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Superconducting detectors

�3

Cosmic microwave background CMB: Map of 
the temperature fluctuations (power) measured 
by the ESA Planck satellite  

Security imaging (A. Luukanen)
(see asqella.com/videos)

X-ray materials analysis (I. Maasilta, et al., JYU)

http://asqella.com/videos


TES and KID
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Presently: two generic types of superconducting detectors

In both cases, an external read-out signal is needed!

More: Giazotto, TTH, Luukanen, Savin, Pekola, RMP 2006

Transition edge sensor TES: thermometer= resistance 
at the superconducting transition

Kinetic inductance detector KID: thermometer = T-
dependent inductance in a superconductor



Thermoelectric detector TED
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Advantage: self-powered by measured radiation
<latexit sha1_base64="sRX2PJDrek4MLCK9w2Mj7oe5oBk="></latexit><latexit sha1_base64="sRX2PJDrek4MLCK9w2Mj7oe5oBk="></latexit><latexit sha1_base64="sRX2PJDrek4MLCK9w2Mj7oe5oBk="></latexit><latexit sha1_base64="sRX2PJDrek4MLCK9w2Mj7oe5oBk="></latexit>

BIG disadvantage: usually ↵ 6= 0 only above room temperature
<latexit sha1_base64="Ma+MAEsgstyTbYfvM13bRtFG/o0="></latexit><latexit sha1_base64="Ma+MAEsgstyTbYfvM13bRtFG/o0="></latexit><latexit sha1_base64="Ma+MAEsgstyTbYfvM13bRtFG/o0="></latexit><latexit sha1_base64="Ma+MAEsgstyTbYfvM13bRtFG/o0="></latexit>

Idet = ↵�T/T / P�
<latexit sha1_base64="3dgXMXueEcROBtZnGf0qp3w4U1Q="></latexit><latexit sha1_base64="3dgXMXueEcROBtZnGf0qp3w4U1Q="></latexit><latexit sha1_base64="3dgXMXueEcROBtZnGf0qp3w4U1Q="></latexit><latexit sha1_base64="3dgXMXueEcROBtZnGf0qp3w4U1Q="></latexit>

Jones, J. Opt. Soc. Am. (1947)
van Vechten, et al. (1999)
L. Kuzmin (2010)
Varpula, et al. APL (2017)
… and a few others

Low T: low noise!

Independent of overall temperature fluctuations
<latexit sha1_base64="u8kkG1B3A6DsdKOXROQLE8AuKa8="></latexit><latexit sha1_base64="u8kkG1B3A6DsdKOXROQLE8AuKa8="></latexit><latexit sha1_base64="u8kkG1B3A6DsdKOXROQLE8AuKa8="></latexit><latexit sha1_base64="u8kkG1B3A6DsdKOXROQLE8AuKa8="></latexit>



