
� �� � � � �� � �� 	
 �� �� � � � � � �� � � � � � � � �  � �

 � �  � �� � � �� � � � � � �� �
 �

��� ���� ��� � ���� ��

�� � � � � � � ! � � �! " # � � # � ���� � # $

% �! & #� � � � # �' (� �� ( & � �!

) *+, -. , /10 2 30 4 45



� � � � �� � � ��  � � �

� ' (� � #� � �� � � # � � #� � � (�� (� � % �! � #� �! � �� %	 


� � (� �! � % �� � # �  
� � � �� � ' (�� �� #� � �  #� � ( � �

� �! # � #� � � � �� (� � � � 
 � � � � �� � % �! � #� �! � � �  #� � ( � �

� � � � �� � � � � � � � �

�� �� �� � � �� �! � �

� � (�! � � #� �! �! � � �

�  ( �! �! � � �� ( �� � �

� �� (� # �� ( � �! �! � � � � � � � � � � � �� �� � � ��! � � �� ( �� � �

� � 	! � � � # � � (� �! � � #! � � �� ( � � � �

! � � ( � � � � � � �! � � �� ( � � � �

" � � � � � � � � � � (� � � � " ( �! � � # � #� � � �! � �

� �� ���! � (� � ! # &

� � � " (� � � � �! � � � � � �  "

# � � � � � � � � � � (� � � � " ( � � � �! � � # � #� � � �! � � �

$ � % � � � � ��! � � �



� � � 	 �� � � � � � � 	 � � � � � �� � � � � 	 �� � �  � � � �

� (�! � �� ���! � (� �� � � #� � � �� ( � ��� � #� �� � & � � � � � � ( � �� # �� (� � #�

�� (� � #� � (� # �� ( � � � � � � # � �� � � � �� ! ��

V

A

R=
U

I

	 �� � � � � � � & � # � � #
� � 	



� � 	  � ��� � ��� � �
�"� ( � � � � � � � � � �� �! � ( � � � # � �! �! � �! �� �� � � #� � #� �

"� ( � � � � � � � ( � � # �! � � �� � # � � � �! � � � � #� #� �� � � � #� #� �� � �

! � � #� (� �! � � � � #� � #� � (� � #� � � � # �� �



� � � 	 �� � � � � � � 	 � � � � � �� � � � � 	 �� � �  � � � �

� � (� � � #� �! �! � � � �� ( � � � � �� � � � � � ( �! � � �� ( �� � � � � �! � � # � � � � ( �� � �

&! �� ! � �! � # (� � #� � � � � # �� # � � ��

& # (� # � � #� � (� � #� � � �� � �� � ( &

�� �� �
	 � �
�

 � � � �� � 	 ��� � �� � 	 �

 � � � �� � 	 �� � � � � �� �! � ! � � � # � � � �

� #� �! �! � � �

�� � �� ( � � � ! � ( � � � � #� &� #� #

�� �
� � � �� � � � � �� �

� � ��
�� �� � � �� �

�� � � ��� �  � � � �� �
	 �  � �



� � � 	 �� � � � � � � 	 � � � � � �� � � � � 	 �� � �  � � � �

� � � � # � ( & � � � � � �! � (� � # � (�

� �  � � � �� � � � 	 � � �  � ��� � �� � �

�

� ��� � 	 � � � �

�� � �� � � � �	 � 
�� �� � � � � � � � # & #! �� �

� � � #� ( � ( �! � � �! � #� � � #� #� �� � � � � ( � � #�! � � �! � � � &! �� ! � � �

� #� �! �! � � �

� � # (� � � � � �� � � � ! � ( � ��� � #� &� #� #

� �  � � � �� � � �
	 � � �  � ��� � �� � � � �	 �

 � � ( �� ( � � � ( �! � � (� � �! �� (�! ( � � � ��� � #� � � � � �

' (� �! � � � � � � #� � � � � �� �� � �! � # (� � � � � �� �� � �! � # (� �! (� ( � � # �



� � �  � � � � � � � � � �� � �

" � � # � ( �� (� � # �� ( � � � � � �! � ( � � � � �� � � � �

� "� #� # (� # � � & � # � #� � � #� �! � ( �! � � � � #� #� �� � � � � � � # � ( � �� # �� #

