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We are trying find a foothold for theoretical models of 
DC nonequilibrium many-body phenomena that permit 
an accessible solution.  



Talk Outline

• Intro: Is an electronic band stable under a DC electric-field? 

• Set up fermion- and boson-baths for steady-state noneq. limit 

•Phase transition controlled by the coupling to environment

• Two-band model for symmetry-broken Insulators 

•Relevance to experiments: why we didn’t see it earlier?

a minimal model

application: insulator-to-metal transition by an electric field



A Simpler Question: Is a Band Stable in Noneq.?

Field-induced tunneling (Franz-Keldysh effect) enables 
multiple spontaneous emission of bosons



Single Band above Fermi-Energy

gap from Fermi-energy
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+ “Dissipation”

hot system

cold environ.

dissipate by exchange dissipate by emission

<latexit sha1_base64="rJu5SV/ySA9LPvv0pvCs0g7NNwQ=">AAAB7XicbVDJSgNBEO1xjXGLevTSGARPYUbcjkEPeoxgFkiGUNPpSdr0MnT3CGHIP3jxoIhX/8ebf2MnmYMmPih4vFdFVb0o4cxY3//2lpZXVtfWCxvFza3tnd3S3n7DqFQTWieKK92KwFDOJK1bZjltJZqCiDhtRsObid98otowJR/sKKGhgL5kMSNgndTo3IIQ0C2V/Yo/BV4kQU7KKEetW/rq9BRJBZWWcDCmHfiJDTPQlhFOx8VOamgCZAh92nZUgqAmzKbXjvGxU3o4VtqVtHiq/p7IQBgzEpHrFGAHZt6biP957dTGV2HGZJJaKslsUZxybBWevI57TFNi+cgRIJq5WzEZgAZiXUBFF0Iw//IiaZxWgovK+f1ZuXqdx1FAh+gInaAAXaIqukM1VEcEPaJn9IrePOW9eO/ex6x1yctnDtAfeJ8/WSuO/w==</latexit>

� <latexit sha1_base64="TpW6d9/tykyISdMmbZE++SEv/oE=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VwISURX8uiG5cV7APSUCbTSTp0MhNmboQS+hluXCji1q9x5984bbPQ1gMXDufcy733hKngBlz32ymtrK6tb5Q3K1vbO7t71f2DtlGZpqxFlVC6GxLDBJesBRwE66aakSQUrBOO7qZ+54lpw5V8hHHKgoTEkkecErCS31MJi0nfPcNxv1pz6+4MeJl4BamhAs1+9as3UDRLmAQqiDG+56YQ5EQDp4JNKr3MsJTQEYmZb6kkCTNBPjt5gk+sMsCR0rYk4Jn6eyIniTHjJLSdCYGhWfSm4n+en0F0E+RcphkwSeeLokxgUHj6Px5wzSiIsSWEam5vxXRINKFgU6rYELzFl5dJ+7zuXdUvHy5qjdsijjI6QsfoFHnoGjXQPWqiFqJIoWf0it4ccF6cd+dj3lpyiplD9AfO5w9C3ZCZ</latexit>!0, g

<latexit sha1_base64="omQasHKDdYrMe673clBB6vP2+3c=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjJFnbor6sJlBfuAdiiZNNPGZpIhyQhl6D+4caGIW//HnX9j2o6gogcuHM65l3vvCRPOtEHowyksLa+srhXXSxubW9s75d29lpapIrRJJJeqE2JNORO0aZjhtJMoiuOQ03Y4vpz57XuqNJPi1kwSGsR4KFjECDZWavWuKDe4X64g1z+38CFyawihqpcT5EPPRXNUQI5Gv/zeG0iSxlQYwrHWXQ8lJsiwMoxwOi31Uk0TTMZ4SLuWChxTHWTza6fwyCoDGEllSxg4V79PZDjWehKHtjPGZqR/ezPxL6+bmqgWZEwkqaGCLBZFKYdGwtnrcMAUJYZPLMFEMXsrJCOsMDE2oJIN4etT+D9pVV3vzD29OanUL/I4iuAAHIJj4AEf1ME1aIAmIOAOPIAn8OxI59F5cV4XrQUnn9kHP+C8fQLTFo9S</latexit>

�

<latexit sha1_base64="MbzTc/x2h0oLJWjMDDnS3lUX9Fs=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFSZBTV0IRRFcVrAPaGOZTCft0MmDmUmhhPyJGxeKuPVP3Pk3TtsIKnrgwuGce7n3Hj/hTCqEPozS0vLK6lp5vbKxubW9Y+7utWScCkKbJOax6PhYUs4i2lRMcdpJBMWhz2nbH1/N/PaECsni6E5NE+qFeBixgBGstNQ3zeuLXiAwyZJ7J8+cMO+bVWS55xouRFYNIeTYBUEutC00RxUUaPTN994gJmlII0U4lrJro0R5GRaKEU7zSi+VNMFkjIe0q2mEQyq9bH55Do+0MoBBLHRFCs7V7xMZDqWchr7uDLEayd/eTPzL66YqqHkZi5JU0YgsFgUphyqGsxjggAlKFJ9qgolg+lZIRlgHoXRYFR3C16fwf9JyLPvMOr09qdYvizjK4AAcgmNgAxfUwQ1ogCYgYAIewBN4NjLj0XgxXhetJaOY2Qc/YLx9ApaJk6o=</latexit>

E =
p2

2m



Coupling to Environment Controls Avalanche

• The avalanche field  is 
proportional to the coupling  to the 
environment (  is a singular 
limit in steady-state nonequilibrium). 

• Continuous nonequilibrium 
transition 

•Avalanche easier for less thermally 
excited conditions! — quantum 
nature

Eav
Γ

Γ = 0



Multiple Emission by (Keldysh) Diagrammatics
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+ …
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• Multiplicative factor           sigmals an avalanche 

• Simplifying limits make an analytic calculation possible: 
occupation number             , dephasing rate  
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“Eliashberg” diagrams



Criterion for Transition
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Agreement with Numerical Lattice Model

Excellent agreement with numerical lattice 
calculations, except for an overall factor*



Competition of Avalanche with Dephasing



Quantum Avalanche (in Cartoon)

The quantum avalanche occurs not because electrons become 
energetic, but because the floor becomes unstable due to the 
spontaneous emission.



How it’s Relevant? : Resistive Switching (RS)

• Insulator-metal transition by electric-field (Mott, CDW systems)  

• Unsettled debate over thermal vs quantum origin

Resistve Switching is a diverse topic and has a long 
history. It concerns sudden switching of restsivity under 
a DC electric field. Mechanisms such as impact 
ionization, electro-migration, lattice transition, and 
correlation-driven in VxOy, NbO2 (Mott), MC3 (CDWs) 
etc.. exist.

In search of an elemental understanding, I will view RS 
as nonequilibrium (bulk) phase transition.



electron sliding 
down along the 
field

Symmetry-Broken 2-Band Model

E

emission of acoustic 
phonons
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E
self-consistent mean-field gap, controlled 
by nonequilibrium electron fluctuations.

Solve the Keldysh GF with the steady-state bulk condition
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Fermi Bath



Avalanche and Two-Step Transition



Criterion for Thermal or Quantum?

Thermal

Quantum

NbSe3, J. Bardeen, Physics Today (1990)

High T

Low T

CDW, probably 
quantum switching



Conclusions and Outlook

• We presented a concrete quantum model for 
nonequilibrium phase transition, with some 
analytic understanding. 

• Need to better understand when the quantum 
avalnche overcomes the dephasing in interacting 
models 

• Starting to worry about better solvers…