Thermoelectric effects
Linear response charge and heat currents across an interface:
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<latexit sha 1_base64="3BD941UdZR80Nr 8VlWoIWTxyLKA=">AAACp3icbVFbi9NAFJ5kvazxVtdHXwaLog/WRIRdF4RFhdUnd6HtFjq1nExOm2EnkzBzslhC/o1/yv/gj3B6ATXrgWE+vnP/Tlpp5SiOfwbh3o2bt27v34nu3rv/4GHv0cHYlbWVOJKlLu0kBYdaGRyRIo2TyiIUqcaL9PLj2n9xhdap 0gxpVeGsgKVRCyWBPDXv/RApLpVpqgLIqu8t/8KF4CIriZ9zgSb743nPu7Gn/DkXoKschNj+njidN8IWnPL22xaU1PJhp1a30njd9ZX4hJqAD193wue9fjyIN8avg2QH+mxnZ/PeL7+BrAs0JDU4N03iimYNWFJSYxuJ2mEF8hKWOPXQQIFu1mzUbPkzz2R8UVr/DPEN+3dGA4VzqyL1kX6+3HV9a/J/vmlNi6NZo0xVExq5bbSotVeIr0/DM2VRkl55ANIqPyuXOViQ5A8YCYf+umZJuajAKpP55Rq/Vht5eZKuGNfB+M0giQfJ+dv+yYedUPvsCXvKXrCE HbIT9pmdsRGTQRTEwbvgOHwZfg3H4WQbGga7nMfsHwvhNyqJ0S0=</latexit><latexit sha 1_base64="3BD941UdZR80Nr 8VlWoIWTxyLKA=">AAACp3icbVFbi9NAFJ5kvazxVtdHXwaLog/WRIRdF4RFhdUnd6HtFjq1nExOm2EnkzBzslhC/o1/yv/gj3B6ATXrgWE+vnP/Tlpp5SiOfwbh3o2bt27v34nu3rv/4GHv0cHYlbWVOJKlLu0kBYdaGRyRIo2TyiIUqcaL9PLj2n9xhdap 0gxpVeGsgKVRCyWBPDXv/RApLpVpqgLIqu8t/8KF4CIriZ9zgSb743nPu7Gn/DkXoKschNj+njidN8IWnPL22xaU1PJhp1a30njd9ZX4hJqAD193wue9fjyIN8avg2QH+mxnZ/PeL7+BrAs0JDU4N03iimYNWFJSYxuJ2mEF8hKWOPXQQIFu1mzUbPkzz2R8UVr/DPEN+3dGA4VzqyL1kX6+3HV9a/J/vmlNi6NZo0xVExq5bbSotVeIr0/DM2VRkl55ANIqPyuXOViQ5A8YCYf+umZJuajAKpP55Rq/Vht5eZKuGNfB+M0giQfJ+dv+yYedUPvsCXvKXrCE HbIT9pmdsRGTQRTEwbvgOHwZfg3H4WQbGga7nMfsHwvhNyqJ0S0=</latexit><latexit sha 1_base64="3BD941UdZR80Nr 8VlWoIWTxyLKA=">AAACp3icbVFbi9NAFJ5kvazxVtdHXwaLog/WRIRdF4RFhdUnd6HtFjq1nExOm2EnkzBzslhC/o1/yv/gj3B6ATXrgWE+vnP/Tlpp5SiOfwbh3o2bt27v34nu3rv/4GHv0cHYlbWVOJKlLu0kBYdaGRyRIo2TyiIUqcaL9PLj2n9xhdap 0gxpVeGsgKVRCyWBPDXv/RApLpVpqgLIqu8t/8KF4CIriZ9zgSb743nPu7Gn/DkXoKschNj+njidN8IWnPL22xaU1PJhp1a30njd9ZX4hJqAD193wue9fjyIN8avg2QH+mxnZ/PeL7+BrAs0JDU4N03iimYNWFJSYxuJ2mEF8hKWOPXQQIFu1mzUbPkzz2R8UVr/DPEN+3dGA4VzqyL1kX6+3HV9a/J/vmlNi6NZo0xVExq5bbSotVeIr0/DM2VRkl55ANIqPyuXOViQ5A8YCYf+umZJuajAKpP55Rq/Vht5eZKuGNfB+M0giQfJ+dv+yYedUPvsCXvKXrCE HbIT9pmdsRGTQRTEwbvgOHwZfg3H4WQbGga7nMfsHwvhNyqJ0S0=</latexit><latexit sha 1_base64="3BD941UdZR80Nr 8VlWoIWTxyLKA=">AAACp3icbVFbi9NAFJ5kvazxVtdHXwaLog/WRIRdF4RFhdUnd6HtFjq1nExOm2EnkzBzslhC/o1/yv/gj3B6ATXrgWE+vnP/Tlpp5SiOfwbh3o2bt27v34nu3rv/4GHv0cHYlbWVOJKlLu0kBYdaGRyRIo2TyiIUqcaL9PLj2n9xhdap 0gxpVeGsgKVRCyWBPDXv/RApLpVpqgLIqu8t/8KF4CIriZ9zgSb743nPu7Gn/DkXoKschNj+njidN8IWnPL22xaU1PJhp1a30njd9ZX4hJqAD193wue9fjyIN8avg2QH+mxnZ/PeL7+BrAs0JDU4N03iimYNWFJSYxuJ2mEF8hKWOPXQQIFu1mzUbPkzz2R8UVr/DPEN+3dGA4VzqyL1kX6+3HV9a/J/vmlNi6NZo0xVExq5bbSotVeIr0/DM2VRkl55ANIqPyuXOViQ5A8YCYf+umZJuajAKpP55Rq/Vht5eZKuGNfB+M0giQfJ+dv+yYedUPvsCXvKXrCE HbIT9pmdsRGTQRTEwbvgOHwZfg3H4WQbGga7nMfsHwvhNyqJ0S0=</latexit>

Gtot
th = Gth +Gth,spurious

<latexit sha1_base64="whv8wr/eozmppXdIx/5XlW344u0="></latexit><latexit sha1_base64="whv8wr/eozmppXdIx/5XlW344u0="></latexit><latexit sha1_base64="whv8wr/eozmppXdIx/5XlW344u0="></latexit><latexit sha1_base64="whv8wr/eozmppXdIx/5XlW344u0="></latexit>

Junction Phonons, other baths

ZT =
↵2

Gtot
th GT � ↵2

<latexit sha1_base64="VajO0byC4zb98f0fPrYh0AluWoQ="></latexit><latexit sha1_base64="VajO0byC4zb98f0fPrYh0AluWoQ="></latexit><latexit sha1_base64="VajO0byC4zb98f0fPrYh0AluWoQ="></latexit><latexit sha1_base64="VajO0byC4zb98f0fPrYh0AluWoQ="></latexit>

ZTi =
↵2

GthGT � ↵2
> ZT

<latexit sha1_base64="Lg90+Oqq77IYG5jYHoYvEwKQjhY="></latexit><latexit sha1_base64="Lg90+Oqq77IYG5jYHoYvEwKQjhY="></latexit><latexit sha1_base64="Lg90+Oqq77IYG5jYHoYvEwKQjhY="></latexit><latexit sha1_base64="Lg90+Oqq77IYG5jYHoYvEwKQjhY="></latexit>

“True” figure of merit “Intrinsic” figure of merit



Thermoelectric detection
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(Bolometric detection)