�� � � � � � � � ( � #

� � � �! � # � � � ( � #� � �� � � # # � � # � � # �

occupied

empty

insulator

EF

metal
� � ��� � � � � ��� � � � � ��� � � ��� � � �

� � � � � � � � � � � � ��� � � � � � � � � �

 ( � �	 ��� � � 
 � � � � ��� � � � � � � � � ��� ��

� � � �� ��� ��� �� � � � �� � � � (� (� # � #�

"� #� #! � ( � ( � 	 ��� ��� �! � �� # �! � � � # � � (� �! � � # � � #� �� �� ! � ( �

! � � �� ( �� �



� � � � � �� � � �� � � � � �

� � � #�! � # � � 	 ��� ��� � �� � �

� � � � � � ( � � � � � �� � � � � � � � � �� # � # ( �! � �

� � � �� #� ! � � � � �� �� � � 	� ��� � �	 �� 
 � � � � � � �� � ��

� #� ! � # � (� � 	� ��� � � � ��� 
 � � � �� � � � � � ��

� � & #� #� � 	� ��� � �	 �� � � ( � � 	� ��� � � � ��� � � ( � � � ��

(� �! � ( �! � � # � #� � � 	 � � � �

� �  � � � � � �� � 	 � � � � 	 � � �  
 � ��
� ��� �� � �

T

ρ(T)

insulator

metal

∆kT<<



� � � �� � � � � �

� � � �� � � ( � � # �! � �� � � � (� � � #� � #� ( � �� #

� �� � � ( � � � ( �! �� #� � � � � � � �

� � �� � � � � � �
 � � � �

� � � ( � � �� �� (� # �� ( � �! �! � � � � � � � # �! �! � � � # � & # # � � �� 
 ( � � � ���

� �� #� � � � � � (� ! � �� (� # �� ( � �! �! � � � � � � � � # �! �! � � � # � & # # � � ( � � �

metal insulator

T

λλ c

bad conductorgood conductor

semiconductorsemimetal
crossover regime

metal insulator

T

λλ c

bad conductorgood conductor

disordered

ordered

Tc

� � � � � � �� � � � � � � 	 � �
� � � 
 � � #� � � (�! � # �

� ��� � � � � (�! � # �

� � � �� � � ( � &! �� � � �
 � �

� � � 
 � � ��� � �

	 	 � &! �� 
 � � � #� � & �  � �
� � � � � #� # �

� � �! � � � � #� # �

� �� � � ( � &! �� 
 � �

	 � � ��  � � � 	 � �



� � � � � � � � � � � �� � � �

� �! � � � # � � (� �! � � # � � � # � � #� #� �� � � � ! � �! � � #� (� �! � � �

� � � � �� � ' ! � � � � �� ( � � �! � � �� ( �� � �

� � #! #� � � �� ( � �! � # � #� � � � ( �! � � �! � � �� ( �� � �

� 
 � � #� � � � �� ( � �! � # � ( � � � � � #� � �! � � �� ( � � � � �� �

� � ( � � � � (� �! � � # � � � # �� #� #� �� � � � #� #� �� � �! � � #� (� �! � � �

� 	 � ( � #� �	 �' �! � � �� ( �� � �

� � � � �� � � � � (� � � � � �! � � �� ( �� � � �� � �

� � � � �� � #! � # � � #� � �� � � (�! � # � 
 �! � � �� ( � � � �



� � � 	  � � � � �� � � �

! � # (� � ( � �! � # � � � � 
 ��� � � � � � 
 � � � � �� � � ( � #� � � � � � ( � #�! � ( � ( � � �� � � �� # � #� � � � � # � � ( � � � � � � � � � (� �! �! � ( � #! � �� ( � � � � � �� � � � �� � � ( �! � (

�! � � � # � � (� �! � � # � � #� �� ��

a b c d

E

EF

� ( � &! � # � ( � ��� � � � � � �! � � �� ( �� � � �! (� � � � � � � � � # ( �� � � � ��� � (� � �

�� � � (� � � & � ( � � 	 � � � � � � � � � � � �! � � �� ( �� � �	! �

�� � � & � � � ( � � � # � (� � 	 � � � � 
 � � 	 � � �! �

� � � � � #� � ( � � � # � (� � 	 � � �� ( � � � % ( � � � � �

� � ( � � �� � � "! � 	 � �! � #� � � ( � � � � � 
 �� �



� �  � � � � � � � � �� � � �

% � � ��! � � #� #� �� � � � �� � � � � � # ( � � �� � � � � ( �! � � �� � ( � �! � # � #� � � � ( �! � �

a

2a

T<Tc

T>Tc

E(k)

−1/a 1/a k −1/2a 1/2a

EF

k

E(k)

