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Outline

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,
spin-orbit interaction

111) Ultracold Atoms in an Optical Lattice

Superfluid-Mott insulator transition, quantum-gas-microscope, Higgs mode,
Non-standard lattices(frustrated magnetism, flat band), Fermi-Hubbard model,
Bose-Fermi mixture



Outline

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

11) Ultracold Atoms in a Harmonic Trap

Feshbach resonance, Cooper paring, BEC-BCS crossover, unitary gas,
spin-orbit interaction



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 Chanie 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

5
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0.6
il
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g
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Equation of State for Unitary Gas

Density

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

EoS  n(u.T) = 3 /a(Bn)

A 4.5,
4.0 e : .
] et * . experimental EoS
3.5 ;?.-"' = : Monte Carlo
Es_oé o :]r - : 3rd order Virial expansion
£ : . f*. o I self-consistent T-matrix
l_. 2 5- .f. :J‘c-GL .
= oy ¢ : ENS experiment
< 2.0] o : .
B il ¢ Tokyo experiment
1.5 IJ;\
1.0{= : -




Spin-Orbit Interaction in Cold Atoms:

27.2 (—

2m h "B = B(k, k.0
a:ﬂ: o) OCO'ka ( ys e, )

%:

Y. -J. Lin, et al., Nature 471, 83(2011)

“lasers for Raman Transition™ - \e}
E=E, cos(k,x-o,1) pseudo-spin +1/2:
)
S +1/ 2> ho ho. (1 O
E=E,cos(k,X-w,t 5 =—"2
1COS(K X-w;t) 7 ) Zo'z 2(0 _:J
0 =w,— (0w, —w,) :detuning — -1/2)
Q= |<1 — k2 : momentum transfer
—_ . X _
——— after the local pseudo-spin rotation with #=Qx about z-axis U = exp(i %o-z)
21,2
_ _ ~ h°
H:hkl+h5A hQ) hk El E. - Q°
2m 2 2 m 4 oo E2m
:Recoil Energy
B SOl

Z



Spin-Orbit Interaction in Cold Atoms:

1 h2k? A

S (B® + B®R + BE@) BW = a(—ky ks, 0)

2m h "D _ 31 1.
OC:,B: SOI OCo'ka B -S(AM'AI=0)

Y. -J. Lin, et al., Nature 471, 83(2011) P. Wang et al., (2012)
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Topological Superfluids, Majorana Edge state
by Spin-Orbit Interaction + Strong s-Wave Interaction
Il [M.satoetal, PRL103,020401(2009), PRBS2, 134521(2010)] 1!
SOI between S,+3P,(1"4YDb) Feshbach Resonance:'S,+3P,(*"*Yb)

0/2n=-8kHz 0/2n=0kHz 0/2n=8kHz g ¥
. . ) E ey
o~ Qs o T =
5 S
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° Stern-Gerlach;Separated Images
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Outline

111) Ultracold Atoms in an Optical Lattice

Superfluid-Mott insulator transition, quantum-gas-microscope, Higgs mode,
Non-standard lattices(frustrated magnetism, flat band), Fermi-Hubbard model,
Bose-Fermi mixture



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/




Nice Features of ultracold Atoms in an Optical lattice

CAAAATAY

V =V, sin®(kx)

1)Macroscopic Quantum System:typically ~10°
2)Clean (no impurity, no lattice defects)
3)High controllability of Hubbard parameters

Small U/J Large
Strongly-correlated
Lo “Superfluid” “Mott Insulator” A |
Ay W L\ J o N L O L N L\
LA ) AV A%




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

Normal fluid H — _J Z a.i+ aj
o | <i, >
E |
2 \! 7, hom (/) U
3 ? 5 ) Z n; (N; —1)
" superfluid !\ & i
|
f + 2 &N,
A——Ll__pr__3m i
|

“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
| <i, >
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w | 7 hom
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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
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12 ' | | IR 0.18
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"‘:1“ 0.6 h
£ 018[@ " A Vo=10E;
04| 016y, ‘:“mh jlie=1.2
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Spectroscopy of Superfluid-Mott Insulator Transition

Normalized signal

O Experiment

—— Simulation

20 . -20
Frequency detuning (kHz)