Generic ZA: coupled thermal balance and current conservation equations
<latexit sha1_base64="sbBahSSeLEr6S1SCq/TVq3vHYMI="></latexit><latexit sha1_base64="sbBahSSeLEr6S1SCq/TVq3vHYMI="></latexit><latexit sha1_base64="sbBahSSeLEr6S1SCq/TVq3vHYMI="></latexit><latexit sha1_base64="sbBahSSeLEr6S1SCq/TVq3vHYMI="></latexit>

ZA ! 1: voltage detection
<latexit sha1_base64="jxKuBWIszdQOz4T78EGUVsCtDIk="></latexit><latexit sha1_base64="jxKuBWIszdQOz4T78EGUVsCtDIk="></latexit><latexit sha1_base64="jxKuBWIszdQOz4T78EGUVsCtDIk="></latexit><latexit sha1_base64="jxKuBWIszdQOz4T78EGUVsCtDIk="></latexit>

ZA ! 0: current detection
<latexit sha1_base64="zSXnkyBWavHJdCeg9jrvElEB69g="></latexit><latexit sha1_base64="zSXnkyBWavHJdCeg9jrvElEB69g="></latexit><latexit sha1_base64="zSXnkyBWavHJdCeg9jrvElEB69g="></latexit><latexit sha1_base64="zSXnkyBWavHJdCeg9jrvElEB69g="></latexit>
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Gtot
th T

<latexit sha1_base64="cSlPyROuoEH0eKgv/8EiZAaihy8="></latexit><latexit sha1_base64="cSlPyROuoEH0eKgv/8EiZAaihy8="></latexit><latexit sha1_base64="cSlPyROuoEH0eKgv/8EiZAaihy8="></latexit><latexit sha1_base64="cSlPyROuoEH0eKgv/8EiZAaihy8="></latexit>

�V =
V

P�
=

↵
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th GT � ↵2

=
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↵
<latexit sha1_base64="nxYTASQ5kdI0I+4q71HHeMlD0G0="></latexit><latexit sha1_base64="nxYTASQ5kdI0I+4q71HHeMlD0G0="></latexit><latexit sha1_base64="nxYTASQ5kdI0I+4q71HHeMlD0G0="></latexit><latexit sha1_base64="nxYTASQ5kdI0I+4q71HHeMlD0G0="></latexit>

Duality?

V, I
<latexit sha1_base64="WcK/aRGWSIZrWK42TtbTrvTyKtc=">AAACBnicbVC7TsMwFHXKq4RXgZHFokViQFXSBcYKFtiKRB9SE1WOc9NadZzIdpCqqDsbK/wEG2LlN/gHPgK3zQAtR7J0dM698j0nSDlT2nG+rNLa+sbmVnnb3tnd2z+oHB51VJJJCm2a8ET2AqKAMwFtzTSHXiqBxAGHbjC+mfndR5CKJeJBT1LwYzIULGKUaCO1a52Lu9qgUnXqzhx4lbgFqaICrUHl2wsTmsUgNOVEqb7rpNrPidSMcpjaXqYgJXRMhtA3VJAYlJ/Pj53iM6OEOEqkeULjufp7IyexUpM4MJMx0SO17M3E/7x+pqMrP2cizTQIuvgoyjjWCZ4lxyGTQDWfGEKoZOZWTEdEEqpNP7anwJQnhnrkpUQyEZpwuYk1tU097nIZq6TTqLtO3b1vVJvXRVFldIJO0Tly0SVqolvUQm1EEUPP6AW9Wk/Wm/VufSxGS1axc4z+wPr8AfBMmLo=</latexit><latexit sha1_base64="WcK/aRGWSIZrWK42TtbTrvTyKtc=">AAACBnicbVC7TsMwFHXKq4RXgZHFokViQFXSBcYKFtiKRB9SE1WOc9NadZzIdpCqqDsbK/wEG2LlN/gHPgK3zQAtR7J0dM698j0nSDlT2nG+rNLa+sbmVnnb3tnd2z+oHB51VJJJCm2a8ET2AqKAMwFtzTSHXiqBxAGHbjC+mfndR5CKJeJBT1LwYzIULGKUaCO1a52Lu9qgUnXqzhx4lbgFqaICrUHl2wsTmsUgNOVEqb7rpNrPidSMcpjaXqYgJXRMhtA3VJAYlJ/Pj53iM6OEOEqkeULjufp7IyexUpM4MJMx0SO17M3E/7x+pqMrP2cizTQIuvgoyjjWCZ4lxyGTQDWfGEKoZOZWTEdEEqpNP7anwJQnhnrkpUQyEZpwuYk1tU097nIZq6TTqLtO3b1vVJvXRVFldIJO0Tly0SVqolvUQm1EEUPP6AW9Wk/Wm/VufSxGS1axc4z+wPr8AfBMmLo=</latexit><latexit sha1_base64="WcK/aRGWSIZrWK42TtbTrvTyKtc=">AAACBnicbVC7TsMwFHXKq4RXgZHFokViQFXSBcYKFtiKRB9SE1WOc9NadZzIdpCqqDsbK/wEG2LlN/gHPgK3zQAtR7J0dM698j0nSDlT2nG+rNLa+sbmVnnb3tnd2z+oHB51VJJJCm2a8ET2AqKAMwFtzTSHXiqBxAGHbjC+mfndR5CKJeJBT1LwYzIULGKUaCO1a52Lu9qgUnXqzhx4lbgFqaICrUHl2wsTmsUgNOVEqb7rpNrPidSMcpjaXqYgJXRMhtA3VJAYlJ/Pj53iM6OEOEqkeULjufp7IyexUpM4MJMx0SO17M3E/7x+pqMrP2cizTQIuvgoyjjWCZ4lxyGTQDWfGEKoZOZWTEdEEqpNP7anwJQnhnrkpUQyEZpwuYk1tU097nIZq6TTqLtO3b1vVJvXRVFldIJO0Tly0SVqolvUQm1EEUPP6AW9Wk/Wm/VufSxGS1axc4z+wPr8AfBMmLo=</latexit><latexit sha1_base64="WcK/aRGWSIZrWK42TtbTrvTyKtc=">AAACBnicbVC7TsMwFHXKq4RXgZHFokViQFXSBcYKFtiKRB9SE1WOc9NadZzIdpCqqDsbK/wEG2LlN/gHPgK3zQAtR7J0dM698j0nSDlT2nG+rNLa+sbmVnnb3tnd2z+oHB51VJJJCm2a8ET2AqKAMwFtzTSHXiqBxAGHbjC+mfndR5CKJeJBT1LwYzIULGKUaCO1a52Lu9qgUnXqzhx4lbgFqaICrUHl2wsTmsUgNOVEqb7rpNrPidSMcpjaXqYgJXRMhtA3VJAYlJ/Pj53iM6OEOEqkeULjufp7IyexUpM4MJMx0SO17M3E/7x+pqMrP2cizTQIuvgoyjjWCZ4lxyGTQDWfGEKoZOZWTEdEEqpNP7anwJQnhnrkpUQyEZpwuYk1tU097nIZq6TTqLtO3b1vVJvXRVFldIJO0Tly0SVqolvUQm1EEUPP6AW9Wk/Wm/VufSxGS1axc4z+wPr8AfBMmLo=</latexit>

