
� � � �

� � � � � � � �

�� � �� 	
 � � �� � 

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

. �� & /& � ! $� 0� � �

1 � 0� � & #  2 % 0 �" 2 � 34 � �" � � # #  � �  � �

567 8 9: : ;: <=>

$  ? � " �� � @ $& A � $ #� �  B

C  � � / � D � & #

C  E � � "

F : 6G > FH 8

 �  ( �� � � � ��

E  I & 1 � �

?  E � � � #� 2 �

F : 6G > JK < < 5L

�  M  N  OQP � � � �



� � � �� �� � � � ��

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

� � �� �

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

 
 �� � � � �  	
 �

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



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


 � � � D � � �& 0 ��� (    � � � �� � / ! (& /  � � ���  N�  � �� ��� � !�� � � @, ��� B  

� O � I � � � 0& � �� � (  �& 4 � � � �� � �  ! � . � � � !�� , -� -� @� - -, B  

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

Pair correlations

No correlations

rd

132 4 576 8:9 ;=<  > N � � � 0& 4 4 � / � ' % # �� �& #

? ! + @ $BA+ ' C9 + D $BA C % A+ 'E @ $�F '! 4GH

D $< 'JI & '& 0< K < LNM 1 2 4 576 @ �& � � & '

�& 0 0 � �� � �& # B O D P $ O< 'Q ,R , S ! T

$< D '2 4 O $< D ' P $ O< '! % & P 8

%7U V
W X V
X , V< D $< '! U V Y VSW < D $< '



rd
r

1

f

0
b

(& � %� �& # '& 0< � < L�

D $< '! < L
<

��� ��� L $< % � '�

� �� ��� L $< L % � '�

�- 8 E � / L - 	 8< 2 6L

� )�*+ ,!


 6 A D %=U V
W �/ D


 6 A D/

! �  , S 
< < / D/ �/ � / L P��

� - �  �/ 8
� �

� 0& % # D�� � � � � � � # � 0 1 � & ' � � � � T�� (  �/ 8 #/
� �

�� �� � � � � �& � � # � �� �� � � T � � � �  �/ 8 1
� � � � �
�

�� � ! "# �$ % � & "!  !  ' (#  ' � % ) &  (' % ) % � � �$ "* + ,-/. 01 2 354 687 9 2 354 6



�  # % �' � � ( " � �$ �  ' � "� $ * � % � $ " �

�� � 	�
 4 ��� 354 6 � ���
� ��

� �� �� 0 � 354 6 �� 354 6 �

9
� 	�
 4�� ��� 354 � 6 ��� 354 6 2 354 � 4 � 6 �� 354 6 �� 354�� 6

� % � % �  �  % ( &� �  !� �� 0 � 354 6 � " #%$ )* " �  & "'  ( " & $ &

�� 354 6 �
)

�* )+, - 3/.0 4 6
� 1

)
� � 	 
 0

3 � 2 6


�� �
)

� � 3 �
� �

�* ) �* ) � 9
� � ) 4 )65 47

�* ) 8 7
�* )95 : 7
�* )5 �* )



��  � % � % * $ ( ( % ' �! " � &� %! � " �$ % �

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

$  � " 
!  � "! ' �* � " �' �* � " & # � � ( � (  ! & � � � $

�� � 9 � �
� � �

) ��� �
��� 3 �

� �
�* ) �* ) � 9 �

� � 3 �* ) �* : ) � �* ) �* : ) � � �* ) �* ) 6

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

� ) � � 
�

� : ) 1 �* ) � � 
�

� ) � � 
�

� : )

� � $ � "! $ � 
 ! �
�

� ) 1
�

� )65 � � 2 )95 ) � �
�

� ) 1
�

� )95 � � " # $ &  � & (!  ' ( 
��

�  � � � 3 � � 3 � � 6 � 9��

� � 3 3 6 � 	
� 1 �  � � � �  � 	

� 3 3 6 � �� 3 �
� �

�� 3 �
� � � � 9�� 1

�� � �
� � �

) ��� �
� 3 3 6

�
� )

�
� )



