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Introduction

Current Research Interest:
Quantum Information Science Using Cold Atoms
Quantum Simulation (of Hubbard Model)
Spin Squeezing by QND Measurement

Fundamental Physics Using Cold Atoms or Molecules:
Searching for Permanent Electric Dipole Moment
Test of Newton Gravity at Short Distance:

v =g MM, (1+aexp(—%))
I




Quantum Simulation

Many-body

Quantum System

“Interesting”
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Many-body Many-body

Classical System Quantum System

“Controllable”



Quantum Simulation
Hubbard Model:

H=-J)CC +UZn n, t/,f b //
- // // #
U




Quantum Simulation
Hubbard Model:

A /S S
H=-J chmZn n, 9@/’% //
<l, > / /
VA U
- Numerical Calculation
DMFT (BRI 1535)
Gutzwiller
QMC(EFE>TAH/)LA)
DMRG (7 E1T5#&Y A~ &)
Exact Diagonalization (E&Z xf fA1t)




Quantum Simulation
Hubbard Model:

S/
H=-J)CC +UZn n, t/,f b //
<I, > / / #/

A U

> Cold Atoms In Optical Lattice

V =V_sin®(kx)

also “exciton-polariton”



mm) Resolving controversy

“Phase Diagram of High-T. Cuprate Superconductor”
[from T. Moriya and K. Ueda, Rep. Prog.Phys.66(2003)1299]
theory
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‘ Providing a Guideline for Material Synthesis
need not heavily rely on “emergence”

Condensed Matter Theory

"

Quantum Simulation

I

Material Synthesis




Atom Manipulation Technique
Optical Trapping, Optical Lattice, (anisotopy-induced)Feshbach Resonance

Bose-Hubbard Model

Superfluid-Mott Insulator Transition, Spectroscopy,
Quantum Gas Microscope

Fermi-Hubbard Model
SU(2) & SU(6) Mott insulator, Pomeranchuk cooling

Bose-Bose/Bose-Fermi Hubbard Model
Anderson-Hubbard model, Dual Mott insulators



Atomic Gases Reach the Quantum Degenerate Regime
“Boson versus Fermion”
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“Bose-Einstein Condensation * “Fermi Degeneracy”

8’Rb °Liand "Li

An

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




Optical Absorption Imaging of Atoms

cold atoms
| i”Cident(X’y) Itransmission(X’Y)
’ |I# @.--
Probe light lens r
® In-Situ Image: > Reflect “density” distribution in a trap
® Time-of-Flight Image: = Reflect “momentum”
t=0 release atoms from a trap distribution In a trap

t=t;or Observe atom density distribution X=p/M -t



Optical Trap & Optical Lattice

“optical trap” V.. =—p-E U (r)=- ZES)Z oc | (r)

VO(X):ZB:V sin®(k, x.)=VOZglsin2(kaj)

1D gas
(tube)

“ ”- 2D gas
(pancake)




band structure of square lattice
“tight-binding model”

Hy=-J ZC+ Cio| — | Ho= ZC;,GCk,ag(k)

l,oc~j,0o
i,j,O'=T,»L k,o=T <
Wwhere g(k) = —J Z exp(_ik : (xi — xj)) C,.° annihilation operator of atom
1<i,j> ? with spin ¢ for the wavevector k
C. = c, exp(ik-x. E
J.o \/WZK: K,o Xp( J) 14J
1D case:
g(k) =-Jd{exp(-ik,d) +exp(+ik,d)}=—-2J cos(k,d)
(d :lattice constant) o

2D case:
& (k) =-23{cos(k,d) +cos(k,d)}




“Non-Standard Lattice”

Honeycomb (hexagonal) Kagome
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“Non-Standard Lattice”

Honeycomb (hexagonal) Kagome
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“Non-Standard Lattice-Honeycomb Lattice-”

“Creating, moving, and merging Dirac points with a Fermi gas in a tunable honeycomb lattice”
arXiv. 1111.5020v1 L. Tarruell, et al

“Lasers for
Optical Lattice”
X

VKX,Y — |.7s05:2] ER



“Non-Standard Lattice-Honeycomb Lattice-”

“Creating, moving, and merging Dirac points with a Fermi gas in a tunable honeycomb lattice”
arXiv. 1111.5020v1 L. Tarruell, et al

dg

“Performing Bloch Oscillation” g ~
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“Non-Standard Lattice-Honeycomb Lattice-”

“Creating, moving, and merging Dirac points with a Fermi gas in a tunable honeycomb lattice”
arXiv. 1111.5020v1 L. Tarruell, et al
dg

“Performing Bloch Oscillation” g =" Wi '
Higher band fraction
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“Non-Standard Lattice-Kagome Lattice-”

—

a = & ] : .
. “Ultracold atoms in a Tunable Optical Kagome Lattice”
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“Non-Standard Lattice-Lieb Lattice-”

