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Ultracold atoms

2 Very pure & highly controllable atomic gases

2 ldeal research platform for quantummany-ody phenomena

From Schauss Group, University of Virginia (https://ultracold.phys.virginia.edu/public_html/)



https://ultracold.phys.virginia.edu/public_html/

High controllability

1. Quantum statistics & spin degrees of freedom

Bose atom: 7Li, 23Na, 3°K,-

Hyperfine states Spin
Fermi atom: 6Li, 40K,--- yP P
2. Spatial geometry of gas
3D, 2D, 1D, Lattice, -
Cubic lattice Triangular lattice

[- X P rraT—.
Signal (arb. units)

Yang et al.(Virginia), PRX
Bloch, Nat. Phys. (2005) gQuantum ?2021)



High controllability

1. Quantum statistics & spin degrees of freedom

Bose atom: 7Li, 23Na, 3°K,-

Fermi atom: 6L, 40K_--- Hyperfine states Spin
2. Spatial geometry of gas 3. Interaction between atoms
3D, 2D, 1D, Lattice, - Feshbach resonance, Lattice depth, -

3000
2000+
1000+

-1000
-2000+
-3000

scattering length (a )

215 220 295 230
B (gauss)
Regal & Jin (JILA), PRL(2003)



Major research directions
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ldeal platform to study quantum many-body phenomena

S b . e S B S b g B9 i DA . e DR IS = NP F VI - e i i N o e o o =

1. Novel quantum phenomena 2. Quantum computation

3. Analog quantum simulation:
cold-atomic systems equivalent/similar to other interesting systems

Fermi atoms

. Neutron superfluid in
”"in superfluid phase

neutron stars

© HENNING DALHOFF/SCIENCE PHOTO LIBRARY


https://www.riken.jp/en/news_pubs/research_news/rr/20200207_2/index.html

Various many-body states with spin

Fermi superfluid Spinor Bose-Einstein Heisenberg
(BCS-BEC crossover) Condensate (BEC) antiferromagnet

+1 - E - < =
0 | — | — | e—
1 - o~ = s ——-
0s 0.5s 2s 3s 5s
Regal et al., (JILA) PRL (2004) Stenger et al., (MIT) Nature (1998) Mazurenko et al.,(Harvard) Nature (2017)



Spin dynamics with cold atoms

2 |deal experimental grounds to study spin dynamics
Spin-resolved manipulation & detection

]

. Spin diffusion w/o lattice

Space

1.3 mm

Sommer et al.,(MIT) Nature (2011)

2. Spin impurity on lattice

VIR VRN

Fukuhara et al.,(MPI) Nat. Phys. (2013)




Spin dynamics with cold atoms

2 |deal experimental grounds to study spin dynamics
Spin-resolved manipulation & detection

1. Spin diffusion w/o lattice 2. Spin impurity on lattice

3. AC spin transport (Our proposal)
YS, Tajima, & Uchino, accepted by PRResearch (2022)

iy

Driven by magnetic or optical fields




Today’s topic

2 Optical (AC) spin conductivity O

(o, B =2,y, 2)

YS, Tajima, & Uchino, accepted by PRResearch (2022)

(S)( ) YS, Tajima, & Uchino, accepted by PRResearch (2022)
Tajima, YS, & Uchino, PRB (2022)

2 Significance of

1. Elusive in solid-state systems

2. Powerful probe for guantum many-body states
BCS-BEC crossover, Tomonaga-Luttinger liquid(TLL), Spinor BEC,:--

3. Widely applicable probe for clean systems



2. Optical conductivity for solids

2 Powerful probe for exotic electron systems

Superconductor, Pseudogap phase, Non-Fermi liquid, Dirac fermions, -

Homes et al., PRL (1993)

YBazcuSOG.'?O P
295 K g
— -k ]
—————— 70 K. =
................. 10 K >
=
=
TC=63K S
—
a
p
(S .
O 0 | |
0 200 400 600 800

FREQUENCY (cm-?)