P� = Gtot
th �T + ↵V

<latexit sha1_base64="pD1Km8I5PGA4LahESEHiRgaOv1I="></latexit><latexit sha1_base64="pD1Km8I5PGA4LahESEHiRgaOv1I="></latexit><latexit sha1_base64="pD1Km8I5PGA4LahESEHiRgaOv1I="></latexit><latexit sha1_base64="pD1Km8I5PGA4LahESEHiRgaOv1I="></latexit>



Noise analysis

h�Qspurious�Qspuriousi = 4kBTGth,spurious
<latexit sha1_base64="EAVnO4O2TPpj1INUWEwAHVqCFCE="></latexit><latexit sha1_base64="EAVnO4O2TPpj1INUWEwAHVqCFCE="></latexit><latexit sha1_base64="EAVnO4O2TPpj1INUWEwAHVqCFCE="></latexit><latexit sha1_base64="EAVnO4O2TPpj1INUWEwAHVqCFCE="></latexit>

NEP 2 =
h�V 2i
�V

=
h�I2i
�I

=
4kBT 2Gtot

th

ZT
<latexit sha1_base64="pg0qjFPAyPxxQQIlR+fDxihrOks="></latexit><latexit sha1_base64="pg0qjFPAyPxxQQIlR+fDxihrOks="></latexit><latexit sha1_base64="pg0qjFPAyPxxQQIlR+fDxihrOks="></latexit><latexit sha1_base64="pg0qjFPAyPxxQQIlR+fDxihrOks="></latexit>

Optimize by choosing Gth =
p
1 + ZTiGth,spurious, with ZTi = ↵2/(GthGT�↵2

)
<latexit sha1_base64="j/Saa+ToiBUK00uSjIEHo1jG6tU="></latexit><latexit sha1_base64="j/Saa+ToiBUK00uSjIEHo1jG6tU="></latexit><latexit sha1_base64="j/Saa+ToiBUK00uSjIEHo1jG6tU="></latexit><latexit sha1_base64="j/Saa+ToiBUK00uSjIEHo1jG6tU="></latexit>

