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Ultra-cold gases in optical lattices: lattice models
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Bose-Hubbard
Hamiltonian H =- té ébfbm +H-C-E|+%é. n (”l- _ 1)

[Fisher et al., PRB 40, 546 (1989) ;
Jaksch et al., PRL 81, 3108 (1998)]

Mott insulator (gapped incompressible insulator)

p SF

% Superfluid M1 1
t1U,

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

[Fisher et al., PRB 40, 546 (1989) ;
Jaksch et al., PRL 81, 3108 (1998)]

Bose-Hubbard
[H

=) &'b.., +H.C.H+%é n (n, - 1)}

Resemble spin models,
e.g. hard-core bosons (n=0,1) [ H,, »- 2ta (S’FS’F +S5757 )}
1] 1]
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Dipolar lattice gases: intersite effects

For a dipolar gas inter-site interactions become important
U,

20 AW

Extended Bose- |, _ 4 Lo/ .
Hubbard model i tzi:[b‘ b‘+1+H'C']+ 7 Zni (”i 1)

Dipolar interactions have been Inter-site destabilization
[Miller et al., PRA 84, 053601

shown already to play an important _ (201%_)] e
role in dipolar Chromium BECs in Time-of-flight-induced collapse

- - of in-lattice stable BECs
optlcal lattices (StUttgart) [Billy et al., PRA 86, 051603(R) (2012)]

Also in recent works on spin dynamics of Chromium in lattices (Talk of B. Laburthe)
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For a dipolar gas inter-site interactions become important

5 7~

Extended Bose- |, _ 4 Lo/ .
Hubbard model = tzi:[b‘ b‘+1+H'C']+ 9 Zni (n 1)

Supersolid, density-waves, —Density wave /W\/W\/\t/\
self-assembled crystals, _
metastable states, interlayer m Supersolid

superfluids and more. .. 0
[Baranov et al, Chemical Reviews 112, 5012 (2012)] Interlayer SF
o

Dipolar lattice gases: intersite effects
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Dipolar lattice gases: intersite effects

For a dipolar gas inter-site interactions become important

1D polar gases

The Intersite Devil‘s stalrcase [surmell et al., PRB 80, 174519 (2009)]

Interactions e« Haldane insulator [paiaorre et al., PRL 97, 260401 (2006)]
lead to a VEry e Disorder [Deng et al., arXiv (2012)]
rich physics « Simulation of spin-orbital models (sunetal. Pra 86,

for 1D chains  1%51%9(2012)]
and ladders MoOre... SEee. [Chemical Reviews 112, 5012 (2012]
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Dipolar lattice gases: intersite effects

For a dipolar gas inter-site interactions become important

1D polar gases

The Intersite Devil‘s stalrcase [surmell et al., PRB 80, 174519 (2009)]

Interactions < Haldane insulator [patiaTorre et al., PRL 97, 260401 (2006)]
lead to a VEry e Disorder [Deng et al., arXiv (2012)]
rich physics « Simulation of spin-orbital models (sunetal. Pra 86,

for 1D chains  1%51%9(2012)]
and ladders MoOre... SEee. [Chemical Reviews 112, 5012 (2012]



Disorder in optical lattices

Speckle

[Billy et al., Nature 453, 891
(2008)]

Bichromatic lattices

[Roati et al., Nature 453,
895 (2008)]
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This talk

1D polar gases at unit filling

1D polar gases with uniform bound disorder

1D polar gases in a quasi-periodic lattice
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1D polar bosons in optical lattices
U U,
0 PN

Extended Bose- |, _ . U, -
Hubbard model al tzi:[bi bi+1+H'C']+ 2 Z‘ni(ni 1)+Ulzi:n‘n”1

Average filling <n> = |

Viis
Holstein-Primakoff SZ_-1-n . \‘/ m=0
transformation maps ! '
occupation into spin-1 Si+ = 2-n;b, V m=-1

S. =b"\/2-n
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1D polar bosons in optical lattices

N

Extended Bose- |, _ —tZ[b
Hubbard model

o (TS

AN

|+b|+1 +H C] U2 Zni (ni _1)+Ulznini+1

The system resemblestoa H = JZ{SX .S’ +S)-S) +AS! - S,Z+1+D(S )J
large extent an AF spin-1

chain with uniaxial single- J=2t D=U,/4t
lon anisotropy A=U, /2t

(imperfect mapping: due to n>2 and extra terms ~S- F(S +S,+1) S’ )



AF spin-1 chains

...0+-0...0-+0...0-+0...