. Optical spin conductivity would also be a useful probe
_ for nontrivial spin dynamics



13/29

Outline of this talk

2. Optical spin conductivity

* Proposal of measurement



Measurement scheme: set up

YS, Tajima, & Uchino, arXiv:2103.02418

2 Total Hamiltonian:
0Hp(t)

H(t) = H + 5H5(t)

Cold atoms with spin (at least Sz) conserved
Spin: S=1/2, 1, 3/2, -
Zeeman field, synthetic gauge field, -
trap & lattice potentials, -

BCS-BEC crossover, Spinor BEC, ferromagnets/antiferromagnets, -

\._(Extension to spin-nonconserving & nonequilibrium systems is possible)




How to induce AC spin current

YS, Tajima, & Uchino, arXiv:2103.02418
2 Time-dependent force coupled to spin density S:

0Hp (1) /d"“,_g_{_)rﬁs (B ==z,y,z2)
oV (r,t)
o
» '3




How to induce AC spin current

YS, Tajima, & Uchino, arXiv:2103.02418
2 Time-dependent force coupled to spin density S:

0Hp (1) /d"“,_g_{_)rﬁs (B ==x,y,2)

K 'Jé,x o Single-frequency driving force toward g = x,y,z

fs5(t) = Fpcos(wot)

o t B 1. Magnetic field gradient |
Medley et al., (MIT) PRL (2011); Jotzu et al., (ETH) PRL (2015)

2. Optical Stern-Gerlach effect
Taie et.al., (Kyoto) PRL (2010)



How to extract spin conductivity

YS, Tajima, & Uchino, arXiv:2103.02418

1. Spin current: (Js(t) = % < / dr rSz(r,t)> = %<Xs(t)> (Spin conservation)
2. Spin conductivity:  (Js.a(w)) = o5y (@) fa(w) (Ohm’s law in frequency space)
3. Driving force: f8(t) = Fig cos(wot)
<6X§’,;(t)> = _Im U(Si) (o) cos(wot) + e Ufﬁ(j (o) sin(wot) '
Measurement of (Xs(?)) Jé‘? (w = wo)

(1]
o ‘T{'

e.g. Experiment on spin diffusion (w/o f5(t)) - 8:2: - 02-
E 0.1- E
(Xslt)) = (X:(0) — (X, (1) 5 oo-
o%_) _0:2_ T —0.2
B el e e e L H A B T
Sommer et al.,(MIT) Nature (2011) 0 40 80 120 160 400 800 0.0 04

Time (ms) Vikg (uK) /
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3. Theoretical studies

 Formalism

» Fermi superfluids

- Tomonaga-Luttinger liquid



Theoretical studies

20ur works on optical spin conductivity in homogeneous gases

YS, Tajima, & Uchino, arXiv:2103.02418 o °, ...0.0.0.
Tajima, YS, & Uchino, PRB (2022) 000 00¢ 0
® 6o o000

1. S=1/2 superfluid Fermi gas with spin gap
2. 1D p-wave Fermi superfluid with topological phase transition

? Tomonaga-Luttinger liquid

4. S=1 polar BEC with gapped or gapless spin modes



General relations

Enss & Haussmann PRL (2012) Enss, Euro. Phys. J. Special Topics (2013)

YS, Tajima, & Uchino, arXiv:2103.02418 (h = kp = 1)

\

| .
O i(éaﬁzsz z+xa5<w>> 0B efryz) wt=wtor

1. Kubo formula

Magnetic quantum #: s.=-5-S+1,---,8

Spin-current response func.: Xas(w) = —i/ dt e () ([Ts.a(t), J5.5(0)])eq

\ Particle # in the s; channel: Ns, /

2. f-sum rule

4 ™

> dw S s° Ny
[ EReolw) = Y0 0

s m

\. - Y,
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Outline of this talk

3. Theoretical studies

 Formalism

» Fermi superfluids

- Tomonaga-Luttinger liquid



Superfluid Fermi gas

\v& :
H = / dz | Y vl (—% - u) Yo — gl iy g > 0 :S-wave attraction
o="1,|
Unpaired §;’
fermions H
04l 3000
T Normal
a Bose = 2000
/ liquid = 1000'_
"L:'L J Pseudiéogap 5 _
= iz c

02 / : = o
. Normal ,'/ Te Superfluid g 1000-
Fermi v ”. . L
liquid - o :." 5 -, § -2000}
”/’ 'o"i;. -3‘ 3 [

- 5 il - S S N—

p = : ; [ . 3000 215 220 225 230
N T T A —— B (gauss)
<«—BCS 1/kea B Regal & Jin (JILA), PRL(2003)

