Quantum transport with
ultracold atomic gases




@ Mesoscopic systems in condensed matter (Aé}?
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@ Mesoscopic system w/ cold atoms éSj’

Two-terminal setup realized by Esslinger's group at ETH
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@ Why cold atoms? 5>
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® Control of interaction
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Scattering Length a/a~ vfms
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magneticfieid @ S |[nouye et al., Nature 392, 151 (1998).
® control of dissipation

L. Corman et al., PRA 103, 059902 (2021).

® Synthetic dimensions

m=-1/2 (0=

=2 M. Mancini et al., Science 349, 1510 (2015).

® Control of quantum statistics

Bosons as well as fermions S. Eckel et al., PRA 93, 063619 (2016).



@Transport in strongly-interacting Fermi gases @ C‘S?
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@Transport in strongly-interacting Fermi gases @ (‘9:7
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@TranSport In strongly-interacting Fermi gases @ C‘S?
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M. Randeria, E. Taylor, Annual Review of
Condensed matter physics 5, 209 (2014).
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@Transport In strongly-interacting Fermi gases (A‘S}?
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@Transport in strongly-interacting Fermi gases @ C‘S?

n= [ 3w V) Yo - gvlufu]

Interaction inside the wire
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Experiment concluded G = -

s e o ° e S. Tarucha et al., Solid State Commun. 94, 413 (1995).

M. Randeria, E. Taylor, Annual Review of _ _ :
Condensed matter physics 5, 209 (2014). Later on, this discrepancy was resolved with

\ / Inhomogeneous Tomonaga-Luttinger theory.
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@Transport In strongly-interacting Fermi gases (A‘%'?

2m

Interaction inside reservoirs
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@Transport In strongly-interacting Fermi gases (A‘%?

n= [ 3 o V) Yo - gvlufu]
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@ Dissipation in quantum transport @"l}?

~Condensed matter example: dissipation in Josephson junctions ™

C RCSJ model -
d
I=C dV Issin(Ag¢) +H %
v dA@
_ Superconductor Superconductor Y,

Coupling to environment: Caldeira & Leggett
PRL 46,211 (1981)
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@Y Dissipation effect in quantum transport ar’

Condensed matter exampleZ2: continuous measurement of
MeSsOoSCopIC currents

E.V. Sukhorukov et al., Nat. Phys. 3, 243, (2007)
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The quantum dot distribution affects the current
In the quantum point contact .
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Dissipation in cold atoms
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Jesephson junction array
of Bose-Einstein condensates
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@ Dissipation in cold atoms r
Jesephson junction array | — Point contact transport in _

/

of Bose-Einstein condensates
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Theoretical model 1 ar’

. SU, Phys. Rev. A 106, 053320 (2022)
D -
H=Hp+Hr+ Hip + Hr

{dydo, P}}
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0up = ilp, H] + 7| dopd]

Physical quantities of interest

7 ((O:NR ; O:N1,))

—~N = —{(8;Ng + 0:Nz))
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Theoretical model 1 ar’

SU, Phys. Rev. A 106, 053320 (2022).

Bl

H=Hp+ Hr+ Hip+ Hr

. dydo, p |

oup = ilp. H] 7 [dopd) — SRDLL] o sy

| 096001 (2016).
. Result based on Keldysh+Lindblad tformalism \

dw L(w
I :/%{T(w) | (2 )}[nL(w) —np(w)]
T (w) : transmittance
N = _ / g—wﬁ(w)[nL (w) + np(w)] L(w) : loss probability
s
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@ Theoretical model 2 @%’

SU, Phys. Rev. A 106, 053320 (2022).
Three-terminal Landauer-Buttiker analysis
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provided that the injection from the third reservoir is absent(Lns = 0).
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@Strongly—interacting superfluid + dissipation @%’
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D. Husmann et al., Science 350, 1498 (2015).
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Nonlinear current-bias characteristics

M. Randeria, E. Taylor, Annual Review of stemming from multiple Andreev reflections
Condensed matter physics 5, 209 (2014).
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@Strongly—interacting superfluid + dissipation @%’
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M. Randeria, E. Taylor, Annual Review of
Condensed matter physics 5, 209 (2014).
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M.-Z. Huang et al., arXiv:2210.03371
(Phys. Rev. Lett., In press).

Nonlinearity is weakened by atom loss.

Lindblad+Keldysh analysis gives
consistent results.