)
<latexit sha1_base64="JhLM+LfA3iaNq44h7uuYdzHlHpU=">AAACDnicbZC7TsMwFIYdriXcCowsES0SU5V0gbGChbEgepGaqHIcJ7HqOME+AVVR34GNFV6CDbHyCrwDD4HbZoCWX7L06z/nyOd8fsaZAtv+MlZW19Y3Nitb5vbO7t5+9eCwq9JcEtohKU9l38eKciZoBxhw2s8kxYnPac8fXU3rvQcqFUvFHYwz6iU4EixkBIOOvLp7y6IYsJTpY31YrdkNeyZr2TilqaFS7WH12w1SkidUAO FYqYFjZ+AVWAIjnE5MN1c0w2SEIzrQVuCEKq+YLT2xTnUSWGEq9RNgzdLfEwVOlBonvu5MMMRqsTYN/6sNcggvvIKJLAcqyPyjMOcWpNaUgBUwSQnwsTaYSKZ3tUiMJSagOZmuohqiiCB2MyyZCPRxhT5rYmo8ziKMZdNtNhy74dw0a63LElQFHaMTdIYcdI5a6Bq1UQcRdI+e0Qt6NZ6MN+Pd+Ji3rhjlzBH6I+PzBzlunMQ=</latexit><latexit sha1_base64="JhLM+LfA3iaNq44h7uuYdzHlHpU=">AAACDnicbZC7TsMwFIYdriXcCowsES0SU5V0gbGChbEgepGaqHIcJ7HqOME+AVVR34GNFV6CDbHyCrwDD4HbZoCWX7L06z/nyOd8fsaZAtv+MlZW19Y3Nitb5vbO7t5+9eCwq9JcEtohKU9l38eKciZoBxhw2s8kxYnPac8fXU3rvQcqFUvFHYwz6iU4EixkBIOOvLp7y6IYsJTpY31YrdkNeyZr2TilqaFS7WH12w1SkidUAO FYqYFjZ+AVWAIjnE5MN1c0w2SEIzrQVuCEKq+YLT2xTnUSWGEq9RNgzdLfEwVOlBonvu5MMMRqsTYN/6sNcggvvIKJLAcqyPyjMOcWpNaUgBUwSQnwsTaYSKZ3tUiMJSagOZmuohqiiCB2MyyZCPRxhT5rYmo8ziKMZdNtNhy74dw0a63LElQFHaMTdIYcdI5a6Bq1UQcRdI+e0Qt6NZ6MN+Pd+Ji3rhjlzBH6I+PzBzlunMQ=</latexit><latexit sha1_base64="JhLM+LfA3iaNq44h7uuYdzHlHpU=">AAACDnicbZC7TsMwFIYdriXcCowsES0SU5V0gbGChbEgepGaqHIcJ7HqOME+AVVR34GNFV6CDbHyCrwDD4HbZoCWX7L06z/nyOd8fsaZAtv+MlZW19Y3Nitb5vbO7t5+9eCwq9JcEtohKU9l38eKciZoBxhw2s8kxYnPac8fXU3rvQcqFUvFHYwz6iU4EixkBIOOvLp7y6IYsJTpY31YrdkNeyZr2TilqaFS7WH12w1SkidUAO FYqYFjZ+AVWAIjnE5MN1c0w2SEIzrQVuCEKq+YLT2xTnUSWGEq9RNgzdLfEwVOlBonvu5MMMRqsTYN/6sNcggvvIKJLAcqyPyjMOcWpNaUgBUwSQnwsTaYSKZ3tUiMJSagOZmuohqiiCB2MyyZCPRxhT5rYmo8ziKMZdNtNhy74dw0a63LElQFHaMTdIYcdI5a6Bq1UQcRdI+e0Qt6NZ6MN+Pd+Ji3rhjlzBH6I+PzBzlunMQ=</latexit><latexit sha1_base64="JhLM+LfA3iaNq44h7uuYdzHlHpU=">AAACDnicbZC7TsMwFIYdriXcCowsES0SU5V0gbGChbEgepGaqHIcJ7HqOME+AVVR34GNFV6CDbHyCrwDD4HbZoCWX7L06z/nyOd8fsaZAtv+MlZW19Y3Nitb5vbO7t5+9eCwq9JcEtohKU9l38eKciZoBxhw2s8kxYnPac8fXU3rvQcqFUvFHYwz6iU4EixkBIOOvLp7y6IYsJTpY31YrdkNeyZr2TilqaFS7WH12w1SkidUAO FYqYFjZ+AVWAIjnE5MN1c0w2SEIzrQVuCEKq+YLT2xTnUSWGEq9RNgzdLfEwVOlBonvu5MMMRqsTYN/6sNcggvvIKJLAcqyPyjMOcWpNaUgBUwSQnwsTaYSKZ3tUiMJSagOZmuohqiiCB2MyyZCPRxhT5rYmo8ziKMZdNtNhy74dw0a63LElQFHaMTdIYcdI5a6Bq1UQcRdI+e0Qt6NZ6MN+Pd+Ji3rhjlzBH6I+PzBzlunMQ=</latexit>
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Noise equivalent power

(TES TFN)



Thermoelectricity
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Boltzmann theory: ↵ /
R
dE E⌫(E)D(E)
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Density of states
Diffusion constant

Electron-hole asymmetry needed!

Metals:
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Semiconductor devices: large ZT, but only 
around room temperature!

Small!

Zhao, et al., Science 351, 141 (2015)

Main message: no known strong thermoelectric at low T!
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Thermoelectricity in 
superconductors

Small Small

Gal’perin, Gurevich & Kozub Sov. 
Phys. JETP (1974)

The size of thermoelectric coefficient in bulk superconductors:
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Many textbooks: no thermoelectric effects because they are cancelled by supercurrent 
(Meissner 1927).
Ginzburg (1944): possible to see in multiply connected structures, but very small

↵N = ⇡2GkB
6e

kBT
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Main message (before 2014): superconductors are extremely poor thermoelectrics!