...0+0...0-0...0+0...0-0...
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Polar bosons in one-dimensional disordered optical lattices

Edmend Orignac? Anna Minguesi * and Luis Santos'
inéversiti Harnover, Appelstr. 2, D 30167 Harnover, G
clin™ and Spin-CN®. Universa degli Srd;

i Sugubrienre i Lo, CNRS-UMISG72, 65 3
RS, Laboratoire de Physique ¢ Modétisation,
2 aincns s Magisteres, P 166, J8042 Grenobie, France
(Duzed: March 5, 2012)
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gamed ddisorder on the Fime propertios of ol puler bovons
n S
ai
wave phese becomes = Base-glass at very weak disorder.
with o gapped peneralized incommesurate density wave without an intermedsate

Irtroducrion. The interplay between dlmntrandm(em
tions plays a crucial role in the physi
systems [1]. Disorder in non-inte
derson localization [2], which =
vanishingly small d.“uzdzr 3] F:-r  the p.u'd:ule cuse of
+ have been shown,

oy le ph:
Taubaer (D) veeuring a1 commesurae latice

o in optical lattices offer an e(tr.«-‘duunl,
ontrollable scenario for the detail

variou
e ot o speckle 110-13), bimary mis-

Tren [14-17], sl bichromatic combinations of fwe

Ily incommensurate lattices [15]. R ocal

een experimentally observed in
113 and 313 speckle (19, 200, and bichromazic potentials [21]. ; * uniform dico i p
Bichromatic latices constitute a peculiar type of disorder, e "":::‘f‘ gz;’:‘;;‘;‘"‘(‘;‘:’z e

dez, realizing the so-called Aubry-André e presence of guasi-disorder the HI is connested,
model [22]. The effects of interactions in 1D lanices with “m"_“m). et St o, e
si-disorder have been m:e.m, stadied [23-25]. Particu- rermmediane & P"“
lacty Interesting i3 the sxistence of 8 gapped localized phise
the no-called incommensurate density wave (ICDW), which
results frarm the quasi-periodicity of e poren
: interactions. Polar interaciions betwoen sies
wated by experiments on atoms with large magneti ”::, ecay as py between sire
as Chromium [26] and Dysprosium [27], by
reccnn groundbroaking experiments on polar moleeules 28]
B o e il dipole inisraciion, ihese gases presen: an ex-
ceedingly rich physics [29, 30]. Polar | gases are partic N - ; )
ularly Enieresting. mvsily due o s qualiiatively new fosmures 080T ""_’_",:‘?’ ":‘:: "“"ﬁ::;';:‘l":’" o e
intoduced by dipole-induced intee-site intecactions (311 In o o Mtices grace. e
culr, intersite inleractions may allow for the realization 1 07 pearest-neighbor interaction

120305051 UO/ t 2Mar 012

v

dr.

f the 3o-called Haldsne-insulauor (1) phade [32].  §apped
phase characterized by a nonlocal siring order parameter. H —t 3 blbe + Hae) = 53 o nn — 1)
1 this Letier we show thal the interplay between on-site
and inter-site interactions and disorder leads to a rich physies S S
for lattice bosons with neasest peighbor interactions. In par- o -

U1/t ...0202020202020202.
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ah. =1- n,

String and parity order

,,fluid of AF ordered defects*
String order

O; = lim < ah, exp[i,uji1 oh,}ohj>¢0

Ao AR op . 121

i- jl>o0 I=i+l

: | J
Parity order k101121 o1, 121
. 1
0§z|'ll.|m <exp{ip2 ohl}>:0 Lf1o11..211..011...211..
2 1=i+1
b111..112..10..112...