Synthetic dimensions ar’
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@ Mesoscopic transport via magnetic impurity (A‘S}?

S. Nakada et al., PRA 102, 031302(R) (2020).

H = / di’)r[a_mwz;{ h;f = V(r)}wa—gwam} +Zvawwa<0>

‘ spin rotation 1) = |a) = Z\U
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@ Realization with Yb atoms @%’

K. Ono et al., Nat. Commun. 12, 6724 (2021).

Two-orbital lattice system with 173YDb

1Sy atoms: itinerant fermions

3Py atom: localized impurity

Spin-dependent potential can be tuned . pagano et al., PRL 115, 265301 (2015),
with the orbital Feshbach resonance M. Hofer et al., PRL 115, 265302 (2015).
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@ Dominant Andreev current in an internal space junction A‘%}?

T. Zhang et al., Commun. Phys. 6, 86 (2023).
H = Hsp + Hz + Hr

SN
>3

the synthetic interface

real dimensions

Hp = Z (e—iWL,Gth,SdLJCk,S -+ hC)
k,o

I = N3 = —i[N3, Hy]

Tunneling w/ momentum conservation

& —0—0

synthetic dimension
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» Analogy between Andreev reflection and physics of black holes
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black hole singularity

PRD 96, 124011 (2017);PRD 98, 124043 (2018);
PRD 102, 064028 (2020).
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@ Dominant Andreev current in an internal space junction ASI;>

T. Zhang et al., Commun. Phys. 6, 86 (2023).

H = Hgsp + Hs + Hr
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e.g., analysis up to {1, 3

Rf spectroscopy

~ tunneling junction of superfluid & normal states

eV

Blonder, Tinkham, Klapwijk, PRB 25, 4515 (1982).
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@ Dominant Andreev current in an internal space junction A%?

T. Zhang et al., Commun. Phys. 6, 86 (2023).

H = Hgsp + Hs + Hr
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Analysis up to Qig\
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@ Mesoscopic transport of Bose gases @%7

. lunneling Hamiltonian formalism

H=H;,+ Hr+ Hr

Hr
H;,  Hp

Hy =Y (e—mmtk,prpr,R + h.c.)
k,p

‘ absence of the momentum conservation

There must be the conversion process
between condensation and normal elements.

Linear response theory: F. Meier & W. Zwerger PRA 64 033610 (2001).
Beyond linear response effect: SU & J.P. Brantut, PRR 2, 023284 (2020);
SU, PRR 2, 023340 (2020).

Experiment: G. Del Pace et al., PRL 126, 055301 (2021).
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Superfluid-normal state junction  @g’

PHYSICAL REVIEW A 106, L011303 (2022)

Editors’ Suggestion

Superfluid
bosons

Asymmetry and nonlinearity of current-bias characteristics in superfluid—-normal-state junctions of
weakly interacting Bose gases

Shun Uchino

Normal bosons: Hartree-Fock theory
Superfluid bosons: Bogoliubov theory

- Currer};tv—“blas curve N

« Asymmetry arises from
the conversion process between
condensation and normal elements,
and the bosonic Andreev reflection.

Rectification effect
(e.g., diode)




@ Strongly interacting Fermi gas in a cavity CS:?

V. Helson et al., Phys. Rev. Res. 4, 133199 (2022)

H = Hatom + He + Hing
H.= Ad'a
Hine = Qala / d*rn(r) cos® k. - r

* Photon measurement reflects
density-density correlation of atoms

xH(q,w = 0) = _/dw[s(qvw) +5(—a

W

compressibility sum rule

Agreement with a theory with
the operator product expansion
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@ Summary G®

. [wo-terminal transport of Fermi gases
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Particle loss effect in mesoscopic transport
SU, PRA106, 053320 (2022).

M.-Z. Huang et al., arXiv:2210.03371 (PRL, In press)

. [Transport with synthetic junctions

Realization of multi terminal mesoscopic transport
S. Nakada et al., PRA 102, 031302(R) (2020).

K. Ono et al., Nat. Commun. 12, 6724 (2021).
Andreev reflection transport with rf lasers

T. Zh tal., C . Phys. 6, 86 (2023).
. Transport of bosons ang etal. Commun. Fhys. 6, 86 (2029

Asymmetry and nonlinearity in SN junction
SU, PRA 106, L011303 (2022).

Compressibility sum rule via optical cavity
V. Helson et al., PRR 4, 133199 (2022).
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