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� � � � ) 2 . ) Q � ) � , E =  ; 0 � � � � � � " � ( ( ( ) 0 = �  0 ,  � %  ( � � �  �  2 � � ) � "  � ? ) , � . 0 U

V � ) � � % ) . � ) �  � . � ) . � . 0 � � 2  . ; 0 � �  � � 0 . )

FA(t) = �

∫
dωeiωtα(ω + ωA∗A)

FD∗(t) = �

∫
dωeiωtσ(ωD∗D − ω)

0 � = " ) � � = ∫
dt ei(ωA∗A−ωD∗D)tFA(t)FD∗(t)
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= �
2

∫
dt ei(ωA∗A−ωD∗D)t

∫ ∫
dωdω′ ei(ω+ω′)tα(ω + ω)σ(ωD∗D − ω′)

= 2π�
2

∫ ∫
dωdω′δ(ω + ω′ + ωA∗A − ωD∗D)α(ω − ωA∗A)σ(ω′ − ωDD∗)

= 2π�
2

∫
dω α(ω)σ(ω)

� � � � � � � � � � � � ! � � % ! ( � + � % � � . ( � � 2 % 3 + � � � 7 � � 2 8 � � � � � + � 7 � 2 : 3 � � � � � � % � +

� 7 � 2 ! ! � � � � � 3 7 � � = ? : � 2 � = � % . � � E 2 G � = � % . � 7 I

� � . � � � � J K � L % � � . ( � � 2 % 3 + � �

D

D*
A*

A

α
(A

)
σ(

A
)

σ
(D

)

α
(D

)

ω ω

� � % 3 � ? � � % � E � % � � . ( � � 2 % 3 + � � � % � 7 � � � � � = � � 3 � 2 � � I � � � � � 7 � � � 2 % 3 � � � � % 3 2 � �

� � � � ! 2 = = ( % � � 2 = = � E � ? 2 % ? � 7 � � 2 � � � 3

k =
1
�2

∫
dt < V (t)V (0) >

U 7 � � % � � � 2 ! � � � % � � � � 2 � � � % � E ! 7 2 % . � 3 � 7 � � = � ! � � � % � ! 3 � 2 � � � + : � � 7 � � = � ! � = � 3

3 � � � = � 2 % � � � 3 = ( 2 % ? ! 2 % : � E � � � � � % 2 3 � �

V = |D∗ > |A > Vexc < A ∗ | < D| + h.c.

2 % ? � 7 � � 2 � � : � ! � � � 3 � % � 7 � 3 � 2 � � ! ! 2 3 � �
Vexc = const

�

k =
1
�2

∫
dt < D∗; nD∗| < A; nA|e− it

�
H0V e

it
�

H0V |A; nA > |D∗; nD∗ >
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∫
dt < nD∗| < nA|e− it

�
(E(D∗A)+HD∗+HA)e

it
�

(E(DA∗)+HD+HA∗)|nA > |nD∗ >

=
V 2

exc

�2

∫
dt e−

it
�

(E(D∗A)−E(DA∗)) < nD∗|e− it
�

HD∗e
it
�

HD |nD∗ >< nA|e− it
�

HAe
it
�

HA∗ |nA >

=
V 2

exc

�2

∫
dt e−it(ωD∗D−ωA∗A)FD∗(t)FA(t)

� � � � � � � � � ! # � � ' � * + ! - . - � � � � ! � - � ! � 2 4 ! � � � � . 6 8 : � � � 2 � � - . 6 � � � 6 - � ! + � - � . 6 � �
! � 4 * + � � ? A # - � � � 2 � � + 6 D � � . F 4 * � 6 D ' + - ! � 2 � * � ' � 6 - + 6 ? - � � � . 6 � . * F - � . 6 . J - � �
. 4 - � � + * � 4 � � - ! + � � ! � 4 * + � � ? A # - � � � . 6 � . * F - � . 6 . J - � � � ! + 6 � Q R � . 6 ? . 6 � � � D � - � ?
? � 6 � � - � � � . J � - + - � � 8

