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Characteristic relaxation times in metals
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Momentum relaxation time         is controlled by elastic 
scattering of electrons from impurities    
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Inelastic relaxation time         is due to electron-electron and 
electron-phonon scattering    

⌧in
<latexit sha1_base64="Ya84KuVFVQVDBJzMPIg2dZSWL7M=">AAACA3icbVC7SgNBFL3rM8bXqp02g0GwCrux0DJoYxnBPCC7LLOTSTJk9sE8hLAs2PgrNhaK2PoTdv6Nk80Wmnhg4HDOfcw9YcqZVI7zba2srq1vbFa2qts7u3v79sFhRyZaENomCU9EL8SSchbTtmKK014qKI5CTrvh5Gbmdx+okCyJ79U0pX6ERzEbMoKVkQL7OPOKIVnINc0RQp7COshYnOeBXXPqTgG0TNyS1KBEK7C/vEFCdERjRTiWsu86qfIzLBQjnOZVT0uaYjLBI9o3NMYRlX5WrM/RmVEGaJgI82KFCvV3R4YjKadRaCojrMZy0ZuJ/3l9rYZXvjko1YrGZL5oqDlSCZoFggZMUKL41BBMBDN/RWSMBSbKxFY1IbiLJy+TTqPuXtQbd06teV3GUYETOIVzcOESmnALLWgDgUd4hld4s56sF+vd+piXrlhlzxH8gfX5A1tDl/Y=</latexit>

At low temperatures the inelastic relaxation time is much longer 
than the elastic one
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Microwave absorption in metals
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At small frequencies                    microwave absorption is 
controlled by the dc Drude conductivity

The long inelastic relaxation time plays no role

E(t) = E! cos(!t)
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Microwave field penetrates into the metal to skin depth



Microwave absorption in superconductors
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The long inelastic relaxation time plays no role
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Near the critical temperature the quasiparticle relaxation times 
are of the same order as in the normal state. As a result the 
conductivity is of the order of the Drude value 
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Larkin, Ovchinnikov;  
Aronov, et al, Adv. in Phys. (1981)



Debye absorption mechanism

Microwave absorption coefficient is proportional to the inelastic 
relaxation time
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Conductivity from entropy production:



Debye mechanism of microwave absorption in superconductors

Since the density of states is even in       the Debye contribution 
exists only in the nonlinear regime or in the presence of a dc 
supercurrent.

In the presence of microwave field               depends on time: 

ṗs(t) = eE(t)
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The motion of quasiparticle levels in energy space creates non-
equilibrium quasiparticle distribution. Its relaxation increases 
entropy and contributes to microwave absorption. 

The quasiparticle density of states depends on
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Quasiparticle dynamics in the presence of uniform microwave field
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                        At low frequencies the quasiparticle distribution 
function depends only on the energy:

 Number of quasiparticle states is conserved

 Two continuity equations:
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<latexit sha1_base64="9tifFKWINH0TpW+xSKqdI7+gWyo="></latexit>

In the absence of energy relaxation the quasiparticle distribution function follows the 
energy levels

velocity of quasiparticle levels in energy space
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Kinetic equation in the presence of level motion
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 Absorbed microwave power

Debye contribution  
to the conductivity 

                 — averaging over the oscillation periodh. . .i
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Linear absorption in the presence of dc supercurrent

Near Tc the relevant to the Debye mechanism energies are much smaller than T,  
while the energy transfer in the relaxation processes is of order T.  
Therefore the inelastic collision integral may be described by the relaxation time 
approximation:

I{n} = ��n(✏, t)

⌧in
=

nF (✏)� n(✏, t)

⌧in
<latexit sha1_base64="G4k+1QzY0CUKUEg6PczCaIVjgho="></latexit>

!9

ps(t) = p̄s + �ps(t)
<latexit sha1_base64="uuxM5hg+CkJadod3TqpN32n3q/4="></latexit>
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Solution of the kinetic equation:



Debye contribution to the longitudinal conductivity

• The Debye contribution to the conductivity is strongly anisotropic 
(depends on the angle between the microwave field and supercurrent).  