Single Dirac cone with a flat band touching on line-centered-square optical lattices
R. Shen et al., PRB81, 041410R,2010 R

. .00 .09 .
V(x,y) = V,(sin” kkx + sin® by + sin® 2kEx + sin” 2kEy)

+ VE(SIII]2|:}’(L(,T +v) + g} + sin{kL(x —v) + g} ) C—

@
L 2
@

A/ ‘B/l ® L3 @
“tight-binding model” a
A 24 cos(k.al2) 0 B,k)
H,=| — 2t cos(kal2) —A — 2t cos(kyal2) A, k>
0 — 2t cos(kyal2) A C, k>
A=(eg—¢&,)2=(e.—€,)/2
_ E=A (AK|E)=0 “flat band”

E, ==+,/A* +4t*{cos? (k,a/ 2) +cos’ (k,a/2)} “Dirac fermion”



“Non-Standard Lattice-Lieb Lattice-”

Single Dirac cone with a flat band touching on line-centered-square optical lattices

R. Shen et al., PRB81, 041410R,2010 3

V(x,y) = V,(sin® kkx + sin? kLy + sin? 2kEx + sin? 2kLy)

+ Vz(sin{kL(x+y) + g] + sin{kL(x—j‘) + g]) C—¢

. 4 - ®
® @
LS L - ®
@ @

/ < >
V., #2V, (A #0) B a

E/2t

¢

E, = +,/A? +4t*{cos? (k,a/ 2) + cos? (k,a/ 2)}

‘Super-Lattice
for Yb atoms”



Quantum Simulation of Hubbard Model using
“Cold Atoms in Optical Lattice”

[D. Jaksch et al., PRL, 81, 3108(1998)]

H=-J) c/C +UZ”.¢”.¢

<i,j>

J=E, (2/J7)s¥ exp(-2+/s) | | U = E,a .k, /8/ zs®
s=V,/E; ,E,=(hk, )°/2m , a: scattering length

Controllable Parameters

hopping between lattice sites  : J lattice potential 'V,
On-site interaction ‘U II‘ Feshbach Resonance :a,
filling factor (e- or h-doping) :n atom density n

Various geometry




What Is Scattering Length ?

sin(kR+o,) sin(k(R—a,))
R 0/ _ S
Vs ( %foo R R

E a.: positive E  ag negative
A

-
-
-
-
-
-
-
-

Internuclear distance Internuclear distance

B Arh‘a
m

V. 2 6(F —1,) U = 472?”5712 jd?’x‘w(x—x(‘))‘4

Int



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
N a.(B)=a. (1-
Control of Interaction(a) = (B) &, (1~ ;=)

-C_;" Molecular State
[ ) ’
g F+F
o Two Atoms

F+F

-CG/RS

| s:catle.:‘mg length (a,)
S68. 886

M, ,=M;+M,+m, : conserved

215 220 225 230 _
B (gauss) Iopenzlclosed,’ Iopen;'ﬁlclosed If Vss750
[C. Regal and D. Jin, PRL90, 230404(2003)] [C. Chin et al., RMP82, 1225(2010)]



TABLE IV. Properties of selected Feshbach resonances. The first column describes the atomic species and i1sotope. The next three
columns characterize the scattering and resonance states, which include the incoming scattering channel (ch.), partial wave €, and
the angular momentum of the resonance state £.. This is followed by the resonance location By, the width A, the background
scattering length ay,, the differential magnetic moment Sy, the dimensionless resonance strength s, the background scattering
length in van der Waals units ryg=ape/a, and the bound state parameter { from Eq. (52). Here ay is the Bohr radius and up is the
Bohr magneton. Definitions are given in Sec. II. The last column gives the source. A string “na” indicates that the corresponding
property is not defined. For example ay, is not defined for p-wave scattering.

Atom ch. € €. By(G) A(G) apglay Su/pp  Sees Tbg { Reference

2Na cc s s 1195 -14 62 -0.15 0.0050 1.4 0.004 Inouye er al., 1998; Stenger ef al., 1999*
aa s s 907 1 63 3.8 0.09 1.5 0.07 Inouye er al., 1998; Stenger ef al., 1999*
aa s s 853 0.0025 63 3.8  0.0002 1.5 0.0002 Inouye et al., 1998; Stenger et al.. 1999

YK aa s s 4024 -52 =29 15 2.1 -047  0.49 D’Errico ef al., 2007

K bb p p 1984 na na 0.134 na na na Regal er al., 2003b; Ticknor et al., 2004"
bb p p 1988 na na 0.134 na na na Regal er al., 2003b; Ticknor et al., 2004"
ab s s 202.1 8.0 174  1.68 2.2 2.8 3.1 Regal et al., 2004*
ac s s 2242 9.7 174  1.68 27 28 3.8 Regal and Jin, 2003%

