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!"#AÆe VªÅ-.!Wx qMN78?-Q'ÒÓ?�#?W2x 5ªÅ-
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!"#$%&'()*%+,-%#.%/012(8-9)")*345%67#!

28+9*:;,#$(2 x %<=>%?@ABC*3-D2EF(GHIJ

#$KLMNHO(PCQR(ABC*3 

! S=,EF#. Eex2,E(GHIJ#$KLMNHO(PNHNTR%+9

DU,V%WX+2YZ@[\%+,EF(1;(]^1_*QR(#$K`

MC*WXKab*3cdH,EF#. Eex:;#$@ef*?,(-e)Eex,2 x

g%8=>+)fDU);)\3h:;,EF#. Eex%>02 x g%<=>

+9*3iN,EF#.%>0@,x g%8=>);,EF(GHIJ#$%

MjKLMN,O(PNHNTRklN:mJ)\3TJ,EF#. Eex@no

);U,pD2q8-3 +rsNJWX+,GHIJ#$2#.+`M1D*-"

iLM1D*-"i)\. -%tu%vw2x 8-8+iyzNH\*3 

! NJ@dH,#$@EF#."{|#.:;ef*? (fe) 2, 

!   

! 

fe = ("e)E = ("e)("Eex ) +
1

4#$
0

("e)(+e)

(2x)
2

! 

= eE
ex
"

1

4#$
0

e
2

(2x)
2

          (8-10) 

+9*3 

 -%#$(}~?

! 

fe = ("e)E(����K�fH,[��:; xT+��CD

U,pD2E?@#$(�dJ���)��,��,#$%��������

��� (!e)"+9*3 

! ! ! !   

! 

(" fe )dx =
#

x

$ eE
#

x

$ dx = ["eEex +
1

4%&
0

e
2

(2x)
2
]dx

#

x

$  

EF#.2��%�~% x :;�N'DJ d T+2S�+,-DQ��\" 

"ab*3h:;, 

        

! 

("eE
ex

#

x

$ )dx = ("eE
ex
)

#

d

$ dx + ("eE
ex
)dx

d

x

$ = "eE
ex
(x " d) = "eE

ex
x + C  

+9*3C2�¡+9*3S=,{|#!(Q*F�2, 

! ! ! !

! 

e
2

16"#
0

1

x
2
dx

$

x

% =
e
2

16"#
0

&
1

x $

x

=
&e2

16"#
0
x

 

")*3¢(,#$%����������� (!e)" 2, 
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! ! ! !

! 

("e)# = (" fe )dx =
$

x

%  " eEex x + C "
e

2

16&'0x
 

!"#$%&'()*+,-./-012345#67!89:;'<=>:

?@-A7BCDEF#!: 

! ! ! !

! 

("e)# = w " eE
ex
x "

e
2

16$%0x
                               (8-11) 

!GH4I#$;J>KL%M'NOCPQ8RS:TU45# xV34'%&

'()*+,-./-01 (!e)"! 2:?@-A7BWXYZ[\ w ]^_`

ab7B45#!cd8R;!CefF#$KL%M'NO>:x 23ghi

jgkJ9lIj"#2:Gm4'()*+,-'no"pq>PQ8Rcd

45#$r'stCu 8-8gvwxgyF$ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(8-11)gWJz:%&'()*+,-./-01 (!e)"! >Gmh{4|l}C

~k;!g"#$(8-11)'��C x4��89:|l}'B�C��#$��: 

! ! !   

! 

d("e)#

dx
= "eE

ex
+

e
2

16$%0x
2

= 0! ! � !  

! 

x =
1

4

e

"#
0
E
ex

!   ! (8-12) 

 

?@-A7B 

! ! 3 

(!e)" 

YZ[\:w 

x 

x=0 
%B 
! " 

Eex>0 

Eex=0 

Eex<0 

(!e)" 

ab7B 

u 8-8.! �'��%<'�!4P��o���Gmg%&2�h

F#�'%&'()*+,-./-0�$��%<P`<=g��

9()*+,-��2�j"#$ 

! 

e
3
E
ex

4"#
0

 



 110 

!"#$%& x&'((8-11))*+,-./(!e)"! &01'234-#$ 

! ! !   

! 

[("e)#]
(max)

= w "
1

4

e
3
E
ex

$%
0

"
1

4

e
3
E
ex

$%
0

= w "
e

3
E
ex

4$%
0

 

5)/!!!!!!