• It can be expressed in terms of the dependence of the density of states 
on 
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Dependence of the density of states on superfluid current

The width         and shape of the broadening depend on        and strength of disorder
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Singularity in the BCS density of states is broadened at 
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<latexit sha1_base64="YxKV050+TuGdE4tjM/P0/RrWTMg=">AAAB/HicbVDLSsNAFL3xWesr2qWbwSK4KkkVdFl047KCfUAbwmQ6bYdOJmFmIoRQf8WNC0Xc+iHu/BsnaRbaemDgcM59zQlizpR2nG9rbX1jc2u7slPd3ds/OLSPjrsqSiShHRLxSPYDrChngnY005z2Y0lxGHDaC2a3ud97pFKxSDzoNKZeiCeCjRnB2ki+XcuGxZAs4AmdV2Nfzau+XXcaTgG0StyS1KFE27e/hqOIJCEVmnCs1MB1Yu1lWGpGuJk6TBSNMZnhCR0YKnBIlZcVe+fozCgjNI6keUKjQv3dkeFQqTQMTGWI9VQte7n4nzdI9Pjay5iIE00FWSwaJxzpCOVJoBGTlGieGoKJZOZWRKZYYqJNXnkI7vKXV0m32XAvGs37y3rrpoyjAidwCufgwhW04A7a0AECKTzDK7xZT9aL9W59LErXrLKnBn9gff4AxhKU1g==</latexit>

ps 6= 0
<latexit sha1_base64="y0FApff5q6HiPERswg1PNifkbuE=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4KkkVdFl047KCfUATwmR60w6dTOLMRCih4MZfceNCEbf+hDv/xmmbhbYeGDicc19zwpQzpR3n21paXlldWy9tlDe3tnd27b39lkoySaFJE57ITkgUcCagqZnm0EklkDjk0A6H1xO//QBSsUTc6VEKfkz6gkWMEm2kwD7MvemQPOQZjMtpoLAn4B4743JgV5yqMwVeJG5BKqhAI7C/vF5CsxiEppwo1XWdVPs5kZpRboZ7mYKU0CHpQ9dQQWJQfj5dP8YnRunhKJHmCY2n6u+OnMRKjeLQVMZED9S8NxH/87qZji79nIk00yDobFGUcawTPAkE95gEqvnIEEIlM7diOiCSUG1im4Tgzn95kbRqVfesWrs9r9SvijhK6Agdo1PkogtURzeogZqIokf0jF7Rm/VkvVjv1sesdMkqeg7QH1ifPyWblyw=</latexit>

�✏
<latexit sha1_base64="IDSBKjkSM/akvrAF70vRpyimm34=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBVUmqoMuiG5cV7AOaUCaTm3boZBJmJkIJXbrxV9y4UMStn+DOvzFJs9DWAwOHc+5rjhdzprRlfRuVldW19Y3qZm1re2d3z9w/6KookRQ6NOKR7HtEAWcCOpppDv1YAgk9Dj1vcpP7vQeQikXiXk9jcEMyEixglOhMGprHqVMMST2ewKzm+MA1wQ7EivFIzGpDs241rAJ4mdglqaMS7aH55fgRTUIQmnKi1MC2Yu2mRGpGeb4hURATOiEjGGRUkBCUmxY3zPBppvg4iGT2hMaF+rsjJaFS09DLKkOix2rRy8X/vEGigys3ZSJONAg6XxQkHOsI56lgn0mgmk8zQqhk2a2YjokkVGfZ5SHYi19eJt1mwz5vNO8u6q3rMo4qOkIn6AzZ6BK10C1qow6i6BE9o1f0ZjwZL8a78TEvrRhlzyH6A+PzB/Gbmeg=</latexit>



Simplest case - clean limit
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vFp̄s⌧
2
el� � 1

<latexit sha1_base64="XELwfXm0plVTSdlRalr04ID3JWw="></latexit>

✏(k) =
q

⇠2k + |�|2 + vk · p̄s
<latexit sha1_base64="a7eUp01jrc0eYR/iNHu6OSzcOrk="></latexit>

