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Outline

� Condensatio n ener gy in strongly
coupled superconductor s

– where it comes from

– the magnitude

� A relatio n betw een
� �

and optical
proper ties

– par tial sum rule for the relaxa tion
rate ����� �
	 �

– high frequenc y behavior of the
conductivity � �
	 �
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Condensati on ener gy

� � � � �

����� , decr eases with
under doping (Loram et al )

Questions:

� what is the origin of
� �

?

� from what ener gies it comes from?

� why it is so low?

Suggestions:

� predominantl y magnetic (resonance
peak)

� predominantl y electr onic, via the gain
in the kinetic ener gy
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Spin-mediated �

�

wav e pair ing +
Eliashberg formalism

electr ons, their spin collectiv e modes ,
spin-fermion coupling

Parameter s: one dimensio nless coupling �

and one overal l scale �	 .

� weak coupling ( � � � )
� � � � � � �

�

(BCStheor y)

� strong coupling ( � 	 � ) - the nor mal
state is not a Fermi liquid at typical

	

� 


– feedbac k on electr ons (the y
propag ate mor e freely in the sc
state than in the nor mal state)

– spin collectiv e modes change from
diffusive to propag ating
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� � � � � � � � � � ��� ���	� ��� ��

���

The electr oni c par t
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The spin par t
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�
	 � , @ �
	 � , and the spin
polar izatio n oper ator A �
	 � are mutually
related !

Eliashberg, Luttinger and Ward (a gener al formula )

Wada, Bardeen and Stephen, Mar siglio and Carbotte (phonon case; negligi ble

feedbac k on phonons )
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Opt. doping: �

�

���

� � ���

�	

� �

� ��� �	�

coupling (l)
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� the spin par t is neg ativ e (the effect of
the resonance peak)

� the electr onic par t is positiv e (less
magnetic scatter ing of electr ons)

� a substantial cancellation betw een
the tw o par ts
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Kinetic ener gy

coupling (l)
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� the kinetic ener gy changes sing near
optim al doping

� the total
� �

can be viewed as due to
the gain of

� �
���

� it can be equally viewed as due to
the gain in the spin potential ener gy

Essential:
� � �

� � � , it comes from
frequencies

�

� �	 �

October 15, 2002 University of Wisconsin Andre y Chubuko v



8

BCStheor y:
� � � � � � � �

�


 � �

��� �	�

� � �

����� ���	� �

� � �

� ���

coupling (l)
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�

� �

has a maxim um at around optim al
doping, and then decr eases

� The reduction of
� �

is due to the
softening of the longitudinal ga p
�uctuations (in�nite number of
solutions for




�
	 � at �

� �

)

� The reduction of
� �

is a par t of the
pseudog a p story
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The decr ea se in
� �

is corr elate d with the
decr ease of the super�uid stiffness

0 5 10
0

1

l

Ds

Thiscorr elation does not exist in a dirty
superconductor – ther e the stiffness
decr eases with incr easing impur ity
strength, but

� �

rem ains exactly as in BCS
theor y
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Differential sum rule for the relaxati on rate
��� � �
	 �
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In a dirty BCSsuperconductor
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, an overshoot occur s at
	

� � 


.
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Experiment (Basov et al )
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�

– differential sum rule is
satis�ed

�

�

�

� � � � � – sum rule is violate d
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1/t(w)

T=0
Tc£ T

0

It (w)  0« Tc

1/t(w)

T³ Tc

 T=Tins

0 2 4 6w/w

It (w) Tc« Tins

�

� � � � �

�

– differential sum rule is
exhausted at a bout � �




�

�

�

� � � � � – sum rule is violated up to
the bandwidth.
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� At �

�

� � � � � almost no feedbac k on
fermions (no such effect in a dirty
superconductor).

A to y model: ga p de velops but fermions
retain the nor mal state, NFLform

?
�
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Same behavior as in the spin-fermion
model a bo ve �

�

.
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Optical conductivity at high frequencies

(D. van-der -Marel et al)

� enhancement of the spectr al weight
belo w � �	� (remo val of the spectr al
weight betw een � �	� and

�

��� )

� enhancement of the plasm a
frequenc y (blue shift)

�

�
	 �

�

�

� ���

� �

���	�
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A �
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 �
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�
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�

These tw o effects are not present in a dirty
superconductor
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The transformation of the spectr al weight
involves ener gies a bo ve � � � .
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Conclusions

The pseudog a p ph ysics is deter mined by
scales

�

� �	 � that can exceed the
bandwidth. Superconductivity comes
from much lower scales .

� the condensati on ener gy
� � �

� � �

comes from
�

� �	 � , and is the result the
inter play betw een magnetic and
electr onic contr ibutions

� the differenti al sum rule a bo ve �

�

is
not satis�ed up to � � �	 , � � � .

� the spectr al weight of the
conductivity integr ate d up to

�

�	

�

� �	� enhances belo w � �
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