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0RVFRZ (QJLQHHULQJ 3K\VLFV ,QVWLWXWH �7HFKQLFDO 8QLYHUVLW\�

.DVKLUVNRH VK� ��� 0RVFRZ� ������ 5XVVLD

$EVWUDFW

,W LV NQRZQ� WKDW DW KLJK HQHUJLHV RI LRQV �PRUH WKDQ

�� 0H9 IRU OLJKW LRQV� WKH IRFXVLQJ E\ PDJQHWLF

TXDGUXSROH ILHOGV LV PRVW HIIHFWLYH� ZKHUHDV DW VPDOO

HQHUJLHV �OHVV WKDQ � 0H9� � WKH IRFXVLQJ E\ HOHFWULFDO

TXDGUXSROH ILHOGV� $W LQWHUPHGLDWH HQHUJLHV RI LRQV �IURP

� WR �� 0H9� WKH HIILFLHQF\ RI HDFK RI WKHVH W\SHV RI D

IRFXVLQJ LV UHGXFHG� 7KH DXWKRUV RIIHU WR XWLOL]H IRU WKLV

SXUSRVH WKH �K\EULG� W\SH RI IRFXVLQJ V\VWHPV FRQVLVWLQJ

RI VHTXHQFH RI HOHFWULFDO DQG PDJQHWLF TXDGUXSROH OHQVHV�

ZKLFK DUH ORFDOL]HG LQ WKH VDPH VSDFH� )RU PDNLQJ ILHOGV

RI HOHFWULFDO TXDGUXSROH OHQVHV LW LV RIIHUHG WR XWLOL]H 5)