®Rb ee s s 15504 107 -443 -2.33 28 -5.6 80 Claussen et al., 2003

57Rb aa s s 1007.4 0.21 100 2.79 0.13 127  0.08 Volz et al., 2003: Diirr, Volz. and Rempe. 2004°
aa s s 911.7 0.0013 100 2.71 0.001 1.27 0.0006 Marte et al., 2002°
aa s s 6854 0.006 100 1.34 0.006 1.27 0.004 Marte et al., 2002; Diirr, Volz, and Rempe, 2004
aa s s 4062 0.0004 100 2.01 0.0002 1.27 0.0001 Marte et al., 2002°
ae s s 9.13 0.015 99.8 200 0008 1.27 0.005 Widera et al., 2004

B3y aa s s 117 28.7 1720 2.30 560 17.8 5030 Chin, Vuletic, ef al., 2004; Lange et al., 2009*
aa s d 47.97 0.12 926 1.21 0.67 9.60 3.2 Chin, Vuletic, ef al., 2004; Lange et al., 2009
aa s g 19.84  0.005 160  0.57  0.002 1.66 0.002 Chin, Vuletic, er al., 2004
aa s g 53.5 0.0025 995 1.52 0.019 103 0.1 Chin, Vuletic, et al., 2004; Lange et al., 2009°
aa s s 547 7.5 2500 1.79 170 26 2200 *°
aa s s 800 87.5 1940 1.75 1470 20 15000 2



Optical Feshbach Resonance

A—il, [2+iy/2

o Soo — ) .
= A+ [2+1y]2
2
é FS * ‘<b ’VIaS‘ f>‘
= ¥ :spontaneous decay rate
L|CJ Two Atoms /\ :detuning from the PA resonance
|\ _———eoe@ StS |
> R [J. Bohn and P. Julienne PRA(1999)]

Advantages for Intercombination Lines
R. Ciurylo, et al. Phys. Rev. A 70. 062710 (2004)

Nanometer-scale Spatial Modulation

. ] OFR Laser
Mirror | - -

-—
VTOF 10-100 ps

Diffraction Pattern Pulse

4l

125 120 -115  -125 -120 -115
A/21 (MHz) A/21 (MHz) A2 (MHz)

[R. Yamazaki et al ., PRL105, 050405 (2010)]




Quantum Simulation of Hubbard Model using
“Cold Atoms in Optical Lattice”

[D. Jaksch et al., PRL, 81, 3108(1998)] provided by Polar Molecules
RbK-
H=-J>c'c JrUZnITn,¢ +V ) nn. RbCs,
<> <> NaK,...

J=E, (2/J7)s¥ exp(-2+/s) | | U = E,a .k, /8/ zs®
s=V,/E; ,E,=(hk, )°/2m , a: scattering length

Controllable Parameters

hopping between lattice sites  : J lattice potential 'V,
On-site interaction U Il > Feshbach Resonance :a,
filling factor (e- or h-doping) :n atom density n

Various geometry




“Quantum Simulation Business”

Condensed Matter Theory

"

Quantum Simulation

I

Material Synthesis

(@

)

1.Lattice Geometry
standard: $10k

X non-standard: $100k +
1 $100k per Dirac Point
1 $100k per Flat Band

2. Quantum Statistics
boson: : $30k

X fermion: $50k

3. Interaction
repulsive/attractive :$10k

X Feshbach Resonance:$100Kk
long-range: $500k
spin-orbit: $500k

4. Quantum Gas Microscope
X:$1M

Total : $ 1.45M
/




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
—



Phase Diagram of Repulsively Interacting Bosons
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Interference Fringe :
the direct signature of the phase coherence

“Sudden Release” /" \j

& B 4 B & free tTOF

expansion

' | X <> K
. l , : X = (Ak /M )t o
n(K) oc \W(k)\ G (k)
G(k) = Zexp(ik (R— R'))<é§éR'> \ Fourier Transform of the Wannier function
no long-range order: (838 ) =6, o = G(l_<)2=(kI:IjN "
‘4 Sin ,
uniform long-range orderid:dx) =1—G() =~z 7o =N

at k — iznkL (n:O,l,Z...)
[1. Bloch et al, RMP80, 885(2008)] d=A/12=xlk,




Bose-Hubbard Model:

“Superfluid - Mott-insulator Transition”
[M. Greiner, O. Mandel, T. Esslinger, T. W. Hansch, and I. Bloch, Nature 415,39 (2002)]

No lattice V,/E;= 3 7 10

a b = c e d. i o
C e @ o || ia |0 “ °

87 b (] ' Q ' » 2 ’
R

e a f _ g h

. .-
13 14 16 20

“cubic lattice”

S=
2.5

4.8

“triangular lattice” @

5.7

6.5

7:3

8.2

[C. Becker et al., New J. Phys. 12 065025(2010)]



amphtude (Higgs-)mode”

