �� P0 1D�SKRVSKDWH EXIIHU �S+  

���� >1D@  ��� P0� ZDV VFDQQHG DW �� P9�V IURP ��� 9 WR

DERXW ��� P9 EH\RQG WKH UHGR[ FRXSOH RI WKH PHWDO FRP�

SOH[� 6FDQV RI PRQRQXFOHRWLGHV LQ WKH DEVHQFH RI PHWDO

FRPSOH[ VKRZHG QR DSSUHFLDEOH R[LGDWLYH FXUUHQW WR ��� 9

YV $J�$J&O� $ IUHVKO\�FOHDQHG ,72 HOHFWURGH ZDV XVHG IRU

HDFK H[SHULPHQW� DQG D EDFNJURXQG VFDQ RI EXIIHU DORQH ZDV

FROOHFWHG IRU HDFK HOHFWURGH DQG VXEWUDFWHG IURP VXEVHTXHQW

VFDQ� 6HFRQG�RUGHU UDWH FRQVWDQWV DERXW EDVH R[LGDWLRQV

ZHUH GHWHUPLQHG E\ ILWWLQJ RI F\FOLF YROWDPPHWULF GDWD WR D

WZR�VWHS PHFKDQLVP XVLQJ WKH 'LJL6LP �%$6� VRIWZDUH

SDFNDJH�

5HVXOWV DQG 'LVFXVVLRQ

(OHFWURFKHPLFDO DFWLYDWLRQ RI QXFOHLF DFLG R[LGDWLRQ KDV

UHFHQWO\ EHHQ VWXGLHG WR REWDLQ NLQHWLF LQIRUPDWLRQ IURP WKH

H[SHULPHQWDO FXUUHQW UHVSRQVH����� 7KH VLPSOHVW PHFKDQLVP

IRU HOHFWURFDWDO\WLF '1$ R[LGDWLRQ E\ DQ HOHFWURQ�WUDQVIHU

PHGLDWRU �0� XQGHU D KLJK VDOW FRQGLWLRQ LV VKRZQ LQ (T� ���

DQG (T� ���� 7KH PHFKDQLVP FRQVLVWV RI DQ HOHFWURFKHPLFDO
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R[LGDWLRQ VWHS� DQG D KRPRJHQHRXV FKHPLFDO R[LGDWLRQ VWHS