Quasiparticle spectrum: 

Broadening width: �✏ ⇠ vF p̄s
<latexit sha1_base64="UM6tZuBkSHGzQONa+znXxjFG4KU="></latexit>

Density of states

⌫(✏, ps)

⌫n
=

s
�

2vFps

⇥
✓(z + 1)

p
z + 1� ✓(z � 1)

p
z � 1

⇤

<latexit sha1_base64="XcGr/QDVU3P5uZGnLR7NmTIdEXM="></latexit>

z = (✏��)/vF ps
<latexit sha1_base64="uyvJqMj/0kKZI9fDydXWn5vUpHw="></latexit>



Conductivity in the ballistic regime
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�DB

�D
=

8

45

⌧in
⌧el [1 + (!⌧in)2]

�

T

r
vFp̄s
�

<latexit sha1_base64="mNBYdHOsYn76Nk3oXdoFU21C19M="></latexit>

• Debye contribution to the conductivity is proportional to the 
inelastic relaxation time at low frequencies 

• It is strongly anisotropic 

• Its dependence on the supercurrent density is non-analytic



Range of applicability of ballistic result
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Elastic quasiparticle relaxation rate: 

Quasiparticle spectrum: ✏(k) =
q

⇠2k + |�|2 + vk · p̄s
<latexit sha1_base64="a7eUp01jrc0eYR/iNHu6OSzcOrk="></latexit>

vF p̄s⌧el(✏) � 1
<latexit sha1_base64="fdoiyZfO4x6jPcam82WioYa+9dE="></latexit>

1

⌧el(✏)
=

1

⌧el

r
✏��

�
<latexit sha1_base64="W4y9Tc+nlj3kCP4JOGfE1Sg+CN4="></latexit>

Ballistic regime: 

vFp̄s⌧
2
el� � 1

<latexit sha1_base64="XELwfXm0plVTSdlRalr04ID3JWw="></latexit>



General case: Gor’kov equations
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Density of states: 

- Fermi surface averagingg(✏) =

*
✏̃� v · psq

(✏̃� v · ps)2 � |�̃|2

+

<latexit sha1_base64="TebtXtQjhy0xJs+y08YR+BFSG6k="></latexit>

⌫(✏, ps)

⌫n
= � 2

⇡
Im g(✏)

<latexit sha1_base64="HqgdUEwTK77NIlq1dkWvKbyGJZ8="></latexit>

h. . .i
<latexit sha1_base64="1r5vWxpr131DV1E9ZNdMQo+BpRk=">AAACIHicbVC7TsMwFHV4lvAKMLJYVEidqqQgwVjBwlgk+pCaqHKc29aq40S2g1RF+QU+gm9ghZkNMcLGn+A+BtpyJMvH59zre3XClDOlXffLWlvf2NzaLu3Yu3v7B4fO0XFLJZmk0KQJT2QnJAo4E9DUTHPopBJIHHJoh6Pbid9+BKlYIh70OIUgJgPB+owSbaSeU8n96Sd5yDMosM+JGHAwd5RohX05exa23XPKbtWdAq8Sb07KaI5Gz/nxo4RmMQhNOVGq67mpDnIiNaMcCtvPFKSEjsgAuoYKEoMK8ukyBT43SoT7iTRHaDxV/3bkJFZqHIemMiZ6qJa9ifif1810/zrImUgzDYLOBvUzjnWCJ/HgiEmgmo8NIVQysyumQyIJ1SbEhSlhXJhMvOUEVkmrVvUuqrX7y3L9Zp5OCZ2iM1RBHrpCdXSHGqiJKHpCL+gVvVnP1rv1YX3OStesec8JWoD1/Qt3J6Oi</latexit>