® M1 The “Higgs' Amplitude Mode at the Two-
Dimensional Supefruid-Mott Insulator Transition
M. Endres et al., arXiv:1204.5183v2
Nambu-
Goldstone Higgs Mode
Modse
Im(‘¥)
Re(Y)
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Mott 0.15 ® v | jﬁi:?.g
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N 041 |
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=) TN D 016] v, A flig=1.6
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Phase Diagram of Repulsively Interacting Bosons

SF

J/U Shell Structure of Mott States
[RMP80,885(2008)]



High-Resolution RF Spectroscopy:
Observation of Mott Shell Structure

[G. K. Campbell et al., Science 313, 649 (2006)]
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Fig. 3. Imaging the shell structure of the MI. (A) Spectrum of the Ml at V =
35E .. (B) Absorption images for for decreasing rf frequencies. Images a to
e were taken on resonance with the peaks shown in (A) and display the
spatial distribution of the n =1 to n = 5 shells. The solid lines shows the

predicted contours of the shells. Absorption images taken for rf frequencies between the peaks (images i to iv) show a much smaller signal. The field of
view was 185 um by 80 um.
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Laser Spectroscopy of Yb Atoms in a Mott Insulating State

“independent control of the single, double, and triple occupancy”™

1.0
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| | ]
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' ! e n=2'
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Spectroscopy of Superfluid-Mott Insulator Transition

Fluorescence intensity (a.u.)

11 Er

5 Er
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1 s & 10 12

Lattice depth (Er)

60 -40 20 0 20 40 60
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-60 -40 -20 0 20 40 o0



Quantum Gas Microscope
. Single Site Observation

[WS. Bakr, I. Gillen, A. Peng, S. Folling, and M. Greiner, Nature 462(426), 74-77(2009)]

Fluorescence Imaging




Single Site Resolved Detection of Ml

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

Ml

D 16Er —680nm

SF
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Single Site Resolved Detection of Ml

[J. F. Sherson, et al., Nature 467, 68(2010)]

Raw Images

Reconstructed * PSF

Reconstructed

BEC Mott Insulators

IG. 2: High resolution fluorescence images of a BEC and Mott insulators. Top row: Experimentally obtained images
f a BEC (a) and Mott insulators for increasing particle numbers (b-g) in the zero-tunneling limit. Middle row: Numerically
aconstructed atom distribution on the lattice. The images were convoluted with the point-spread function of our imaging
ystem for comparison with the original images. Bottom row: Reconstructed atom number distribution. Each circle indicates

single atom, the points mark the lattice sites.

< 20pm —»
C——= increasing atom number #




Single Spin Manipulation in Mott Insulator

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

. Microwave
6.8 GHz

a Addressing laser beam

—_—

“a,, =532 nm

Atoms in two-dimensional optical lattice



Manipulation of Mott Shell
| Filter(Algorithmic) Cooling

[arXiv:1105.5834v1, W. S. Bakr, et al.,]
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Fermions in a 3D optical lattice

H=-J ZCi+Cj "‘Uznmni,i +Zgini

<i,]> [

“Fermi-Hubbard Model”

xlattice

xlattice }q attice

~
N

}“Iattice
I



Phase Diagram of Repulsively and
Attractively Interacting Fermions

Temperature
A

N W am

=Y
Attractive Repulsive

[T. Esslinger, Annu. Rev. Condens. Matter Phys. 2010. 1:129-152,

R. Micnas, J. Ranninger, S. Roaszkiewicw, Rev. Mod. Phys. 62, 113(1990)]



Phase Diagram of
Repulsive Fermi-Hubbard Model

Spin UP  Spin DOWN !
O O
Mott Insulator
Anti-Ferro
Metal Magnetism

J/)
\nnu. Rev. Condens. Matter Phys

anninger, S. Roaszkiewicw, Rev. ...__.
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Phase Diagram of High-T. Cuprate Superconductor

T K]
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[in T. Moriya and K. Ueda, Rep. Prog.Phys.66(2003)1299]
There Is controversy in the under-dope region



Current Status of

Quantum Simulation of Fermi Hubbard Model:
“Formation of (paramagnetic) Mott insulator”

“A Mott insulator of “°K atoms (2-component) *
[R. JOrdens et al., Nature 455, 204 (2008)] [U. Schneider, et al., Science 322,1520(2008)]
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Double occupancy

Current Status of

Quantum Simulation of Fermi Hubbard Model:
“Formation of (paramagnetic) Mott insulator”

Modulation Spectroscopy of Mott Gap:
lattice intensity modulation results in creation of doublon

VWYY = YY)y
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Current Status of
Quantum Simulation of Fermi Hubbard Model:
“Formation of (paramagnetic) Mott insulator”

[R. Jordens et al., PRL 104, 180401 (2010)] 40K 3tOMS (2-component)

U/6t =4.1

O ==
NN O W

Quantum Monte-Carlo

Mean-Field — [n?2
Theory In3

In4

experiment



Bose-Fermi Mixture in a 3D optical lattice

H =g Zai+aj T Mo ZnBi (N - —t¢ ZCi+Cj +U g ZnBinFi

<, > 2 <, > [

“Bose-Fermi Hubbard Model”
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Bose-Fermi Mixture in a 3D optical lattice

