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Ptw(ln τ) = ∂U(tw, tw + τ)/∂ ln τ

-1.5

-1.25

-1

-0.75

-0.5

1 2 3 4

L
og

   
[P

[L
og

   
t]

]
   

10
   

   
   

   
   

 1
0

Log   [t (sec)]10         

PF  - Equilibrium relaxation6                                                 

T=123 mK
T=200 mK
T=270 mK
T=290 mK
T=400 mK
T=500 mK



�� � �	 � 9 � �� � � � �� �	 
 �� 	 
 � � 
 �ª "

-1.25

-1

-0.75

-0.5

1 2 3 4

L
og

   
[P

[L
og

   
t]

]
   

10
   

   
   

   
   

 1
0

Log   [t (sec)]10         

PF  - T=200 mK - Out-of-equilibrium relaxation6                               

t  =1 secw               
t  =1 minw                

t  =10 minw                   
t  =11 hw             



�� � �	 � 9 � �� � � � �� �	 
 �� 	 
 � � 
 ��« "

-1.25

-1

-0.75

-0.5

-0.25

0 0.5 1 1.5 2

L
og

   
[P

[L
og

   
t]

]
   

10
   

   
   

   
   

 1
0

Log   [t (sec)]10         

AsF  - Equilibrium relaxation6                                              

T=150 mK
T=150 mK
T=240 mK
T=240 mK



�� � �	 � 9 � �� � � � �� �	 
 �� 	 
 � � 
 �5¬ "

-2

-1.5

-1

-0.5

1 2 3 4

L
og

   
[P

[L
og

   
t]

]
   

10
   

   
   

   
   

 1
0

Log   [t (sec)]10         

TaS  - T=110 mK - Out-of-equilibrium relaxation3           

t  =1 secw               
t  =5 minw                

t  =20 minw               
t  =2 h 10 minw                      



�� � �	 � 9 � �� � � � �� �	 
 �� 	 
 � � 
 ��­ "

0.25

0.5

0.75

1

1.25

1.5

1 2 3 4

L
og

   
[P

[L
og

   
t]

]
   

10
   

   
   

   
   

 1
0

Log   [t (sec)]10         

TaS  - T=165 mK - Out-of-equilibrium relaxation     3

t  = 10 msecw                       
t  = 15 secw                   
t  =1 minw                

t  = 5 minw                  
t  = 20 minw                    
t  = 90 minw                    



� 9 � � �� � �� 	 � � �� � �� 
 � �� 	 


�� 1/T2� � ) +* � +1 ) -/ -/ , $ 0 / )� � )% -/ � % )�

� � ¡( / )% % � �/ ) ' - � )* ( � � )� * � / )( + ) $ � -� - � * � -, % ), - � -/ * $( / * � )  �

® � ¯ $ 0 )%±° , - 0 % ), - � -/ * $( �

² � ³ $� � )( � � % -/ ) � �� / )� � % ), - � � -� / )% /1 -( * ( + $� � )( � � % -/ )

� �� / )� � �

�1 ) � $* ( / ® � + -( 1 -% ', � . ) ) � �, -* ( ) ' . �* ( ' ) � )( ' )( / * � � � % * / * )� �

�1 * � * � 01 � 0 ) + $( � * ' )% + $, , ) +/ * � ) )¤ ) +/ � �



: � �� � � �� � � � � 
 � � � � � � �� 
3 � 	 � �� � � � ��

³ $, , ) +/ * $( $ � / % - �� 0* /1 )( )% �* )� −Eα +1 $� )( * ( - '* � / % * . � / * $(

p(Eα)� � , , / % - �� -% ) + $( ( ) +/ ) ' 0* /1 ) - +1 $ /1 )% �

δ

α

β

γ

ε
ϕ



¢� � � 
 � �	 
 �� 	 � � �� 
 
	 � � �� � 


�� # ) * ( / % $ ' � + ) - +� / ° $¤ * ( /1 ) / % - � '* � / % * . � / * $( � p1(Eα) ∝

exp(−Eα/Tg)� $% Eα < Emax, -( ' p1(Eα) = 0* � Eα > Emax�

� � # ) + -, +� , -/ ) /1 ) ' �( -� * + -, + $% % ), -/ * $( � � ( +/ * $( � . � % ) �, - +* ( �

exp(−τ/τα). � θ(τα − τ) � 01 * +1 , ) - '� / $ /1 ) + $% % ) +/ )� � $( )( / �

. � / 0 % $( � �% )� - +/ $% � �

® � # ) $ . / -* ( 
� 	 �� � 9 � 	 � � � � � 
� � -( ' -� � � �� �� � � � � � �� � 	 
 �� �

� + $� � -% * � $( / $ )� � )% * � )( / � , ) - '� / $ T/Tg = 1.4 ÷ 2.2� $ /1 -/

Tg = 80 ÷ 300� ´ �� � -, , )% /1 -( /1 ) )� � )% * � )( / -, / )� � )% -/ � % ) �



� � � 
	 � �� �� 
� � 
� � 
 �� 9 � 
	 
 � 
 � 	 � 
 
	 �� � � �

� �� � � � � 
 � � 	 � "

© " ¡( ' ) � )( ' )( / * � � � % * / * )� * � R � ξ0.