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

� �

0.5 1 1.5 2 2.5 3
Ñk�HmcSL1

2

3

4

5

ΕHkL�HgnL
»

Ñ2  k2

����������������
2 m

+gn

free atoms ΕHkL»

ΕHkL»ÑkcS

phonons

� )   ' % � & % ( �' �

� � � 9��
� � �
� � 2 � *

� �

0.2 0.4 0.6 0.8 1 1.2
k�k*

-0.2

-0.1

0.1

0.2

0.3

ΕHkL2�Ε*
2

�instability range

� � � ��� 3 � � � 3 � � 6

3 � � 	 � 2 � � * �

� 
 	 "� * � 
 � � ��  (� * � �� 
 � � ��  (� * � � � " " � �



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

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

& % � � �  " � �  � � � ! "# �$ % � &

' �  # !  " &  " &( : 
 %! &* % &  !

'  " � � % � (  !  ' ( #  ' � % " ) &  (' % ) % � � �$ "* 9 2 354 � 4 � 6�� ) * �� +,- � �� � �� .�

�� .� � 	
� 	 
 4 	
 4� �� 354 � 6 ��  354 6� .� 354 � 4� 6 �� 354 6 �� 354� 6

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

' /0 �!  & % � " � � * " &  ! ! "' $ " �$ % � $ �' (#  &' $ ) % *  � % �  � � % � � �  " � % �

' 1 234 5 6 2 6' $ ) % *  �' $ ) % *  $ � � ! "# �$ % � % � " � % � &  �  ! �  & " � &  ) "! " �$ %

7 	 � 3 8 ! 3 8 � * " &  ! & "'  '  # � %! #�



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

�� �� �� ��� � �� � ��� � �� � !" !# # � � �� $ %& � # '� �)( *+ ,- �). . /0 /1 21 / /3 465

7� 8� 9 !# �:; � �� �� �� ��� � �� � � �� $ %& � # '� �)< � � ! � =; � " �)> � ( � �? @ � ��? @ �

�� ( @ A; � B CD �� . E E 21 / / 0 4�

F G G HJI KML
N OQP HSR KST UV

W XY ZP [

\
T UV( U ]_^ \a` bc de P f g ^ c d e T V( h T Vji ek l T Vji g`

ek lP f T P V i P c d e T V i mc d e T V no pk lq r ds tuk vq

wyx z{|~} �� B� �� �| � @ �� z� | z� �� z � �| � ���

�� �� z �| � � �� �� � @ � � z� | z � �� �� � �

�� � ��� ����� � ��  ¡£¢ � ¤ ¥¡ ��¦ ¢ � ¤  § ¨ ©¢ ¤«ª ¬� ®

� �{ x � �{ | � � � ¯ z° | � � � �| z �± | �² ³µ´·¶ ¸ ¹º º ��»  

0.0 1.0 2.0 3.0 4.0
 z / λL

−0.007

−0.005

−0.003

−0.001

0.001

U
z to

t /
4E

R
aI

~~

Z

Y

POLARIZATION



� �� �� � ��� � 	 
 �� � � �

�� � � �� � 
 �� � � �� 	 �� � L \ ��� P � � � U � � L bq �� V

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
 kz /kL

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

 E
B
 /E

R

 I=0.0
 I=0.565 W/cm

2

 ! L "P T P V# $&% ' (

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
 kz /kL

0.0

0.2

0.4

0.6

0.8

1.0

S

 I=0.0 W/cm
2

 I=0.397
 I=0.506
 I=0.565
 I=0.625

) � z �| * { �� x * �x � � + z * � �� , � ¨   -

�/. 0 � 1 0  � - 2� ¨� © ¡ �43 56 � ¨   ¥

� � 7 � � � �� �� � �8 � � � � �� 
 � � � � � � � � �� � � � �

9 � � 7 � : 7 � � �� � �� 	 �� � � 	 � 7 � � �� �� � � 
 � 
 
 � � � � 7 � 	 ;

< � 	 �� �8 �� 	� � � � ��� �>= ? 7 � 	 � � �� � 	 �� � �� � � � 	  
 � � 	 � �� � 	� � � �=



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

) � �| �� z � z� � | ® � � ��� � �� � ® � � �x � | � �| ®�� �� � � ® � �� � � � � �� � �  "! # � � z �| �{ �| ®

$� � � # z� � �{ ® � � �x � | � �| ®�% � � � # z � � ° �� ® � � & � � �� ®�' � � � ) * ² � �| * ² ®

* � ��} ° z � (� � �� � )� �

*  
 � � 	 � �� �+ 
 � � � � � �� � � � � � � �  �� � � � : � � � � 	� � � � 	� �  � �  � � ,- .