ZKLFK UHJHQHUDWHV WKH LQLWLDO UHGXFHG VSHFLHV� $ PHFKDQLVP

LV VXLWDEOH WR WDNH WKH VHFRQG�RUGHU R[LGDWLRQ UHDFWLRQ LQWR

DFFRXQW�

0�� → 0�� ���

0�� � '1$ → 0�� � '1$�R[� ���

$V WKH HOHFWURFDWDO\WLF R[LGDWLRQ RI '1$ LV PDLQO\ GXH WR

WKH SUHVHQFH RI JXDQLQH EDVHV LQ WKH VHTXHQFH� PRQRQXFOHR�

WLGHV FDQ DOVR EH GHWHFWHG LQ VROXWLRQ YLD WKH FDWDO\WLF R[LGD�

WLRQ RI EDVHV XVLQJ 5X�ES\��
�� DV WKH PHGLDWRU� 7KH PHGL�

DWRU H[KLELWV D UHYHUVLEOH UHGR[ FRXSOH DW ���� 9� ZKLFK LV

YHU\ VLPLODU WR WKH R[LGDWLRQ SRWHQWLDO RI JXDQLQH��� $GGLWLRQ

RI PRQRQXFOHRWLGH WR D VROXWLRQ RI 5X�ES\��
�� OHDGV WR D FDW�

DO\WLF HQKDQFHPHQW LQ WKH R[LGDWLRQ FXUUHQW DFFRUGLQJ WR D

WZR�VWHS PHFKDQLVP ZKHUH *R[ LV D PROHFXOH ZKHUH JXDQLQH

KDV EHHQ R[LGL]HG E\ RQH HOHFWURQ�

5X�ES\��
�� →5X�ES\��

�� ���

5X�ES\��
�� � * → 5X�ES\��

�� � *R[ ���

7KH TXDVL�UHYHUVLEOH F\FOLF YROWDPPRJUP RI 5X�ES\��
�� LV

VKRZQ LQ )LJXUH �$� $GGLWLRQ RI *03 SURGXFHV FDWDO\WLF

HQKDQFHPHQW LQ WKH R[LGDWLRQ FXUUHQW �)LJXUH �&�� 1R FXU�

UHQW DERYH EDFNJURXQG ZDV REVHUYHG IRU WKH ,72 HOHFWURGHV

LQ WKH DEVHQFH RI 5X�ES\��
�� �)LJXUH �%�� +RZHYHU� DGGLWLRQ

RI DGHQRVLQH��
�PRQRSKVSKDWH� F\WLGLQH��
�PRQRSKRVSKDWH

RU WK\PLGLQH��
�PRQRSKRVSKDWH JHQHUDWHV QR FXUUHQW HQKDQ�

FHPHQW� 7KHVH UHVXOWV VXJJHVW WKH ODUJH FXUUHQW HQKDQFHPHQW

ZRXOG EH SURGXFHG RQO\ LQ WKH SUHVHQFH RI *03� 7KLV FRQ�

FOXVLRQ LV FRQVLVWHQW ZLWK WKH UHSRUWHG UHVXOWV WKDW JXDQLQH

EDVH KDV WKH ORZHVW UHGR[ SRWHQWLDO ����� 9 YV$J�$J&O�������

(YHQ WKRXJK SKRVSKDWH ZDV QRW R[LGL]HG E\ WKH PHGLDWRU�

WKH QXPEHU RI SKRVSKDWH JURXSV DW WKH �
�SRVLWLRQ RI WKH

VXJDU PD\ DIIHFW F\FOLF YROWDPPRJUDPV E\ WKH JUHDWHU QHJD�

WLYH FKDUJH SURYLGHG ZLWK WKH SKRVSKDWH IXQFWLRQDO JURXSV�

,Q IDFW� DGGLWLRQ RI JXDQRVLQH��
�WULSKRVSKDWH �*73� JHQHU�

DWHV WKH F\FOLF YROWDPPRJUDP VKDSHG GLIIHUHQWO\ LQ WKH FDWD�

O\WLF FXUUHQW �)LJXUH �&�� 6LQFH SKRVSKDWH JURXSV DUH QRW

H[SHFWHG WR UHGXFH WKH R[LGDWLRQ SRWHQWLDO RI WKH EDVH PRL�

HW\� WKLV HIIHFW VKRXOG EH GXH WR HOHFWURVWDWLF DWWUDFWLRQ

EHWZHHQ WKH SRVLWLYHO\ FKDUJHG PHGLDWRU DQG QXFOHRWLGH�

6XFK REVHUYDWLRQV ZHUH DOVR UHSRUWHG LQ WKH UDWH FRQVWDQWV

IRU WKH UHGXFWLRQ UHDFWLRQ RI SXULQHV ZLWK WKH SULPDU\ UDGLFDO

VSHFLHV IURP WKH UDGLRO\VLV��� DQG LQ WKH HOHFWURFKHPLFDO

VWXGLHV DERXW WKH LQWHUDFWLRQV RI FDWLRQLF DQG DQLRQLF PHWDO

PHGLDWRUV ZLWK ROLJRQXFOHRWLGHV������

&\FOLF YROWDPPRJUDPV ZHUH DQDO\]HG E\ ILWWLQJ WKH EDFN�

JURXQG�VXEWUDFWHG FXUUHQW�SRWHQWLDO FXUYHV XVLQJ WKH ILWWLQJ

VRIWZDUH� 7KH LQSXW SDUDPHWHUV ZHUH WKH (��� IRU WKH PHWDO

FRPSOH[ ����� 9� DQG WKH GLIIXVLRQ FRHIILFLHQWV IRU WKH PHWDO

FRPSOH[ ����� × ��−� FP��V� DQG WKH PRQRQXFOHRWLGHV �����

× ��−� FP��V�� 7KH VLPXODWHG F\FOLF YROWDPPRJUDP RI *03

XVLQJ 'LJL6LP LV VKRZQ LQ )LJXUH �� 7KH VLPXODWLRQ JLYHV

)LJXUH �� &\FOLF YROWDPPRJUDPV RI �� µ0 5X�ES\��
�� �$�

GDVKHG� DQG �%� GRWWHG� DIWHU H[SRVXUH RI WKH HOHFWURGH WR *03 ����
P0�� &XUYH & �VROLG� VKRZV WKH YROWDPPRJUDP REWDLQHG DW WKH
HOHFWURGH IURP �%� LQ WKH SUHVHQFH RI 5X�ES\��

��� 6FDQ UDWH� �� P9�
V� 5HIHUHQFH HOHFWURGH� $J�$J&O� :RUNLQJ HOHFWURGH� XQPRGLILHG
,72�

)LJXUH �� &\FOLF YROWDPPRJUDPV RI �$� 5X�ES\��
�� ��� µ0� ZLWK

�%� *03 ���� P0� DQG �&� *73 ���� P0�� 6FDQ UDWH� �� P9�V�
5HIHUHQFH HOHFWURGH� $J�$J&O� :RUNLQJ HOHFWURGH� XQPRGLILHG
,72�

)LJXUH �� 9ROWDPPRJUDP 5X�ES\��
�� ZLWK *03 �VROLG OLQH� DQG

VLPXODWHG F\FOLF YROWDPPRJUDP XVLQJ 'LJL6LP �GRWWHG OLQH��
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WKH VHFRQG�RUGHU UDWH FRQVWDQW REWDLQHG IURP WKH ILW IRU HOHF�

WURQ WUDQVIHU WR 5X�ES\��
�� RI N*03  ��� × ��� 0−�V−�� +RZ�

HYHU� WKH FXUYH JHQHUDWHG ZLWK *73 ZDV QRW ZHOO ILWWHG XVLQJ

WKH DQDO\VLV SURJUDP�

6KRZQ LQ )LJXUH � DUH WKH F\FOLF YROWDPPRJUDPV RI

5X�ES\��
�� LQ WKH SUHVHQFH RI WKH PRQRQXFOHRWLGHV� VXFK DV

,03� ;03� DQG ��%U�*03� LQ ZKLFK WKH JXDQLQH EDVHV KDYH

EHHQ PRGLILHG� 7KH VWUXFWXUHV RI WKH PRQRQXFOHRWLGHV DUH

VKRZQ LQ )LJXUH �� 6XFK D ODUJH FXUUHQW HQKDQFHPHQW ZDV

QRW REVHUYHG IRU ,03� ZKLFK LPSOLHV WKH H[RF\FOLF DPLQH

PXVW SOD\ DQ LPSRUWDQW HOHFWURQLF UROH LQ WKH JXDQLQH R[LGD�

WLRQ� 7KH FXUUHQW HQKDQFHPHQWV VKRZ WKH WUHQG *03 ! ��%U�

*03 ! ;03 ! ,03� 7KH SUHVHQFH RI DQ H[WUD FDUERQ\O

IXQFWLRQDO JURXS WR WKH S\ULPLGLQH ULQJ �LQ ;03� PDNHV WKH

SXULQH ULQJ PRUH HOHFWURQ GHILFLHQW UHODWLYH WR WKH DGGLWLRQ RI

%U WR WKH ULQJ �LQ ��%U�*03�� 'LJLWDO VLPXODWLRQ RI WKH VFDQ

UDWH GHSHQGHQFHV RI WKH YROWDPPRJUDPV VKRZQ LQ )LJXUH �

JLYHV WKH VHFRQG�RUGHU UDWH FRQVWDQWV IRU HOHFWURQ WUDQVIHU WR

5X�ES\��
�� RI N��%U�*03  ��� × ��� 0−�V−�� N;03  ��� × ���

0−�V−�� DQG N,03  �� 0
−�V−��

7KH PRGLILHG EDVHV VKRZ WKH GLIIHUHQW HOHFWURQLF UROHV LQ

WKH EDVH R[LGDWLRQ DQG DUH DOO GLVWLQJXLVKDEOH IURP RQH

DQRWKHU� SURYLGLQJ D EDVLV IRU VWXG\LQJ HOHFWURFKHPLVWU\ RI

'1$ DQG GHYHORSLQJ HOHFWURFKHPLFDO ELRVHQVRUV� 6XFK

K\SR[DQWKLQH �WKH EDVH RI ,03� DQG ��EURPR�JXDQLQH DUH

VWLOO DEOH WR PDNH WKH K\GURJHQ ERQGV ZLWK F\WRVLQH� VR JXD�

QLQH FDQ EH UHSODFHG ZLWK WKHVH EDVHV ZKHQ QHHGHG WR GHWHFW

51$ RU '1$ HOHFWURFKHPLFDOO\� 'HWDLOHG VWXGLHV RI WKH

HOHFWURVWDWLF LQWHUDFWLRQV EHWZHHQ PRQRQXFOHRWLGHV �RU '1$�

DQG LQRUJDQLF PHGLDWRUV DQG WKH ,72 HOHFWURGH DUH FXUUHQWO\

XQGHUZD\�

$FNQRZOHGJPHQW� 7KLV ZRUN ZDV VXSSRUWHG E\ WKH .RUHD

5HVHDUFK )RXQGDWLRQ *UDQW �.5)�����'������� , WKDQN

3URIHVVRU +� +� 7KRUS IRU KHOSIXO GLVFXVVLRQV�

5HIHUHQFHV

�� 6WUDXVV� %� 6� &DQFHU 5HV� ����� ��� ��������

�� 7KRUS� +� +� $GY� ,QRUJ� &KHP� ����� ��� ��������

�� 6WHHQNHQ� 6�� -RYDQRYLF� 6� 9� -� $P� &KHP� 6RF� �����
���� ��������

�� 3DOHFHN� (� ,Q 7RSLFV LQ %LRHOHFWURFKHPLVWU\ DQG %LRHQHU�

JHWLFV� 0LOD]]R� *�� (G�� :LOH\� /RQGRQ� ����� S �������
�� 9HWWHUL� 9�� GH /HYLH� 5� -� (OHFWURDQDO� &KHP� ����� ����

��� DQG UHIHUHQHFHV WKHUHLQ�

�� 3DOHFHN� (� $QDO� &KLP� $FWD ����� ���� ��������
�� %RX]LG� %�� 0DF'RQDOG� $� 0� *� $QDO� &KLP� $FWD �����

���� ����

�� -RQKVRQ� '� +�� *ODVJRZ� .� &�� 7KRUS� +� +� -� $P�
&KHP� 6RF� ����� ���� ����������

�� 1DSLHU� 0� (�� /RRPLV� &� 5�� 6LVWDUH� 0� )�� .LP� -��

7KRUS� +� +� %LRFRQMXJDWH &KHP� ����� �� ��������
��� -RQKVRQ� '� +�� :HOFK� 7� :�� 7KRUS� +� +�0HW� ,RQV %LRO�

6\VW� ����� ��� ��������

��� -RQKVRQ� '� +�� 7KRUS� +� +� -� 3K\V� &KHP� ����� ����
������������

��� 6WHHQNHQ� 6�� -RYDQRYLF� 6� 9� -� $P� &KHP� 6RF� �����

���� ��������
��� %UDEHF� 9� %LRSK\V� &KHP� ����� �� ��������

��� 6WHHQNHQ� 6� &KHP� 5HY� ����� ��� ��������

��� 6WHHO� $� %�� +HUQH� 7� 0�� 7DUORY� 0� -� $QDO� &KHP� �����
��� ����������

��� 3DWROVN\� )�� .DW]� (�� %DUGHD� $�� :LOOQHU� ,� /DQJPXLU

����� ��� ����������

)LJXUH �� &\FOLF YROWDPPRJUDPV RI �$� 5X�ES\��
�� ��� µ0� ZLWK

�%� ,03� �&� ;03� �'� ��%U�*03� DQG �(� *03 ���� P0�� 6FDQ
UDWH� �� P9�V� 5HIHUHQFH HOHFWURGH� $J�$J&O� :RUNLQJ HOHFWURGH�
XQPRGLILHG ,72�

)LJXUH �� 6WUXFWXUHV RI PRQRQXFOHRWLGHV�


