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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: 
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Quantum Simulation 

         Many-body 

    Classical System 

“HARD” 

         Many-body 

    Quantum System 

“Interesting” 

         Many-body 

    Quantum System 

“Controllable” 



Quantum Simulation 

Magnetism, Superconductivity 

Hubbard Model: 
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Quantum Simulation 

Hubbard Model: 
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DMFT(動的平均場） 

Gutzwiller 

QMC(量子モンテカルロ） 

DMRG（密度行列繰り込み群） 

Exact Diagonalization (厳密対角化) 

Numerical Calculation 



Quantum Simulation 

Hubbard Model: 
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Cold Atoms in Optical Lattice 

)(sin2 kxVV o

also “exciton-polariton” 



[from T. Moriya and K. Ueda, Rep. Prog.Phys.66(2003)1299] 

(carrier doping) (carrier doping) 

SC 
SC 

AF 

 hole  electron  hole  electron x 

experiment theory 

“Phase Diagram of High-Tc Cuprate Superconductor” 

Resolving controversy 



Material Synthesis 

Condensed Matter Theory 

 Quantum Simulation 

Providing a Guideline for Material Synthesis 

need not heavily rely on “emergence”  



Outline 

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 

Momentum Distribution 
[E. Cornell et al, (1995)] 

87Rb 

“Bose-Einstein Condensation ” 

“Boson  versus Fermion” 

Spatial Distribution 

6Li and 7Li  

Spatial Distribution 
[R. Hulet et al, (2000)] 

“Fermi Degeneracy” 



Probe light 

Iincident(x,y) 

lens 

CCD 

Itransmission(x,y) 

Optical Absorption Imaging of Atoms  

cold atoms 

In-Situ Image: Reflect “density” distribution in a trap       

Time-of-Flight Image: 

t=0   release atoms from a trap 

t=tTOF  observe atom density distribution 

Reflect “momentum” 

distribution  in a trap       

TOFtMpx  /



Optical Trap & Optical Lattice 

  2D gas 

(pancake) 
1D gas 

 (tube) 

“optical trap” EpV int
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“optical lattice” 



band structure of square lattice 

,kc : annihilation operator of atom  

 with spin σ for  the wavevector k 

,where 





,,

,,0 )(


 
k

kk kccH

))(exp()(
,

ji

ji

xxikJk  








 ,

,,,

,0 j

ji

i ccJH 




)}cos(){cos(2)( dkdkJk yx 

2D case: 

8J 

1D case: 
)cos(2)}exp(){exp()( dkJdikdikJk xxx 
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   E 

0 π -π 
kxd 

4J 

(d :lattice constant) 

“tight-binding model” 
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“Non-Standard Lattice” 

Honeycomb (hexagonal) Kagome 



“Non-Standard Lattice” 

Honeycomb (hexagonal) Kagome 

Dirac point  

:Linear dispersion (realized in graphene)  

Flat-band: 

       Itinerant ferromagnetism 

Frustration 



“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” 

“Optical Lattice 

   Potential” 

“band structure” 



“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 

“Performing Bloch Oscillation”  

171Yb :3ER 

0.1 ms 0.2 ms 0.3 ms 0.4 ms 0.5 ms 0.6 ms 0.7 ms 0.8 ms 

1.0 ms 1.1 ms 1.2 ms 1.3 ms 1.4 ms 1.5 ms 1.6 ms 1.7 ms 

F
dt

dq




“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 

“Performing Bloch Oscillation” Higher band fraction 

Relative phase  θ  between X and X  

Potential diff. △  between A and B  

Band gap 

F
dt

dq




“Non-Standard Lattice-Kagome Lattice-” 