✏̃ = ✏+
i

2⌧el

*
✏̃� v · psq

(✏̃� v · ps)2 � |�̃|2

+
,

�̃ = �+
i

2⌧el

*
�̃q

(✏̃� v · ps)2 � |�̃|2

+
,

<latexit sha1_base64="y0Si8mI7iPGo9reE0N1/unWU0eg="></latexit>
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Density of states: ⌫(✏, ps) =
⌫np
2
=x�1

<latexit sha1_base64="+W3PuH6Al55eIxKU2Fk4kIrgFvo="></latexit>

x
�
x2 + w

�✓
2x+

�p
2

◆2

= �⇣2
✓
x+

�

3
p
2

◆

<latexit sha1_base64="qr7HUzpTP4nmcE6GJg9tpuvIEJ8="></latexit>

Quintic equation:

Here: w = (✏��)/�, � = 1/(⌧el�), ⇣ = vFps/�
<latexit sha1_base64="4A+njOj5TMxXswBdg0mQb/WUy+U="></latexit>

energy disorder strength supercurrent density

High supercurrent: 

Limiting regimes

⇣/�2 = vF p̄s⌧
2
el� � 1

<latexit sha1_base64="XevaE3qSYaZloiWC0hbnxV+PZa0="></latexit>

- ballistic regime

Low supercurrent: ⇣/�2 ⌧ 1
<latexit sha1_base64="ywvVHRpl0XJT7Bubt88Ml+c2Yoo=">AAACL3icbVC7TsNAEDzzDOFloKQ5EZCogh0KKCNoKINEHlJsovVlk5xyZ1t3Z6Rg5Qf4GijhRxANoqXnA3AeBUkY6aTRzO7taIJYcG0c58NaWl5ZXVvPbeQ3t7Z3du29/ZqOEsWwyiIRqUYAGgUPsWq4EdiIFYIMBNaD/vXIrz+g0jwK78wgRl9CN+QdzsBkUss+Tr3xJ2kgEhxS7xENnHldkBLuS9QTgrp02LILTtEZgy4Sd0oKZIpKy/7x2hFLJIaGCdC66Tqx8VNQhjOBw7yXaIyB9aGLzYyGIFH76TjIkJ5kSpt2IpW90NCx+ncjBan1QAbZpATT0/PeSPzPayamc+mnPIwTgyGbHOokgpqIjqqhba6QGTHICDDFs6yU9UABM1mBM1cmSWekQI5qcudLWSS1UtE9L5ZunUL5alpYjhySI3JKXHJByuSGVEiVMPJEnskrebNerHfr0/qajC5Z050DMgPr+xfXoanX</latexit>

- diffusive regime

x
�
x2 + w

�
+

p
2⇣2

3�
= 0

<latexit sha1_base64="SD+trAVECbAMsgjYzJX5UOipjic="></latexit>

x � �
<latexit sha1_base64="TbhtF0/RPkWZ0IIiK3gEfsZVYUU=">AAACJXicbVDLSsNAFJ34rPUVdaebwSK4Kkld6LLoxmUF+4AmlMl0kg6dmYSZiVhCwK/Rpf6IOxFc+RN+gNM0C9t6YOBwzr1zLidIGFXacb6sldW19Y3NylZ1e2d3b98+OOyoOJWYtHHMYtkLkCKMCtLWVDPSSyRBPGCkG4xvpn73gUhFY3GvJwnxOYoEDSlG2kgD+zjzik+ygKUkh49eFEEvQpyjfGDXnLpTAC4TtyQ1UKI1sH+8YYxTToTGDCnVd51E+xmSmmJG8qqXKpIgPEYR6RsqECfKz4r4HJ4ZZQjDWJonNCzUvxsZ4kpNeGAmOdIjtehNxf+8fqrDKz+jIkk1EXgWFKYM6hhOC4FDKgnWbGIIwpKaWyEeIYmwNrXNpcwunZMCPq3JXSxlmXQadfei3rhzas3rsrAKOAGn4By44BI0wS1ogTbA4Ak8g1fwZr1Y79aH9TkbXbHKnSMwB+v7F0avpqE=</latexit>