Superfluidity of Boson affected by Fermion:

O | [ © ' " 4OK( )-4’"Rb(Boson)”
[K. Giinter, et al, PRL96, 180402 (2006)]

[S. Ospelkaus, et al, PRL96, 180403 (2006)]
[Th. Best, et al, PRL102, 030408 (2008)]

¥
optical density

o
+
[

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

Dual Mott Insulating Regime of Boson and Fermion:

“173Y( )-174Yb(Boson)”
J << kBT< U BB< ‘ U BF ‘ < U |:|: “ 173Yb( )-170Yb(Boson)”

[Sugawa, S. et al. Nature Phys. 7, 642—648 (2011)]




Bose-Bose Hubbard Model

[J. Catani, et al, PRA77, 011603(R) (2008)]

“ 41K (Boson)-8’Rb(Boson)” gg = +8.6 NM
8’Rb only x5 by e
87RDb l pe S

mixed with 41K

[B. Gadway, et al, PRL105, 045303 (2010)]

“8’Rb:F=1(Boson)-8’Rb:F=2(Boson)”

“delocalized” “localized”



Simulation of Impurity System
’\f’f\’ﬁ”‘

the hopping rate t, << t,

localized impurity

delocalized carrier

Anderson Hubbard Model (Binary Alloy Model)

H=-J ) cCC, +UZ”.¢”¢+ZW”

<i,j>m=T1{
“Random W — W (with atom#2)
Potential” 0 (without atom#2)

“Randomness and Superfluidity” Anderson vs Anderson
(localization) (theorem)



“Glassy Behavior in a Binary Atomic Mixture”
[B. Gadway, et al, PRL107, 145306 (2011)]

Atomic impurity

n M r
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" / \Y ARV AV

Bi—ch romatic lattice

“Lattice Modulation”

“No Disorder” “Atomic” “Bi-chromatic”

Visibility
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Quantum Simulators using Alkali Atoms

Bose-Hubbard Model:

a b = c o i o
@ e @ - O o o B o y
. .|| E 8'Rb

“Superfluid - Mott-insula* —t :
. Grei ., Nat B i
[M. Greiner, etal., Na™ t\y0_glectron atom -
Fermi-Hubbard Mc Yb Atoms e
“Formation of V AN
[R. Jordens et al., : 40K
[U. Schneider, et O y .
Bose-Fermi-Hubba. = Q 1
[K. Glinter, et al, PR. ¢ 8/RDb
[S. Ospelkaus, et al, Pk. OU I AppmaCh - ? +
[Th. Best, et al, PRL102, Gc il ) 40K
Bose-Bose-Hubbard Model: e Gl o
[J. Catani, et al, PRA77, 011603(R) (2008)] , 87Rp +41K



Unique Features of Ytterbium Atoms

Long-lived metastable state
[Ultra-narrow Optical Transitions

3P2~15 s (10~40 mHz)
507 NM /e 3
PO

II~ High-resolution laser spectroscopy
as a Local Probe

1 SO
Another Useful Orbital States with

Different Characters



O 0 T W T1 W 0

Unique Features of Ytterbium Atoms:

0.13%

Rich Variety of Isotopes

3.05%

14.3%

21.9% 16.2% 31.8% 12.7%

Mass
number

168

170

171

172 | 173 | 174 | 176

168

170

171

172

173

174

176

25
||

(nm)

[M. Kitagawa, et al, PRA77, 012719 (2008)]
Collaboration with R. Ciurylo, P. Naidon, P. Julienne



Preparation of Quantum Degenerate Gases

Optical Trap
(FORT)

A R e C N
, Thae NG — - =
T aampy AL . N
' \.“’A ] R \\




Current Experimental Setup




Unique Features of Ytterbium Atoms:

Rich Variety of Isotopes

0.13% 3.05% 14.3% 21.9% 16.2% 31.8% 12.7%

O 0 T W T1 W 0

Mass 1168 | 170 | 171 | 172 | 173 | 174 | 176

168 | 13 :

170 | 6.2 | 34 Sc?ttermg Length -
171147119

1721 3.4 -0.1

173 | 2.0 -4.3 11

174 | 0.1 11 | 7.3| 5.6 -
176 1-19 |11 |75 (56 (42|29 |-1.3 (nm)

[M. Kitagawa, et al, PRA77, 012719 (2008)]
Collaboration with R. Ciurylo, P. Naidon, P. Julienne



172%h: No BEC ! No Fun ?

