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Outline

© Optical lattices
(1)

@ Standing light waves

© periodic potentials

@ Bose hubbard model

@ Simple model to describe particles in

periodic potentials
(2]

© SF - MI phase transition
© SF - MI phase transition

Q@ Summary
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Outline

O Optical lattices

From http://plentifulmarketing.com .

(1}
@ Standing light waves l
© periodic potentials “
S
© Bose hubbard model T

@ Simple model to describe particles in

periodic potentials
o B=
© SF - MI phase transition e
© SF - MI phase transition
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Outline

o Optlcal |att|ces From: NATURE | Vol 467 | 2 September 2010 .

(1}

(>} Sta.nc!ii.ng light \{ve:ves ~ 1 :

© periodic potentials O R o e
© Bose hubbard model o

Window 780 nm

High-resolution
i

@ Simple model to describe particles in
periodic potentials

objective
(NA=0.68)

(2] .

© SF - MI phase transition ‘<’
© SF - MI phase transition
Q@ Summary
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Motivation

Motivation
Why are we interessted in the Bose Hubbard model?

e High temperature superconductor
(*] Bi25r2C32CU3010(BSCCO) (110 K)
@ Principle not yet undertsood

a?>s

I

From http://en.wikipedia.org .
Adapted from http://www.profitpath.com .
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Motivation

Simplify

Break the problem down to make it simpler

a Optical lattice

VAAAAAYAAYA'S
© Rebuild the solid state using optical VARV VARVARV/

lattices b Realcrystl

od,atm%zloﬁm /\ /\ /\ /-\ /

o du=10-4n (3 FRVANEVEN)

© Investigate superconductivity From NATURE|Vol 4535 June 2008 .

© Explain the superfluid -
Mott-Insulator transition
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Optical lattices

Outline

@ Optical lattices
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Optical lattices
®000

Particle confinement

Laser beam

@ Focused laser beam —potential
well

Potential well

From NATURE|Vol 453|5 June 2008 .
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Optical lattices
®000

Particle confinement

@ Focused laser beam —potential
well

@ Standing light wave
A‘ aser
Q@ d="

Adapted from arXiv:physics/9902072v1 .
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Optical lattices
®000

Particle confinement

Laser standing wave

@ Focused laser beam —potential I'I:
well (
@ Standing light wave .

e d — lLaser _.'r 15
@ 2D, 1D and 0D confinement /

Q diar ™ LLZ”' ~107%m //,////// :
o ! "r
Q dy~101%m <A) i okt
D

From NATURE|Vol 453|5 June 2008 .
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Optical lattices
®000

Particle confinement

@ Focused laser beam —potential
well

@ Standing light wave
A‘ aser
© d =ty
@ 2D, 1D and 0D confinement
Q dlat ~ 2'Laser ~ 10—6m

(o]
Q du =~ 107 10m <A) From NATURE|Vol 453|5 June 2008 .
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Optical lattices

| Jelele}

Particle confinement

@ Focused laser beam —potential o

well
@ Standing light wave
j— A‘ aser
© d=tige

@ 2D, 1D and 0D confinement o
Q dlat ~ 2'Laser ~ 10—6m

Q dn~1019m <A) -

CCCEFTC F PR TS,

From Nature Physics 1, 23 - 30 (2005) .

6/34
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Optical lattices
ce00

Light forces

) ~
@ Use the principle of the AC Stark shift i
@ Electric dipole moment is induced in the atom @
@ Energy shift AE
r
AE = Uy = — = (pE) = — 15t E?
= Ugip = — (PE) = 5% (@ (0)) (E*(¢))
lg)
I = 2¢gc- ‘E‘
Ugip =~ 55— (@(0))-1
dip = 2eg9C -
. . Potential
Dynamic polarization
3nc? T
=ap+A Udip(’):wz (r)
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Optical lattices
ocooe

Light forces

3mc? r r
Ugin = — I
dip 203 a)o—w+a)o+w (x)
neglect

Rotating-wave approximation:

@ Resonances at =y
@ Tune laser near g > A= 0 —wy — |A| < @y
o AL w+ay

3nc2 T r
Udip = 55—+ 1 (x) o< - 1(x)
P20 A A
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Optical lattices
0

Detuning

rsc:j,’;; <£)2-/<x)<>< (g)2.1<x>

@ Below atomic resonance (“red” shifted) (® < ay)
e A<0— Ud,'p <0
e attractive potential

Andreas GauR Bose Hubbard model
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Optical lattices
oce

Experimental issues

> v
o Potential < £ & 5 o

@ Scattering rate o< 13 \

From NATURE|Vol 453|5 June 2008 .

Use for optical traps (at a certain potential depth)

@ large detunings

@ high intensities
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Bose Hubbard model

Outline

© Bose Hubbard model
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Bose Hubbard model
®00

Fermi Hubbard model (FHM)

@ Proposed 1963 by John
Hubbard

@ Describe e in transition
metals

W @ Investigate magnetic
et e e o properties

Institute of Physics

From: theor.jinr.ru .
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Bose Hubbard model
oeo

Bose Hubbard model (BHM)

Cooper pairs (CP) -
Josephson tunneling

@ He atoms moving on
substrates

@ Ultracold atoms in optical
lattices

SF-MI phase transition
CP/e™ transition is
neglected

Scanned at the American
Institute of Physics

From: theor.jinr.ru .
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Bose Hubbard model
ooe

SF and MI Introduction

@ gt s e U=0: Superfluid phase

N
_ 1 13- Bi
IWsF)(u=o) = UNT\ VAL & |0)

Atoms freely move around in an ) phase coherence
optical lattice.
Gkl shie e J=0: Mott insulating phase

N N
W) =0y = [ 1 (bj) |0)
i=1

Atoms localze atlattic sies because o e no phase coherence
inter-atomic interactions. . .
o perfect correlation in n

Adapted from: www.ntt-review.jp .
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ZJu

Further plan

What we want to do within this part.

Bose Hubbard model
®000

Mean-field phase diagram

T
0.172

Superfluid

Mott-insulator Mott-insulator

Mott-insulator T

[wu]

Andreas GauR

Bose Hubbard model

(a) Superfluid state

Atoms freely move asound in an
optical lattice.

(b) Mott-insulator state

Atoms localize al lattice sites because of
inter-atomic inferactions.

16 /34



Bose Hubbard model
0®00

Bose Hubbard Hamiltonian

According to a tight binding model the Hamiltonian is

__Jz(bTb +bib;) - WY it an, fipi —

[B:.5] =

e J: Allows hopping of bosons /
Josephson tunneling

@ u: Chemical potential = number of
bosons

@ U > 0: Repulsive interaction

From D. Jaksch, P. Zoller / Annals of Physics
315 (2005) 52-79 .
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Bose Hubbard model
feYe] Yo

Mean-field theory

Now: Have a look on a single lattice site !

Model the properties of Hg by the best possible sum of single-site
hamiltonians:

o u, .. * T n
Hur =Y, <—unbf+ E”bi(”bi —1)—Vgb; - wBb?)
f

e Wg: variational parameter (complex)
o u: Chemical potential

@ U > 0: Repulsive interaction
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Bose Hubbard model
©000000

Phase transition

_ —JZ(bTb +biby) - RY Poic+ an,
Set J =0 — single-site Hamiltonian becomes

Hp.j= —Whpi + %ﬁbi (Api—1) = % [ﬁbi <'A’b" —1- 2%”

Eo = (n|Hp.i[n) = % n(n-1-25)]

)
_. u E
n= |nteger<U+ 2>
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Bose Hubbard model
0®00000

Phase transition

Occupation/Filling factor n

E u
v=alnzg))
0 uu<o0 2
1 o<u/u<l »
n=102 l<u/u<?
n n—-1l<wr/u<n i : ; s

[wu]
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Bose Hubbard model
©00®0000

