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NOTE:

This 1s a review talk

on recent experimental progress In the study of
condensed matter physics using ultracold atoms.

No discussion related with AdS/CFT correspondence

In (Near) Future,
consider ultracold atoms for AdS/CFT correspondence



Outline of This Talk

1) Preparation of Quantum Gas

Laser cooling and trapping, evaporative cooling, Bose-Einstein condensate,
Fermi Degenerate Gas

11) Ultracold Atoms in a Harmonic Trap

Feshbach resonance, Cooper paring, BEC-BCS crossover, unitary gas,
pre-thermalization, guantum transport

111) Ultracold Atoms in an Optical Lattice

Superfluid-Mott insulator transition, quantum-gas-microscope, Higgs mode,
frustrated magnetism

1\/) (our recent work) Ultraold Atoms in a Flat Band
localization/delocalization on flat band



Outline of This Talk

1) Preparation of Quantum Gas

Laser cooling and trapping, evaporative cooling, Bose-Einstein condensate,
Fermi Degenerate Gas



Laser Cooling and Trapping

“optical trap”

anti-Helmholtz coils V. =—p-E U_(n=- ZE(r)?
in pot 2

Six laser beams
for laser cooling

“magnetic trap”

* Number; 107

* Density: 101t/cm3
10mm

!

“Magneto-optical Trap”

* Temperature: 10pK




Cooling to Quantum Degeneracy

| Pressure ~1012 torr
(. Lifetime > 10 sec

“Evaporative cooling”

BEC Formation *
(Yb atom) '

T:high
Momentum distribution

T~100 nK N~ 10°



Cooling to Quantum Degeneracy

“Boson versus F. ermion »
\ : \ 9 \ :

\
0 0 \@/ \@/
“Bose-Einsten Condensation~ “Fermi Degeneracy”

6Liand "Li

Fermi
Pressure

Momentum Distribution Spatial Distribution
[E. Cornell et al, (1995)] [R. Hulet et al, (2000)]
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Outline of This Talk

11) Ultracold Atoms in a Harmonic Trap

Feshbach resonance, Cooper paring, BEC-BCS crossover, unitary gas,
pre-thermalization, guantum transport



Feshbach Resonance:
ability to tune an inter-atomic interaction

Collision is in Quantum Regime a, =—0, /K

It is described by s-wave scattering length @ | o, =4x|f,| =4zfa,|

Coupling between “Open Channel” and “Closed Channel”
AB

- Control of Interaction(a) ~ # #1757y g )

‘f\ Molecular State

Potential

\ FotF)
\ Two Atoms
F+F,
-C¢/R?

“Magnetic field tunes the energy difference o> 2 2> 20

bet losed channel and hannel’; PR
ctween closed channel anc Open Chaniet re pegal and D. Jin, PRLYO, 230404(2003)]

| s:r:atterng length (a,)
S88. 886




BEC — BCS Crossover

. Leggett
Psaudo-gap dos
7T
---------l"“ TBCS zOBTF exp(_ )
Te . 2kF ‘as ‘
Phase coherant '.,
“molecular”eec B . BCS B

“Unitary Gas”

0
1/(k-a)

+ 00



BEC — BCS Crossover: experiments
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Equation of State for Unitary Gas

M. J. H. Ku et al, (2011): MIT Zwierlein Group

4 )
EoS  n(uT)=fulBr)  P(uT)= "B fo(f)

: deB 1 eneth D ey
Y e Broglie waveleng o

A 4 5, - B .
**1 Density = %% Pressure
4.0; o e ] . i
) .,J':  : experimental EoS
3.5] E“?,.*' = : Monte Carlo
C o § o - . . .
230 D fﬁ : 3rd order Virial expansion
= 2.5 rr"* o self-consistent T-matrix
= o ¢+ : ENS experiment
c 2 01 EL;.'(}%%‘- - -
ol ¢ Tokyo experiment
1.59 IJ;\
1.0]= : w
0 2 4 6] j




