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Introduction
1. Quantum Transport

Dilute & cold atomic gas

n = 1013 to 1015 cm-1, T = 1μK to 10nK

Tunable interaction

40K

Strong Weak
Regal & Jin PRL (2003)

Fermi atoms (6Li, 40K,…) with 
two hyperfine stateFinite-temperature unitary Fermi gas

‣ Spin-1/2 particles interact in 3D with range                   (pure s-wave scattering)


‣ Only length scales:       , s-wave scattering length a, thermal wavelength 

‣ Universal physics independent of the short-range structure of the particles 

‣ BCS-BEC crossover obtained as a function of 


‣ Pseudogap regime: pairing without condensation                      .  
There is a long-running debate about its existence in the unitary limit.
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Introduction 

Two-component (spin up/down) fermionic atoms interacting with a short-range 
interaction                 characterized by a scattering length    .  a

Of particular interest is the unitary 
Fermi gas (UFG) describing the limit 
of strongest interaction 
or                 

	a→∞

Many interesting properties: universality, scale invariance,… 

•  A challenging non-perturbative many-body problem 

			V0δ(r− r')

A crossover from BCS for   
to BEC for   

		 (kFa)
−1 ∼ −∞

		 (kFa)
−1 ∼ +∞

Randeria and Taylor (2014) 

		(kFa)
−1 =0

kF
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Pseudogap regime above     Fermi liquid behavior above  	Tc	Tc

Sagi et al, Boulder (PRL 2015): 
Backbending above     in photoemission 
spectroscopy   	Tc

Nascimbene et al, Paris  (PRL 2011): 
Spin response compatible with Fermi 
liquid behavior 
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FIG. S2. Gaussian fits to PES data at (kFa)�1
= 0.1. a, The white circles indicate the centers

from weighted gaussian fits to EDCs at fixed k. The white line shows the free-particle dispersion,

E = k2. b, Individual EDCs (blue points) are shown, along with the fitted gaussians (red lines).

Here, each EDC is individually normalized to have the same area, as in Ref. [12]. A solid black

line marks E = EF . Red stars show the center of each gaussian, and the dashed red line is a guide

to the eye.

10

Experiment 

12

10

8

6

4

2

P(
µ,
T)
/P

0(
µ,
0)

0.80.60.40.20.0

(kBT/µ)
2

15

Ku et al, MIT (Science 2012): 
Equation of state is well described  
by Fermi liquid theory  

Photoemission spectroscopy at unitarity

Sagi, et al. (PRL 2015)Unitary limit 

Tc < T < T ⇤
<latexit sha1_base64="ZlKlDoAydXpLD8klBhOY4XU1n5M="></latexit><latexit sha1_base64="ZlKlDoAydXpLD8klBhOY4XU1n5M="></latexit><latexit sha1_base64="ZlKlDoAydXpLD8klBhOY4XU1n5M="></latexit><latexit sha1_base64="RRGgfPkdVxuRlRRunB1XOP0Dz/U="></latexit>

Randeria and Taylor (2014)

See our review: S. Jensen, CG, Y. Alhassid arXiv:1807.03913

(Strongly correlated)
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Unitary limit

Spin balanced Highly polarized Josephson ocsillation

Multiple Andreev reflection

Valtolina et al., Science (2015)

Husmann, Uchino et al., Science (2015)

Excitations of both atoms & pairsNo contribution from

Sensitive to single-particle 
excitations !!

Spin singlet Pair transport:

3. Spin vs mass currents2. Ultracold Fermi gas

B/w bulks

In a bulk
Quantum Hall effect

Superconductivity
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Quantum point contact Josephson junction

Polarization difference 
→ Spin current

Particle-number difference 
→ Mass current

Purpose
Understanding of transport properties 
for strongly interacting Fermi gases

Here, spin transport in normal phase is focused on

Finite-temperature unitary Fermi gas
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Excitation properties in bulksTransport

Model

Reservoirs:

Tunneling term: Contact interaction

μ+

μ−

μσ,j

μ h
h

(↑ , L) (↓ , L) (↑ , R)
α = + α = −α = −

α = +Majority: Minority:

xL,0 xR,0

YS, Tajima, & Uchino, PR Research(2020) 1. Tunneling Hamiltonian model

2. Kubo formula

3. Extended T-matrix approx.(ETMA): 

+

−

Γ
+

−

= + Γ

Σα Γα α =

−α
[Kashimura, Watanabe, & Ohashi PRA (2012)]

Double line:

Single line:

Dot:

Density of states (DoS):

Fermi distribution func.:

Pseudogap regime

Polaron regime

Summary
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Spin current @ a → ∞ Intuitive interpretation 
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Spin conductance

Dos in the unitary limit@ h → 0

Suppression of Gspin

Pseudogap 
formation

RICHARD SCHMIDT AND TILMAN ENSS PHYSICAL REVIEW A 83, 063620 (2011)

(a)
(b)

(c)
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FIG. 2. (Color online) Spectral functions at zero momentum in dependence on 1/(kF a). (a), (b) Polaron spectral function A↓(ω,p = 0).
(c), (d) Molecule spectral functions Aφ(ω,p = 0). In order to make the δ-function peak for the ground state visible we introduced an artificial
width of the quasiparticles of 0.007ϵF .

flow as additional flowing couplings, or implicitly by using the
Katanin scheme [40] or rebosonization [41].

Until recently [22] most experiments with ultracold Fermi
gases have focused on the lower, attractive branch on the BEC
side (kF a)− 1 > 0. There exists, however, also the repulsive
polaron branch (solid green line) which corresponds to a higher
excited state of the ↓-atom interacting repulsively with the

↑-Fermi sea. Our results for the energy of the repulsive branch
agree with the weak-coupling results [18] for (kF a)− 1 >∼ 1.
In the strong-coupling regime our energies lie between the
result from the non-self-consistent T-matrix approach [21]
and the MC results for square well potentials [24]. In the
polaron spectral function [cf. Fig. 2(b)], one can clearly discern
the attractive polaron branch as a very sharp peak at low

063620-6

Repulsive 
polaron

Attractive 
polaron

Molecule

★

Polaron-molecule 
transition

Schmidt & Enss, PRA (2011)

Majority atoms form a Fermi sea
Minority atoms behave as Fermi polarons

Exp: Schirotzek et al., PRL (2009); 

Koschorreck et al., Nature (2012);  Kohstall et al., Nature (2012)

Theory: Chevy PRA (2006); Combescot et al., PRL (2007);…

1. Highly polarized gas
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4. Spin current

2. Minority spectrum & DoS

@ a→∞ @ a→∞

Broad repulsive branch  & 
Broadened attractive polaron

in 

DoS enhancement

Increase of the spin current

Two-terminal spin transport for strongly interacting Fermi gas

Future perspective: 
Superfluid regime, low-energy polaron current, current noise

Spin current measurement becomes a sensitive 
probe to pseudogap & polarons

1. Small spin bias:  Suppression of Ispin due to the pseudogap

2. Large spin bias:  Enhancement of Ispin due to the polarons

https://www.youtube.com/watch?v=vIhdQN7ttWE(By Tajima-san)

YS, Tajima, & Uchino, PR Research(2020) 

YS, Tajima, & Uchino, PR 
Research(2020) 
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