� � � � V X Y Z [ Z ] ^ Z ] Z [ � ` ^ [ b ] c d Z [

� J - � � � 2 � � - . 6 � � � . F 4 * � 6 D � � * + ! D � � . ' 4 + ! � ? - . � F � - F + - � . 6 � . J - � � � 2 � � - + - � . 6
� 6 � ! D � � � ! + � . � � ! � 6 - � 2 � � - + - � . 6 . J - � . . ! ' . ! � ' . * � � F * � � � + 6 A � D � 6 � ! + - � ? 8

k l # k # l n o p q r s t v w q x y t z { { | } z p n

% � - F � � . 6 � � ? � ! + ? � ' � ! � . 6 � � � - � 6 D . J - � . � - ! . 6 D * # � . F 4 * � ? ' . * � � F * � � � + 6 ? '

+ � � 6 - � � ! � + � - � . 6 � � 6 - � ! . J 4 � . - . � # 6 - � � � � � 8 : � � - � . � 2 � � - � ? � - + - � �

|A ∗ B >, |AB∗ >

+ ! � ' � 2 � ? ? F � - . - � � � 2 � � - . 6 � � � 6 - � ! + � - � . 6 8 : � � � � D � 6 � - + - � � + ! � D � � � 6 A # - � �
� � D � 6 � � � - . ! � . J - � � ' + - ! � 2

(
EA∗B V

V EAB∗

)
� . ! + � # ' ' � - ! � � ? � ' � ! - � � ? � + D . 6 + * � 6 � ! D � � � � + � � - � � � + ' � � + * F � + 6 ? - � � � � D � 6 R
� � � - . ! � � + 6 A � � � + ! + � - � ! � ) � ? + � � # ' ' � - ! � � . ! + 6 - � � # ' ' � - ! � �

(
1√
2

− 1√
2

1√
2

1√
2

)(
EA∗B V

V EA∗B

)( 1√
2

1√
2

− 1√
2

1√
2

)
=
(

EA∗B − V
EA∗B + V

)

: � � - � . � 2 � � - . 6 � � � - + - � � + ! � � 4 * � - A #
2V

� � 8 : � � - ! + 6 � � - � . 6 ? � 4 . * � � . J - � �
- � . ? � ' � ! A + 6 ? � + ! � D � � � 6 A #

µ± =
1√
2
(µA ± µB)

+ 6 ? - � � � 6 - � 6 � � - � � � A #

|µ±|2 =
1
2
(µ2

A + µ2
B ± 2µAµB)
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 � � 
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� � � � � � � �  " � % ' ( % �  �
µ2

A = µ2
B = µ2 � + (

|µ±|2 = µ2(1 ± cosα)

- .  �  
α

(  + � "  � " .  � + 3 4  6  " -   +
µA

� + (
µB

9 � + ' � �  � < � + � > > � � ? % � � "  4 �

C2
� � � �  " � % ' � " � D ' " D �  " .  ' � � > � +  + " � � <

µA
� + (

µB
� �  < D � " .  � � � �  �  4 � "  (

6 � � � � �  " � � � >  � � " % � + � 9 � < -  ' . � � �  " .  
C2

� ? % � � 4 � + 3 " .  � N � ? % � -  . � Q  


 µBx

µBy

µBz


 =


 −µAx

−µAy

µAz




� + ( " .  �  < � �  

1√
2
(µA + µB) =

1√
2


 0

0
2µAz




1√
2
(µA − µB) =

1√
2


 2µAx

2µAy

0




- . % ' . � . � - � " . � " " .  " � � + � % " % � + " � " .  � " � "  |+ >
% � > � 4 � � % �  ( � 4 � + 3 " .  � � � N

�  " � � � ? % � - .  �  � � " .  " � � + � % " % � + " � |− >
% � > � 4 � � % �  ( >  � >  + ( % ' D 4 � � 4 � 9

� � � " .  � >  ' % � 4 > � % � ( % �  � % + "  � � ' " % � + - % " . % + "  � + � 4 ' . � � 3  " � � + � <  � � " � "  �

|A + B− >
� + ( |A − B+ >

. � � " � 6  ' � + � % (  �  ( 9 � + " .  � % � > 4  � " � � (  4 " .  