Super/ferro hybrids

�11

Wolf, Sürgers, Fischer & Beckmann, PRB 90, 144509 (2014)

Fe: ferromagnetic metal
Al: superconductor (below 1 K)
EuS: ferromagnetic insulator

Magnetic proximity effect into S: exchange field “leaks” into S: spin-split density of states
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Exchange field
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Exp: Meservey, Tedrow (1971) 
Moodera, et al. (1990, 2013) 
and many others



Super-ferro: ingredients
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Ferromagnet:
spin-dependent
Fermi level

spin-dependent
contact resistance

Polarization: P = R"�R#
R"+R#

2 [�1, 1]

superconductor
with spin splitting h



Large thermoelectric effect:

1. Large e-h asymmetry per spin

2. For P 6= 0, di↵erent spin contributions weighed di↵erently

Ozaeta, Virtanen, Bergeret, TTH, PRL 2014



Spin-splitting field + polarization
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Linear response:

Polarization!
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Only fit parameter: exact temperature difference



S-F heat engine: “real” ZT
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FNF island (antiparallel magnetizations)

g ⇠ relative strength of spurious heat conduction

S island (F electrodes)

� ⇠ ”Dynes” parameter, quality of the BCS gap
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NEP and energy resolution
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kBT = 0.1�
<latexit sha1_base64="uDdZR8pa3slCKpDnNmAw1Qj4tLI=">AAACFHicbZC7TsMwFIadcivlFmBksShITFXCAgtSBQyMRWqhUlNVjnPSWnWcyD4BVVFfg40VXoINsbLzDjwE7mXg9kuWfv3nHPmcL8ykMOh5H05pYXFpeaW8Wllb39jccrd3bkyaaw4tnspUt0NmQAoFLRQooZ1pYEko4TYcXkzqt3egjUhVE0cZdBPWVyIWnKGNeu72wbB3TptnXs0PLkEiO+i5Va/mTUX/Gn9uqmSuRs/9DKKU5wko5JIZ0/G9DLsF0yi4hHElyA1kjA9ZHzrWKpaA6RbT1cf00CYRjVNtn0I6Tb9PFCwxZpSEtjNhODC/a5Pwv1onx/i0WwiV5QiKzz6Kc0kxpRMONBIaOMqRNYxrYXelfMA042hpVQIDFqXq4yDImBYqsscV9qxxxeLxf8P4a26Oa75Fen1crZ/PQZXJHtknR8QnJ6ROrkiDtAgn9+SRPJFn58F5cV6dt1lryZnP7JIfct6/AGb6nSo=</latexit><latexit sha1_base64="uDdZR8pa3slCKpDnNmAw1Qj4tLI=">AAACFHicbZC7TsMwFIadcivlFmBksShITFXCAgtSBQyMRWqhUlNVjnPSWnWcyD4BVVFfg40VXoINsbLzDjwE7mXg9kuWfv3nHPmcL8ykMOh5H05pYXFpeaW8Wllb39jccrd3bkyaaw4tnspUt0NmQAoFLRQooZ1pYEko4TYcXkzqt3egjUhVE0cZdBPWVyIWnKGNeu72wbB3TptnXs0PLkEiO+i5Va/mTUX/Gn9uqmSuRs/9DKKU5wko5JIZ0/G9DLsF0yi4hHElyA1kjA9ZHzrWKpaA6RbT1cf00CYRjVNtn0I6Tb9PFCwxZpSEtjNhODC/a5Pwv1onx/i0WwiV5QiKzz6Kc0kxpRMONBIaOMqRNYxrYXelfMA042hpVQIDFqXq4yDImBYqsscV9qxxxeLxf8P4a26Oa75Fen1crZ/PQZXJHtknR8QnJ6ROrkiDtAgn9+SRPJFn58F5cV6dt1lryZnP7JIfct6/AGb6nSo=</latexit><latexit sha1_base64="uDdZR8pa3slCKpDnNmAw1Qj4tLI=">AAACFHicbZC7TsMwFIadcivlFmBksShITFXCAgtSBQyMRWqhUlNVjnPSWnWcyD4BVVFfg40VXoINsbLzDjwE7mXg9kuWfv3nHPmcL8ykMOh5H05pYXFpeaW8Wllb39jccrd3bkyaaw4tnspUt0NmQAoFLRQooZ1pYEko4TYcXkzqt3egjUhVE0cZdBPWVyIWnKGNeu72wbB3TptnXs0PLkEiO+i5Va/mTUX/Gn9uqmSuRs/9DKKU5wko5JIZ0/G9DLsF0yi4hHElyA1kjA9ZHzrWKpaA6RbT1cf00CYRjVNtn0I6Tb9PFCwxZpSEtjNhODC/a5Pwv1onx/i0WwiV5QiKzz6Kc0kxpRMONBIaOMqRNYxrYXelfMA042hpVQIDFqXq4yDImBYqsscV9qxxxeLxf8P4a26Oa75Fen1crZ/PQZXJHtknR8QnJ6ROrkiDtAgn9+SRPJFn58F5cV6dt1lryZnP7JIfct6/AGb6nSo=</latexit><latexit sha1_base64="uDdZR8pa3slCKpDnNmAw1Qj4tLI=">AAACFHicbZC7TsMwFIadcivlFmBksShITFXCAgtSBQyMRWqhUlNVjnPSWnWcyD4BVVFfg40VXoINsbLzDjwE7mXg9kuWfv3nHPmcL8ykMOh5H05pYXFpeaW8Wllb39jccrd3bkyaaw4tnspUt0NmQAoFLRQooZ1pYEko4TYcXkzqt3egjUhVE0cZdBPWVyIWnKGNeu72wbB3TptnXs0PLkEiO+i5Va/mTUX/Gn9uqmSuRs/9DKKU5wko5JIZ0/G9DLsF0yi4hHElyA1kjA9ZHzrWKpaA6RbT1cf00CYRjVNtn0I6Tb9PFCwxZpSEtjNhODC/a5Pwv1onx/i0WwiV5QiKzz6Kc0kxpRMONBIaOMqRNYxrYXelfMA042hpVQIDFqXq4yDImBYqsscV9qxxxeLxf8P4a26Oa75Fen1crZ/PQZXJHtknR8QnJ6ROrkiDtAgn9+SRPJFn58F5cV6dt1lryZnP7JIfct6/AGb6nSo=</latexit>