“4 system of ultracold atoms provides unigue opportunity
to experimentally study non-equilibrium dynamics
because of the almost perfect isolation from the environment”

Pre-thermalization in an Isolated Quantum System
(J. Schmiedmayer Group, Science(2012))

1D Bose gas (3’Rb atoms) in an Atom Chip:
N: 2~10x103

RF

trap
RF

atoms

[l
- ¥
-n"‘ ."'.
ot * "y . x
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T: ~80 nK (heating: 0.1nK/ms) ~ d<_ 3 5§ micron



Relaxation and Pre-thermalization in an Isolated Quantum System

(J. Schmiedmayer Group, Science(2012))

a initial gas

ANV NS
¢initial(z)

b relative phase
A(2)=9,(2)-9,(2)
phase correlation length Ay,

P ror NN
|

matterwave interference
after time-of-flight

integrated contrast C(L)
d
many repeats

full contrast distribution
functions P(C?)

9,(2)
0 VALV Vo N e NS

A VALV Vo G e S
9,(2)

L=22
._|||||I. i

L=60 pm

IIIIII full cloud

P(C?)

I | evdjion|

TV N\ S—a s~

‘ L=22
-llIIIl-- Hm

€ L=60
= [l .

I..__ full cloud

initial state . dynamical states‘




Relaxation and Pre-thermalization in an Isolated Quantum System
(J. Schmiedmayer Group, Science(2012))
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ETH group
Study of Quantum Transport Using Cold Atoms

“Observation of quantized conductance”

“narrow channel” S. Krinner et al., Nature (2015)

a ‘ 8 T T
——

Dichroic
mirror

Conductance G (1/h)

. 1 . 1 .
0.0 0.5 1.0 1.5
Gate potential V‘g (uK)



Outline of This Talk

111) Ultracold Atoms in an Optical Lattice

Superfluid-Mott insulator transition, quantum-gas-microscope, Higgs mode,
frustrated magnetism



Quantum Simulation of Strongly Correlated Electron System

klattice

e e
————————————
P P

-~ -~ -~
——————————
-~ -~ -~

}‘Iattice xlattice

“ult.r;COId atoms in an optical lattice”
Ideal Quantum Simulator of Hubbard Model: 1 S/
| f;{" /
H=-J)c'c,+U> n.n, 9‘ it/
<i, > i / /
’ S/




One motivation of the quantum simulation of Hubbard Model is
To get deeper understanding of

Cuprate High-T, Superconductor:
strongly correlated electron system

e _ experiment theory
HgBaCzﬂuD @ 30 GPa _ 300 I I I 0.08 : : : :
150 TIBaCaCu0, _— ¢ HgTlBaCaCuO ] La, ,S1,Cu0, | Nd, ,Ce,Cu0,
100 Blsmamf’ HgBaCaCuO P || -
YBaCuO - - ool || ] ;/‘\E
Cs,C,, .: v AF | / \ Ty
@ 146Pa  MgB, = ~J| AF Tt 004} i ] .

5
40 A o :
—~ ,
ijﬁf««f/ ] 100}~ | s n
LaBaCuO, 3 | 002l . N b |
L] & c
|

Temperature (Kelvin)

A d! g .H o 35 __ = 1
e Llﬂglf.:ti‘mlf: _ 912 SC}*D.D l}l.l — 0.2 D'ﬂ.]u_:s .ul_z 0.1 0.0 l]?l u:-?z 0.3
@ on. " / 6 ] - X - . & -
0 aupy e o Aipmortt e, (carrier doping) (carrier doping)
1900 1940 1980 1935 1990 1995 2000 2005 2010 . .
Year [in T. Moriya and K. Ueda, Rep. Prog.Phys.66(2003)1299]

extensive study of theory and experiment
After about 30 years of discovery,

“Still Controversy on Behaviors of High-T_Materials”