[Endres et al.,

For the Mott insulator 02 =( 02 1 () science334,
S P 200 (2011)]
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This talk

1D polar gases at unit filling

1D polar gases with uniform bound disorder

1D polar gases in a quasi-periodic lattice
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1D gases In disordered optical lattices

H= —tzi: b, +Hc]+ % Z n.(n —1)+ Zi:gi n

Bounded box disorder: -D<e<D
(similar to speckle)

For non-polar bosons: Bose-
Glass (gapless, compressible

Insulator)

[Giamarchi and Schulz, PRB 37, 325 (1988);

Fisher et al., PRB 40, 546 (1989);

Rapsch, Schollwdck and Zwerger, EPL 46, 559 (1999)]

E o

t/U,

[From PRB 40, 546 (1989)]
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1D gases In disordered optical lattices

H= —tzi: b, +Hc]+ % Z n.(n —1)+ Zi:gi n

Bounded box disorder: -D<e<D

— n=1
R Amax
For non-polar bosons: Bose- S e g
3

Glass (gapless, compressible

Insulator) )
[Giamarchi and Schulz, PRB 37, 325 (1988);
Fisher et al., PRB 40, 546 (1989);
Rapsch, Schollwdck and Zwerger, EPL 46, 559 (1999)] T ottt

! ! |
0 2 4
Uy/2t

[From EPL 46, 559 (1989)]




1D polar gases in disordered optical lattices
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Polar bosons in one-dimensional disordered optical lattices
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Irtroduction.  The interplay between disorder and

s in a ticom:

oth in 112 [4-7] and higher dimensions [8, 91, to induce in

e presence of disorder @ phase diagram characterized by

phascs: & supcrfluid (SF) phaso. & gapless localized in-
Lass
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p
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=
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lly incommensirats lamicss [1§]. Recently, Tocalization has

cen mases in

LD and 3D speckie (15, 201 and bichromusic pocatials [211
situte

aes are atracting 3 growing sttention mostly moti-
vated by experiments on atoms with larpe megneie moments
25 Chromiam [26] end Dysprosium [27], sud espocially try
o0 polar i26]
Tois 0 the dipola. dipObs Iemraction, dheds §Ass Rrasnt an ex-
ceedingly rich physics [29, 30]. Polar latiice gases are partic-
ularly interesting, maostly due o the qualitatively new feasures
o iee-site @11 In
particular, intersite interactons may allow for the realization
of the so-called Haldane-insulaior (HL) phase (321, = gapped
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o with nearest neighbor intesaction par-
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Bose glass

Mott insulator
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1D polar gases in disordered optical lattices

H=-t) [bﬁbi+1 +H .c.]+ % > n(n-1)+U,> nin, +> &n

Bounded box disorder: -D<e<D

SF vanishes for growing NN

/ interactions (SF-BG at K=3/2)
4, ‘ [Giamarchi and Schulz, EPL 3, 1287 (1987)]
/UO /t=5
s
< 5 BG BG goes all the way to zero at
<l

s _~ the MI-HI for K<3/2

[Deng et al., arXiv:1302.0528]
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1D polar gases in disordered optical lattices




Imry-Ma argument
[Imry and Ma, PRL 35, 1399 (1975)]

Opw = lim;_j| 00 ((=1)"776n:0n;)

..0202020202020202...

Gap for flipping a spin

= Energy of the domain

-0202(20202020802. coming from the noise: <Ae>~ A L7
..0202002020202p02...
) i Energy of the domain walls ~ V
L

Formation of domains of size L~(V/A)/2
Domain formation destroys the order

The gap Is destroyed because now the excitations are simply moving
walls, not creating them
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1D polar gases in disordered optical lattices
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1D polar gases in disordered optical lattices
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,,Glassy* Haldane insulator at finite disorder
| . an=1-n
Parity order was zero in the HI dueto IJ
the ,,ﬂuid“ character of the defects .1101...121..101...121...
o Jhott 211, o211
0, = lim <exp{z‘p2 ohl}>:o
g =it p111..112.. 1f0...112....