“Ultracold atoms in a Tunable Optical Kagome Lattice” 

           arXiv. 1109.1591v1 Gyu-Boong Jo, et al 



“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 

A 

C 

B a “tight-binding model” 

kB,

kA,

kC,

2/)(2/)( ACAB  

0E

)}2/(cos)2/({cos4 2222 akaktE yx 

0,, 0 EkA “flat band”  
“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 

A 

C 

B a 

0E

)}2/(cos)2/({cos4 2222 akaktE yx 

V1=2V2(△=0) V1≠2V2 (△ ≠ 0) 
 

),( kE 

),( kE 

 “Super-Lattice 

  for Yb atoms” 



Quantum Simulation of Hubbard Model using  

“Cold Atoms in Optical Lattice” 
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filling factor (e- or h-doping)    :n 

Controllable Parameters 

hopping between lattice sites     : J  

On-site interaction                     :U Feshbach Resonance  :as 

lattice potential           :V0 

atom density              :n  

Various geometry    

4/3/8 skaEU LsR 

Ro EVs / mkE LR 2/)(, 2

)2exp()/2( 4/3 ssEJ R  

, as : scattering length  

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



What is Scattering Length ? 
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as 

as: positive 
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Internuclear distance 
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Internuclear distance 

as 

as: negative 
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Feshbach Resonance: 
ability to tune an inter-atomic interaction 

[C. Regal and D. Jin, PRL90, 230404(2003)] 

Coupling between “Open Channel” and “Closed Channel”   

Control of Interaction(as) 

P
o
te

n
ti

al
 

-C6/R
3 

Two Atoms 

Molecular State 

F+F 

F’+F’
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Collision is in Quantum Regime  

It is described by s-wave scattering length as  

Mtotal=M1+M2+ml : conserved 

lopen=lclosed,,  lopen≠lclosed  if Vss≠ 0 

[C. Chin et al., RMP82, 1225(2010)] 



 



Optical Feshbach Resonance 

Advantages for Intercombination Lines 

R. Ciurylo, et al.  Phys. Rev. A 70. 062710 (2004) 
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  Optical 

Excitation 
Two Atoms 

Molecular State 

2/2/

2/2/
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fVb lasS 

 :spontaneous decay rate 

 :detuning from the PA resonance 

[J. Bohn and P. Julienne PRA(1999)] 

10-100 µs 

   Pulse 

Nanometer-scale Spatial Modulation 

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



Quantum Simulation of Hubbard Model using  

“Cold Atoms in Optical Lattice” 

filling factor (e- or h-doping)    :n 

Controllable Parameters 

hopping between lattice sites     : J  

On-site interaction                     :U Feshbach Resonance  :as 

lattice potential           :V0 

atom density              :n  
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, as : scattering length  

Various geometry    

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

provided by Polar Molecules 

RbK, 

RbCs, 

NaK,... 



“Quantum Simulation Business” 

Material Synthesis 

Condensed Matter Theory 

 Quantum Simulation 

1.Lattice Geometry 

   standard: $10k 

    non-standard: $100k  + 

    1   $100k per  Dirac Point  

    1   $100k per  Flat Band 

2. Quantum Statistics 

   boson: : $30k 

   fermion: $50k 

3. Interaction 

    repulsive/attractive :$10k 

    Feshbach Resonance:$100k 

    long-range: $500k 

    spin-orbit:   $500k 

4. Quantum Gas Microscope 

      :$1M 

  Total : $ 1.45M 

x 

x 

x 

x 



Bosons in a 3D optical lattice 
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λlattice λlattice 

λlattice 

 λlattice/2=d :lattice constant 

“Bose-Hubbard Model” 



Phase Diagram of Repulsively Interacting Bosons 

  “Mott  

Insulator” 

[RMP80,885(2008)] 
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“Superfluid” 



Interference Fringe :  

the direct signature of the phase coherence 
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“Sudden Release” 
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Fourier Transform of the Wannier function 
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[I. Bloch et al, RMP80, 885(2008)] 
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Bose-Hubbard Model: 
“Superfluid - Mott-insulator Transition”  

[M. Greiner, O. Mandel, T. Esslinger, T. W. Hänsch, and I. Bloch, Nature 415,39 (2002)] 

