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‣ Kondo effect

‣ charge- (spin-) density wave state‣ quantum oscillation

Fermi surface  “the face of metal”
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H. Ibach and H. Luth, “Solid-State Physics”
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Fermi surface  “the face of metal”

magnetic field

Cooper pair with zero center-of-mass momentum

Bardeen, Cooper, and Schrieffer (1957)BCS state

Cooper pair with finite center-of-mass momentum

Fulde and Ferrell (1964), Larkin and Ovchinnikov (1965)FF(LO) state
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Control of Fermi surfaces

‣ pressure

‣ strain

‣ doping

‣ Laser (non-equilibrium)

change a structure/topology of a Fermi surface

phase transitions trigged by changes in the topology  
of Fermi surfaces Lifshitz transition

…

C. W. Chu, T. F. Smith, and W. E. Gardner, Phys. Rev. B 1, 214 (1970) 
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L. R. Testardi and J. H. Condon, Phys. Rev. B 1, 3928 (1970) 

J. M. V. Martins, et.al., Phys. Rev. B 17, 4633 (1978)  

N. P. Armitage, et.al., Phys. Rev. Lett. 88, 257001 (2002)

A. Kaminski, et.al., Phys. Rev. B 73, 174511 (2006)

Weyl semimetalTd − MoTe2

S. Beaulieu, et. al., arXiv:2003.04059

Theory：time-dependent self-consistent Hubbard U calculations

experiment：time-resolved multidimensional photoemission spectroscopy
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Driven-dissipative Fermi gas

‣  driven-dissipative Josephson junction array

‣  extension of the two-terminal configuration

R. Labouvie,  B. Santra, S. Heun, and H. Ott 
Phys. Rev. Lett 116, 235302 (2016) 

S. Krinner, D. Stadler, D. Husmann, J. P. Brantut, and T. Esslinger, Nature 517, 64 (2015). 

Cooper pairs associated with “effective Fermi surface”

Cooper pairs with finite center-of-mass momentum

Fulde–Ferrell (FF) state
‣  metallic superconductivity under an external magnetic field 

‣  spin-polarized Fermi gas

p

pF1−pF1

pF2−pF2
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‣  color superconductivity in quantum chromodynamics
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pumping

decay

main system

bath (L) bath (R)
pumping = decay

non-equilibrium steady state



Driven-dissipative Fermi gas

non-equilibrium FF state
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Driven-dissipative Fermi gas

non-equilibrium FF state

conventional FF state  (equilibrium)
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Model Hamiltonian

Htot = Hsys +Henv +Hmix

‣ environment temperature Tenv

‣ chemical potential bias δμ

‣ dissipation strength γ = πNtρ |Λ |2

‣ main system
<latexit sha1_base64="kjXs13uJCk7+UIgENtJTS00fXyk="></latexit>
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‣ reservoirs
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Model Hamiltonian

Htot = Hsys +Henv +Hmix
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steady-state ansatz

Non-equilibrium superfluid phase (NESS: non-equilibrium steady state)

Fulde-Ferrell type order parameter

Nambu lesser Green’s function
- diagonal component

- off-diagonal component

particle density

pair amplitude

‣  interaction effect

Hartree-Fock-Bogoliubov app.

‣  environment effect

2nd Born app.

v 

R. Hanai, P. B Littlewood, and Y. Ohashi, Phys. Rev. B 96, 125206 (2017) 

equations determining NESS solutions

‣  NESS gap equation

‣  current condition

(interior gap)

chemical potential biasFF vector



Non-equilibrium superfluid phase (NESS: non-equilibrium steady state)
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‣ BCS, IG (Q = 0)

p

‣ FF1, FF2 (Q ≠ 0)

(interior gap)

chemical potential bias
FF vectorTABLE I: Obtained superfluid NESS solutions in region R1-R4. Here, we fix Tenv = 0 and γ =

0.005µ.

Region Obtained solutions Stable solutions

R1 (0 < δµ < 0.111µ) BCS BCS

R2 (0.111µ < δµ < 0.135µ) BCS, IG BCS

R3 (0.135µ < δµ < 0.152µ) BCS, IG, FF1, FF2 BCS, FF2

R4 (0.152µ < δµ < 0.183µ) BCS, IG, FF1 BCS

FF-type state has not been discussed. Our result is consistent with these previous work and

the FS-engineered FF state is also expected to realize in a voltage-driven superconductor.