20

S. Kato et al.,



guantum simulation of antiferromagnetic

spin chains in an optical lattice
[J. Simon, et al., Nature, 472, 307(2011)]

1D Bose-Hubbard Model: — H =] Z(SLSLH —h.S. —h.S)

H= —t a;aHl—}—a;-a:H —1—2 nf(n;-—l)—E n; ~ N
P RS = (1 2,2920)

“BE<U” “E>U” t=t/]

s $3348F 4REREE g 0l o

Atom position
in tilted lattice $ _ o
S

o L
S ¢ -
o @
Single sit @
Ingie site
SN eococo ol - - - —&> - @9
(odd/even) 0O 0 0 0 O e e e e e



guantum simulation of antiferromagnetic
spin chains in an optical lattice

[J. Simon, et al., Nature, 472, 307(2011)]

They successfully observe the transition from paramagnetic spin state to AF ordered state.

1.0+
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» &
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Nice Features of ultracold Atoms in an Optical lattice

CAAAATAY

V =V, sin®(kx)

4) Powerful Measurement Methods: °'Rb _
in situ imaging Fluorescence Imaging
by Quantum Gas Microscope
@ ) Objective
/ Lens

- ultracold atoms

~ 500 nm

[WS. Bakr, et al Nature 462,5 (2009)]



Single Site Resolved Detection of
SF-MI Transition

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

D 16Er —680nm

1

87Rb

In Situ-image g

after analysis

TOF-Image

N R~ O

x1000 counts



Nice Features of ultracold Atoms in an Optical lattice

4) Powerful Measurement Methods:
Single-site manipulation

by Quantum Gas Microscope

‘ Microwave
6.8 GHz

Addressing laser beam

' “a,, =532 nm

—_—r =

Atoms in two-dimensional optical lattice

V =V, sin®(kx)

[C. Ewitenberg et al, Nature 471, 319(2011)]



Ytterbium Quantum Gas Microscope

“Observation of Single Yb Atoms in an Optical Lattice
with Hubbard Regime”

“dual molasses* Y (boson)

399nm BP filter

|
| EMCCD camera
M=150 Andor
iXonEM Blue

f=600mm 1=

el

Optical parallels ~.\
Obijective (NA=0.75)

Working distance 6.23mm
Focal length f = 4mm
(Mitutoyo Corporation)

3mm i/

\

\
\Yb atom

Glass cell

/.

Lattice constant: d=266 nm psf: o, =487 nm



Ytterbium Quantum Gas Microscope

“Observation of Single Yb Atoms in an Optical Lattice
with Hubbard Regime”

~10 um
“dual

174 (boson)

M=150 f

f=600mm ; T G
Optical parallels —| [EEEEEEE_

399 n
I —

Lattice psf: o, =487 nm

~30 um



Nice Features of ultracold Atoms in an Optical lattice

CAAAATAY

V =V, sin®(kx)

5)Various Lattice Geometries:

Optical lattices: Periodic potentials created by standing waves of laser light

Dimensionality: =7 ‘ ’
I mmw =l
d=1 "pancakes” d 2 “cigarettes” t cubic lattice

Standard and Non-standard Lattices:

Cubic(Square) Honeycomb Kagome Lieb

(hexagonal) N i g

@ Q.
e e o | e ! !

& @O e 9 ° o &

: L@ S

ol O g Fg 6~ o
" __________ i - ? ’ ’ ‘1’:/ :: i ;::‘:'\i 3 &
Q- Q----- © ‘\\ @ © \O\\ /’. ! S - o

@ ® ®)
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Many interesting materials(high-T, Cuprate, graphene, ..)
have non-standard lattice structures

Several Non-Standard




Quantum Simulation of

Frustrated Magnetism in a Triangular Lattice
[J. Struck et al, Science (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




Novel Band Structures

S qu are [from Katsura & Maruyama(2014)

standard) Kagome

e

Honeycomb (

Dirac Cone: Cosine Band:

Flat Band:

linear dispersion E(k)=Jcos(kd _
E(k)=c k (K) (kd) E(k)=const.