TXDGUXSROHV� 7KH 5) HOHFWULFDO TXDGUXSROHV DUH FUHDWHG

GXH WR WKH UHOHYDQW FRQILJXUDWLRQ RI GULIW WXEHV LQ WKH

YLFLQLW\ RI DQ DFFHOHUDWLQJ JDS� $V D UHVXOW RI WKH JHQHUDO

WKHRUHWLFDO DQDO\VLV DQG FDOFXODWLRQ RI FRQFUHWH YHUVLRQV

RI SUDFWLFDO UHDOL]DWLRQV LW LV VKRZQ WKDW WKH JLYHQ V\VWHP

KDV DGYDQWDJH DV FRQWUDVWHG WR E\ NQRZQ DQDORJV LQ WKH

ILHOG RI PHGLXP HQHUJLHV� 7KH YHORFLW\ EDQG RI LRQV� LQ

ZKLFK WKH VWDEOH PRWLRQ LV HQVXUHG� LV HVVHQWLDOO\

FKDQJHG� DQG WKH IRFXVLQJ EHFRPHV �DFKURPDWLF�� 7KH

FDOFXODWLRQV KDYH EHHQ SHUIRUPHG IRU SURWRQV ZLWK

YHORFLWLHV ������� � RI OLJKW YHORFLW\� DW WKH JUDGLHQWV RI

HOHFWULFDO ILHOG XS WR �� N9 SHU VTXDUH FP� DQG WKH

JUDGLHQWV RI PDJQHWLF ILHOG XS WR � 7�P� $FKURPDWLFLW\

RI WKLV V\VWHP DOORZV WR ORZHU D UDGLDWLYH DFWLYDWLRQ RI

DFFHOHUDWRU DQG WR UHGXFH GDPDJH RI HOHFWURGH VXUIDFHV E\

ORVW LRQV�
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,Q RXU SDSHU >�@� ZH SUHVHQWHG WKH UHVXOWV RI

H[SHULPHQWDO UHVHDUFK RI HQHUJ\ YDULDEOH SURWRQ OLQDF�

ZKLFK FRQVLVWV RI D FKDLQ RI LQGHSHQGHQWO\ GULYHQ RQH�

JDS DFFHOHUDWLQJ FDYLWLHV� $ SRO\D[LDO UHVRQDWRU �35�

RIIHUHG DV D PDLQ DFFHOHUDWLQJ HOHPHQW� ,Q WKLV

DFFHOHUDWRU� EHDP IRFXVLQJ KDV EHHQ SURYLGHG E\ PHDQV

RI HOHFWURVWDWLF TXDGUXSROHV ZLWK YDULDEOH SRWHQWLDO�

7KH FRUUHFW FKRLFH RI IRFXVLQJ V\VWHP IRU VXFK

DFFHOHUDWRU LV YHU\ LPSRUWDQW� $W D ODUJH YDULDWLRQ RI

DFFHOHUDWRU HQHUJ\� LW LV QHFHVVDU\ WR SURYLGH IRFXVLQJ IRU

D ZLGH UDQJH RI SDUWLFOH YHORFLWLHV� ,W LV NQRZQ� WKDW WKH

IRFXVLQJ E\ HOHFWULFDO TXDGUXSROH �(4� ILHOGV LV HIIHFWLYH

DW VPDOO HQHUJLHV �OHVV WKDQ � 0H9�� $W KLJK HQHUJLHV RI

LRQV �PRUH WKDQ �� 0H9 IRU OLJKW LRQV� WKH IRFXVLQJ E\

PDJQHWLF TXDGUXSROH �04� ILHOGV LV PRUH HIIHFWLYH� $W

LQWHUPHGLDWH HQHUJLHV RI LRQV �IURP � WR �� 0H9� WKH

HIILFLHQF\ RI HDFK RI WKHVH W\SHV RI D IRFXVLQJ LV UHGXFHG�

,Q SUHVHQW SDSHU� WKH DXWKRUV RIIHU WR XWLOL]H WKH

�K\EULG� W\SH RI IRFXVLQJ V\VWHPV FRQVLVWLQJ RI VHTXHQFH

RI (4 DQG 04 OHQVHV ORFDOL]HG LQ WKH VDPH VSDFH�
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,W LV NQRZQ WKDW LQ D FRQYHQWLRQDO IRFXVLQJ V\VWHP

FRQVLVWLQJ RI LGHQWLFDO 04
V� DQ RSHUDWLQJ SRLQW RQ D

VWDELOLW\ GLDJUDP PRYHV IURP D FHQWUDO SDUW WR D ERXQGDU\

DW D YDULDWLRQ RI SDUWLFOH HQHUJ\� ,Q FRQWUDU\ WR WKLV

VLWXDWLRQ� DQ RSHUDWLQJ SRLQW RQ D VWDELOLW\ GLDJUDP RI D

�K\EULG� V\VWHP PRYHV ZLWKLQ D FHQWUDO SDUW RI D VWDELOLW\

GLDJUDP� /HW XV VKRZ LW XVLQJ D VLPSOH WKHRUHWLFDO PRGHO

ZKHQ VSDFH UHJLRQV RFFXSLHG E\ 04 OHQVHV DQG 5) (4
V

DUH FRLQFLGH� 7KLV SDUWLFXODU FDVH FDQ EH UHDOL]HG DV GULIW

WXEHV KDYLQJ 5)�HOHFWURGHV FRQWDLQLQJ SHUPDQHQW

PDJQHWV� 8VLQJ QRWDWLRQV RI 5HI� >�@� WKH HTXDWLRQV IRU D

WUDQVYHUVH PRWLRQ LQ WKLV �K\EULG� V\VWHP FDQ EH ZULWWHQ

LQ WKH IROORZLQJ IRUP
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 )LJXUH �� $ 7\SLFDO H[DPSOH IRU DQ WUDMHFWRU\ RI

RSHUDWLQJ SRLQW RQ D VWDELOLW\ GLDJUDP IRU D FRQYHQWLRQDO

IRFXVLQJ E\ 04 OHQVHV DQG E\ �K\EULG� V\VWHP�

/HW XV DQDO\]H WKHVH HTXDWLRQV DW D FRQVWDQW

DFFHOHUDWLRQ UDWH � const=E �� WKH ZDYHOHQJWK RI 5)

ILHOGV � const=λ � DQG DQ LGHQWLFDO PDJQHWLF TXDGUXSROHV

� consteff =L � const=G �� ,W LV VHHQ WKDW WKH WHUP D

GRHV QRW YDU\ DW QRQUHODWLYLVWLF FRQGLWLRQV� L�H�

const≈D �

)RU D FRQYHQWLRQDO 04 IRFXVLQJ V\VWHP ZLWKRXW 5)