REV /0No lattice 3 7 10 

13 14 16 20 

87Rb  

“cubic lattice” 

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

s= 

“triangular lattice” 

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

s= 

“triangular lattice” 



“amplitude-(Higgs-)mode”  
The `Higgs' Amplitude Mode at the Two-

Dimensional Supefruid-Mott Insulator Transition 

M. Endres et al., arXiv:1204.5183v2 



Phase Diagram of Repulsively Interacting Bosons 

 Shell Structure of Mott States 

N=3 

N=2 

N=1 

[RMP80,885(2008)] 



High-Resolution RF Spectroscopy: 

Observation of Mott Shell Structure 

[G. K. Campbell et al., Science 313, 649 (2006)] 

)1)(( 1112

11

 naa
a

U
h n



Laser Spectroscopy of Yb Atoms in a Mott Insulating State 

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

~Ueg-Ugg 
~2(Ueg-Ugg) 

ms 

ms 

ms 



Spectroscopy of Superfluid-Mott Insulator Transition 

V= 



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 

87Rb 



Single Site Resolved Detection of MI 
[WS Bakr, et al., Science 329, 547(2010)] 

SF MI 

TOF-image 

In Situ-image 

after analysis 



Single Site Resolved Detection of MI 
[J. F. Sherson, et al., Nature 467, 68(2010)] 



Single Spin Manipulation in Mott Insulator 

 

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



n=1 

n=2 

n=4 

n=3 

Manipulation of Mott Shell 

/ Filter(Algorithmic) Cooling  
[arXiv:1105.5834v1, W. S. Bakr, et al.,] 



Fermions in a 3D optical lattice 
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λlattice 

 λlattice/2 

“Fermi-Hubbard Model” 



Phase Diagram of Repulsively and 

Attractively Interacting Fermions 

 

[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 

U/J 

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

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

Anti-Ferro  

Magnetism 

Mott Insulator 

Metal 

Spin UP Spin DOWN 



Phase Diagram of High-Tc Cuprate Superconductor 

There is controversy in the under-dope region 

[in T. Moriya and K. Ueda, Rep. Prog.Phys.66(2003)1299] 

(carrier doping) (carrier doping) 

SC 
SC 

AF 

 hole  electron  hole  electron x 

experiment theory 



Current Status of  

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

[R. Jördens et al., Nature 455, 204 (2008)] 

“A Mott insulator of 40K atoms (2-component) ” 
[U. Schneider, et al., Science 322,1520(2008)] 



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 

 

U 



Current Status of  

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

[R. Jördens et al., PRL 104, 180401 (2010)] 

Quantum Monte-Carlo 

Mean-Field 

 Theory 

experiment 

40K atoms (2-component)  



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



Bose-Fermi Mixture in a 3D optical lattice 

          173Yb: 
6-spin components [K. Günter, et al, PRL96, 180402 (2006)] 

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

“ 40K(Fermion)-87Rb(Boson)” 

[Th. Best, et al, PRL102, 030408 (2008)] 

Superfluidity of Boson affected by Fermion: 

Dual Mott Insulating Regime of Boson and Fermion: 

J ≪kBT<UBB<|UBF | <UFF 

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

“ 173Yb(Fermion)-174Yb(Boson)” 
“ 173Yb(Fermion)-170Yb(Boson)” 



Bose-Bose Hubbard Model 

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

“ 41K(Boson)-87Rb(Boson)” aBB = +8.6 nm 

87Rb only 

              87Rb  

mixed with 41K 

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

“87Rb:F=1(Boson)-87Rb:F=2(Boson)” 

“delocalized” “localized” 



Simulation of Impurity System 

the hopping rate   t1 <<  t2  

localized  impurity 
delocalized carrier 






0

W
Wi

(with atom#2) 

(without atom#2) 

“Random 

  Potential” 

Anderson Hubbard Model  (Binary Alloy Model) 
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 “Randomness and  Superfluidity”  Anderson     vs     Anderson  

(localization)         (theorem) 



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

Atomic impurity 

“Lattice Modulation” 

Glassy behavior!? 