Strength of attraction

Randeria & Taylor (2014)

BCS-Leggett mean-field theory Eagles (1969); Leggett (1980)



BCS-BEC crossover

2z Chemical potential @ T=0

BCS state -

BEC of diatomic molecules

,u >~ ER —2 — 1 O 1 2 W — _Emolecule/2
1/kpa Strength of attraction

2 Energy dispersion

Ek,FA ,LL > O




Result for a Fermi superfluid

YS, Tajima, & Uchino, arXiv:2103.02418

Re o) (w) o Z k2d(Jw| — 2Bk F)
k

1. Spin is insulated for small w

2. Behaviors for o — 2E,,, +0

> 0 [(kra)-'= -1,0] — coherence peak
u <0 [(kra) 1= 1] — decay

L w/2

(kra)-'=-1,0 (kFa)-1= 1



Topological Fermi superfluid

Tajima, YS, & Uchino, PRB (2022)

ZFermi atoms in quasi 1D
H=)Y &l chotV, & = k2/(2m) —

ZP-wave Feshbach resonance in the T-1] channel: R
' Triplet paring ,

] |
=-U Z kK Chy /ot —k+q/2 VO +a/2,L Ok +q/2,1 | 5=1,5.=0
3 k/7q

2BdG Hamiltonian

_ T _f Ckn Standard A (unitary) 0 0 0
H MFEF — Z \Ij k HBdG (k) \Ij k \Ijk o CT_ kol (Wigner-Dyson) Al (orthogonal) +1 0 0
k ’ AII (symplectic) -1 0 0
_ . — Chiral AIII (chiral unitary) 0 0 1 7,
HBdG (k) -0 R( k) Ox A (k) —l_ 02 gk ! (sublattice) BDI (chiral orthogonal) +1 +1 1 Z
CII (chiral symplectic) -1 -1 1 7
A(k) = kD (D > 0) BdG D 0 +1 0 7y
C 0 -1 0 -
DIII 1 +1 1 7,
CI +1 -1 1 -

Class BDI with winding # 1 € Z,
Schnyder, Ryu, Furusaki & Ludwig, PRB (2008)



Spectrum of spin conductivity

Tajima, YS, & Uchino, PRB (2022)

Topological phase transition Closing of the spectral gap

™ T T T
\

o

o

N
T

Re[o® ()| mE/k

2 15 1 05 0 05 1 15 2 0

1/(kra)




Tomonaga-Luttinger liquid

2 One-dimensional systems with spin-charge separation

Described by 4 parameters ve, vs, Kc, Ks

X10_29 0 1 2 3 4
5F g 3 ' ' ' B—
; 12 Vc { 15.1
N _ 1
/e N0t B T 2 143 — Measurement of ve & vs
q 3r s ~
o = . ; » £ Senaratne et al. (Rice), to be
I q 134 — ) ) )
2 > b G published in Science (2022)
1l 8 8 5w Vs 126
0 ihg B/ + oK) ‘ ' SDVIV | | | |
0 hkr AR 2Nk ‘ 0 100 200 300 400 500 7
He et al., PRL (2020) @(o)

Ks can be experimentally determined by spin conductivity at low frequency  }
YS, Tajima, & Uchino, arXiv:2103.02418 }

(S) 4K s—5
Re o™’ (w) x w cf. Charge conductivity

Gi hi, PRB (1991); (1992
(Memory function method) amarchl ( ); ( )
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Outline of this talk

4. Summary



Summary of this talk —

2 Optical (AC) spin conductivity O

Measurable in cold-atom experiments

A
-\ \
(0475 = X,Y, Z) | g f);? 7
0 l
. . o (S) YS, Tajima, & Uchino, accepted by PRResearch (2022)
o) W
2 Significance of .5 (@) Tajima, YS, & Uchino, PRB (2022)

1. Elusive in solid-state systems

2. Powerful probe for guantum many-body states
BCS-BEC crossover, Tomonaga-Luttinger liquid(TLL), Spinor BEC,:--

3. Widely applicable probe for clean systems

bFutu re perspective: Pseudogap of the unitary Fermi gas ?
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Ultracold atoms

2 Very pure & highly controllable atomic gases

n=10—10"%cm=, T =106 —108K (uK—nK)
Coldest in the Universe !!