< � 4 4 � - % + 3 % + "  � � ' " % � + � � " � % ?  4  �  + " � � �  % � > � � " � + " 9

� % 3 D �  � � [ �  ? "  + (  ( ( % �  � � � (  4

A*B AB*

A+B− A−B+

V

UL
U

LU H

\ .  4 � ' � 4  ? ' % " � " % � +
A∗B

% � ' � D > 4  ( " � " .  � \ � " � "  
A+B− 6 � " � � + � <  � � % + 3

� +  4  ' " � � + 6  " -   + " .  " - � � � �  ^

< A∗B|H |A+B− >=
1
2

< (A∗↑A↓−A∗↓A↑)B↑B↓H(B∗↑A↓−B∗↓A↑)B↑B↓ >

= HA∗,B∗ = UL
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E

α

absorptionexcitonic splitting
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� � � � � � � � � ! # � � � �
A − B+

& ( � ) � � # + � ) ) . � 0 � � � 2 � 3 � ) � � & � � 6 � � � � � � � � � � #

< A∗B|H |A−B+ >=
1
2

< (A∗↑A↓−A∗↓A↑)B↑B↓H(A∗↑B↓−A∗↓B↑)A↑A↓ >

= −HA,B = UH

9 . ; . 2 � ) 2 ( � � � # � 3 � � � 2 � 3 � 2 � B 3 . � � � . � � 3 � D E 2 � # � � � � � � ! # � � � � # & (

< AB∗|H |A+B− >=
1
2

< (B∗↑B↓−B∗↓B↑)A↑A↓H(B∗↑A↓−B∗↓A↑)B↑B↓ >

= −HA,B = UH

< AB∗|H |A−B+ >=
1
2

< (B∗↑B↓−B∗↓B↑)A↑A↓H(A∗↑B↓−A∗↓B↑)A↑A↓ >

= HA∗,B∗ = UL

! � � . � � � ) � 3 � . � � � + � � � + � D ) # � � � � # . # # D ; ; � ) � � � � & ( � � � ; � � ) . B

H =




EA∗B V UL UH

V EB∗A UH UL

UL UH EA+B−
UH UL EA−B+




N 0 � . � + � ) � # ( ; ; � � ) . 3 � . ; � )
EB∗A = EAB∗

� � �
EA+B− = EA−B+

� � �

� � � . � � � ) � 3 � . � � ; � � ) . B 3 � � & � # . ; E 2 . � � � & ( � ) � � # + � ) ; . � 0 � � # ( ; ; � � ) . � � � & � # . #

+ D � 3 � . � � # 6 . � � � � � � ) � � # + � ) ; � � . � � ; � � ) . B

S =




1√
2

1√
2

− 1√
2

1√
2

1√
2

1√
2

− 1√
2

1√
2




! � � � ) � � # + � ) ; � � . � � 0 . X � #

S−1H S =




E∗ − V UL − UH

E∗ + V UL + UH

UL − UH ECT

UL + UH ECT




6 � � ) � � � � # � � � � # � + � . � � ) � � � # ( ; ; � � ) ( � ) � � � 3 � D E 2 � �

H+ =
(

E∗ + V UL + UH

UL + UH ECT

)
H− =

(
E∗ − V UL − UH

UL − UH ECT

)
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+
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Rn = R


 cos(2π n/N)

sin(2π n/N)
0


 n = 0, 1 · · ·N − 1

G S � A S A % D % K " C l � G � � # # � D G � # S # S � S � K T C O % � C # % # � C D ! % # � � \

SN =


 cos(2π/N) − sin(2π/N)

sin(2π/N) cos(2π/N)
1




% "


Rn = Sn
N


R0

R0 =


 1

0
0




� � � � � � � � � � A � � A � K % � % � � � � � % # �

CN

x

y
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µn = Sn
N
µ0

�  " 5 ( � , ( % " % � , � � � � � " � � ( �  " � � � � " � � � � < � � � � �  " � � � " A ( � � � � � ( % ( � " � �

µn,z = µ0,z

D  " � " � � A ( � �  " 5 ( � , ( % " % � � % �  " , " , " % * � 5 I � � � , � � % "

(
µn,x

µn,y

)
=
(

cos(n2π/N) − sin(n2π/N)
sin(n2π/N) cos(n2π/N)

)(
µ0,x

µ0,y

)
� " * " � 5 � � 3 " �  " ( � � " % � � � � ( % ( A


µ0
� % �  " < J � , � � % " 3 � � % � % 0 � "

φ0
�

(
µ0,x

µ0,y

)
= µ⊥

(
cos(φ)
sin(φ)

)
N  " % D "  � 1 "