TXDGUXSROHV� WKH ILUVW WHUP LQ WKH U�K�V� RI HT� ��� LV HTXDO

WR ]HUR� $Q WUDMHFWRU\ RI DQ RSHUDWLQJ SRLQW RQ D VWDELOLW\

GLDJUDP ZLWK FRRUGLQDWHV };{ 2222 γνγν +− LV SDUDOOHO

WR WKH )( 22 γν − �D[LV IURP D FHQWHU RI WKH GLDJUDP WR D

ERXQGDU\�

)RU D �K\EULG� IRFXVLQJ V\VWHP ZLWK 5) TXDGUXSROHV�

WKH ILUVW WHUP LQ WKH U�K�V� RI HT� ��� UHGXFHV DW LQFUHDVLQJ

RI SDUWLFOH YHORFLW\ β � %\ DQ RSWLPDO FKRLFH RI

SDUDPHWHUV� D WUDMHFWRU\ RI DQ RSHUDWLQJ SRLQW RQ D

VWDELOLW\ GLDJUDP FDQ VWD\ ZLWKLQ D FHQWUDO SDUW�

/HW XV FRQVLGHU D QXPHULFDO H[DPSOH� 7KH HTXDWLRQ ���

FDQ EH ZULWWHQ LQ WKH IROORZLQJ IRUP
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722 =+ γν � 8VLQJ HT� ���� ZH REWDLQ 5.3=DC � )RU DQ

RXWSXW RI WKH V\VWHP ZLWK 3.0=β � OHW XV SXW DQ

RSHUDWLQJ SRLQW LQ D FHQWHU RI D VWDELOLW\ GLDJUDP� L�H� DW

422 =+ γν � ,W FDQ EH VKRZQ WKH PD[LPXP YDOXH RI

PDJQHWLF ILHOG DW D PDJQHW VXUIDFH PXVW EH HTXDO WR ��� 7

IRU SURWRQV� ,W FDQ EH UHDOL]HG IRU SHUPDQHQW PDJQHWV

PDGH IURP VDPDULXP�FREDOW DOOR\� 7UDMHFWRULHV RI

RSHUDWLQJ SRLQWV RQ D VWDELOLW\ GLDJUDP DUH VKRZQ LQ
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/HW XV DQDO\]H D UHDO V\VWHP ZKHQ 04 OHQVHV DQG 5)