Phase transition

Occupation/Filling factor n

0 #u<o =

=

1 o<uu<l 85 fnod =
n=12 l<uu<?2 5
: : 25
n n-1l<wr/u<n 3 2
E 15

n = —— = const.
ou ‘
0.5
ﬁ—o 0
- 0 1 2 3 4
aIJ wul

Mott insulating phase is incompressible !
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Bose Hubbard model
000®000

Phase transition

Expand Ey in powers of Wg
By = Eoo+q[Ws|' +r Vs +5 Vs + 0 (|Ws[*)
Landau: Symmetry of phase transition (second order) leads to
Eo=Eoo+r|Vg[*+0 <|‘UB\4)
Use pertubation theory till second order and identify r

r=2J-(1-ZJx)

_n(eu)+1 n(k/v)
W)= Unuoy— 1 T = u(n(e/0) D)
p+U

(Un—p)(U(n—-1)—n)
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Bose Hubbard model

Phase transition

—_J7vg <,,\Z,|n> —JZVg <n|B-i-|n>

=—JZVgy/n{nln—1)— JZWg\/n+1{(n|n+1)
=0

v = _szvg ¥ |m>.<m‘Lm>

mn Epn—Enm
vn Vn+1 )
=—JZVg | =—Y—|n—1)+ ——"|n+1
B<En—EH‘ T E B Y
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Bose Hubbard model
000000

Phase transition

EP = (nlV1wiV)

+1
— 2722 ( n 4" )
B En—Ep En— En+1

EP® = jzw2 + %n(nf 1)—un

En—Ep1=U(n—1)—u
En—Eps1 =t —Un
@ _ U+u 2 52,2
E) = — JoZ°v
5 (u—=Un)(U(n—1)—p) B

U+tu

Ey= %n(n—l)—,un—&— (JZ—

Andreas GauR Bose Hubbard model

(u=Un)(U(n—1)—u)
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Bose Hubbard model
000000e

Phase transition

Mean-field phase diagram

T
0.172

0.14 |- Superfluid b N——

pAlS)

0.04 H| Mott-insulator Mott-insulator Mott-insulator B ZJ u 1 u
(n—g)(1=n+g)

W)

Critical point (n=1):

ZJN0172 <~ ~b.8
UN . .

J7N
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Bose Hubbard model
000000e

Phase transition

() Superfiuid state

Atoms freely move around in an
optical lattice.

(b) Mott-insulator state

Atoms localize al lattice sites because of C ritica | pOl nt ( n=1 ) .

inter-atomic interactions.

Adapted from: www.ntt-review.jp .

ZJ
—=~0.172-.-- &
v

— ~5.8
JZ
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Phase transition - Experiments

Outline

© Phase transition - Experiments
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Phase transition - Experiments
0

Quantum Phase transition

O Optical lattice with dj;; = 426 nm . - e i

W T, e

& £ f

% H 0%% “eq

From NATURE|Vol 453|5 June 2008 .

28 /34
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Phase transition - Experiments
0

Quantum Phase transition

@ Optical lattice with dj;; = 426 nm
@ Expand 15 ms (ToF)
© Take image

From: NATURE | VOL 415 | 3 JANUARY 2002
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Phase transition - Experiments

[ Je}

Quantum Phase transition

a superfluid o v |

@ Optical lattice with dj;; = 426 nm
@ Expand 15 ms (ToF)
© Take image

© Coherence/Decoherence

o !‘U(X)>o<cos<i-x)
o) ]\U(k)><x6<kiﬁ)

From NATURE|Vol 453|5 June 2008 .
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Phase transition - Experiments
oce

Quantum Phase transition - Experiment |

a b ® (1 . d e
® s @ o [ ‘a © | e ‘g °
OE, ® 3E W TE,| | OF,
16E, 20E,
U/s =36 Ufs =00

From: NATURE | VOL 415 | 3 JANUARY 2002 .

SF-MI transition (experiment): U/J = 36|,_¢ — U/1z=6
SF-MI transition (theory): U/yz =5.8

Andreas GauR Bose Hubbard model
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Phase transition - Experiments
°

Quantum Phase transition - Experiment |l

Optical lattice
laser beams

Mirror 1,064 nm
Window 780 nm

High-resolution
objective
(NA = 0.68)

X «—— 16uym ——»

From: NATURE | Vol 467 | 2 September 2010 .

Andreas GauR

@ BEC in 2D optical lattice

@ high-resolution
fluorescence imaging

@ very strong optical particle
confinement

@ only Mott insulating
phases visible

@ occupation mod?2
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Phase transition - Experiments
°

Quantum Phase transition - Experiment |l

@ BEC in 2D optical lattice

@ high-resolution
fluorescence imaging

@ very strong optical particle
confinement

@ only Mott insulating
phases visible

X @ occupation mod?2

From D. Jaksch, P. Zoller / Annals of Physics 315
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Phase transition - Experiments
°

Quantum Phase transition - Experiment |l

(b)

SF

@ BEC in 2D optical lattice

@ high-resolution
fluorescence imaging

@ very strong optical particle
confinement

@ only Mott insulating

x phases visible
A\ | y @ occupation mod?2
From: Rev.Mod.Phys., Vol.80, No.3, July-Sept 2008 . (2005)
52-79 .
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Phase transition - Experiments
°

Quantum Phase transition - Experiment |l

Mean-field phase diagram

0172 i —
0.16 n=3 4
ora | Supertd 1 e BEC in 2D optical lattice
otz 1 @ high-resolution
o o 1 fluorescence imaging
~ 0.08 q . .
@ very strong optical particle
0.06 1 -
confinement
0.04 Mott-insulator Mott-insulator Mott-insulator q ) )
@ only Mott insulating
0.02 b . .
phases visible
O0 1 2 3
o @ occupation mod?2
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Phase transition - Experiments
°

Quantum Phase transition - Experiment |l

@ BEC in 2D optical lattice

@ high-resolution
fluorescence imaging

@ very strong optical particle

ace — o —p i
From: NATURE | Vol 467 | 2 September 2010 . Conflnement

@ only Mott insulating
phases visible

@ occupation mod?2
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Phase transition - Experiments
°

Quantum Phase transition - Experiment |l

Raw images

Reconstructed # point
spread function

Reconstructed

<— 20um —>
BEG Mott Insulators [ Increasing atom number I»

From: NATURE | Vol 467 | 2 September 2010 .

Andreas GauR
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Outline

Q@ Summary
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Summary
What we have learned today

O Optical lattice:

3nc2 T
Udip (r) = =5 ~1(r)
! 208 A

From NATURE|Vol 453|5 June 2008 .

Andreas Gaul Bose Hubbard model 32/34



Summary
What we have learned today

O Optical lattice:

3 T C2 r » . :Zean—ne\d phase diagram

Ugip (r) = ﬁzl(’) K

014 Supertuid

@ Bose Hubbard Hamiltonian

2

. U
HB:—JCZ’)(b,-bj+ }b,-)—p,aniJrEani(nbi—l) 008
u ! 1 004 Mott-insulator Mott-insulator Mott-insulator
N v, ¥ i % 0 2 s
Hup =Y ( —piy; + 5 fp; (Ay; —1) - Vb —Vpb; o
7

© Phase diagram given by

Z)_(n=5)(1-n+{)

U 1+§
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Summary
What we have learned today

O Optical lattice:

3mc? T 8 b e Coia | [dai
Udip() 23A() O ¢« @ o 'Q' 0.0

@ Bose Hubbard Hamiltonian i e 9 h

From: NATURE | VOL 415 | 3 JANUARY 2002

HB**J;)( 1bj+blb;) - #Z"bﬁ Z"b, (Ap; —1)
7

HMF:Z(—uﬁbiJr%ﬁ“ (55;71)7\11’;33,-41513})
© Phase diagram given by

2 (- H)(-nth)

U 1+§

Q@ Today experimentally proofen
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Thank you!

Thank you for your attention!
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Appendix
.

For Further Reading |
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