“Energy Spectrum of Universal Efimov Trimer
[E. Braaten and H.-W. Hammer, Annals of Phys. 322, (2007) 120]
a(l) Ea

/ 0 000
X @en/s, kL 1/a
Trime 3 .
Recent theory: Q Dlﬁr
Trimer X £2mso

r _ E ZIUCE; )1/4
vaw T o N g2 Identical Boson: e™/% ~22.7

12¥Yph:a=-32nm=-7.6r

“Naturally Prepared Universal Efimov Trimer Resonance”



How to Control U
Magnetic Feshbach Resonance

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

- Control of Interaction(a) * ' %% b

‘f\ Molecular State F,+F’

'\\ M‘ o Atoms M, ,=M;+M,+m, : conserved
“C4/R? F+F Iopenzlclosed,1 Iopen7é|closed If VSS#O

Potential




How to Control U for Yb

Optical Feshbach Resonance for Yb atoms (1S,+!S,)

PRL,101, 203201(2008)
""Optical Feshbach Resonance Using the Intercombination Transition"”
K. Enomoto, K. Kasa, M. Kltagawa andY Takahashi

(a)

4

HO gsers - '
1S,+°P, 2 P . .
W S 3F 0 svee, . HLA )
+ i (f ) s 2
s <7 2f "o > o 1
1‘ - F(r;m,n>1,, é §1—° . 8 20°390 o 3
E F{" ?? ) Z % 0 32 pand L, ,on .
A T S . 1 1 L 1 N »
I.;.Ig - . -~ F(r! U) f? < f;’.fu_g (b) 4+ T T r T r 8 HE
T, V() & 2f 1'%
A g ‘, 4 1S,+'S, - . ﬂjpm o =3
1,1 /T_- %40 s20 800 730 760 740 720 f
. > Fre detuning of L, (MHz
Internuclear distance » equency g © ( )

PRL,105, 050405(2010)
""Submicron Spatial Modulation of an Interatomic Interaction in a BEC"

Rekishu Yamazaki, Shintaro Taie, Selji Sugawa, Yoshiro Takahashi
(a)

AAAAAAAAAAL.

4 ~— 278nm /OFR .
B3 Mirror aser
X 2 “_Z

1 VTOF

0

300 —-200 -100 0 100 200 300
z (um) Diffraction Pattern




e Intensity (a.u.)
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Scattering length (ag)
|
I~
(e
=
S o
(o]
o
—O—
—_——
o
(o)
(o]
o

Fluorescenc

How to Control U for Yb

Magnetic Feshbach Resonance for Yb atoms (*S,+3P,)

“3p,(m=+2)": 74Yb

l 4000} +
180 mG 190 mG J]_' }-d&?’f':‘--\_” 5 000:

0m N
| ol
one ] \Wwi ﬂjﬁth s0m —4000F
~6000F %
oG 7200 300 400 500 600 700

Magnetic field (mG)

690 mG

-20 0 2
Frequency Detuning (kHz)



How to Control U for Yb

Magnetic Feshbach Resonance for Yb atoms (*S,+3P,)

«3p (m:_z)”. 170Yb 3d lattice, V=25ER
2 U,,=2.6 kHz @ 25Ex
S 850 | | | | | | Ke]
: i 30 — o
E 800 |- N O
S 50l 20 |
g 750 i O O
g 700 |- ' < 10—
& es0p- | | O'P“r E
2640 2660 2680 2700 2720 2740 E D N
requenc sSe Z :
5 |F q |@y0ff| t[kH‘U] — ‘ 10 o
@ 850 [— 127Y11=- z
é 800 - -20 - O
é 750 | i -30 ©
< ool | | L O | |
3 HM 0.0 0.5 1.0 1.5 2.0
i 650 — | I

4760 4780 4800 4820 4840 4860 4880

Magnetic Field [Gauss]

Frequency Offset [kHZz]



V/k (mK)

25—

Anisotropy-induced Feshbach Resonance

“ Anisotropy induced Feshbach resonances in a quantum dipolar gas of magnetic atoms”
A. Petrov, E. Tiesinga, and S. Kotochigova arXiv:1203.4172v1

T N N B N £

oo M;,i=M;+M,+m, : conserved
1 -12

1 -13 _ -
] Iopen_lclosed,’ Iopen7ﬁ|closed If Vss7£ 0
2 -14

1 -15

R (units of a )

Anisotropic electrostatic interaction
Induces coupling between different partial waves



Anisotropic Interaction in 1S,+3P,

[R. Krems and A. Dalgarno, PRA 68, 013406 (2003)]

Ves = 2

- ,rh{R 2 }}xm R}I’rhmh{}:}
< T m), T { “electronic coordinates”

s (Imy(LS)m| Ves|j" (LS)m[1"m;)

0.2

“Inter-atomic separation”

_ (1 S+t Nt my —mp—m; , -
7,2 (—1) / Vi=o=(Vs+2T71)/3,

A=02 )\ 'my

X[(2L+1)(2L+1)(2j+1)(27"+1)

Vy_y=5(Vs—Vy)/3

L j S
{2f+]]ﬂf+1}] j"j L N

I AN S W I
X —m; my m] (—m; —my  m;
i II- )

!