:massless Dirac particle . Infinite mass/localization



Novel Band Structures
Kagome

a i

LW (1064 nm)
SW (532 nm)

V(r) "

Phase 6 [r]

0.90 0.95 1.00 1.05 1.10
£
04| - :
" -~ A B y %
©
—al N
5 A 8/m v &
g 03 ) |
g - A/h =390 Hz
B g
% 0.2} bt
8
P
0.1
O
A A g s
340 350 360 370 380 390 400 410 420 430 o 20
Detuning & [MHz] g 2 |

“Creating, moving, and merging Dirac points
with a Fermi gas in a tunable honeycomb “Ultracold atoms in a Tunable Optical Kagome Lattice”
lattice”, Tarruell, et al Nature (2011) Gyu-Boong Jo, et al, PRL (2012)



“Ultracold atoms in a flat band”
(case of Kagome lattice)

resonating hexagon: closed packing

_ V>V
“localized eigenstate” at v =1/9 : -
Spatial overlap

.v.'.'.' between hexagons

» Exotic strongly
correlated state:

Super-Solid

CDW + SF SF huge degeneracy I

Prediction of super-solid
for bosons in Kagome lattice

Huber & Altman PRB 82, 184502 (2010)

[Discussion with S. Furukawa]



What 1s Super-Solid ?
/

“superfluid”
(Off-Diagonal Long-Range Order)

GI(x,x") = (x'|py]x) = (' (x) gh(x"))

— nO
P AN “Solid order”
4o @ . (Density Long-Range Order
CWNDADANDA i
‘&.&f’b\ N / density wave)
"’\‘«\‘3‘3 sn(x) = dn(x + d)
4

Absence of Supersolidity in Solid Helium in Porous Wcor Glass:2013



Band Structure of Lieb Lattice

Operators in k-space:

N\

a;

i,S
1IN > e" =4,
k

/éKA\

ak,B

T Lieb—

0
—2Jcos(k,d/2)

—2Jcos(k,d/2) —2Jcos(k,d/2)

0

\Bx.c

S=A,B,C

0

\—2J cos(k,d /2) 0
By diagonalization, we obtain 3 eigenvalues;

E,=+2J/cos?(k,d /2) +cos?(k,d /2),

( tang, = cos(k,d/2)/cos(k,d/2) )

0 )

1
V2
k, 2nd) = cos 6, |k, B) —sin 6, |k, C), ‘
£l
J2

k,1st) = —=(|k, A) +sin 6, |k, B) + cos 6, |k, C))

k,3rd) = ==k, A) —sin 6, |k, B) - cos 6, | k,C)),



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

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




Other Bosons In a Lieb lattice

Photonic Waveguide Exciton-Polariton Condensate

D. Guzman-Silva et al., arXiv:1505.05652, F. Baboux et al..
NJP16, 063061(2014) - T

DBR
Qw
DBR

Energy (meV)
= [ " -
(9, w
w w
[e)] ~l ™
( .

c 1
1P =09 Py | i 1597
~ 11596
— d e = " j
3 1597 | P=2Py | 1597
E e
&
S 1596 1596
L
3 2 1 0 1 2 3 3 2 -1 0 1 2 3

Wavevector k / (7/a) Wavevector k / (7r/a)



Fermions in an Optical Lattice

Fermi-Hubbard Model:

40K “A Mott insulator of “°K atoms in an optical lattice”

[R. JOrdens et al., Nature 455, 204 (2008)] [U. Schneider, et al., Science 322,1520(2008)]

50% P - A
| YUs + a U=0 bi | UsJ, T,
> 40% L) |
g t > aiifl
3 30% [ 4+ | Y T W "
: |4 5 i JU "
S 20% |- {» —————— u ‘* -
a7 Pt e
10% [ 5_UJ=4'8 - - -
L e * T Position Position
0% ML I A ,
0 5 10 15 20

Atom number [109]



Fermions in an Optical Lattice

onset of anti-ferromagnetic correlation
[R. A. Hart et al., Nature 519, 211 (2015)]

Spin-structure factor:

So= % > ol

i,j
optical Bragg scattering

\x\
kout
® .
56.9 ‘@ , ® Kin
6] @f.%.@ X
® &Imo&. @ ®
© oovoneedreco ®
© ooy eeeeo mMyL>
_I—TFooossessgded c@VVVL)
—_s—Troodege e v@
= ocddegegrcoeed
__—Y eceoodegsoa 00
Input ®e® PP TD \\ © K
light ©) © & & @ C in
® 0% O O o
X o
)
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_Rj)<62f(72_i>

oL T~ 1.4T,(=0.51)

a, (ag)
80 200 290 380 470 560
<A 0 Q==
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08l
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20
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0.48
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Fermionic quantum gas macroscope