(cf. O2inaroom: n=1019cm=3, T = 103 K)

From Schauss Group, University of Virginia (https://ultracold.phys.virginia.edu/public_html/)



https://ultracold.phys.virginia.edu/public_html/

Transport phenomena

1. Spin diffusivity

Sommer et al.,(MIT) Nature (2011); ---

3. Optical (AC) conductivity

Anderson et. al.,[Toronto group] PRL (2019)

20 40 60 80 100 120

drive frequency w/2x (Hz

32/37

2. DC spin conductivity

Nicholos et al.,(MIT) Nature (2019); ---

4. Quantized conductance

Conductance G (1/h)

Krinner et al.[EHT], Nature(2015)




1. AC spin transport

2 Hot topic in spintronics
Multilayer systems are considered

NiFe Cu Cu,sMn,. Cu Co

¢ o

>
spin current I
Ferromagnetic resonance in Multilayer systems Li et al., PRL (2016)

Bulk transport property afj} (w) is elusive !

S " S G e G IROHE Ay S A PSRNy,

AC spin transport within bulk is accessible with cold atoms

= RO - S e s S S = e e RS RAERETS




3. Probe for clean gases

2 Optical mass conductivity for cold atoms

Proposal: Tokuno & Giamarchi, PRL (2011)
Wu, Taylor, & Zaremba, EPR (2015)

Experiment: Anderson et. al.,[Toronto group] PRL (2019)

40}
20}
0
200

10F (b

O-(. ). ...y... (0] (o)

O' 1 1 (] (] (] (]
20 40 60 80 100120

drive frequency w/2s (Hz

O'a:m/ oy

(aa:y' o ya:)/ 09

Optical lattice is essential !l




3. Probe for clean gases

2 Generalized Kohn’s theorem: konn (1961): Brey et al. (1989): Li et al. (1991)
Strong constraint on mass conductivity of clean gases

Homogeneous . Harmonically trapped On lattice

Mass
conductivity

Sensitive to
quantum states

Spin conductivity is never constrained and

works as probes w/o lattice



How to extract spin conductivity

YS, Tajima, & Uchino, arXiv:2103.02418

1. Spin current: (Js(t) = % < / dr rSz(r,t)> = %<Xs(t)> (Spin conservation)
2. Spin conductivity:  (Js.a(w)) = o5y (@) fa(w) (Ohm’s law in frequency space)
3. Driving force: f8(t) = Fig cos(wot)
<6X§’,;(t)> = _Im U(Si) (o) cos(wot) + e Ufﬁ(j (o) sin(wot) '
Measurement of (Xs(?)) Jé‘? (w = wo)

(1]
o ‘T{'

e.g. Experiment on spin diffusion (w/o f5(t)) - 8:2: - 02-
E 0.1- E
(Xslt)) = (X:(0) — (X, (1) 5 oo-
o%_) _0:2_ T —0.2
B el e e e L H A B T
Sommer et al.,(MIT) Nature (2011) 0 40 80 120 160 400 800 0.0 04

Time (ms) Vikg (uK) /



Topological phase transition

Tajima, YS, & Uchino, PRB (2022)

Topological phase transition

’ Topological phase transitionat u =0

SREL : Z.‘ v=1 — v=0

en | 1 N ST M AR SOl i 59 S W R S o 39 S SO FSr Ot SO ST M8 At T s SV

=
\\
N

0.75 -(a)l

Quasiparticle energy Ej = /(e — p)2 + D2k?2
0.5 [ (iyy=1(w/CP) \ |

. 025}
RESEAP N
= 0.25] u—mD* i\
05 (ii)v=1(woCP)_| \
0.75} Xf‘»
L L

245 105 0 1 15 2
1/(kFaK

Coherence Peak (CP) disappears w/ CP w/o CP



Spectrum of spin conductivity

Tajima, YS, & Uchino, PRB (2022)

Coherence peak (CP) Topological phase
disappears transition point

Topological phase
6 e transition point

0.75+
0.5
0.25+

-0.25}
-0.5
-0.75}

Closing of the spectral gap of Rec®(w)

2 145 1 050 05 1 15 2
1/(kpa) . .
Topological phase transition