	  
 � �/  � � �� � 0 ,1 21 3 � : : �� � 4 ? � 35 6 487 9: ; <7 => ; ?@1

3A . . A �� � 7 � � � 	 � �8 BCD BEF GD 
 � �� � �H � � � �� +

I J J $LK ( M N OQP $SR (ST UV

WX Y ZP [ \
% ]P ^ _P ^ `P

$T Vba (dc egfh i T Va j T Va ikl T Va m

^ % ]P j _P j `P

$T Va ( U
fh i T Va n fh i T V ]

* oqpr str upv w w xzy y u s{ x}| { u t~ �r �1 ,r p o s � � t� � t s s � � u � w� p { y u� u| x

�r s u { � u { ur � u p � s� u C� BC �� � � tr � � G B��� � B G � �� D � �� � � � s1



* st s � � w tr � � xr t y � � w p � wv o u { wp � �� � p { y t s �pr

Z
Σ+

0 1 2
z 

0.2

0.4

0.0

-0.2

-0.4

V
in

t(z
)

wr = 0.1
wr = 0.2
wr = 0.3

0 1 2 3 4 5 6
pz

 0.2

 0.4

 0.6

 0.0

-0.2 

-0.4

-0.6

-0.8

 0.8

 1.0

-1.0

V
int (p

Z )

wr = 0.1
wr = 0.2
wr = 0.3

(a) (b)

$� �� � �� � � �� �� � � �	 
 �

� �� ��� ��� ��� � � ��

� �� � � !� " # $ %

& M '(h ) *,+ -. ' / 0 12

3 � �4 � 56 	 	 �87 9;: 7 9 9< = > 5< ? @

A �6 �� 5 � �	 B �� � �

C �< � D � � 6E � � �



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

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

� { tr w� u { { u� y p y ur sv y � � � � � .�! �#" ! $ 1

� { tr w� u { { u� ur u { � x �

% { t � � � �& � � .(' �" ' $ 1

) t y tr � �& � � .(' �#" ' $ 1" * +

* + , - u uy tr . � x o u {/ r u w o� � s s �r �

) u wpr tr � u �

% { t � � � �& � 0. � 1

) t y tr � �& �  � 1�$ � j 2 �  � 3 45 6 �� " 7

8 � �9 � :� � % { t � � w o u � s{ p w �p o x ;< = � > u �?A@

y tr r =r w sB C x � u� � w 0. � 1 ;� �r u o p w � s �pr C tr �

D . � 1 ;� �r u �r s ur w � s x C



� � ��� � �� � � � � � � � 	�
 � �� �

�& # � $ � $
' � � � � � $ ��
�

" 7

bare impurity
bare phonon

dressed impurity
dressed phonon

qHDL qHDLq
q-k

k

q-k

k

=� ��� �� � ���  ! � �" � �# $&% " # $ �'( �



�� � �"% ! �" � � ! � �� � �� � �  � �� # �

) ! � ! # � �� � �  � �� # � �  � � �"% ! �" � ; � �" � � " � � � ��� � � � ��� � ' � �� # C � ! � ��

� � " � � � 	�
 C�  56 � � � �6 ��� � B D 5 �� � � 56 �E � � � B 6 � �< 4 B �� � �E  �� 5 � � � 3�� ��� �� �

� ! � � � �" � � � � � # � �  � �! " �$ � �� � " �� % � & "  ���%  � � �' � ( � � ( ( �� � #�

) �� � �  � �� # �! �" �

* +-, .� / 01 2 +-, .