B. Stability analysis of the obtained superfluid NESS solutions

In this subsection, we show the results of the stability analysis of the obtained NESS

solutions. We first fix the environment temperature Tenv(= 0) and system-bath coupling

strength γ(= 0.005µ), and study the time evolution of order-parameter fluctuations around

each NESS solution. We then show that these environment parameters can change the rate

of the time evolution of fluctuations, but do not affect the results of the stability analysis.

In table I, we summarize the types of obtained superfluid NESS solutions when we fix

Tenv = 0 and γ = 0.005µ, and change the chemical potential bias δµ. Based on the types

of obtained NESS solutions, we introduce four regions, R1-R4. In Fig. 6, we show the time

evolution of the uniform order-parameter fluctuation δ|∆(t)| (q = 0 in Eq. (85)) after we

give the small deviation at t = 0 from the each steady-state value ∆0 in R1-R4. The black

solid line represents the line of δ|∆(t)| = δ|∆(t = 0)| = 0.001µ, and if δ|∆(t > 0)| is below

(above) this line, it means that the fluctuation given at t = 0 decays (increases) with time

and the NESS is a stable (unstable) solution.

In R1, BCS is the only superfluid NESS solution. Studying the time evolution of the

order-parameter fluctuation from this NESS solution, we can see from Fig. 6(a) that the

fluctuation decays with time, which indicates that BCS is a stable NESS solution in R1. This

result seems to be reasonable considering the limit of δµ = 0. When δµ = 0, the main system

can be regarded as a thermal equilibrium Fermi gas at T = 0, except for the system-bath

23
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fluctuations from the NESS
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TABLE I: Obtained superfluid NESS solutions in region R1-R4. Here, we fix Tenv = 0 and γ =

0.005µ.

Region Obtained solutions Stable solutions

R1 (0 < δµ < 0.111µ) BCS BCS

R2 (0.111µ < δµ < 0.135µ) BCS, IG BCS

R3 (0.135µ < δµ < 0.152µ) BCS, IG, FF1, FF2 BCS, FF2

R4 (0.152µ < δµ < 0.183µ) BCS, IG, FF1 BCS

FF-type state has not been discussed. Our result is consistent with these previous work and

the FS-engineered FF state is also expected to realize in a voltage-driven superconductor.

B. Stability analysis of the obtained superfluid NESS solutions

In this subsection, we show the results of the stability analysis of the obtained NESS

solutions. We first fix the environment temperature Tenv(= 0) and system-bath coupling

strength γ(= 0.005µ), and study the time evolution of order-parameter fluctuations around

each NESS solution. We then show that these environment parameters can change the rate

of the time evolution of fluctuations, but do not affect the results of the stability analysis.

In table I, we summarize the types of obtained superfluid NESS solutions when we fix

Tenv = 0 and γ = 0.005µ, and change the chemical potential bias δµ. Based on the types

of obtained NESS solutions, we introduce four regions, R1-R4. In Fig. 6, we show the time

evolution of the uniform order-parameter fluctuation δ|∆(t)| (q = 0 in Eq. (85)) after we

give the small deviation at t = 0 from the each steady-state value ∆0 in R1-R4. The black

solid line represents the line of δ|∆(t)| = δ|∆(t = 0)| = 0.001µ, and if δ|∆(t > 0)| is below

(above) this line, it means that the fluctuation given at t = 0 decays (increases) with time

and the NESS is a stable (unstable) solution.

In R1, BCS is the only superfluid NESS solution. Studying the time evolution of the
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Summary

‣ We theoretically propose an idea to process the structure of a Fermi surface (FS) with reservoirs so as to be suitable  

 for the state which we want to realize. 

‣ As an application of the FS reservoir-engineering, we have considered the driven-dissipative non-equilibrium Fermi gas. 

‣ The “two effective FSs” processed by the FS reservoir-engineering are found to really work like two FSs and stabilize  

 the exotic superfluid states, where the Cooper pair has a finite center-of-mass momentum.

future work

‣  strong-coupling effects

‣  lattice system

reservoir reservoir
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