'L N L\[/I N 1"
0 0 {)( )

! o




Energy (MHz)

Combination of
Feshbach Resonance & Shape Resonance
In the presence of Anisotropy

3 3P, (M=+2)+1S:
4r Closed ch 177? 2 0
| iosed ehannetes Entrance channel I_O 25
7L 1 (Open channel) -
R S \ \ 1 20f
0= [
| A 15
4 | = 10f
- _ 3P2(m<+2)+180 Zeeman shift =
1 st
i [=2,4,6... :
—8f 0:
; B=350 MG | i
-1t . : L — I N -5
0 200 400 600 800

R (units of a )

Interatomic distance (ap)

We are now searching for Feshbach Resonance for Fermions




Fermion 13Yb in a 3D optical lattice

H=-1_ ZCi+Cj +U e anp,ian i

173Yb

a,.=10.6 nm

7“Iattice: 532 nm
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SU(6) Fermion (:’3YDb)

v @G @S

“origin of spin degrees of freedom 1s “nuclear spin”

iy =22 5 1) SU(6) system

M. A. Cazalilla, et al., N. J. Phys11, 103033(2009) “Experimental realization is very difficult
A. V. Gorshkov, et al., Nat. Phys. 6, 289(2010) ,etc  j, solid state system”

Nuclear spin permutation operators: S\" =C;C_ =|n)m|

SU(N) algebra:[sm Sp]:§ SP—6_ S

n’=q mg —n pn—dq

SU(N) symmetry: [H , S:‘]: 0

2
SU(N) Hubbard — Mott Insulator — Heisenberg model:H = a4 D ST ()Sa ()
U >>1) U i mn



Spin Selective Detection of SU(6) Fermion
173YDb:SU(6)

0000

T/T-=0.14

[S. Taie et al ., PRL105, 190401(2010)]

Conventional
TOF-Image

Optical
Stern-Gerlach
Spin-Separation




Created double occupancy

“Formation of SU(6) Mott insulator”

[S. Taie et al, ]

Exmtatlon (Mott) Gap

U
o modulation FF_
a
0.2 f 5/61‘6518 H ) - W\‘/ BTYR W R

’
o bt 311§§§§5§§§}%¥ i iii%i%%$ii%§{i%§%;
y } y y )

0.0 J_*;Lj_l

E V, = TE,

02 F Ut=27 " o '

o1 gt # |

0.0 %#4—+—%ﬁf’ﬂ‘ PA laser
Vo = 9, | | : | | '

02} UBt=55 '

0.1 : *

S i ica

Vo= 11Eg
02 F UBt=10.4

01F

SN

0.0 molecule *
V= 13:ER

02} ult=186

01 F

0.0 o :
0 1 2 3 4 5 6 .

Modulation frequency [kHz] loss



Doublon Production Rate Measurement

by lattice modulation
Urr

modulation

Photoassoclation

“doublon production rate I" Is a sensitive probe of T ..~
[D. Greif et al ., PRL106, 145302 (2011)]
N=1.9% 104, 11Eg, 18%pp mod. U/J=62.4

Ti=0.21T=24 0K ¢ 09

Tlattice:5':

04 05 06 C.
TIT.

(in a harmonic trap)

.//
—
=20
v/



Created double occupancy

“Formation of SU(6) Mott insulator”

[S. Taie et al, ]

Exmtatlon (Mott) Gap T .=5.1t=16 nK U/t=62.4
Ve, @) Mott Plateau (n=1)

02 | ust=18 i in |

oo bttt T T ] 1 o
< 0.8¢

02} Ubt=27 QEHFH} ) E ol

01 }i Hpsttyot : Z

02t b “The Flrst Successful Formation of

0.1

0} SU(N>2) Mott Insulating State”

Vo= 1E, O T s e s ] |n(6)

02 F UBt=10.4 . 1 79

01 F
)0 177 B N e S

-V0=TE.R ' ' ' " (b)]

V= 136,
02} ult=186
01 F

0.0

0o 1 2 3 4 5 6 0 5 10 15 20 25 30
Modulation frequency [kHZz] Lattice site



Atomic Pomeranchuk Cooling

[L73Yb atoms in optical lattice; Taie et al, ]

What 1s the mechanism of

the enhanced cooling ?
o N ]

02 03 04 0% 06




Pomeranchuk Cooling

Pomeranchuk Cooling  [Pomeranchuk, (1950)]
—> Discovery of Superfluid 3He by Osheroff, Lee, Richardson

Initial state: Spin depolarized Final state: Spin depolarized
and also with degeneracy: and also with localization

Adiabatic change

gt =

liquid 3He atoms in a trap solid *He atoms in Mott Insulator

“entropy flows from motional degrees of freedom to spin,

which results in the low temperature”
—> “Pomeranchuk Cooling of an Atomic Gas”



Spin Degrees of Freedom i1s Cool

Demagnetization Cooling [w. . De Haas, et al., (1934)]