!!!!!!!!

! 

w " [("e)#]
(max)

=
e
3
E
ex

4$%
0

                                (8-13) 

6 8-8)789:;<)/

! 

E
ex

= 0&=>?@&AB)CDE/(8-13)&FGH/

IJK,LM)NOE&PQRST"OEU#$%-RVWLA);OEXY

Z[\]PQ2S^9/LMRIJK9_T"#%!(`a,#$[bcde

fgh!i.-#$ 

!

! 

E
ex

= 0&AB7jkE/lmLn);#(!e)"o&pqR, (8-11)&rst&

! 

"e
2
/(16#$0x)!9Eu)vw,#&x/yYcz{|}~-�x���)�U:

XYZ[\]PQR/��)R}}�}�"��(��/�R�T"OEU#

!��#D�x�#$ 

! ��0�L){,#(8-11~13)R, ����"�hx�#$9�9/��&��

0){,#���f�R/(8-11~13)�4R�E2��T� x�"U%!2¡

OEU#$VWLA(1�T9EUO:¢/�LL£R/(8-11~13)�4¤¥¦

-#;§7¨�)1�"'!"#�4x�#$ %&©ªR/«M¬&dZ

®]gh);OE� ¦-#$dZ®]gh);#LM&PQ¯°±R/PQ

&²¦)1�T³�¦-#$´9Uµ�R«M¬&Yeyd)¶·§/¸T

¹º�"� (6 8-9)8,$!  

! VWLA(»�4 Eex1=0 < Eex2 < Eex3! !¼½¾1¦¿E¶T¢/À¹&(!e)"

&'x&XYZ[\]PQ&ÁR, d1(=#) > d2 > d3 !ÂÃ,#$%&¼)VW)

¯°9ET#LMRÄT"#$PQ&Å¦GHxR"T/PQ&Á(Æ¦T,

#%!)VWLA2ÇÈ9EU#$SÉx7VWLA(1�T,-./%&d

Z®]ghxLM2IJK9ET#$ÊË&ÌÍÎ:RÏÌÍ&Ð)ÑUÒÓ

Í(ÔÕVWLÖ(�H-./ÒÓÍ&Ñ×PQ(TØ§ÙH#LM2ÚÛ#$

ÜÝÞßà2áâ9:dZ®]ãäåfæ&çèx�#$Î:/|é]d& 
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!"#$%&'()*+,!-./01234567&89:!;<=>6?

,$&!@ABCD&EFGHIJ$!K<K6?LM,NO:!K<PQ1

:?NO1*+,!-(R*&probe ST76?),U4.VWD&X,Y.Z[

D:<>&\]/0.^_`67&/0,a@bcH,de.Z[D)MS1

:?L̂ _fEFGH!@ghijSTM; Scanning tunneling electron microscopek

,lCam$n?L  

! o-pqrstq1N(u&v!w@<a@xyz{>|z1PQ,}~$�

�46?LM,NO:��%&����1A��<��:�L�@��,EF

GHIJ1N(u��<��1:?L��yz,��!@<|z1��46?

��-�!,��%&M,EFGHIJ<��Du�?L!@A��A�@�

�:����{>$n?L 

 

��H ¡" 

! ! ¢ 

(!e)" 

£¤�¥&w 

x 

x=0 !" 
! " 

Eex2>

0 

Eex1=

0 

Eex3> Eex2>0 

(!e)" 

¦§¡" 

¨ 8-9.! ©:?|z!;(Eex1, Eex2, Eex3),%S$,!@,ª«F

¬H®GH¯°±²,³´4(d1, d2, d3)³,qµLi¶!v1N?

IJA|z!; Eex3,;·A¸¹Du�?L 

d2 
d3 

d1=# 
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!"#$%&'()*+  

! #$'%&,-./ Cu 0 Zn,1()2340,*+567849:;<(

)*+50=/;4918 >?@'ABC(Volda,A.)'DEFGHG;IJ4K

LMN49:'*+5<,%&'OPQR6S%&TUVI#WX,Y;Z

;'%&6[\']1^_:0TU49:'`a1b 8-10-a,-bTcdeT  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

fgBhi+-A 

(!e)" 