� �� �� � ( �! � 	 	 � ( � �  � �

�� (� � # � � # � �! � � & (� # � % �' �

� �� � 
 	 �� � � � � � � �

� � � � � � � � � � � � 	 � � 	 �� � 
 � � �� �

�� #� � � � � � (� ! � � � " �



� �� � � � � � �� � � � � � � � � � � � � �� �  � � � �� �
 � �


 � � � � � � �

% � � � (� # �� # �! � # �! � # � #� � �

�� � � � � � � ��� �
�

�
� � �

� � � � �� � �
� � ��� �

&! �� �� # � � � # � �! (� # � #� � �

� � � � � �	� � � � ��� � � � � ��
�

�

�

� � �� 
 � � ���

�
� � � ��� �

� � ( � ( � �! � # �� ! � � � � ( � #� # � � ��� � �  � � ( � � � �

' � # � �

 �� � 
�� � �



� �� � �  ��  � � � � 	  � � �

� ( � � �� (� # � � # � � �! � (� � � (� # � (� � # #� #� �! � # � ( �! ��

� ( � �� � (� # � � # � � �! � (� � � (� # � � (� � # � #� �! � # � ( �! ��

�

 � � � 
 �

�

 � � � 
 �

% � � � � � � � � &! �� �� ( � �! �! � � � # � (� � � � (� # # (� �� #� #� # � �� (� # � �� � � � � � � � � � #� ( � # � #� #� �� � � � ��� � #� �



� � � � � � � � �� �
 � � � � � ��� 


� � � �   
 � � � � � � �! � #� � � �� (� # � � # � ( � � � (� �! (� � � � � � # �

�� � �� � � # � # � (� �

� � � �� � � � � (� � �� � �� ( �� � � � � � �� � #! � # � � #� � �� � �� ( �� � � ( � � 	 � ( � #� �� � �� ( � � �

"� � # � � � �! � � �� ( � � �

� #� �! � �� ( � �� # � �



� �  � � � � � � � � �� � � �

% � � ��! � � #� #� �� � � � �� � � � � � # ( � � �� � � � � ( �! � � �� � ( � �! � # � #� � � � ( �! � �

a

2a

E(k)

−1/a 1/a k −1/2a 1/2a

EF

k

E(k)