x ⌧ �
<latexit sha1_base64="ykc/VYRL2FTFietLeaN3iYTqSeM=">AAACJXicbVDLSsNAFJ34rPUVdaebwSK4Kkld6LLoxmUF+4AmlMl00g6dmYSZiVhCwK/Rpf6IOxFc+RN+gJM0C9t6YOBwzr1zLieIGVXacb6sldW19Y3NylZ1e2d3b98+OOyoKJGYtHHEItkLkCKMCtLWVDPSiyVBPGCkG0xucr/7QKSikbjX05j4HI0EDSlG2kgD+zj1ik/SgCUkg48eY9AbIc5RNrBrTt0pAJeJW5IaKNEa2D/eMMIJJ0JjhpTqu06s/RRJTTEjWdVLFIkRnqAR6RsqECfKT4v4DJ4ZZQjDSJonNCzUvxsp4kpNeWAmOdJjtejl4n9eP9HhlZ9SESeaCDwLChMGdQTzQuCQSoI1mxqCsKTmVojHSCKsTW1zKbNL56SA5zW5i6Usk06j7l7UG3dOrXldFlYBJ+AUnAMXXIImuAUt0AYYPIFn8ArerBfr3fqwPmejK1a5cwTmYH3/AleApqs=</latexit>

Cubic equation:

Energies near the gap

(also follows from  
Usadel equation)



Diffusive regime:                   .  
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Broadening width of the BCS peak: 

vF p̄s⌧
2
el� ⌧ 1

<latexit sha1_base64="tSwDm04oXCoEcwnFesrrjTBDAg8="></latexit>

�✏ ⇠
�
�D2p̄4s

�1/3
<latexit sha1_base64="nKFP+ghuLziwJksswb0G1mCEq20="></latexit>

Debye contribution to the conductivity

�DB

�D
= Id

⌧in
⌧el

�

T

⌧el
�
�D2p̄4s

�1/3

1 + (!⌧in)
2

<latexit sha1_base64="cWYBbMDdrWbbEn7hZgdBXe0GjvA="></latexit>

Id ⇡ 0.055
<latexit sha1_base64="wUe3uPsijF86q7afHm0tUjGabKw=">AAACN3icbVDLSsNAFJ3UV62vqEs3g0VwISWpFF0W3eiugn1AE8JkOm2HziRhZiKWkJ/wa3Spf+HKnbgV/AAnaRa29cDA4Zx75x6OHzEqlWW9G6WV1bX1jfJmZWt7Z3fP3D/oyDAWmLRxyELR85EkjAakrahipBcJgrjPSNefXGd+94EIScPgXk0j4nI0CuiQYqS05JlniZN/kvgsJim89RKHIzUWHA5S6KAoEuEjhFbNajQqqWdWNcsBl4ldkCoo0PLMH2cQ4piTQGGGpOzbVqTcBAlFMSNpxYkliRCeoBHpaxogTqSb5IFSeKKVARyGQr9AwVz9u5EgLuWU+3oyiywXvUz8z+vHanjpJjSIYkUCPDs0jBlUIcwqggMqCFZsqgnCguqsEI+RQFjpIueuzJLOST7ParIXS1kmnXrNPq/V76xq86oorAyOwDE4BTa4AE1wA1qgDTB4As/gFbwZL8aH8Wl8zUZLRrFzCOZgfP8CfMyslQ==</latexit> Yu. N. Ovchinnikov, A. R. Isaakyan,  


JETP 74,  178 (1978)

Dirty superconductors and clean superconductors at weak supercurrents 



Nonlinear regime
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The Debye contribution to the nonlinear conductivity exists in the 
absence of dc supercurrent. The nonlinear threshold is 
anomalously low.  