ª " R* � � � +1 � � -, , )% /1 -( ξ0� �* ( ( * ( � )( )% � � * � - ' '* / * � )

x x1 2 x

2

exp[(x −x)/   ]
ta

n[
  (

x)
/4

]
ϕ

tan(   /4) ψ

ψtan(   /4) 
1 1

2 ξexp[−(x−x )/ ]

ξ

« " ¡( / )% � ) '* -/ ) � -, � )� $ � R� * ( / )% � $, -/ * $( . )/ 0 ) )( /1 ) / 0 $ ,* � °

* / � �



� � � �� � �
-3

-2

-1

0

1

2

3

-6 -4 -2 0 2 4 6

E
   

  (
X

)
to

t  
 

X

Single impurity landscape Q x =   / 8      π                 
Single impurity landscape Q x =   / 4     π                 

Two-impurity landscape



µ � � � � 
 � � � � �� � � � � � 
¶ �	 
 �� � � � 9 �

· ER E O N @ ? A ? I J B E S DC S S E A > A¸ ? I J B � > N R E D S A¸ ? I J¹º @ N >B AR { JO B = S E > r R A B JOT¼» E S I J @ YW Jº AC S S N O Y½ A > ? IC S Y¿¾ ÀÁ ]F

Â J SC Q Q A S J N ÃC J > D I ¸ @ AR I E r I ? JR Q J @ N ?C @ J T > A ? O E[ J E > ? I J JP Q J @ ER J > ?Ä ]F H I J ? JR Q J @ N ?C @ J E S { P JB �C ? ?ER J E > D @ J N S J S F ·R N O O A � X J D ?S o E ? I ¸ N S ?@ JO NP N ?E A > R J @ r J E > ? A � E r r J @ A � X J D ?S o E ? I S O Ao J @ @ JO NP N ?E A >Å



xξ ' 0.01

10-3

10-2

10-1

 0  50  100  150  200  250  300

P
(ln

 τ
)

ln τ

x ξ=0.012



xξ ' 1

10-3

10-2

10-1

 0  50  100  150  200  250  300

P
(ln

 τ
)

ln τ

x ξ=1.2



� � � � 
	 �	 
 
	 
 � 
Æ xξ = 0.5,1,1.5

10-4

10-3

10-2

10-1

1

 10  15  20  25

P
(lo

g 1
0(

τ/
τ 0

)

log10(τ/τ0)

` dÇ b lz f _Ç l bf _È _ kh d c q h c k b l l x m k bn _ g bh c g BC J ? A ? I JÉ C D ?C N ?E A > S A ¸ ? I JQ I N S J E > � J ?o J J > ?o A ER QC @ E ?E J S



Ê c b l g v f _ c n u j _ m b y d l u bË b l _f h e mx l h kh bu

W J ?C S R N[ J ? I J N SC R Q ?E A > ? I N ? ? I J Q I N S J D N > > A ? \ N @ � � J ?o J J > ?o A ER QC @ E ?E J SN ? N B E S ?N > D J S R N O O J @ ? I N > ξ.

X

E
0

E(X)

E0

0

0

(b)(a)

X

E +  V
0

∆
E  +  E

∆
∆

E(X)

E  +  V

 0

 0.5

 1

 1.5

 2

 2.5

 3

 0  0.2  0.4  0.6  0.8  1

P
(∆

E
/1

6w
ξ)

∆E/16wξ

Energy splitting distribution

V0=20
V0=15
V0=10

V0=5

∆E = 0 E > ? I J D AR R J > SC @ N ? J DN S J T E(−X) = E(X) ]Ì ∆Etyp = 16wξ E > ? I JE > D AR R J > SC @ N ? J D N S J TE >B J Q J >B J > ? A > ∆N >B Tc ]ÎÍ J > J @ r � A¸ N 2πp S A O E ? A >F



� � 	 � � 
� � � 
¨ � � � � 	

Ctot
v (tw, T ) =

1

∆T
[U(tw, tw, T + ∆T ) − U(0,0, T )] .