Bosons in a 3D optical lattice

H=-J Zai+aj +%Zni (i, _1)+Zgini
<i, > | |

“Bose-Hubbard Model”

xlattice

xlattice }q attice

Matice/ 2= :lattice constant
—



Temperature

Phase Diagram of Bose-Hubbard Model (T>0)

Superfluid

Normal fluid H S _J Z a.i+ aj
7 . <i, >
N + 2SN, 1)
i \ QCP 2 =

+> &N,

/D, U/J

“Mott




Phase Diagram of Bose-Hubbard Model (T>0)
Normal fluid H — _J Zai+aj

<, J>

+%Zni (ni _1)

+> &N,

“An interference fringe 1s
" e direct signature of the phase coherence”

iW

Temperature

Superfluid

- = l fres,
expansion

& A

U/J =ak, /2 exp(+2+V o/ Er)




Phase Diagram of Bose-Hubbard Model (T>0)
Normal fluid H — _J Zai+aj

<i, >

Temperature

+%Zni (ni _1)

+> &N,

Theory (n=1):

mean-field cal.
—(UN).=6x%5.8
QMC
- (UN).=29.36

U/J =ak, /2 exp(+2+V o/ Er)



Phase Diagram of Bose-Hubbard Model (T>0)

Normal fluid H — _J Z a.i+ aj
() ' l <I , j>
: \! T hom (U )) U
3 ? 5 ) Z n; (N; —1)
- Superfluid _1 '\ e ‘ :
|
& +2 &M,
Y-~ 7"~ '

“An interference fringe 1is
the direct signature of the phase coherence”
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Temperature

Phase Diagram of Bose-Hubbard Model (T>0)

_|_
Normal fluid H — _J E a.i aj
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Quantum Gas Microscope

: Observation of Atom Distribution

In an Optical lattice with Single Site Resolution
[WS. Bakr, I. Gillen, A. Peng, S. Folling, and M. Greiner, Nature 462(426), 74-77(2009)]

Fluorescence Imaging




Single Site Resolved Detection of
SF-MI Transition

[WS Bakr, et al., Science 329, 547(2010)]
SF M

D 16Er —680nm

1

In Situ-image g

after analysis

TOF-Image

N R~ O

x1000 counts



amphtude (Higgs-)mode”

@ M1 The “Higgs' Amplitude Mode at the Two-
Dimensional Supefruid-Mott Insulator Transition
M. Endres et al (2012)
. Lattice modulatlon spectra
Goldst Hi Mod 017 " T T
oM :d c;ne iggs Mode '!.-"..ﬂ—EEr
Im(¥) 0.15 jflig=2.2
Re(¥) 0.13
a I
0 0.03 0.06 0.09 0.12 0.15 0.11
12 ' | | IR 0.18
Moit Superfluid @ ' Vo=9Er
1L Insulator , —~ 0.16 flie=1.6
N = 014
N = 012
"‘:1“ 0.6 h
£ 018[@ " A Vo=10E;
04| 016y, ‘:“mh jlie=1.2
0.14 N
o2 0.12 | ki
0 , 0 200 400 600 800 1000
0 0.5 2.5 {Hz}
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Quantum Simulation of

Frustrated Magnetism in a Triangular Lattice
[Sengstock Group(2011)]

Phase Modulation of Optical Lattice: Wi ol
' 08! I 0 W i
0.6-' H ’ : Z I
|
‘ :Zero-th order Bl | o ’
] =] X, (:B) Bessel Function o ".".
f=Klw 021 o .
\ 04l @sses 000 00000
S




Outline of This Talk

1\/) (our recent work) Ultraold Atoms in a Flat Band
localization/delocalization on flat band
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Study of Hubbard Model with Lieb Lattice

More realistic lattice model of High-Tc Cuprate

than square lattice :
d-p Model(=Lieb lattice)

“CuO, plane (d-p model)” Flat band and Dirac Cone

YBa:Cut.,OM £ L




“Boson in a flat band”
(case of Lieb lattice)
“plaquette” closed p_acklng
“localized eigenstate” at v =1/6 V>V

'.04.0 ~ Exotic strongly
» correlated state:
Super-Solid 1?