Density of states - nonlinear function of time

ṗs(t) = eE(t)
<latexit sha1_base64="yal6wIh0XpYQRj0ItRlt2xRGaAk="></latexit>

For                the inelastic collision integral may be linearized�✏ ⌧ T
<latexit sha1_base64="G7eyqxhc2O6Q+y6xemwTFHhkZoo=">AAACMHicbVDLSsNAFJ34rPUVdelmsBRclaQudFl047JCX9CEMpnctEMnkzAzEUrIF/g1utQf0ZW4de0HmLRZ2NYDA4dz7p17OF7MmdKW9WFsbG5t7+xW9qr7B4dHx+bJaU9FiaTQpRGP5MAjCjgT0NVMcxjEEkjoceh707vC7z+CVCwSHT2LwQ3JWLCAUaJzaWTWU2f+SerxBDKMHR+4JtiBWDEeCexwjjvZyKxZDWsOvE7sktRQifbI/HH8iCYhCE05UWpoW7F2UyI1oxyyqpMoiAmdkjEMcypICMpN50kyXM8VHweRzJ/QeK7+3UhJqNQs9PLJkOiJWvUK8T9vmOjgxk2ZiBMNgi4OBQnHOsJFN9hnEqjms5wQKlmeFdMJkYTqvMGlK4ukS5IXFjXZq6Wsk16zYV81mg9WrXVbFlZB5+gCXSIbXaMWukdt1EUUPaFn9IrejBfj3fg0vhajG0a5c4aWYHz/AmDTqrI=</latexit>

p̄s !
eE!

!
<latexit sha1_base64="6DxLrwbr2d2fuf50ljx0DM1Gdmk=">AAACKHicbVBdS8MwFE39dn5VffQlOASfRquCvjkUwUcFNwfrKGl2O4NJW5JUGKE/xxf/ii8iiuzVX2LW9UE3L4Qczrk3uedEGWdKe97ImZtfWFxaXlmtra1vbG652zttleaSQoumPJWdiCjgLIGWZppDJ5NARMThPnq8HOv3TyAVS5M7PcygJ8ggYTGjRFsqdM9NUD5iIp5DgYOISJMVYSCIfpDCKEvpFAexJNQAvgqDVMCAFKa6i9Ctew2vLDwL/ArUUVU3ofse9FOaC0g05USpru9lumeI1IxyKGpBriAj9JEMoGthQgSonil3LPCBZfo4TqU9icYl+3vCEKHUUES2c2xATWtj8j+tm+v4rGdYkuUaEjr5KM45tt7HqeE+k0A1H1pAqGR2V0wfiA1F22xrNgR/2vIsaB81/OPG0e1JvXlRxbGC9tA+OkQ+OkVNdI1uUAtR9Ixe0Qf6dF6cN+fLGU1a55xqZhf9Kef7B/XoqFo=</latexit>

@tn(✏, t) + eE(t) · V (✏,ps) @✏n(✏, t) = I{n}
<latexit sha1_base64="hqwbZHrtYNyeqDMi09XxZTkXCkQ="></latexit>

Solution in Langrangian variables 

Qualitatively:                     in linear results
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�nl
DB

�D
=

⌧in
⌧el

�

T

r
vFeE!

!�
Fb(!⌧in)

<latexit sha1_base64="yNyAPDWKCHonrQpCxJzEldJ3zqk="></latexit>

Nonlinear conductivity
Ballistic regime: eE!vF�⌧2el � !

<latexit sha1_base64="pXgCNuae4kFs3uGu1i2C3/0zfxU="></latexit>

eE!vF�⌧2el ⌧ !
<latexit sha1_base64="is2sMSMgoWDXTT/Hb93ocDKmN8Q="></latexit>

Diffusive regime:

�nl
DB

�D
=

⌧in
⌧el

�

T

�1/3D5/3|eE|4/3

v2F!
4/3

Fd(!⌧in)
<latexit sha1_base64="nkDz5CW34HS+ZKHV2Gvg9pCpH2w="></latexit>

Fb(0) ⇡ 0.108, Fd(0) = 0.109
<latexit sha1_base64="jY1X9axFHL8+GZNWAAucR7AuGyU="></latexit>