(
µn,x

µn,y

)
= µbot

(
cos(φ + n2π/N)
sin(φ + n2π/N)

)

� � 0 I � " � � � � ( � � " % � � � � ( % ( A �  " � � � % � � � � ( % * � , ( � " �

x

y

φα

φ+α

� " * " % ( � " �  " � ( 5 � � " < 5 � � � � � ( % ( A �  " % J �  � ( � " 5 I � " 3 �

|n >= |A0A2 · · ·A∗
n · · ·AN−1 >

� I " � ( �  " � � � � " � � � ( A �  " � � � � " � �  " " < 5 � � ( % � 5 � % � " � � 5 � � ( % � � � % 1 � � � � % �

� 0 � � % � � �  "
SN

� ( � � � � ( % � % * �  " � " A ( � "

< m|V |n >=< m − n|V |0 >=< 0|V |n − m >

� � �  ( I � � % � � 0 % " � � 5 � " � * �  " 5 ( I , � � % 0 � � � � � < " � " � " % � � 5 � % 3 " 5  ( ( � " % � " � �

� % * * " , " % * ( % � � ( % |m − n| ] � � �  � % �  " * � , ( � " J * � , ( � " � , , � ( < � � � � � ( % D "  � 1 "

A I � �  " � � ( � "

V|m−n| =< m|V |n >=

=
e2

4πε|Rmn|5
(
|Rmn|2
µm
µn − 3(
Rmn
µm)(
Rmn
µn)

)
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Rmn = 
Rm − 
Rn = (Sm
N − Sn

N )
R0 = Sn
N (Sm−n

N − 1)
R0

|Rmn| = R

∣∣∣∣∣∣

 cos((m − n)2π/N) − 1 sin((m − n)2π/N)

− sin((m − n)2π/N) cos((m − n)2π/N) − 1
0




 1

0
0



∣∣∣∣∣∣

= R| cos((m − n)2π/N) − 1|
� � �


µm
µn = (Sm
N 
µ0)(Sn

N
µ0) = µT
0 Sn−m

N µ0

=
(

µx µy µz

) cos(2π(n − m)/N) sin(2π(n − m)/N)
− sin(2π(n − m)/N) cos(2π(n − m)/N)

1




 µx

µy

µz




= µ2
z + (µ2

x + µ2
y) cos(2π(n − m)/N)

� � � � � � ! ! $


Rmn
µm =
(
(Sm

N − Sn
N )
R0

)
Sm

N 
µ0

= RT
0 (S−m

N − S−n
N )Sm

N µ0 = RT
0 (1 − Sm−n

N )µ0

= µx(1 − cos(2π(m − n)/N)) − µy sin(2π(m − n)/N))


Rmn
µn =
(
(Sm

N − Sn
N )
R0

)
Sn

N
µ0

= RT
0 (S−m

N − S−n
N )Sn

Nµ0 = RT
0 (Sn−m

N − 1)µ0

= µx(cos(2π(m − n)/N) − 1) − µy sin(2π(m − n)/N))
� � � & ( � + , � � . / & 1 3

(
Rmn
µm)(
Rmn
µn) = (µx(1 − cos) − µy sin)(−µx(1 − cos) − µy sin)

= µ2
y sin(2π(m − n)/N)2 − µ2

x(1 − cos(2π(m − n)/N))2

4 ( � 1 � & � , � / & 1 � � = � & , 1 @ ( � 3 & ( � C � , =

H =




E0 V1 V2 · · · V2 V1

V1 E1 V1 · · · V3 V2

V2 V1

E E E
EEE

EEE
EEE

V2

V2 V3 V1

V1 V2 · · · V2 V1 EN−1




� . � & � & ( � 3 $ = = � & , $ & ( � � @ / 1 & � � 1 / � � J � C . � / & 1 � � 3 � , � � � 3 1 ! $ / � � 3 & , . / & � � � 3

|k >=
1√
N

N−1∑
n=0

eikn|n >
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k =
2π

N
l l = 0, 1, · · ·N − 1

< k′|H |k >=
1
N

N−1∑
n′=0

N−1∑
n=0

eikne−ik′n′
< n′|H |n >

=
1
N

N−1∑
n′=0

N−1∑
n=0

eikne−ik′n′
H|n−n′|

� � � � � � � � � "

m = n − n′
� # % " �

< k′|H |k >=
1
N

N−1∑
n=0

n−N+1∑
m=n

ei(k−k′)n+ik′mH|m|

= δk,k′

N−1∑
m=0

eik′mH|m|

= δk,k′ (E0 + 2V1 cos k + 2V2 cos 2k + · · ·)
� # ( " ) " , . � � " 0 # � " � � 4 , 7 � � % � " � � � � 4 � " 4 ( " , # � 7 " % " , " ( 4 � " � � " ( " 4 � = # ( 4 0 0