“No Disorder” “Atomic” “Bi-chromatic” 

S=9 

S=14 

fimp 

=0.1 
fimp 

=0.5 

S=14 S’=1 

“superfluidity” 

  “No  

Disorder” 

“Atomic” 

“Bi-chromatic” 

fimp=0.5 

S’=2 

Bi-chromatic  lattice 

VS 
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Quantum Simulators using Alkali Atoms 

[M. Greiner, et al., Nature 415,39 (2002)] 

… 

“Superfluid - Mott-insulator Transition” 

Bose-Hubbard Model: 
87Rb 

“Formation of Mott-insulator state” 
Fermi-Hubbard Model: 

[R. Jördens et al., Nature 455, 204 (2008)] 

[U. Schneider, et al., Science 322,1520(2008)] 

40K 

87Rb 

40K 
+ 

Bose-Bose-Hubbard Model: 

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

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

Bose-Fermi-Hubbard Model: 

 [Th. Best, et al, PRL102, 030408 (2008)] 

[J. Catani, et al, PRA77, 011603(R) (2008)] 87Rb 41K + 

Yb Atoms 

Our Approach 

two-electron atom 



Unique Features of Ytterbium Atoms 

Long-lived metastable state 

/Ultra-narrow Optical Transitions 

~15 s (10~40 mHz) 

~23 s (15 mHz) 507 nm 

578 nm 

1S0 

3P0 

3P2 

High-resolution laser spectroscopy 

            as a Local Probe 

Another Useful Orbital States with     

            Different Characters 



Unique Features of Ytterbium Atoms: 

Rich Variety of Isotopes 
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Scattering Length 25 
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(nm) 

[M. Kitagawa, et al, PRA77, 012719 (2008)] 

Collaboration with R. Ciurylo, P. Naidon, P. Julienne  

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

B 

B 

B 

B 

B 

F 

F 



Preparation of Quantum Degenerate Gases 

Optical Trap 

(FORT) 

gravity 



Current Experimental Setup 



Unique Features of Ytterbium Atoms: 

Rich Variety of Isotopes 

168 

170 

171 

172 

173 

174 

176 

13 

6.2 

4.7 

3.4 
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Mass 
number 168    170    171    172    173    174    176 

Scattering Length 25 

20 

15 
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5 

0 
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-15 

-20 
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(nm) 

[M. Kitagawa, et al, PRA77, 012719 (2008)] 

Collaboration with R. Ciurylo, P. Naidon, P. Julienne  

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

B 

B 
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F 



172Yb: No BEC ! No Fun ? 

172Yb : a = -32 nm = -7.6 rvdW 

“Naturally Prepared  Universal Efimov Trimer Resonance” 

1/a 

E 

×eπ/s0 

0 

×e2π/s0 Trimer 

Trimer Dimer 

Identical Boson:           7.220 
s

e


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

  Recent theory: 

  a(1)=-9.0(5) rvdW 

a(1) 

4/1

2

6 )
2

(
2
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How to Control U 

Magnetic Feshbach Resonance 

Coupling between “Open Channel” and “Closed Channel”   

Control of Interaction(as) 
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Mtotal=M1+M2+ml : conserved 

lopen=lclosed,,  lopen≠lclosed  if Vss≠ 0 



How to Control U for Yb 

No Feshbach Resonance for Yb atoms (1S0+
1S0) 

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

        Rekishu Yamazaki, Shintaro Taie, Seiji Sugawa, Yoshiro Takahashi 

PRL,101, 203201(2008)  
"Optical Feshbach Resonance Using the Intercombination Transition" 

               K. Enomoto, K. Kasa, M. Kitagawa, and Y. Takahashi 

Optical 



How to Control U for Yb 

Magnetic Feshbach Resonance for Yb atoms (1S0+
3P2) 