[discussion with S. Furukawa]

CDW + SF SF

Prediction of super-solid
for Kagome lattice

Huber & Altman PRB 82, 184502 (2010)




What 1s Super-Solid ?
/

“supertluid”
(Off-Diagonal Long-
GY(x,x") =(x'|p

—> nO
“Solid order” AN
(Diagonal Long-Range Order '“t,v@ @w\g}yﬁ@
/ density wave) ’ ‘:@";..\ 3
(n(x)n(x")) # 0 L



Optical Lieb Lattice

“Laser Configuration”

(1) 532 nm a) + (D+ (1) +
square lattice (111)1064 nm square
(Ves,) lattice (Vqp54)
WAERVATA WO
R MRS @0
o--0--0- - -e--0- OB

' ! ' | ! | | | |

°--9--o- -&---0--- o @U@




Ultracold Atoms in a Flat Band

In order to study interesting physics of flat band,
we need to load ultracold atoms into flat band.

initially
|B) +|C) (g=0)

flat band:|B) — |C) (q=0)

1 .
Xy =—=) el |0
0= Ux 20 vap B, C

after Phase Imprinting
[B) —|C) (a=0)

-IAEt/RA

~ Phase imprinting ]




Ultracold Atoms in a Flat Band

“Non-equilibrium Dynamics after Loading into ”

Hold
ime quasi-momentum distribution”

0.9

c 0_3%‘\\-‘! -+ Higher bands occupancy | |
O ™ Condensate fraction

- 0.7 T .

@®© T o

o 0> Thband — 0.72 + 0.05 [m%}
O 0.4} ]
g 0.3

-ICE 0.2¢f

D 0.1

| -

986 0.5 1.0 1.5 2.0 2.5 3.0
Hold time [ms]




Ultracold Atoms in a Flat Band

“Relaxation Dynamics after Loading into ”
higher band population “condensate”
/ =
0 population
o
£
O
£
K
s
Vdiag =2 Erlong \ e 0.5 FAY Vﬁ = 2.0 Erlong 6
large N small 4
band gap k bandgap |-
N _n/qu/g T2 oz /2 21.2%2 ' N _W/qu/g T2 x —r—7/2 0(1'2%’2 n




Ultracold Atoms in a Flat Band
“Relaxation Dynamics after Loading into ”

higher band lati
igher ban pow

10

“condensate”
population

&)

‘@
£
©
£
2
3

—

vV, =2 Ens

diag

Investlgatlon of two different relaxation mechanism
|s Important in the study of flat band

" Vgiag LE )0 1/
/2 2 /2 _a—T/2 (1,; dlag I. R J 91/(1 /2 . _n—T[2 Q'Z‘a

~~




Ultracold Atoms in a Flat Band

We could observe Unique Dynamics in
Flat band by measuring A-site population.
“Usual band” '
B)+[C) ([
(9=0)

A-sublattice occupancy

“Flat band” | 4 |

> This is a direct confirmation of ?
“localized state” 1n a flat band
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Summary

1) Preparation of Quantum Gas

Laser cooling and trapping, evaporative cooling, Bose-Einstein condensate,
Fermi Degenerate Gas

11) Ultracold Atoms in a Harmonic Trap

Feshbach resonance, Cooper paring, BEC-BCS crossover, unitary gas,
pre-thermalization, guantum transport

111) Ultracold Atoms in an Optical Lattice

Superfluid-Mott insulator transition, quantum-gas-microscope, Higgs mode,
frustrated magnetism

1\/) (our recent work) Ultraold Atoms in a Flat Band
localization/delocalization on flat band



Thank you very much for attention

16 August  Mount Daimonji at Kyoto