(4 OHQVHV RFFXS\ GLIIHUHQW VSDFH UHJLRQV� ,W FDQ EH

SHUIRUPHG XVLQJ WUDQVIHU PDWULFHV >���@� 7KH QRWDWLRQ

DGRSWHG LQ 5HI�>���@ LV XVHG IRU D GHVFULSWLRQ RI WKH

WUDQVYHUVH PRWLRQ LQ SHULRGLF TXDGUXSROH ILHOGV� 7KH

OLQHDU PRWLRQ RI SDUWLFOHV LV GHVFULEHG E\ WKH IROORZLQJ

HTXDWLRQ IRU GLPHQVLRQOHVV GLVSODFHPHQWV� x IURP WKH

EHDP D[LV� z
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ZKHUH E′DQG H ′ DUH JUDGLHQWV RI HOHFWULFDO DQG

PDJQHWLF TXDGUXSROH OHQVHV� UHVSHFWLYHO\� mE LV DQ

DPSOLWXGH RI DQ DFFHOHUDWLQJ ILHOG� )(zg DQG )(zh DUH

UHDO IXQFWLRQV GHVFULELQJ D GLVWULEXWLRQ RI GHIRFXVLQJ DQG

IRFXVLQJ IRUFHV�

)RU PDWUL[ DQDO\VLV RI WKH WUDQVYHUVH PRWLRQ� LW LV

QHFHVVDU\ WR NQRZ PDWULFHV GHVFULELQJ HOHPHQWDU\

VHFWLRQV RI DQ DFFHOHUDWLQJ�IRFXVLQJ FKDQQHO� ,Q RXU FDVH�

WKH PDWULFHV IRU D GULIW VSDFH drifta � DFFHOHUDWLQJ JDS

aga � GHIRFXVLQJ DQG IRFXVLQJ TXDGUXSROH dqa DQG fqa

DUH XVHG� /HW XV DVVXPH WKDW GHIRFXVLQJ IRUFHV DUH

FRQFHQWUDWHG LQ D JDS FHQWHU >�@� 7KHQ WKH PDWULFHV DUH

H[SUHVVHG LQ WKH IROORZLQJ IRUP
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ZKHUH Nq qεΛ= � DQG dε � qε DUH WKH QRUPDOL]HG

OHQJWK RI VHFWLRQV� N LV WKH QXPEHU RI JDSV ZLWKLQ D

FKDQQHO SHULRG�

7KHQ PDWULFHV GHVFULELQJ HOHPHQWDU\ VHFWLRQV DUH

PXOWLSOLHG DQG D UHVXOWLQJ WUDQVIHU PDWUL[ [ ]ija LV

DQDO\]HG DFFRUGLQJ WR WKH NQRZQ FRQGLWLRQ RI PRWLRQ

VWDELOLW\ >�@� ( ) 121 2211 <+<− aa �

6WDELOLW\ RI D WUDQVYHUVH PRWLRQ KDV EHHQ DQDO\]HG IRU

DQ DFFHOHUDWLQJ�IRFXVLQJ FKDQQHO VKRZQ LQ )LJ�� DW
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T/cm 1 =′H � kV/cm 50 =′E � DQG 0.05=pβ � :H KDYH

FRQVLGHUHG WZR V\VWHPV� 7KH ILUVW RQH LV D FRQYHQWLRQDO

04 IRFXVLQJ V\VWHP ZLWKRXW 5) TXDGUXSROHV DQG WKH

VHFRQG RQH LV WKH SURSRVHG �K\EULG��W\SH V\VWHPV� 5) (4

ILHOG LV SURYLGHG E\ WXUQLQJ RI HOOLSWLFDO DSHUWXUHV RI

QHLJKERULQJ GULIW WXEHV E\
o90 � 3DUDPHWHUV RI WKHVH

V\VWHPV DUH SUHVHQWHG LQ 7DEOH � DQG ��
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 )LJXUH �� $ JHQHUDO YLHZ RI DFFHOHUDWLQJ�IRFXVLQJ