“3P2(m=+2)”:  174Yb 



How to Control U for Yb 

Magnetic Feshbach Resonance for Yb atoms (1S0+
3P2) 

“3P2(m=-2)”:  170Yb 



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 

        Anisotropic electrostatic interaction 

 induces coupling between different partial waves 

Mtotal=M1+M2+ml : conserved 

lopen=lclosed,,  lopen≠lclosed  if Vss≠ 0 



Anisotropic Interaction in 1S0+
3P2  

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

“electronic coordinates”  

“inter-atomic separation”  



Combination of  
Feshbach Resonance & Shape Resonance 

in the presence of Anisotropy 

3P2(m=+2)+1S0: 

        l=0 

3P2(m<+2)+1S0 : 

        l=2,4,6… 

We are now searching for Feshbach Resonance for Fermions 



Fermion 173Yb  in a 3D optical lattice 

λlattice= 532 nm λlattice= 532 nm 

λlattice= 532 nm 

  173Yb 
as=10.6 nm 
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SU(6) Fermion (173Yb)  

+5/2 -1/2 +3/2 -3/2 +1/2 -5/2 173Yb: 

“origin of spin degrees of freedom is “nuclear spin”  

mncc
mn

m

nS 

  0, m

nSH

  m

qpn

p

nmq

p

q

m

n SSSS  ,

Nuclear spin permutation operators: 

SU(N) algebra : 

SU(N) symmetry: 
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SU(6) system 

M. A. Cazalilla, et al., N. J. Phys11, 103033(2009) 

A. V. Gorshkov, et al., Nat. Phys. 6, 289(2010)    , etc 
“Experimental realization is very difficult 

 in solid state system” 



Spin Selective Detection of SU(6) Fermion 

   T/TF =0.14  

173Yb:SU(6) 

+5/2 -1/2 +3/2 -3/2 +1/2 -5/2 

Optical 

Stern-Gerlach 

Spin-Separation 

+5/2 

-1/2 

+3/2 

-3/2 

+1/2 

-5/2, 

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

Conventional  

TOF-image 



   “Formation of SU(6)  Mott insulator” 
[S. Taie et al, ] 

Excitation (Mott) Gap 
modulation 



N=1.9× 104, 11ER, 18%pp mod. U/J=62.4 

(in a harmonic trap) 

(h
/J

) 

Doublon Production Rate Measurement 

 by lattice modulation  
modulation 

Photoassociation 

[D. Greif et al ., PRL106, 145302 (2011)] 

“doublon production rate Г is a sensitive probe of Tlattice” 

Tlattice=27.4J= 83 nK 

Tini=0.21TF= 24 nK 

Tlattice=5.1J= 16 nK 

T: low T: high 



   “Formation of SU(6)  Mott insulator” 
[S. Taie et al, ] 

Tlattice=5.1t= 16 nK    U/t=62.4 

Mott Plateau (n=1) 

Minimum: s = 1.81 cf. ln(6)  

   = 1.79 

Excitation (Mott) Gap 

   “The First Successful Formation of  

  SU(N>2) Mott Insulating State”  



Atomic Pomeranchuk Cooling 

2-comp. 

6-comp. 

[173Yb atoms in optical lattice; Taie et al, ] 

What is the mechanism of 

    the enhanced cooling ? 