Unit scale ⇠ 10
�18

W/
p
Hz

(roughly TES TFN at the same T )
<latexit sha1_base64="xvBvxgEQwdCWhcPqH1GuZGfgYHc="></latexit><latexit sha1_base64="xvBvxgEQwdCWhcPqH1GuZGfgYHc="></latexit><latexit sha1_base64="xvBvxgEQwdCWhcPqH1GuZGfgYHc="></latexit><latexit sha1_base64="xvBvxgEQwdCWhcPqH1GuZGfgYHc="></latexit>

Example: ⌦ = 10�19 m3, G�1
T = 400 k⌦ (µm)2, Aluminum

<latexit sha1_base64="fRwq1cQMxMBGpU6kDk0azEazx+Y="></latexit><latexit sha1_base64="fRwq1cQMxMBGpU6kDk0azEazx+Y="></latexit><latexit sha1_base64="fRwq1cQMxMBGpU6kDk0azEazx+Y="></latexit><latexit sha1_base64="fRwq1cQMxMBGpU6kDk0azEazx+Y="></latexit>

NEP 2
TED =

4Gth,spuriouskBT 2(1 +
p
1 + ZTi)2

ZTi
<latexit sha1_base64="u7xtXQCGHDids88DUUhclyaRQsE="></latexit><latexit sha1_base64="u7xtXQCGHDids88DUUhclyaRQsE="></latexit><latexit sha1_base64="u7xtXQCGHDids88DUUhclyaRQsE="></latexit><latexit sha1_base64="u7xtXQCGHDids88DUUhclyaRQsE="></latexit>

NEP 2
TES = 4Gth,spuriouskBT

2
<latexit sha1_base64="7OmQPenafqGyuwChla3tBDJu1bU="></latexit><latexit sha1_base64="7OmQPenafqGyuwChla3tBDJu1bU="></latexit><latexit sha1_base64="7OmQPenafqGyuwChla3tBDJu1bU="></latexit><latexit sha1_base64="7OmQPenafqGyuwChla3tBDJu1bU="></latexit>

In the S state!

ZTi!1�!
<latexit sha1_base64="9vONjCDn4E7V50kO4gb1v98JmaQ="></latexit><latexit sha1_base64="9vONjCDn4E7V50kO4gb1v98JmaQ="></latexit><latexit sha1_base64="9vONjCDn4E7V50kO4gb1v98JmaQ="></latexit><latexit sha1_base64="9vONjCDn4E7V50kO4gb1v98JmaQ="></latexit>

In the N state!