� �� �� � ( �! � 	 	 � ( � �  � �

� �! � � � # � �! � � & (� # �	 �' �

�

� � �� � �


 	 �� � � � � � � �

� � � � � � � � � � � � 	 � � 	 �� � 
 � � �� �

�� #� � � � � � (� ! � � � " �



� �� � � � �� � �� 	 
 �� �� � � � � � �� � � � � � � � �  � � ��

� � �

� � 
 �� � 
� 	 � � � � � 
 �� � 
� 	 � � �


 � �! � #� � � � ( � � # �! � � � � �! � � �� ( � � �

� � �! � (�! � � #� � # �! ( � # � � � ��! � � �� � � � #� � ��� 
 �� � 




� �� � � � 	
 � 	 �� � � � � �� � � � �  � �� � � � � � �

t

t
U

� �
� � � �

� �
��

� �� � � �
� ��

� � � � ��� � �� � �
�

� � �� � �

� � � � �� ! � �� � � � � ( � � � � � �� ( �! � �! � � �

� #� (� �� � � � �� ( � � #! � � � �

� #� (� �� � � � �� ( � � #! � � � �

� � � & �� ( � �� � �! � ( � #! � �  �  � �



� � � � � �� � � � � � � � � � �

U

E

E+U

spin flip on central site

UHB

LHB

atomic levels

|t|=0 |t|>0

E

E+U

�� � � � � � � � � � � � � � 	  � � � � � � �

� � � � 	  � � � � �� � �

	 � � �
 � � � � � � � � � � � � � � � � � � � �  � �  � � �� �

�� �� � �  � � � � � � � �� ��  � � � � � � �  � � �

� � � �  � �� � � � � � � � � � � � � �



� � �
 � � � � �� � � �

� �� � � � ��� � � � � � � 	� ��

� � � � � � � �� � 	 �� � � 	 � 
 � � � � � � � � � � � �

� � �� � � �

	
 	��
 �

	�� 
 	�� �
 �

�� �� � � � �

� 
 �

� � � � � � � � � � � � � �� � � � � � � � � � � � � �  � � �

� �� ��� �

�

�� ��� ��� � �� ��



� � 
 � � � � ��  � � � � � � � �� � � � � � � �

� � � � �� � � 	 � � � � 	 � � � � � � � � � � � � ��  � � � � � � � �

	  � � � �
 � � � � � �  � � � � �� � � � � � � � � �

� � �� � � � � � � � �
� � �� � � � �� � � � � � � �

� � � � � � � � � � � � 	 � � � � 	 � � � � � � � � � 
 �

�� � � � � � � � � �

� � 
 �
 � � � �
 � � �� �

� � � � � � � � � � �

� � � � � � �
 �� � � �� � 	 � � �
 � � � � � � � � �



� � � �
 � �� 
 � � � �� �� 	 � � � � � �

� �� �  �� �� � �� � � � � � � � � 	� �� � ��

� �� � � � � � � � � �
 � � � � � � �� � � � � �� � � � � �  �
 � � � � 	 � � � �

� �  � � � � 
 � � � � � � � � � � � �� �
 � � � � � � � 	 � � � � �
 � � �� � � �� � �� �

in/out

molecular field

single impurity
with interaction

U

� � � �

� � � �� � � �� � �  � � � � � � � �  � � � � � �

 � � 	 � � �
 � � � � � � � � � � �

	 �� � �
 � � 	 � �� � �� � � �  �� � � � � �



� � � �
 � �� 
 � � � �� �� 	 � � � ��  � � �

�  � � � � � �
� � ��� � � � � � � � � � � �	� ��
 � � �� � �� � � 

� � � � �

� �� ��� � � � � �

� �
� � � �
� � � �  � �  � � � � � � � � � � �  � � � �

�� ���� �� �� � �� � � � �

� ! " ��# $ % �& ' ( ) * ��# $ % �& ' � + * ��# $ % �

) * ��# $ % � (
,

-

# $ % � .0/ 1 �32 �/ + * ��# $ % �



�� � � �� � � � � �� � � �  �	 	 � � ! �  
 � � � �� �

 �� �� � � �� � �� �� � �� ��� � � � � � � �

� � � � � � � � �� � ! �� � �� �  � !

� � $ � ( / -
�� ) � $ �

�  �	 � � � � ! � � � � �"! �  	 � � �  

−8 −4 0 4 8
ω

0.0

0.1

0.2

0.3

0

0.1

0.2

0.3

A(
ω)

0

0.1

0.2

0.3

0.4

−8 −4 0 4 8
ω

0

0.1

0.2

0.3

0

0.1

0.2

0.3

0

0.1

0.2

0.3

0.4
Bethe hypercubic

U=1.1Uc

U=0.99U

U=0.8U

c

c
U=0.8U

U=0.99U

U=1.1Uc

c

c

0.0 2.0 4.0 6.0
U

0.0

0.2

0.4

0.6

0.8

1.0

Z

NRG
RDA
IPT
PSCM

0 2 4 6

0.0

0.2

0.4

0.6

0.8

1.0

Z

Bethe
hypercubic

b

a

−8 −4 0 4 8
ω

−8.0

−6.0

−4.0

−2.0

0.0

−6.0

−4.0

−2.0

0.0

Im
Σ(

ω
)