Initial state: Spin-polarized: Final state: Spin-depolarized:

Adiabatic change

trrt > trir i

Temperature (uk)
— c_nl —

“entropy flows from motional degrees of freedom to spin,
which results in the cooling of the system”

[=]
T T

=
T

—— kept at high filed(1G)

kept at low filed(50mG) and Optical Pumping

[M. Fattori, et al .,Nat. Physics2, 765(2006)]




Bose-Fermi Mixture in a 3D optical lattice

@ Repulsive Interaction: age = +7.3 nm

174Yb(Boson) +173Yb( ):
dgg = t5.6 Nm a-=+10.6 nm

© Attractive Interaction: ag = -4.3 nm

170y b(Boson) +173Yb( ):
dgg = +t3.4nm a-=+10.6 nm

Vy~ Ve
t,~ t

Azg ~ Az



Strongly Interacting Two Different Mott Insulators
[S. Sugawa, K. Inaba, et al., Nature Phys. 7, 642-648 (2011)]
Bosonic Mott insulator Fermionic Mott Insulator

s D
¥




Measurement of Site Occupancy by Photoassociation

e fermion
® boson

Bosonic
Double Occupancy

PA laser

Bose-Fermi
Pair Occupancy

Fermionic
Double Occupancy
molecule *

loss



Repulsively Interacting Bose-Fermi Mott Insulators

. fermIOn Phase | Phase 11

® boson 2
>

‘5‘ 1
Ql‘.‘ﬂ

0

3

>,

“Mixed Mott Insulator” = 1
Q

0
-40 -20 0 20 40 0.0

0 9 10 15 20 25

N. x10°]  [Sugawa et al. NP. 7, 642—648 (2011)]



Repulsively Interacting Bose-Fermi Mott Insulators

. fermIOn Phase | Phase 11

® boson 2
>

‘5‘ 1
Ql‘.‘ﬂ

0

3

>,

“Mixed Mott Insulator” = 1
Q

0
-40 -20 0 20 40 0.0

0 9 10 15 20 25

N. x10°]  [Sugawa et al. NP. 7, 642—648 (2011)]



Repulsively Interacting Bose-Fermi Mott Insulators

e fermion Phase | Phase 11 e fermion
® boson z ® boson
‘C—j.‘: 1
“Mixed Mott Insulator” ELL 2 “Phase Separation”
a) 1
: n,
1.0 2
\2;0.6 1

D'Do 5 10 1'5 20 25 -40 -20 0 20 40
N. x10°]  [Sugawa et al. NP. 7, 642—648 (2011)]



arXiv:1205.4026vl Ehud Altman, Eugene Demler, Achim Rosch

1
+

“Mixed Mott Insulator” “Bosonic Mott Insulator”  “composite fermion” of
e fermion Q) Reference hole(© ) & fermion(@®)
® boson o0 veowm cH1Q) = flbi| Q)

H = —tog Z(cjcj +H.c.) + Veffz nin;
(i) (i)



Anderson Hubbard Model with LiI-Yb Mixture
Poster by Dr. Shuta Nakajima

Fermion(°Li)-Boson(*4Yb)

T/T. = 0.08 +0.01

Fermlon(ﬁLl) Fermlon(173Yb)

[D. Semmler, K. Byczuk, and W. Hofstetter,
PRB 81, 115111(2010)]

Li(25,,)-Yb(1S,)
|3 iypl ~ 1 NM

Feshbach Resonance:A <1 mG

T/T O 07 +O 02 S | [D. A. Brue and J. M. Hutson,
PRL108, 043201 (2012)]
[H. Hara et al. , PRL 106, 205304, (2011)]
1(2 _ 3
M, /M . =29 Li(°S,,)-YD(°P,)
Yb Anisotropy-induced Feshbach Resonance




Developing Yb Quantum Gas Microscope

Poster by Mr. Ryuta Yamamoto s/ system for tight vertical

A U‘Q'u ; confinement (not shown)
“horizontal” H‘ )4

~ optical trap

f’ ob|ect|ve lens

horizontal P =
: - ~ “5 thin glass cell
lattice ey Vs

) -
¥ A N & - ]
e et N optical
. f‘ molasses

Boson, Fermion, Bose-Fermi Mixture



Atom Manipulation Technique

Various Optical Lattices (square, honeycomb, kagome, Lieb)

Feshbach Resonance (optical/magnetic, isotropic/anisotropic)
Bose-Hubbard Model

Superfluid-Mott Insulator Transition

matter-wave interference

lattice-modulation spectroscopy

RF/Optical Spectroscopy

Quantum Gas Microscope
Fermi-Hubbard Model

SU(2) & SU(6) Mott insulator(Pomeranchuk cooling)
Bose-Bose/Bose-Fermi Hubbard Model

Anderson-Hubbard model

Dual Mott insulators



Thank you very much for attention

16 August  Mount Daimonji at Kyoto