OPQR,wA 

x 

*+ 
! " 

jki+ 

b 8-10.! #W4%&'()*+59a: %& A0 B< d<lmno

;IJpX,Y'qr<s;tjki+TN40u49vFv,b: 

wx1()2340yd <z{|2J",(!e)" 'lmW A '*}

'~�<���B��M B T����4U�TW49:'*}'

��<,Y'��, A qr<�T�*v,B qr<�T�*v,

OPQR'5T��u4*�*+567849 

OPQR,wB 

fgBhi+-B 

j 

k 

d 

%&-A %&-B 

a 

 

(!e)" 

OPQR,wA 

x 

*+ 
! " 

%& A'*+"A 
OPQR,wB 

j 

k 

%&-A %&-B 

b 

+ 

+ 

! 

! 

 (-e)"B ! (-e) "A = wB! wA 

%& B'*+"B 

! 

%&'*+ 
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!"#$ 8-10-a,-b%&'()$ 8-7~9*+,-./)01 A)234&56.

/)01 B)23789:;4<=&>?@A>B@AC'D)EF7!<

=GC# 

! AH B)23IJKLM=GCNOP$ 8-10-aQ*%&AH B)23%R4

STUV4WCH"C#X)UV%&YZ75/[\]^JK_`a4WCb

K )cd_YefgIh/ijklmnopnqr(!e)" 4st"C#bK %u

vopnqr7h-_GH)wx*&cd_YefgH%&y)YeH5JK4

LM=z{|)s}~�%��*;CH)wx*WC#|)�6_EF*%&

"=0*WCH<=�G#ijklmn��)�%&'(*��<-YeI>?"

CXH4�C��YZ)��7��<=&gj����)�64���<=�

G=GC#P$ 8-10-aQ)�01IJK4>?"CH&��)��%&01Ye

4H�=��4dGijklmn��H_C#>BE�*�3�� d I�e

� L¡¢4d£_M¤&Ye%¥kpn��*|)��7¦§*;C�64

_CP$ 8-10-bQ# 

! $ 8-10-a *&01)23)YV7STYV4|¨,-©&�01)ª«��

I¬_{&®n¯UVI¬_C°&01±²)Ye)ijklmnopnqr

(!e)" %01 A)aI³G#<]<&��I´GNOP$ 8-10-aQ%¦§*;_

G]^&µGijklmnopnqr)01 B4¶CXH%·¸_G#<]<_

I^&>B<=��Id£_�-NOP$ 8-10-bQ& A )Ye% B 4¶CXH

I·¸C#��)Ye)ijklmnopnqr¹I&Ye¶v)ºv»*W

C#.a&YeI A]^ B4¶v"CXH*01 A�3%¼4½Y<&B)2

3%¾4½Y"C#>B34%Y¿ÀÁÂIÃÄ<&YV%ÅÆÇH_C#

X)Y¿ÀÁÂ4�CYV)ÅÆÇ%&Ye) A]^ BÈ)¶v7ÉÊ"C#

ËÌ&AI B49<=³YV*WCXH%&(!e)("A!"B)<0*W{&A)Ye4

H�=%&A4HÍÎ�-aIÏÐ*WC#Ñ]^&$ 8-10-a*01 A)®

n¯UVI³£&>B@AM¤P$ 8-10-bQÒ]4&01 A)Ye% B4¶v

"CI&Ó©4&X)¶vÔ\IXM7ÉÊ"CY¿ÀÁÂ7ÃÄ@AC#Y

e)¶v%&�a)��IÕÖ"CE�P×ÖE�QIØÙ"CÎ*hÇ"
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!"#$%&'( 8-10-b)*+,-.+/0123456789:;/<=>

?+/0+@AB*C!"/D+EFGHIJKLJMN+12OPQR+17

S!TU3 

             (-e)!B " (-e) !A = wB" wA 

*C!"V+KLJMN12WXYZ[*3OPQR\]^ eV_`07ab" V

`0*+/01(#V)7cde72,f_ e'/<gh)*ijk3 

! ! ! ! ! ! ! #VAB= !A" !B = (wB" wA)/e! ! ! ! ! ! ! ! ! ! ! ! (8-14) 

\S!"V+/0+@ABZlm-.+n+op/01*C!"( 8-10-a,-b

*/02qXYZ[*C!TU3(8-14)+r2qXY_[7:kst!"OPQ

RZuvwxS-. A+yz/0Z B+yz/0uv{|" 

 

 