“Pomeranchuk Cooling of an Atomic Gas” 

Pomeranchuk Cooling 
Pomeranchuk Cooling 

[Pomeranchuk, (1950)] 

Discovery of Superfluid 3He by Osheroff, Lee, Richardson 

Initial state: Spin depolarized 

 and also with degeneracy: 

s ~ kB𝜋
2T/TF 

liquid 3He 

Adiabatic change  

Final state: Spin depolarized 

   and also with localization 

s ~kBln(N) 

  solid 3He 

“entropy flows from motional degrees of freedom to spin,  

which results in the low temperature”  

atoms in a trap atoms in Mott Insulator 



Spin Degrees of Freedom  is  Cool 

Demagnetization Cooling 

Initial state: Spin-polarized: 

Adiabatic change  

Final state: Spin-depolarized: 

[W. J. De Haas, et al., (1934)] 

“entropy flows from motional degrees of freedom to spin,  

which results in the cooling of the system”  

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

kept at high filed(1G) 

kept at low filed(50mG) and Optical Pumping 



Bose-Fermi Mixture in a 3D optical lattice 

174Yb(Boson) +173Yb(Fermion): 

aBB = +5.6 nm    aFF = +10.6 nm  

170Yb(Boson) +173Yb(Fermion): 

aBB = +3.4 nm    aFF = +10.6 nm  

Repulsive Interaction: aBF = +7.3 nm 

Attractive Interaction: aBF = -4.3 nm 

λlattice= 532 nm λlattice= 532 nm 

λlattice= 532 nm 
VB ~ VF 

ωB ~ ωF 

ΔzB ~ ΔzF 

tB ~ tF 



   ??? 

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



Measurement of Site Occupancy by Photoassociation 

boson 
fermion 

       Bosonic  

Double Occupancy  

       Fermionic  

Double Occupancy  

       Bose-Fermi 

   Pair Occupancy  



Repulsively  Interacting Bose-Fermi Mott Insulators 

“Mixed Mott Insulator” 

fermion 
boson 

ni 

0 

1 

2 

total B F 

-40   -20   0    20   40   

[Sugawa et al. NP. 7, 642–648 (2011)]  



Repulsively  Interacting Bose-Fermi Mott Insulators 

“Mixed Mott Insulator” 

fermion 
boson 

ni 

0 

1 

2 

total B F 

-40   -20   0    20   40   

[Sugawa et al. NP. 7, 642–648 (2011)]  



Repulsively  Interacting Bose-Fermi Mott Insulators 

“Mixed Mott Insulator” 

fermion 
boson 

“Phase Separation” 

fermion 
boson 

ni 

0 

1 

2 

total B F 

-40   -20   0    20   40   

ni 

0 

1 

2 

B 

F 

-40   -20   0    20   40   
[Sugawa et al. NP. 7, 642–648 (2011)]  



arXiv:1205.4026v1    Ehud Altman, Eugene Demler, Achim Rosch 

“Mixed Mott Insulator” 

= + 

“Bosonic Mott Insulator” “composite fermion” of 

 hole(    ) & fermion(  ) : Reference 

    vacuum 

fermion 
boson 



Anderson Hubbard Model with Li-Yb Mixture 

Fermion(6Li)-Boson(174Yb) 

T/TF =  0.08 ±0.01 

6Li 174Yb 

[H. Hara et al. , PRL 106, 205304, (2011)] 

6Li 173Yb 

Fermion(6Li)-Fermion(173Yb) 

T/TF =  0.07 ±0.02 

Li(2S1/2)-Yb(3P2)  
Anisotropy-induced Feshbach Resonance 

|a6Li-Yb| ~ 1 nm 

Feshbach Resonance:Δ < 1 mG  
[D. A. Brue and J. M. Hutson,  

PRL108, 043201 (2012)] 

Li(2S1/2)-Yb(1S0)  

29/ 6174 
LiYb

MM

[D. Semmler, K. Byczuk, and W. Hofstetter,  

   PRB 81, 115111(2010)] 

Yb 

6Li 

Poster by Dr. Shuta Nakajima  



Developing Yb Quantum Gas Microscope 

thin glass cell 

objective lens 

“horizontal” 

optical trap 

horizontal 

lattice 

system for tight vertical 

confinement (not shown) 

optical 

molasses 

Boson, Fermion, Bose-Fermi Mixture 

Poster by Mr. Ryuta Yamamoto 



Summary 

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 