h = 0.2�
<latexit sha1_base64="9LDyZmCOz8KJhRq6IcFy7ATrtVw=">AAACDnicbZDLSsNAFIYn9VbrrerSTbAVXIWkG90IRV24rGBboQllMjlth04mceZEKKHv4M6tvoQ7cesr+A4+hNPLQlt/GPj5zznMOV+YCq7Rdb+swsrq2vpGcbO0tb2zu1feP2jpJFMMmiwRiboPqQbBJTSRo4D7VAGNQwHtcHg1qbcfQWmeyDscpRDEtC95jzOKJgqqgwvXqfnXIJBWu+WK67hT2cvGm5sKmavRLX/7UcKyGCQyQbXueG6KQU4VciZgXPIzDSllQ9qHjrGSxqCDfLr02D4xSWT3EmWeRHua/p7Iaaz1KA5NZ0xxoBdrk/C/WifD3nmQc5lmCJLNPuplwsbEnhCwI66AoRgZQ5niZlebDaiiDA2nkq/BQJR9HPgpVVxG5rjcnDUuGTzeIoxl06o5nut4t7VK/XIOqkiOyDE5JR45I3VyQxqkSRh5IM/khbxaT9ab9W59zFoL1nzmkPyR9fkDhCCbug==</latexit><latexit sha1_base64="9LDyZmCOz8KJhRq6IcFy7ATrtVw=">AAACDnicbZDLSsNAFIYn9VbrrerSTbAVXIWkG90IRV24rGBboQllMjlth04mceZEKKHv4M6tvoQ7cesr+A4+hNPLQlt/GPj5zznMOV+YCq7Rdb+swsrq2vpGcbO0tb2zu1feP2jpJFMMmiwRiboPqQbBJTSRo4D7VAGNQwHtcHg1qbcfQWmeyDscpRDEtC95jzOKJgqqgwvXqfnXIJBWu+WK67hT2cvGm5sKmavRLX/7UcKyGCQyQbXueG6KQU4VciZgXPIzDSllQ9qHjrGSxqCDfLr02D4xSWT3EmWeRHua/p7Iaaz1KA5NZ0xxoBdrk/C/WifD3nmQc5lmCJLNPuplwsbEnhCwI66AoRgZQ5niZlebDaiiDA2nkq/BQJR9HPgpVVxG5rjcnDUuGTzeIoxl06o5nut4t7VK/XIOqkiOyDE5JR45I3VyQxqkSRh5IM/khbxaT9ab9W59zFoL1nzmkPyR9fkDhCCbug==</latexit><latexit sha1_base64="9LDyZmCOz8KJhRq6IcFy7ATrtVw=">AAACDnicbZDLSsNAFIYn9VbrrerSTbAVXIWkG90IRV24rGBboQllMjlth04mceZEKKHv4M6tvoQ7cesr+A4+hNPLQlt/GPj5zznMOV+YCq7Rdb+swsrq2vpGcbO0tb2zu1feP2jpJFMMmiwRiboPqQbBJTSRo4D7VAGNQwHtcHg1qbcfQWmeyDscpRDEtC95jzOKJgqqgwvXqfnXIJBWu+WK67hT2cvGm5sKmavRLX/7UcKyGCQyQbXueG6KQU4VciZgXPIzDSllQ9qHjrGSxqCDfLr02D4xSWT3EmWeRHua/p7Iaaz1KA5NZ0xxoBdrk/C/WifD3nmQc5lmCJLNPuplwsbEnhCwI66AoRgZQ5niZlebDaiiDA2nkq/BQJR9HPgpVVxG5rjcnDUuGTzeIoxl06o5nut4t7VK/XIOqkiOyDE5JR45I3VyQxqkSRh5IM/khbxaT9ab9W59zFoL1nzmkPyR9fkDhCCbug==</latexit><latexit sha1_base64="9LDyZmCOz8KJhRq6IcFy7ATrtVw=">AAACDnicbZDLSsNAFIYn9VbrrerSTbAVXIWkG90IRV24rGBboQllMjlth04mceZEKKHv4M6tvoQ7cesr+A4+hNPLQlt/GPj5zznMOV+YCq7Rdb+swsrq2vpGcbO0tb2zu1feP2jpJFMMmiwRiboPqQbBJTSRo4D7VAGNQwHtcHg1qbcfQWmeyDscpRDEtC95jzOKJgqqgwvXqfnXIJBWu+WK67hT2cvGm5sKmavRLX/7UcKyGCQyQbXueG6KQU4VciZgXPIzDSllQ9qHjrGSxqCDfLr02D4xSWT3EmWeRHua/p7Iaaz1KA5NZ0xxoBdrk/C/WifD3nmQc5lmCJLNPuplwsbEnhCwI66AoRgZQ5niZlebDaiiDA2nkq/BQJR9HPgpVVxG5rjcnDUuGTzeIoxl06o5nut4t7VK/XIOqkiOyDE5JR45I3VyQxqkSRh5IM/khbxaT9ab9W59zFoL1nzmkPyR9fkDhCCbug==</latexit>

(dashed line)



Current or voltage measurement?
Add amplifier noise power spectral density
(voltage noise SA

V or current noise SA
I ):

<latexit sha1_base64="DmYu8y1WTpXCujbCJsTuyXBX8xw="></latexit><latexit sha1_base64="DmYu8y1WTpXCujbCJsTuyXBX8xw="></latexit><latexit sha1_base64="DmYu8y1WTpXCujbCJsTuyXBX8xw="></latexit><latexit sha1_base64="DmYu8y1WTpXCujbCJsTuyXBX8xw="></latexit>

Voltage noise:

Current noise:

Using
p
SV = 0.3 nV/

p
Hz yields

rV ⇡ G�/(GT kBT )(1 + ZT )�1 ⌧ 1 whenever kBT ⌧ �
<latexit sha1_base64="wgcjCQp7pIHkJonmqyemMjGJPBA="></latexit><latexit sha1_base64="wgcjCQp7pIHkJonmqyemMjGJPBA="></latexit><latexit sha1_base64="wgcjCQp7pIHkJonmqyemMjGJPBA="></latexit><latexit sha1_base64="wgcjCQp7pIHkJonmqyemMjGJPBA="></latexit>

Using
p
SI = 0.5 fA/

p
Hz yields

rI ⇡ 10
�4

�GT (1 + ZT )/(GkBT ), exceeds unity for kBT . �
<latexit sha1_base64="Mdn+L41dQHUn9sk/1G1uDh4jm20="></latexit><latexit sha1_base64="Mdn+L41dQHUn9sk/1G1uDh4jm20="></latexit><latexit sha1_base64="Mdn+L41dQHUn9sk/1G1uDh4jm20="></latexit><latexit sha1_base64="Mdn+L41dQHUn9sk/1G1uDh4jm20="></latexit>

Voltage measurement is preferred due to the high dynamic resistance of the junction! 
However, at low T, the bandwidth may become quite low.  



Multiplexing…
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𝐼 ∝ Δ𝑇 ∝ 𝑃𝛾

𝑃𝛾

𝐼

New type of an ultrasensitive thermoelectric radiation sensor
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