40K 40K Raman-

sideband cooling

(d)llll Eﬂ | *Ll g HE
L. W. Cheuk et al.,
ut ERERERS  arXiv:1503.02648v1,
} PRL(2015)
i i;-;iiuﬁa saiiﬁ
mAmmmREs. RAEnRuuataaas an

6|_j Raman-sideband
cooling

M. F. Parsons, et al, PRL(2015)




SU(N=6) Fermions in an Optical Lattice
173
YD sy(N=6) system @) ~

(1=5/2) %0

SU(N) Heisenberg model:  Nuclear spin permutation operators:

ZS HS(j)  Sa =C,C,=|n)m

(i,j)m,n

*SU(N=6) Mott Insulator is already created [Taie et al, NP(2012)]

Novel magnetic phases: L sumxk

T m:filling
Neel order, dimerization, TN o
Valence-Bond-Solid, PN
Chiral Spin Liquid, . il S

!!!!!!

*Two-orbital SU(N) fermions is successfully created[I\/IPQ LENS ]



Bose-Fermi Mixture in a 3D optical lattice

H=-t; > aa + BBZnB,(nB, - -t > C'C, +UBFZnB,nF,

<i,j> <i,j>

“ 40K ( )-8’Rb(Boson)” age=-10.9 nm

@ ) [ ©

0
—

[K. Glnter, et al, PRL96, 180402 (2006)]

[S. Ospelkaus, et al, PRL96, 180403 (2006)]

¥
optical density —

o
+
o

Ne/ Ng=0 Ng/ Ng=0.08 Ne/ Ng=10.8

“Role of interactions in Rb-K Bose-Fermi

mixtures in a 3D optical lattice”
[Th. Best, et al, PRL102, 030408 (2008)]




Bose-Fermi Mixture in a 3D Optical Lattice

Boson
:174Y b

“Phase Separation”
Boson— g%  Fermion

N=2 x10*

D, [x10%]

D, [x10°]

Fermion

. 173y h Mixed Mott Insulator

A

| N=1 x10*

0.2 | + -

ool g8 o sgets T 4

0 5 10 | 186 20 25
N, [¥10°]

T/ Tz=0.17  |[s. Sugawa, et al., NP.7, 642(2011)]




Bose-Fermi Mixture in a 3D Optical Lattice

Boson “Phase Separation”
174Y D = Boson — g%, Fermion
- ' — 4
% 2 DJN=4% : - ]VF_2 X10
e & I:-:— 1L \ I @ _|
Fe Theory: >

.~ Ehud Altman, Eugene Demler, Achim Rosch
= “Mott criticality and pseudogap in Bose-Fermi mixtures”PRL(2013)

. Danshita and L. Mathey
i “Counterflow superfluid of polaron pairs in Bose-Fermi mixtures
~ in optical lattices”PRA (2013)

r

1/ LTV |>. Sugawa, et al., NP./, b4Z(ZU11)] f 77




Quantum Simulation of Lattice-Gauge-Higgs-Model

Kasamatsu et al, PRL(2013), Kuno et al, NJP(2015)
Bose-Hubbard Model with Off-Site Interaction:

H=-J>a’a, +—Zn (. 1)+—Znn

<i, > {I i}
/ |
hopping On-site inteaction Off-site Interaction
(red+Dblue lines) | | ( ) (red+blue lines)

Mielke Lattice

<
./

7\
N/

7\
N/

7\
N/

AN

7N\
N/

7\

2N\ V2N VaN VZaN
NNSIN N /]

D

Density Fluctuation

Position R

Higgs Phase:
exp(-mR)/R

Coulomb Phase:

1/R

Confinement Phase:

R



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,
spin-orbit interaction

111) Ultracold Atoms in an Optical Lattice

Superfluid-Mott insulator transition, quantum-gas-microscope, Higgs mode,
Non-standard lattices(frustrated magnetism, flat band), Fermi-Hubbard model,
Bose-Fermi mixture
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Thank you very much for attention

16 August  Mount Daimonji at Kyoto