FKDQQHO DQG LWV SDUWLWLRQLQJ LQWR HOHPHQWDU\ VHFWLRQV IRU

D PDWUL[ DQDO\VLV �XSSHU GUDZLQJ�� DQG DQ H[DPSOH RI D

WHFKQLFDO UHDOL]DWLRQ RI �K\EULG��W\SH IRFXVLQJ ZLWK

QXPEHULQJ RI SHUPDQHQW PDJQHWV �ORZHU GUDZLQJV��

$ �K\EULG��W\SH IRFXVLQJ SURYLGHV DQ DGGLWLRQDO GHJUHH

RI IUHHGRP IRU DQ RSWLPL]DWLRQ RI IRFXVLQJ SDUDPHWHUV�

7KH JUDGLHQWV RI HOHFWULFDO DQG PDJQHWLF OHQV FDQ EH

YDULHG IURP ]HUR WR D PD[LPXP YDOXH�

$W LGHQWLFDO OHQJWKV RI DFFHOHUDWLQJ JDSV� YLHZ RI D

VWDELOLW\ GLDJUDP ZLOO FKDQJH GXH WR D UHGXFWLRQ RI D

IRFXVLQJ SDUDPHWHU IRU 5) HOHFWULFDO OHQVHV� EHFDXVH

βE′∝Λ2 � )RU H[DPSOH� DW 005.0=β � WKH VWDELOLW\

GLDJUDP LV QHDU WKH VDPH DV D GLDJUDP ZKHQ PDJQHWLF

OHQVHV DUH DEVHQW� $W LQFUHDVLQJ β � D VWDELOLW\ GLDJUDP

EHFRPHV FORVH WR D GLDJUDP IRU PDJQHWLF TXDGUXSROH

V\VWHP ZLWKRXW 5) TXDGUXSROHV� )LJXUH � VKRZV VWDELOLW\

GLDJUDPV RI D FRQYHQWLRQDO PDJQHWLF�TXDGUXSROH

IRFXVLQJ V\VWHP DQG D VWDELOLW\ GLDJUDP RI D �K\EULG��

W\SH V\VWHP DW GLIIHUHQW β � 7KH IRFXVLQJ SDUDPHWHU RI

PDJQHWLF TXDGUXSROHV LV XVHG DV DQ RUGLQDWH�

$Q DSSOLFDWLRQ RI WKH �K\EULG��W\SH V\VWHP H[WHQGV D

YHORFLW\ RI IRFXVHG LRQV ZLWKRXW D FKDQJH RI IRFXVLQJ

V\VWHP SDUDPHWHUV� ,W SURYLGHV D SRVVLELOLW\ RI

RSWLPL]DWLRQ RI DQ DFFHOHUDWRU LQ WHUPV RI D UDGLDO

PRWLRQ�

$&.12:/('*(0(176

7KH DXWKRUV H[SUHVV WKDQNV WR 0U� 9�.XHYGD IRU KHOS

ZLWK QXPHULFDO FDOFXODWLRQV�

 7DEOH �� 3DUDPHWHUV RI D FRQYHQWLRQDO PDJQHWLF�

TXDGUXSROH IRFXVLQJ V\VWHP ZLWKRXW 5) TXDGUXSROHV

 6HFWLRQ
1R�

 7\SH RI VHFWLRQ 7KH VHFWLRQ

OHQJWK� FP

 �  ��� RI IRFXVLQJ OHQV  �
 �  'ULIW VSDFH  �
 �  7KLQ�JDS  �
 �  'ULIW VSDFH �

 �  'HIRFXVLQJ OHQV  �
 �  'ULIW VSDFH �

 �  7KLQ�JDS  �
 �  'ULIW VSDFH �

 �  ��� RI IRFXVLQJ OHQV �

 
 7DEOH �� 3DUDPHWHUV RI D �K\EULG��W\SH V\VWHP

 6HFWLRQ
1R�

 7\SH RI VHFWLRQ /HQJWK�

FP

 �  ��� RI PDJQHWLF IRF� OHQV  �
 �  (OHFWULFDO GHIRFXVLQJ OHQV  �
 �  7KLQ�JDS  �
 �  (OHFWULFDO IRFXVLQJ OHQV �

 �  PDJQHWLF GHIRFXVLQJ OHQV  �
 �  (OHFWULFDO IRFXVLQJ OHQV �

 �  7KLQ�JDS  �
 �  (OHFWULFDO GHIRFXVLQJ OHQV �

 �  ��� RI PDJQHWLF IRF� OHQV �
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 )LJXUH �� 7KH VWDELOLW\ GLDJUDP IRU D FRQYHQWLRQDO

PDJQHWLF TXDGUXSROHV DQG �K\EULG��W\SH V\VWHP�

5()(5(1&(6

>�@ $�6KDOQRY� %�%RJGDQRYLFK� $�1HVWHURYLFK� ³6PRRWK
,RQ (QUJH\ 7XQLQJ ,Q /LQHDU $FFHOHUDWRU´� 3URF�
;9,,, ,QW� /LQHDU $FFHOHUDWRU &RQIHUHQFH� *HQHYD�
$XJXVW �����

>�@ ³/LQHDU $FFHOHUDWRUV´ �HGLWHG E\ '�9� .DUHWQLNRY HW
DO�� 0RVFRZ� *RVDWRPL]GDW� ���� �LQ 5XVVLDQ��

>�@ $�'�9ODVRY� ³7KHRU\ RI OLQHDU DFFHOHUDWRUV´�
0RVFRZ� $WRPL]GDW� ���� �LQ 5XVVLDQ��

>�@ 2�$�9DOGQHU� $�'�9ODVRY� $�9�6KDOQRY� ³/LQHDU
DFFHOHUDWRUV´� 0RVFRZ� $WRPL]GDW� ���� �LQ
5XVVLDQ��
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