Here: Fb,d(x) /
1

x2
, at x � 1

<latexit sha1_base64="xUUP5kiBgzn04WA3oJzEQSghTZE="></latexit>
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Caveats
• Nonanalytic dependence of the Debye contribution to the 

conductivity on      and        arises from the BCS singularity in 
the density of states. In real situations the singularity is 
broadened by the gap anisotropy and inelastic scattering. 
Thus at very small      ,         this dependence is analytic.

p̄s
<latexit sha1_base64="6fUGM/katerKecAshriRa3nnxvY=">AAACDnicbVA7T8MwGHTKq4RXgJHFoqrEVCUFCcYKFsYi0YfURJHjOq1Vx4lsB6mK8gtY+CssDCDEyszGv8FJM0DLSZZOd99nny9IGJXKtr+N2tr6xuZWfdvc2d3bP7AOj/oyTgUmPRyzWAwDJAmjnPQUVYwME0FQFDAyCGY3hT94IELSmN+reUK8CE04DSlGSku+1czc8pIsYCnJoekGSGRJ7rsRUlMRZTKHEOa+1bBbdgm4SpyKNECFrm99ueMYpxHhCjMk5cixE+VlSCiKGclNN5UkQXiGJmSkKUcRkV5WJslhUytjGMZCH65gqf7eyFAk5TwK9GSRUi57hfifN0pVeOVllCepIhwvHgpTBlUMi27gmAqCFZtrgrCgOivEUyQQVrpBU5fgLH95lfTbLee81b67aHSuqzrq4AScgjPggEvQAbegC3oAg0fwDF7Bm/FkvBjvxsditGZUO8fgD4zPH4y4nGY=</latexit>

E!
<latexit sha1_base64="l+dyw9nRXTXoslcIADxn5Pgw3S0=">AAACA3icbVDLSsNAFJ34rPEVdaebwSK4KkkVdFkUwWUF+4AmhMn0ph06eTAzEUoouPFX3LhQxK0/4c6/cZpmoa0HLhzOuXfu3BOknEll29/G0vLK6tp6ZcPc3Nre2bX29tsyyQSFFk14IroBkcBZDC3FFIduKoBEAYdOMLqe+p0HEJIl8b0ap+BFZBCzkFGitORbh7lbPJIHPIMJNm98N4lgQDCe+FbVrtkF8CJxSlJFJZq+9eX2E5pFECvKiZQ9x06VlxOhGOUwMd1MQkroiAygp2lMIpBeXqyf4BOt9HGYCF2xwoX6eyInkZTjKNCdEVFDOe9Nxf+8XqbCSy9ncZopiOlsUZhxrBI8DQT3mQCq+FgTQgXTf8V0SAShSsdm6hCc+ZMXSbtec85q9bvzauOqjKOCjtAxOkUOukANdIuaqIUoekTP6BW9GU/Gi/FufMxal4xy5gD9gfH5Aza6lzk=</latexit>

• Microwave field penetrates into bulk 
superconductors to distances of  
order of the London length LH. 
Quasiparticles that diffuse out of 
this layer do contribute to Debye 
absorption. However, roughly half of 
the relevant states lie below the gap. 
Thus the microwave absorption 
coefficient will be of the same order 
as in a film of thickness LH.

p̄s
<latexit sha1_base64="6fUGM/katerKecAshriRa3nnxvY=">AAACDnicbVA7T8MwGHTKq4RXgJHFoqrEVCUFCcYKFsYi0YfURJHjOq1Vx4lsB6mK8gtY+CssDCDEyszGv8FJM0DLSZZOd99nny9IGJXKtr+N2tr6xuZWfdvc2d3bP7AOj/oyTgUmPRyzWAwDJAmjnPQUVYwME0FQFDAyCGY3hT94IELSmN+reUK8CE04DSlGSku+1czc8pIsYCnJoekGSGRJ7rsRUlMRZTKHEOa+1bBbdgm4SpyKNECFrm99ueMYpxHhCjMk5cixE+VlSCiKGclNN5UkQXiGJmSkKUcRkV5WJslhUytjGMZCH65gqf7eyFAk5TwK9GSRUi57hfifN0pVeOVllCepIhwvHgpTBlUMi27gmAqCFZtrgrCgOivEUyQQVrpBU5fgLH95lfTbLee81b67aHSuqzrq4AScgjPggEvQAbegC3oAg0fwDF7Bm/FkvBjvxsditGZUO8fgD4zPH4y4nGY=</latexit>