10-7

10-5

10-3

10-1

 0.1  1  10  100

C
vto

t (t w
,T

)

T / 16 w ξ

Total specific heat

T-2

(a)
(b)
(c)
(d)



Ï 9 �� 	 9 � �Ð � �	 


# ) � / -% / � % $� /1 ) ¯ )* )% ,� Ñ -� * , / $( * -( 0* /1 $ � / * ( / )% +1 -* ( + $ � °

�,* ( ��

H =
∑

i

[t + ε cos(2kFxi)]
[

c+i+1ci + c+i ci+1

]

,

/1 -/ * � 0 % * / / )( * ( / )% � � $ � % * �1 / -( ' , )� / � $ � * ( � � ), '� � -( ' '* - �°

$( -,* � ) ' . � - � $ � $ ,* � . $� / % -( � � $% � -/ * $( � ¡� � � % * / * )� -% ) / % ) -/ ) '

. �Ò� / -( ' -% ' Ó % ) )(ÕÔ � � � ( +/ * $( � )/1 $ '� �

¡( /1 ) +, -� � * + -, � $ ' ), -( ' ¥ � -( / � � � $ ' ),� /1 ) 0* ' /1 $ � /1 )

� $ ,* / $( * �

ξcl =

√

~vF

2πw

� -( ' ξqu =
2~vF

√

∆2 − E2
.



·C � S ?E ?C ?E A > N O B E S A @ B J @ T D AR R J > SC @ N ? J DN S J ]

a α
.......

....... .......

.......

a α β b
(b)

(a)

..............(c)
a αα’ β’bβ

Â E ? I AC ? E > ? J @ N D ?E A > S � J ?o J J > ER QC @ E ?E J S ? I J � AC >B S ?N ? J S N @ J B J r J > J @ N ? J E >? I J R E B B O J A¸ ? I J r N QF



Ö u jh f f _ kh d c u dy s dx c n u k _ k bu n x b k d u x su kh kx kh d c _f h e mx l h kh bu

-0.2

0

0.2

 0  1  

ω
 / 

∆

R / ξ0

(a)
 0  1  

R / ξ0

(b)
 0  1  2

R / ξ0

(c)

� -  � kF = π/2 × �.  � kF = π/2 + 0.02 × � +  � kF = π/2 + 0.04.

E(R)/∆ ' ±0.26 cos(δkFR) exp(−R/ξ0)



Ø d c u b �x bc j bu y d l Cv(T) _ c n χ(T)

º E S ?@ E �C ?E A > A¸ I A Q Q E > r Q N @ N R J ? J @ S Å

P(|t|) ∝ |t|−1+xξ0.

H I J J > J @ r � E S
U '

∫ T

0

|t|P(|t|)d|t| ∝ T xξ0+1 Y N >B Cv ∝ T xξ0.

» A @ N S Q E > R A B JO ? I J SC S D J Q ?E � E O E ? � E S

χ(T) ∝ T−1+xξ0.

Ù b u x g g bu k ka _ k ka h u j _ c bÈ mf _h c ka b m dÇ b lz f _Ç u m b jhÚ j a b _ k d su b l Ë bnbÈ m b l h e b c k _f f v _ k h c k b l e bn h _ k b k be m b l _ kx l bu Û ? I N ? B J Q J >B S o JN [ O � A > ? I Jo N E ?E > r ?ER J E > JP Q J @ ER J > ?S F



Ø d c jf x u h d c u

;< Ü Ê tz f hÝ b e dn bfÞ E > ? J @ @C Q ? JB N r J E > r N >B Q Ao J @ p O N o @ J O NP N ?E A >F

G < ß vc _e h j _f l bc d l e _f hw _ kh d c g l dx mÞ � @ A N B S Q J D ?@ N A ¸ @ JO NP N ?E A > ?ER J ¸ A @

xξ ∼ 1,E > ? J @ @C Q ? JB N r J E > r N >B Q A o J @�p O N o @ JO NP N ?E A > ¸ A O O Ao E > r N ÃC J > D IF

^ < Ê c b l g v f _ c n u j _ m b y d l u b Ë b l _f h e mx l h kh bu Þ 1/T 2 S Q J D E { D I JN ? N >B B E S pDC S S E A > A¸ o N E ?E > r ?ER J Jà J D ?S F

| < á x su kh kx kh d c _f n h u d l n b lÞ A S D E O O N ?E A > S A ¸ � AC >B S ?N ? J S Fâ Ao J @�p O N o S Q J D E{ D

I JN ? N >B SC S D J Q ?E � E O E ?E J S F