# = � � " # � � " ( � � 4 � " �

Ek = EN−k = E−k

� � % � ( " � � @ � " B C � � # , 7 � � E " ( � � # , ( " 0 4 � � # ,

k

0

9
8
7
6

5

2
1

4

3

11=−1
12=−2
13=−3

14=−4

13=−5

12=−6
11=−7
10=−8

E(k)

G � " � ( 4 , � � � � # , 7 � E # 0 " � # = � � " K L � � 4 � " � 4 ( " % � ) " , � P


µk =
1√
N

N−1∑
n=0

eikn
µn =
1√
N

N−1∑
n=0

eiknSn
N
µ0
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=
1√
N

N−1∑
n=0

eikn


 µx cos(2π n/N) + µy sin(2π n/N)

µy cos(2π n/N) − µx sin(2π n/N)
µz




� � � � � � � � � �  " � $ � $ � & � � * , �

1√
N

µz

N−1∑
n=0

eikn =
√

Nµzδk,0

� � � � � � - � . � � �  " � $ � $ � & � 4 $ � � � 8 9 � � � �  " ; � - , * � 4 * @ ; � A

µk,± =
1√
2
(µk,x ± iµk,y) =

=
1√
N

N−1∑
n=0

eikn
(

1√
2

± i√
2

0
) cos( 2πn

N ) − sin( 2πn
N )

sin(2πn
N ) cos( 2πn

N )
1




 µx

µy

µz




=
1√
N

N−1∑
n=0

eikn
(

1√
2
e±i2nπ/N ± i√

2
e±i2nπ/N 0

) µx

µy

µz




=
1√
N

N−1∑
n=0

ei(k±2π/N)
(

1√
2

±i√
2

)( µx

µy

)

=
√

Nδk,±2π/Nµ±
& 4 � �

µ± =
1√
2
(µx ± iµy)
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pol
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, . 0 2 4 6 . 7 . : ; = 0 ? 7 4 A 6 C E F H 2 0 I � � � � C E A 7 : 4 A ? : ; 4 A 6 E L A 4 A 0 M 0 : O 2 P C E Q H 2 0 R C . 2 E ; E T
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Q A 4 7 ? L E ; F 4 A 6 : R 4 F 0 ; M 4 2 2 a 0 R 0 A E 7 0 R : ?
α, β

^

� 4 6 Q ; 0 � � d �  E R 0 2 E L 7 . 0 : ; ; : A 6 0 F 0 A 7 E L ! " � 2 ? L E ; 7 . 0 � � g E L � $ � 	 � 
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x

y

ν
ν

α1
R

Rβ

α

1 φβ

φα

β
9

y
x

z

β

α1

θ θ β1

, . 0 : ; ; E M ? ; 0 H ; 0 ? 0 A 7 7 . 0 7 ; : A ? 4 7 4 E A R 4 H E 2 0 F E F 0 A 7 ? E L 7 . 0 ! " . 2 F E 2 0 C Q 2 0 ? ^

Rα
* g d ^ k � +

Rβ
* g � ^ g � +

ν = 10.3o +
φα = −112.5o +

φβ = 63.2o +
θ = 84.9o ^

, . 0 7 ; : A ? 4 7 4 E A R 4 H E 2 0 F E F 0 A 7 ? : ; 0


µn,α = µ


 sin θ cos(n 2π

N − ν + φα)
sin θ sin(n 2π

N − ν + φα)
cos θ


 = µSn

NRz(−ν + φα)


 sin θ

0
cos θ





µn,β = µ


 sin θ cos(n 2π

N + ν + φβ)
sin θ sin(n 2π

N + ν + φβ)
cos θ


 = µSn

NRz(+ν + φβ)


 sin θ

0
cos θ




L ; E F M . 4 C . M 0 : 2 ? E - A R 7 . 0 ; 0 2 : 7 4 E A


µn,β = Rz(2ν + φβ − φα)
µn,α

M 4 7 . 7 . 0 0 I H 0 ; 4 F 0 A 7 : 2 = : 2 Q 0

2ν + φβ − φα = 196.3o

M . 4 C . 4 ? = 0 ; P C 2 E ? 0 7 E 7 . 0 = : 2 Q 0 E L
180o + 20o M . 4 C . M 0 M E Q 2 R 0 I H 0 C 7 L E ;