2 +-, .43
* 5

/
6

7
8 ,:9 ;< = > 9 ,

; � * 5 3 ?
�

�
� 7

;@ A
9

� �CB �

@ D "E "  � �F " G !H � � �" I � " #  �KJ

< = +-L . 3 1 MN = O PQ /
R +TS �U L .WV 1 M O S � /U L
R / � L X

S � U
/

V Y / L
�

V U Z / L
�

Y � Z D [ �# " > �� � �# " \ �" � # "% �# �" $ �! % � J



� �# ! � �  � � � �' " � ��  " � �

�� � " � � �  � � �  � �� � � � 	 
� � � ��� � �
� � ��� � � � � 
��  �

0 3 6 9 12
Μt�Ñ

0

0.5

1

1.5

G
HtL�G GR

tcorr

È0>

Èq-k,k>
dÈq>

d

<

� � � � � �� � � �� ��  �� "   ®

� � ! ! � �� " & �  � ��  �� "   ®

�"  � � �" � �� � � � �  � ��  �� "   

# � ! " � �!  � � � �� $ � � �� " %

� �  � �! � " ® � $  & � � & &

� � � '( ) )  ® � � � '( �* �� � ®

+ � � � ' � �



) �� H �# $ �' " I � ! � � � ! � � �  % "  � � �"% ! � �� # � � � "

� ' " I � ! # �� � � �� � ��� �� 	�
 � � 
 � � D � �� � �E �� � ��� � � 	

% �� ���  �� " � � � � ( � � # � $ ��� � #� �� ��  " ! ! ( � #� � �" # 
%$ �  & ( �  $ � � � ! � � !

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

� � $ ( $ � 0 " �� , & � � 1 � � , 2 � ) � ' � 
%$ � 3 $ ( � 0 - � (. � !� , & �� " �

0 3 6 9 12
ΜΤ�Ñ

0

0.5

1

G
Τ

H¥L�G G
R

0
0

1 2 3

1

2

Ñ∆�Μ

G, F

AZE

QZE

� 4 
65 � � � �
7

8 9 $ : 
%$ � # 
%$ �

: 
%$ � 0 � , ' ,  / , & ; < 2  � � �� � ��  , & � , 2��  ,

= � � � >  & " � , � , - � � > � ��? ' � ®A@ � � � � �B CD ®

EF ! � � � � �  HGAI �J KL ® �" � F � E � � � �M  �

�N � � N 
 O
 �  � O� � � � � � �P �Q N � � � � �R O � �S � � � � �T �U � �U � 	�
 � � N �

� �� �R O � �S � � � � � R � � �S R 	 � � �S � � �H V N �W S � S 
 � � � � � �

XY Z X[\ ] X^ _`a a b `c c Xd d \ ea Xf g 
 VH � S � � �  � � � Q � Oh � i � � O O �T 
 � � �

Q S � � � � � J



�� �� �� � � � �

� � � � �T T 
  � O V 	 = � � = R �  �� �
 T � � � �S � � �� N 
 � � � � � �  O� � � � � � � O O �T 
 � � �

� � IS 
 � ��
 � � h � i � >  �� � �  O� � �  � 
 O �  � � 
 T �� � � � R � � N � h �  �T � S � �

� R ��  OS � 
 � � � � O R N 
 � �  O
 � � � � � �  � N � � S R � O� �T � � � 
  �

� � � � �
 O � � �T � � � � � � �  � O� �  � Q �� 
 O � � � � 
 � � 
 � 
 � �h O
   R O � � � � � �

� 
 � O �� �
 T N � � �� � � O N � 
 � ��
 � �� � �� � � � ��T � U � � U � � O � R � � �S

� Q N � R 
 � O
 R O � �S � � � � O
  � � � � R 
 O � �  � � � � �T � �� � S T � � 
 T S � 	 >

N S � � � O� � �  
 � � ^ \ � � X Z [ � e Xd �� � X ] Z � [ `a c � [ [ Xa ` �\ � ^ d � Q N � h � i

�T � � �� 
 O V �� � � 
 � � � �


