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Introduction( B 2 #E1)

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

Fundamental Physics Using Cold Atoms:
(Searching for Permanent Electric Dipole Moment)
Test of Newton Gravity:

v =g MM; (1+aexp(—%))
I




Solid-State System

Quantum Computation@ ﬁ Quantum Simulation

Atomic System



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/
H=-J chmZn n, 3@/’% //
<l, > / /
VA U
>~ Numerical Calculation
DMFT (BRI 1535)
Gutzwiller
QMC(=FE>T/AH/LO)
DMRG (7 E1T5#&Y A~ &)
Exact Diagonalization (Ex & xt f1t)




Quantum Simulation

Exact Diagonalization of Hubbard Model

S. Yamada, T. Imamura, M. Machida
Proceedings of the 2005 ACM/IEEE SCO05 Conference(SC’05)

Earth Simulator: Trapping Potential f

1D Fermi Hubbard Model: U N
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in 24-site Hubbard model with the trapped potential (V/t = 29.7).



Quantum Simulation
Hubbard Model:

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

V =V_sin®(kx)



Optical Trapping and Optical Lattice

“Optical Trap”
1 r? 1
oo Lot W ‘
2 8A I, Sy |
“Optical Lattice” 200 um

V. (x) =V, sin?(k, X)

= 3 3
V.(X)=) V.sin?(k x.)=V. sin?(k, X. E. = 5=-—0
0( ) JZ]; 0j ( L J) szll ( L J) R 2m ER

“to prevent mutual interference, frequency is shifted relative to each other by tens of MHz”
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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,ak, ~/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




Atomic Scattering Theory
. =exp(ikz) = exp(ikr cos8) = i (21 +2)i' j, (kr)P, (cos &)

sin(kr =1z /2)

R — o zi(Zl +1)i'P, (cos )

) R (cos0) [exp(i (kr — IE 7)) — exp(—i(kr — IE n))}
“out-going” “In-coming”
With atom-atom interaction

.. ~exp(ikz) +1exp(ikr) f :scattering amplitude
r

sin(kr=1z/2+6,) ¢, :phase shift
Kr

/Soo
' hileo 9)[ p(i(kr—lﬂ)exp(+2i5|)—exp(—i(kr_l”))}
2ikr 2 2

Ve zi(zl +1)i'P (cos 0)

= exp(— |5)Z(2I 1)i




Atomic Scattering Theory

N 2i0,) -1 ... Sin(s
f=> (21+)R(cosd)f, with f _ expt . ) =exp(+|5,)sm( )
1-0 21K
¢ _Sp-l
' 2ik
o, =4r(2 +D|f [} = A G5

“At low temperature, only s-wave (I=0) scattering is important™

5I
a, =——
k—>0 k

fo = —a O, = 472‘ fo‘z = 47z\a5\2



Q. What is Scattering Length ?

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

E a,: positive E  ag negative
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Internuclear distance Internuclear distance

B Arh‘a
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Analytical Expression of Scattering Length
Vs T ey R

R—> o R
\1/2
a, =Cos(— ){“ {F(BM)

1%
Af ) 1“(5/4)} ¢=%F[\/—2,LT1V(R)dR

Reduced mass

T 1 _ 1
¢—§=7T(VD +§) —— a, =a, X 1—tan(7z(VD+§))}

ds

AL,

Internuclear distance



Binding Energy and Scattering Length : Case of Yb Atom
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[M. Kitagawa, et al, PRA77, 012719 (2008)]



Potential

Coupling between “Open C
— Control ofa, |a,(B)=a,,(1-

Q. What 1s Feshbach Resonance ?

nannel” and “Closed Channel”

AB

)
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[T. Kohler, K. Goral, P. S. Julienne, RMP 78, 1311 (2006)]



Optical Feshbach Resonance

Energy U(R)

Two Atomé +S /\ :detuning from the PA resonance

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

|\7—'f“

>
Advantages for Intercombination Lines

A=l 1 2+iy/2
A+ 12+1y12
[y oc (b £

/4 :Spontaneous decay rate

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

Kea = z (1_‘800‘2) -z

Lgy

k k A + (T,

< > Ein Eref
| :loss —
E =

124772 >0 for I /y>>1
4

A-iC+iy T=txc/(2L)
A+iC+iy  y=Ixc/(2L)
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Nanometer-scale Spatial Modulation

intensity

high

of an Inter-atomic Interaction
[R. Yamazaki et al ., PRL105, 050405 (2010)]
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Q: How Various Geometry ?
An Example: Triangular Optical Lattice

Lo
Y 00

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



band structure

)
Ho=—=J >.¢,Ci, —  Hyo= Y ek)
i,j,GzT,»L k,o=T{

,where : annihilation operator of atom

g(k)=-J Z exp(—ik - (x; — Xj)) “o with spin o for the wavevector k
<, >
E
1D case: 14

g(k) =—-J{exp(-ik,d)+exp(+ik d)}=—-2J cos(k,d)
(d :lattice constant)

2D case:

¢(k) =—-2J{cos(k,d)+cos(k,d)}




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



Optical Imaging

Cold Atoms

| incident(xiy) Itransmission(xiy)

resonant probe light lens

Time-of-Flight Image:

“The atom distribution after certain time from the sudden release of the atoms
corresponds to the momentum distribution”

X=(P/M)xtr



Quantum Simulators using Alkali Atoms

Bose-Hubbard Model: o |l |
“Superfluid - Mott-insulator Transition” : L] L i 8Rb
[M. Greiner, et al., Nature 415,39 (2002)] e JaiE CAiE NI

Fermi-Hubbard Model: RS

“Formation of Mott-insulator state” {
[R. Jordens et al., Nature 455, 204 (2008)] o : 40K
[U. Schneider, et al., Science 322,1520(2008)] ol o]

1 15
Atom number [10%]

Bose-Fermi-Hubbard Model: = o &
[K. Giinter, et al, PRL96, 180402 (2006)] ; *

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

Ne/ Ng=0 Nge/ Ng=0.08 Ne/ Ng=0.8

87Rb

S
+
A

o optical density —

Bose-Bose-Hubbard Model: e ol o
[J. Catani, et al, PRA77, 011603(R) (2008)] , 87TRp +41K



Bosons in a 3D optical lattice

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

“Bose-Hubbard Model”

klattice

7“Iattice 7\,| attice

~
N

}‘“Iattice
I



Phase Diagram of Repulsively Interacting Bosons

I V4 SAAAZNAS
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Interference Fringe :
the direct signature of the phase coherence

“Sudden Release” /" \j

& B 4 B & free tTOF

expansion

' f X <> hik
. l , ' X = (K /M )t; o
n(k) o \W(k)\\ G(k)
G(k) = Zexp(|k (R—R' ))< A*Aa > Fourier Transform of the Wannier function

no Iong range order: < > Sqr = G(K)=N

uniform long-range order: < é> 1—>G(k) S;?n(lgsgl ,/2?

peaks at * 2n7k, (n=0,1,2...)




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 o | [Hociaasei o S=

. p 2.3 5.7
@ o @ o ¢ | ° 2 | © R i
Ty & 8

87Rb
. ‘s | ° " 34 6.5
0 ’”" ’ ‘ O ko .
13 14 16 20 4.0 7.3
(44 * * 29 : ° :
cubic lattice -
4.8 8.2

“triangular lattice” @

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



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)]

A
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L~ @
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kY
= 40 !
R
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5 i
c ,‘\ ‘p “
/
g 20 d c N \\ p l‘
E e : 5 e ® ! . I ! \
® Ve e i o L T LU
| 1l Il ‘e \
r..., .“.’/ \\._.’. \“’l \\.’I ‘~-
1 1 1 ‘
7940 7980 8020 8060

RF frequency (f-1670000 Hz)

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.

U
hv, =—(a,-a;)(n-1)
a,,



Fermions in a 3D optical lattice

H=-J ZCi+Cj "‘Uznmni,i +Zgini

<i,]> [

“Fermi-Hubbard Model”

klattice

7“Iattice 7\,| 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)]



Observation of Fermi-Surface of 41K
[M. K6hl, et al., PRL 94, 080403(2005)]

“band mapping”
b
(a) 20 Er 4 Er Free particle (b)
W h(.l,) <> #
: <ﬁ> — 00 Ces——— [
i " o -3hk -2hk -hk hk 2hk 3hk

ik hk -k nk -hk ik
q q q




Fermi-Hubbard Model:

“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)]
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Double occupancy

Fermi-Hubbard Model:

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

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

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

= Wiy

0.3F

o
w

|V =6.5E, > | v 65E g v 1OE
U/(6J)=1.2 = U/(6J)=3.9 S | Ul6J)=13.6
0.2} 2 0.2} 3 0.2}
| S S
© )
Q —_—
01F ; ¢ — 12 0.1 _§ 011
Sl o 1; 1) 2 a
R R E— = % 0% 2 4 3

Modulation frequency v [KHz] Modulation frequency v [kHZ] Modulation frequency v [kHZ]



Doublon lifetime (h/J)

10°F

10°E

10'

10°

Fermi-Hubbard Model:

“A Mott insulator of “°K atoms in an optical lattice”
[N. Strohmaier et al., PRL 104, 080401 (2010)]

Doublon Decay Isolated Palr

-

Vv D —o— o— & g |
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,’/ T o T
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i Ve |-
=< 0.1} '
< & 1
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(@)

¢ 100 a,
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| | | | U)Fhl(kHz} | O . ' l
2 s 6 ’ 0 20 40 60 80
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— CXPl ¥ —
h/J P 6.

[ K. Winkler et. al., Nature 441, 853 (2006)]



Repulsively Bound Pair in an Optical Lattice
[ K. Winkler et. al., Nature 441, 853 (2006)]

Q:‘] - repulsively bound pair
12I/\\|
=0 WY s VYY)
< _
oy scattering

continuum




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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Phase Diagram of Bose-Fermi Mixture
[I. Titvinidze, et al., . PRL 100, 100401(2008)]

Spinless Fermion, Repulsive BF interaction, Half Filling, T=0
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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

@ ] [y ©

0
—

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

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

¥
optical density —

o
s
o

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

“Role of interactions in Rb-K Bose-Fermi

mixtures 1in a 3D optical lattice™
[Th. Best, et al, PRL102, 030408 (2008)]




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

@ ] [y ©

0
—

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

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

¥
optical density —

o
s
o

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

“Role of interactions in Rb-K Bose-Fermi

mixtures 1in a 3D optical lattice™
[Th. Best, et al, PRL102, 030408 (2008)]




Bose-Bose Hubbard Model

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

“ 41K (Boson)-8’Rb(Boson)” gg = +8.6 NM

8’Rb only * £ R

8’Rb .
mixed with 4K~ -

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

“8’'Rb:F=1(Boson)-8’Rb:F=2(Boson)”
agg ~ +5.3 Nm



New Technique: 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

[arXiv1006.3799v1 J. F. Sherson, et al.,]

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 #




Light-Assisted Collision

0 a
2 2
= S1/21Pay
>
> 2S11%P 1y
| -
o
0] MOT Light
2 2
—ro R S1ptS1)

Internuclear distance R

1) Fine-structure changing collision
2S1p+tP3yy — *S;+*Py, + KE.
2) Radiative Escape

2G 42 2Q 42
SyptPap = 51+, + KE.



Single Site Resolved Detection of Ml

[arXiv1006.0754v1 WS Bakr, et al.,]

SJUN02 Q00 LX
O <

;

Ml

D 16Er —680nm
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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™ ty0_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. Ginter, et al, PR, ¢ 8'RDb
[S. Ospelkaus, et al, Pk. Our App"OaCh - ? +
[Th. Best, et al, PRL102, Gc il i 40K
Bose-Bose-Hubbard Model: e Gl o
[J. Catani, et al, PRA77, 011603(R) (2008)] , 87Rp +41K
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Unique Features of Ytterbium Atoms

Rich Variety of Isotopes

168yp | 170yp 171y h 172V 173yp | 174Yp |176YDp
(0.13%) | (3.05%) (14.3%) (21.9%) (16.2%) (31.8%)|(12.7%)
Boson Boson Fermion| Boson |Fermion Boson | Boson

1713Yb (1=5/2) _4mh’a

M

—— novel magnetism

[M. A. Cazalilla, et al., N. J. Phys11, 103033(2009), Hermele, et al., PRL 103, 130351
(2009); A. V. Gorshkov, et al., Nat. Physics, 6, 289(2010)]

>o(f,—T,) SU(B) system




Unique Features of Ytterbium Atoms

Ultra-narrow Optical Transitions

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

High-resolution laser spectroscopy
i—
as a Local Probe

High-spatial resolution Optical

180

Magnetic Resonance Imaging
Another Useful Orbital States with

Different Characters



Preparation of Quantum Degenerate Gases

[Y. Takasu et al., PRL 91, 040404 (2003)]



Current Experimental Setup




Quantum Degenerate Yb Gases

B()SOﬂ[Y. Takasu et al., PRL 91, 040404 (2003)] [T. Fukuhara et al., PRA 76,051604(R)(2007)]

168Y'p(0.13%) 170¥h 1714y h 176

160um 120 um  TOF:8ms

FEermIiOnN [T Fukuhara et al., PRL. 98, 030401 (2007)] TIT. =014
1Yb(1=1/2) T/Te=0.3 13YDB(1=5/2) (6-component)

(2-component)

—TF fit (T/T=0.14) ]
— Gaussian fit

L0 20 40 60 80
position (um)




Nuclear Spin Dependent Light-Shift (calculation)

173YDb:1S,-3P, transition

Light shift(arb.unit)  _5/2

\
A\ S\ [

539540 \ 5%52 Séz H Z)

' 3002- MF: -3/2
| -1/2

\f / +1/2

| +3/2
M- +5/2

-

o

o
Y——p—

'S, %P, i F=7/2 'S, %P :F=5/2 'S,—°P :F=3/2



Ultracold 173Yb: Fermi Gas with 6-spin components

1S, 3P, A~21 X 4GH “Optical Stern-Gerlach Effect”
10mW, 3.4ms, 90pum -5/2. -3/2. -1/2 S +5/2, +3/2, +1/2
+1/2 -1/2
+3/2 -3/2
+5/2 _5/2
Oo— TOF 7ms
O,




Optical Stern Gerlach Separation:

Optical Pumping Effect
“Optical Pumping”

-5/2,
M= -3/2

-1/2

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

«— +5/2

“No Optical Pumping”
——+3/2

< +5/2




Other Quantum Gases of Two-Electron Atoms

90Ca:BEC (PTB, 2009)
84Sr :BEC (Rice, Innsbruck, 2009)
87Sr :Fermi-Degeneracy (Rice, 2010)



Quantum Degenerate Mixtures of Yb
[T. Fukuhara et al., Phys. Rev. A 79, 021601(R) (2008)]

18YDb(Fermion) +14Yb(Boson)  13Yb(Fermion) +179Yb(Boson)

I3yb (6ms)  '7*Yb (10ms) 173Yh(4ms) 170 ph(10ms)
s O ¢« 0
PiTe=08 N5~3 X 104, TiTe~05 Ng~8 x 10°,
< 160 um > BEC BEC
174y b(Boson)+ 76Yh(Boson) tYb(Fermion) +13Yb(Fermion)
4y Ve Tyh(m=+1/2)  3Yb(m=+5/2)

Q »

Ng~6 % 104, Ng~2 X1 |

ﬁEC 240 ot T/T.=0.33 T/T.=0.3




SU(Z) X SU(G) Symmetry
3 [S. Taie et al ., arxiv:1005.3710]
11Ybh: N= 8.0x103
T=95nK
T/T-=0.46 (2-component)

o 8
~

position (pm)
8.5..8 ok

g

100 0 100

310:.173{Y45 | 173Yb: N — 11 X 104
AR T=87nK
T ® T/Tg= 0.54 (6-component)

100 0 100

H171—173 — [\No +W2§171' §173]5(ﬁ — F2)

— “Spinor Superfluidity”
[Theory: D. B. M. Dickerscheid et al ., Phys. Rev. A 77, 053605 (2008)]



Boson 14Yb in a 3D optical lattice

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

174Yb

a.;=>.>0 NM

xlattice: 532 nm

Xlattice: 532 Nm 1 }“Iattice: 532 nm



Superfluid-Mott Transition

T. Fukuhara, et al., PRA. 79, 041604R (2009);H. Moritz and T. Esslinger, Physics 2,31(2009)(Viewpoint)

0 - o . . o‘ L » ﬂ -

OEr SEr 8Er 1TEr

" ..3 ' . '0

14Er 17Er 20Er 5Er 276um
Unigue Applications

K. Shibata et al, Appl. Phys. B 97, 753(2009). Single-Atom Addressing by MRI
A. J. Daley et al, PRL. 101, 170504(2008). Dual Lattice Configuration
A. V. Gorshkov et al, PRL. 102, 110503(2009). Few-Qubit Quantum Register

M. Hermele et al, PRL. 103, 135301(2009). Chiral Spin Liquid
F. Gerbier and J. Dalibard, New J. Physics 12, 033007(2010). Gauge fields



Strongly Interacting Two Different Mott Insulators

Bosonic MI Fermionic MI

AT - Natom = 104
(S/N)ate = 177 wo = 27 x 330 Hz




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

V,~ Ve
t,~ t

Azg~ Az



Measurement of Site Occupancy by Photoassociation

[T. Rom, et al., PRL93, 073002(2004)] :
e fermion

® Dboson

Bosonic
Double Occupancy

Fermionic
Double Occupancy
molecule *
/W\ ﬁ

0SS

Bose-Fermi
Pair Occupancy



Example:
Fermion-Induced Bosonic Double Occupancy

oL o/ o
o o o E— e fermion
_./:./:Q/_‘ g ® Dboson
/ / /

. E Pure Boson

7

6

5 O .
4W‘ — Bose-Fermi
sk N Mixture
2

1

0

6

@ |m|
=]
]
»

- ) (attractive)

| Photoassociation Resonance

I I I I I
15 616 617 618 619 620 621

Number of atoms [x10?]

Frequency detuning [MHz]



Fermion (1’3YDb) in a 3D optical lattice

mYp(1=5/2)  H =t 2 .G/ +Uge D N, Ny

a.=10.5 nm <i,j> i,mg=mg’

SU(6)Mott-state 5 s

(S/N are = 1.77 wo = 21 x 330 Hz

(S/N )jage = 3.95 .
9 | (S/N)oss = 3.23 R :
(:,S‘I,r'r\'v:}l‘.\t =222 . A !
':S.-"Ir\r}lz\t = 1.86 \ % - &
: PUIR]) LR
1.5 | ) - 5\
~ 3 — { "\ \ 10
= 1 f : 20
— 1 -f. et ) o
< — 0 o~ X V.
N\ e o 3 /s
him 0 R.. /¢
i il e 1 /(l
0.5 Natom = 107 -10 = Y d
wp = 27 x 210 Hz O —
—-10

’ 0 IJ 1|0 ;J 2'0______55 30 RI/(I'O 10
R|/ag

[M. A. Cazalilla, A. F. Ho, M. Ueda., N. J. Phys11, 103033(2009), ]



Single Site Addressing:

Optical Magnetic Resonance Imaging (MRI)
[K. Shibata et al., App. Phys. B 97, 753(2009)]

Optical absorption line of linewidth 15 mHz

1 3p -
SO- P2' ﬂzBﬂB
Magnetic field gradient 10G/cm
Spectral Resolution 1kHz
1S > Spatial resolution: 250 nm
0

“Optical Spectrum _
of 1S,-3P, transition” | | | Lt | 0 - Nagao ka-ferro

/z;/g;?)é
ALLALNEAAAL, £ Y - Quantum
> X

— OO~ O~ Computation




Cold Atoms in a Thin Glass Cell

1D lattice
RS N | Opt|cal Tweezer




Towards Single Site Addressing in 2DLattice

d=70mm

MOT caoil
8 turns, 5 layers Rectangular coil (2)

10 turns, 4 layers

o8, =34.8G/cm @10A

oB,

=50.8G/cm @10A
15/4

B, compensation B, =40.3G, B, =20.5G @10A

coil Rectangular coil (1)

10 turns, 4 layers

a;’(z =8.32G/cm @10A

B, =11.7G, B, =8.95G @10A



Lattice-Spin Model Using Polar Molecule

[A. Micheli, et al., Nature Physics 2,341 (2006)]

2
Paramagnetic molecule Zl/z

H =BN?+N-S

N:rotation S:electron spin

Q
—h— o, A ﬂaf

o,
o, =0

Heﬁ




Current Status of YbLI Experiments

@ The First Yb-Li Simultaneous MOT [M. Okano et al., Appl. Phys.B98,2(2009)]
6L | 174y'h

N=15X10° | & N=1.4 x 107
T~280 pK | i i T=60 K




Quantum Simulation of Hubbard Model Using Optical Lattice

Review of Experiments using Alkali Atoms

Superfluid-Mott Insulator Transition

Formation of Fermi Mott Insulator
Bose-Fermi and Bose-Bose Mixtures
Single Site Resolved Observation of SF-Mott Insulator Transition

Report of Experiments using Yb Atoms

Superfluid-Mott Insulator Transition

SU(6) Fermi Mott Insulator

Strongly Interacting Bose-Fermi Mott Insulators

Nano-Scale Modulation of Interatomic Interaction in Bose Condenstate
Towards Single Site Addressing Using 3P, State

Towards Quantum Simulation Lattice Spin Model by YbLi polar Molecule
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