−6.0

−4.0

−2.0

0.0

−8 −4 0 4 8
ω

−8.0

−6.0

−4.0

−2.0

0.0

−6.0

−4.0

−2.0

0.0

−6.0

−4.0

−2.0

0.0
Bethe hypercubic

U=1.1U
c

U=0.99U

U=0.8U

c

c
U=0.8U

U=0.99U

U=1.1Uc

c

c

) �$# % $ �'& () & *+ , & -. )"/ � ) - %0



� �� � � � � � � � � �  �� � � �

 �� �� � � �� � �� �� � �� ��� � � � � �� � �� �� � � � � �

�  � � �� ��

1.0 1.2 1.4 1.6
U/W

0.00

0.01

0.02

0.03

0.04

0.05

T
/W

Uc1, NRG
Uc2, NRG
Uc1, QMC
Uc2, QMC

IPT

1e−1

1e+1

1e+3

2 4
U

1 3 5

METAL INSULATOR

AB

C

D

U/D

T
/D

0.2

0.1

0.0
0 2 4 6

AF MET
AF INS

C
R

O
SS

O
V

ER

1e+1

1e+0

1e−1

1e+2

ρ

0.1 0.20.0
T

ρ

Fig.43

� �	 � � � ! � � � � � �� � � �  



� �� � � � � �  � �  � � � � � � � �

� �	 � � � �� � �� � � � � �� � � � � ��

� � � � � ! � � � ! � � � � � � �	� '& �


 ��� - � (  � ��� - � �
� � � � -/  � � ��� -/ �
� �

� � � ��� - � � � � � �  �	 � � � �! �  	 � � �  �  �� � �

�  � � � �� � � � ! �   � � � � � � � � �� � � ! �
DOS

E E

∆

� � � � � � � � �� � � � � �� � �( -�

� �� � � ) � $ � ( � � - 
 ��� - � ) � $ %� - �



� �� � � � � �  � �  � � � � � � � � �� � �( -

� �	 � � � �� � �� � � � � �� � � � � ��

∆

ω

µ

A(  )
2(1−x)N2xN

2N

xN

LAB UAB

∆

L

LLxN

ω

µ

µµ

µ µ

U

L

L

U

LHB

UHB

INSULATOR

M
ET

A
L

U+ε

∆+ε∆+ε

U+ε

εε LHB LHB

UHB

UHB

UAB UAB

U< ∆ U> ∆

alloy Mott 
insulator

alloy charge transfer
insulator

~ ∆
~ U

0 1 2 3 4 5 6∆
0

1

2

3

4

5

6

7

8

9

10

U
0 0.5 1 1.5 2 2.5

∆
0

0.2

0.4

0.6

A
(ω

=0
)

met U=5
met U=3
met U=2
 ins U=5
 ins U=3

PI

PM

ν=0.5

� (  � � � ( - � 

� � ��0 ( � ��� 



� �� � � � � �  � �  � � � � � � � � �� � (  ( �� �

� �	 � � � �� � �� � � � � �� � � � � ��

0 1 2 3 4 5 6∆
0

1

2

3

4

5

6

7

8

9

10

U

0 0.5 1 1.5 2 2.5
∆

0

0.2

0.4

0.6

A
(ω

=0
)

met U=5
met U=3
met U=2
 ins U=5
 ins U=3

PI

PM

ν=0.5

0

0.1

0.2

0.3

0.4

0.5

0.6

−1

0

1

2

−4 −3 −2 −1 0 1 2 3 4 5 6 7

 ω

−2

−1

0

Σ(
ω)

Σ(
ω)

Α(
ω)

ν=0.5
U=2

∆=0

∆=1

(a)

(b)

(c)

Re
Im

∆=2

0

0.1

0.2

0.3

0.4

0.5

0

2

4

6

−4 −3 −2 −1 0 1 2 3 4 5 6

 ω

−8

−6

−4

−2

0

Σ(
ω)

Σ(
ω)

Α(
ω) ν=0.5

∆=2 U=3

U=2
(a)

(b)

(c)

Re
Im

0

0.1

0.2

0.3

0.4

0.5

0.6

−2

0

2

4

6

−3 −2 −1 0 1 2 3 4 5 6 7

 ω

−6

−4

−2

0

Σ(
ω)

Σ(
ω)

Α(
ω)

ν=0.5
U=3

∆=0 ∆=1.5 (a)

(b)

(c)

Re
Im

∆=1 ∆=2



� �� � � � � � � � � �  �  � � � � � � � �� � �

� � � �  � � �� � �� ��

� ��  
 � �� � � � 	 � � �  � ! �� � ! �  
 � �� � � �!

�� 
 �� �  � 	 � 	 � � �� � � �  � � 	 � � � �� � � 	 � � � � � !

� � � �� � � �  � 	 �! � �� � �  � 	 �  �� � �� � �� � � �

dipol interaction − hopping 

atom scattering − Hubbard U



� � �  � � � �� � � 
 � � �  ! �� �� � �

� � � � � � � �  �� � �  	 �  ! � � �� � �! � �� - � �

� � �� � �  � � � �� � � �! � �� - � �

� �  �  
 � - � � �� � � �  � �� � � ! � � �� � �

�  � � � �� � � � � � �� � � �  �� � � �� � !



� � � � � � �

� � �  ! � 	 � � � � � ! �  � � � �� � � �

� � � � � � � � �  �� �� � � � 	 �  ! � 	 � � � � � !

�  � � � �� � � �

� � �� � � � �� � � � ! � � � �� � ( -

� � �� � � � �� � � � ! � � � �� � �( -

� � � � � �� � ! �  �� � � �  


� � �� � � � �� � � � ! � � � �  � � � � � � �� � � !

� �  � � 	 � � � �� � � 	 � �  � � ��� � � � � � �� � �� � �  