: C 4 ; C 2 0 M 4 7 .
C18

T ? P F F 0 7 ; 4 C : 2 H E ? 4 7 4 E A ? a Q 7 : 2 7 0 ; A : 7 4 A 6 7 ; : A ? 4 7 4 E A R 4 H E 2 0 R 4 ; 0 C T

7 4 E A ? ^
. 0 . : = 0 7 E R 4 ? 7 4 A 6 Q 4 ? . 7 . 0 L E 2 2 E M 4 A 6 4 A 7 0 ; : C 7 4 E A F : 7 ; 4 I 0 2 0 F 0 A 7 ? a 0 7 M 0 0 A

7 M E F E A E F 0 ; ? 4 A R 4 / 0 ; 0 A 7 Q A 4 7 C 0 2 2 ? �

Vα,α,|m|, Vα,β,m = Vβ,α,−m, Vα,β,−m = Vβ,α,mVβ,β,|m|
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Vαα1

α
1

β 1α
2β

2

α
N

β
N

V
ββ1

VdimVβα 1

Vαβ 1

( * � � & , � � . / , � 1 & " . , � � 5 1 6 1 & �  � " � � � :

(
Eα Vdim

Vdim Eβ

)
( * � ; . = � 6 � & / , � 1 & * . : , 1 B � � � & � � . D � � �  . :

|k, s >=
1√
N

N−1∑
n=0

eikn(Csα|nα > +Csβ |nβ >)

< k′s′|H |ks >=

=
1
N

N−1∑
n=0

N−1∑
n′=0

ei(kn−k′n′) (Cs′αCsαHαα|n−n′| + Cs′βCsβHββ|n−n′| + Cs′αCsβHαβ(n−n′) + Cs′βCsαHβα(n−n′)
)

=
1
N

(
Cs′α Cs′β

)N−1∑
n=0

N−1∑
m=0

ei(k−k′)n+ik′m
(

Hαα|m| Hαβm

Hβαm Hββ|m|

)(
Csα

Csβ

)

= δk,k′
(

Cs′α Cs′β
)( ∑N−1

m=0 eikmHαα|m|
∑N−1

m=0 eikmHαβm∑N−1
m=0 eikmHβαm

∑N−1
m=0 eikmHββm

)(
Csα

Csβ

)
( * � / 1 � � / � � & , :

Csα
. &  

Csβ
. � �  � , � � " � & �  B I  � . � 1 & . D � � . , � 1 & 1 6 , * � " . , � � 5

Hk =
(

Eα + 2Vαα,1 cos k + · · · Vdim + eikVαβ,1 + e−ikVαβ,−1 + · · ·
Vdim + e−ikVαβ,1 + eikVαβ,−1 + · · · Eα + 2Vββ,1 cos k + · · ·

)
� 6 ; � / 1 & : �  � � 1 & D I � & , � � . / , � 1 & : B � , ; � � & & � . � � : , & � � � * B 1 � � : , * � : : � " T D � � � : , 1

Hk =
(

Eα Vdim + e−ikW
Vdim + eikW Eβ

)
; � , *

W = Vαβ,−1

; � , * , * � V � � � & = . D � � :
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Ek,± =
Eα + Eβ

2
±
√

(Eα − Eβ)2

4
+ V 2

dim + W 2 + 2VdimW cos k

� � � � � � � � � ! # � $ � � ' ) � ! + ' ! � ! + . 0 2 3 # � � � � � .
Eα = Eβ

5 ! � ' $ ! 2

Ek,± = Ea ±
√

V 2
dim + W 2 + 2VdimW cos k

8 � : � � ! ; � . ! � = ! � � ' + 2 8 + ! � � � � � 2 # � $ � �

1√
2

(
1

±e−iχ

)
, V + e−ikW = |V + e−ikW |eiχ

@ � ! � + 8 � 2 � � � ' � : � 3 ' # ! 2 ) ' # # ' � ) + ' $


µk,± =
1√
2N

N−1∑
n=0

eikn(
µn,α ± e−iχRz(2ν + φβ − φα)
µn,α)