E!
<latexit sha1_base64="l+dyw9nRXTXoslcIADxn5Pgw3S0=">AAACA3icbVDLSsNAFJ34rPEVdaebwSK4KkkVdFkUwWUF+4AmhMn0ph06eTAzEUoouPFX3LhQxK0/4c6/cZpmoa0HLhzOuXfu3BOknEll29/G0vLK6tp6ZcPc3Nre2bX29tsyyQSFFk14IroBkcBZDC3FFIduKoBEAYdOMLqe+p0HEJIl8b0ap+BFZBCzkFGitORbh7lbPJIHPIMJNm98N4lgQDCe+FbVrtkF8CJxSlJFJZq+9eX2E5pFECvKiZQ9x06VlxOhGOUwMd1MQkroiAygp2lMIpBeXqyf4BOt9HGYCF2xwoX6eyInkZTjKNCdEVFDOe9Nxf+8XqbCSy9ncZopiOlsUZhxrBI8DQT3mQCq+FgTQgXTf8V0SAShSsdm6hCc+ZMXSbtec85q9bvzauOqjKOCjtAxOkUOukANdIuaqIUoekTP6BW9GU/Gi/FufMxal4xy5gD9gfH5Aza6lzk=</latexit>
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and m is the electron mass.
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Using the relation TdS/dt = �E2 and Eqs. ??, we get
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Ṽ

◆2

=

�D
⌧in

⌧el(1 + (!⌧in)2

Z
d✏

⌫n
⌫(✏)

T (dnF /d✏)2

nF (✏)(1� nF (✏))

 
Ṽ
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where �D is Drude conductivity.
In a case or relatively pure sample �⌧el � 1 the quasiparticle energy in the presence of the superfluid velocity has

a form ✏̃p = ✏p + pVs . Thus in this case we have the energy dependence of the density of states

⌫(✏,Vs) = (11)

In dirty case

Usadel (12)

⌫ = (13)

Thus in the presence of the superfluid velocity the pecularity ofthe density of states at ✏ = � is broadened in the
interval of energy of order

�✏ =

⇢
pFVs for ⌧el� � 1

Dm2V 2
s for ⌧el� ⌧ 1

(14)

At �✏ ⌧ �, and |T � Tc| ⌧ T the main contribution into the integral in Eq. ?? comes from the energy intervals
✏�� ⇠ �✏, which is much smaller than T . On the other hand the inelastic relaxation processes are characterized by
the energy transfer of order T . Therefore the relaxation time approximation in Eq. ?? is asymptotically exact.

Substituting Eqs. ??,?? into Eq. ?? we get the expressions for the conductivity.
It is interesting that at temperature smaller than Tc the conductivity has the same order as that near Tc. In this

limit there are two characteristic quasiparticle relaxation times quasiparticle -phonon scattering time ⌧st and the
recombination time ⌧r

1

⌧in,st
⇠ T 3

✓2D
⌧ 1

⌧in,r
⇠ �2

✓2D
x (15)

where

x =
1

�(0)⌫n

Z
n⌫d✏ ⇠ e�

�(0)
T (16)

is a dimensionless concentration, and�(0) ⇠ Tc is the value of the gap at T = 0. Since the Debye relaxation mechanism
is controlled by the longest relaxation time in the system, which in this case is ⌧in,r, then the exponentially small
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Summary

• Debye contribution to conductivity is proportional to the 
inelastic relaxation time and may be much larger than the 
conventional contribution. This may enable determination of 
the inelastic relaxation time from microwave absorption 
measurements. 

• Debye contribution to the linear conductivity exists only in the 
presence of supercurrent and exhibits anisotropy with respect 
to relative orientation between       and      . 

• In the nonlinear regime it is present even in the absence of  
supercurrent.
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