=
1√
2N

(1 ± e−iχRz(2ν + φβ − φα))
N−1∑
n=0

eiknSn
N
µ0,α

8 � : 2 � $ � # 8 + 2 ! # ! � � � ' � + I # ! 2 8 2 ) ' + � � ! 2 � $ 3 # ! + � � . 2 0 2 � ! $ ) ' # # ' � ) ' + � � ! 2 ! � ' � :

) 8 � � ' +

1√
N

N−1∑
n=0

eiknµ0,z =
√

Nδk,0µ cos θ

(
1√
2

±i√
2

) 1√
N

N−1∑
n=0

eiknSn
N
µ0,α =

√
Nδk,±2π/Nµ sin θe±i(φα−ν)

@ � ! � + 2 � ) 8 � � ' + : ! � ! + $ � � ! 2 � � ! : � 2 � + � 5 I � � ' � ' ) � � � ! � 2 � � 0 8 $ ' � . � � ! � 8 � : R

2 � 8 � ! 2 S � � � � ! # � $ � �
V = W

� ! � 8 = !

V + e−ikW = (1 + e−ik)V = e−ik/2(eik/2 + e−ik/2)V = eik/22V cos k/2

8 � : � ! � � !

χ = k/2
8 � : � � ! � + 2 � ) 8 � � ' + 5 ! � ' $ ! 2

1√
2
± 1√

2
e−ik/2


 cos(π + 2π/2N) − sin(π + 2π/2N)

sin(π + 2π/2N) cos(π + 2π/2N)
1




=
1√
2
∓ 1√

2
e−ik/2


 cos(2π/2N) − sin(2π/2N)

sin(2π/2N) cos(2π/2N)
1




� ' + � � ! � R � ' $ 3 ' � ! � � � � ! 2 ! # ! � � � ' � + I # ! ' ) Z � [ � $ 3 # � ! 2
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µz,+ =
√

2Nδk,0µ cos θ, µz,− = 0

� � � � � � �  " $ " � $ " � � * , . / � � , � 1 $ � � " � � 4 5 " , � � 4 * � " �

1√
2
(µk,x+iµk,y) =

(
1√
2

i√
2

, 0
)( 1√

2N
(1 ± e−ik/2Rz(2ν + φβ − φα))

N−1∑
n=0

eiknSn
N
µ0,α

)

8  " � � 4 � $ � � �

(
1√
2

i√
2

, 0
)( 1√

2N
(1 ± e−ik/2Rz(2ν + φβ − φα))

)
< * > " 4

(
1√
2

i√
2

, 0
) 1√

2
∓ 1√

2
e−ik/2


 cos(π/N) − sin(π/N)

sin(π/N) cos(π/N)
1






=
1
2
(1 ∓ eiπ/N−ik/2)

(
1 i 0

)
� � �  " � , "

1√
2
(µk,x + iµk,y) =

1
2
(1 ∓ eiπ/N−ik/2)

(
1 i 0

)N−1∑
n=0

eiknSn
N
µ0,α

=
1
2
(1 ∓ eiπ/N−ik/2)

√
2Nδk,2π/Nµ sin θei(φα−ν)

5  * ,  * 4 � " � � � � � �  " . $ $ " � , � 4 " � � 4 � � � " 4 � � � �

1√
2
(µk,x + iµk,y)

√
2Nδk,2π/Nµ sin θei(φα−ν)

� � � �  " / � 5 " � , � 4 " � E 4 � � � " 4 �
F * 1 * / � � / I 5 " � � �

1√
2
(µk,x − iµk,y)

√
2Nδk,2π/Nµ sin θe−i(φα−ν)

� � � �  " � E 4 � � � " 4 �
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H =
N−1∑
n=0

|n > (E0 + δEn) < n| +
N−1∑
n=0

N−1∑
n′=0,n′ �=n

|n > Vnn′ < n′|

E ) + 1 / � + " � + � � � R " 5 � 4 1 "
δEn

= 5 � E 5 / � � / " " � 8 � � 1 ) 5 / ? � / 3 / � " " � / + � � " 1 � � U � 1 � ) +
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