Disorder leads to the localization of defects reducing their
mobility (while still keeping their AF ordering)

Parity becomes non-zero due to the glassy defects
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This talk

1D polar gases at unit filling

1D polar gases with uniform bound disorder

1D polar gases in a quasi-periodic lattice



1D gases In quasi-periodic optical lattices

--zagb b+1+HcH+

Bichromatic lattices

—
)

a n. (n l) a n,
-— e. =Dcos(2prj+/ )
_ r=q,lq,

Extra phase: incommesurate denS|ty wave (ICDW)
[Roscilde PRA 77, 063605 (2008); Roux et al, PRA 78, 023628 (2008)]

o’

-~
C

e
A

1/ 1-

Potential (kHz)

N

—
—

’.) p(v,)
) 5

position

[From PRA 78, 023628 (2008)]

Super-wells develop over a
characteristic length scale
1/(1-r) (,,super site*“) due to
the beating between the two
periods of the two lattices.



& E

1D gases In quasi-periodic optical lattices

—-taSb b+1+HcH+ an(n l) a n
— ) - e. =Dcos(2prj+/ )
i _ r=q,lq,

Extra phase: incommesurate denS|ty wave (ICDW)
[Roscilde PRA 77, 063605 (2008); Roux et al, PRA 78, 023628 (2008)]

Bichromatic lattices

o’

A ICDW phase for <n>=1-r may
be interpreted as filling each
I/1-r) 7 | row ,.,super-site with one particle.

o
C

e
A

Potential (kHz)

For n=r it is like having one
hole siting at each ,,super-site*

N

0

position
[From PRA 78, 023628 (2008)]
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1D gases In quasi-periodic optical lattices

1

H=-1a &b, +H.c.E|+%é n,(n;- 1) +a en,
@
—> < e. =Dcos(2prj+/ )
l lwz r=q,lq

Extra phase: incommesurate density wave (ICDW)
[Roscilde PRA 77, 063605 (2008); Roux et al, PRA 78, 023628 (2008)]

Bichromatic lattices

1 A ICDW phase for <n>=1-r may
], be interpreted as filling each
’ ,super-site* with one particle.

" — Random box, V2:2
| — Bichromatic, V2=2

<n> : :-]+2r
| 2-2r
11 For n=r it is like having one
‘ s hole siting at each ,,super-site*
3 2 1 0 1 2 3 4

[From PRA 78, 023628 (2008)]



1D gases In quasi-periodic optical lattices

H=-13 &b, +H.C.H‘|‘%é n,(n;- 1) +3 en

— e. =Dcos(2prj+/ )
l |®2 r=q,lq,

Extra phase: incommesurate density wave (ICDW)
[Roscilde PRA 77, 063605 (2008); Roux et al, PRA 78, 023628 (2008)]

Bichromatic lattices

20 ————— <n>=r=0.77145245

As a result a gapped e N
ICDW appears Wlth_ a S N /
structure factor peaking Tep S N -
at the beating periodicity YA {\ ICDW
o 1 | T%\Tﬁ—ﬁ

[From PRA 78, 023628 (2008)]



1D gases In quasi-periodic optical lattices

—-taSbb+1+HcH+ an(n l) a n
— ) - e. =Dcos(2prj+/ )
i - r=q,lq,

Extra phase: incommesurate den3|ty wave (ICDW)
[Roscilde PRA 77, 063605 (2008); Roux et al, PRA 78, 023628 (2008)]

Bichromatic lattices

20 ———— <n>=0.5 —

16 [— —

Away from these fillings BG
the ICDW disappears B 7

8 I— —]

. | | | |
0 2 4 6 8 10

[From PRA 78, 023628 (2008)]



1D gases In quasi-periodic optical lattices

H=-13 &b, +H.C.H‘|‘%é n,(n;- 1) +3 en

— e. =Dcos(2prj+/ )
l |®2 r=q,lq,

Extra phase: incommesurate density wave (ICDW)
[Roscilde PRA 77, 063605 (2008); Roux et al, PRA 78, 023628 (2008)]

Bichromatic lattices

<n>=1 r=0.77145245

For a filling <n>=1 a possible
T~

- gapped phase may occur as

well (generalized ICDW)

I
N
;f\\w
B A
>
7

-\

V, /J
.
"N
e

b =

=]
L/

[From PRA 78, 023628 (2008)]
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1D polar gases in disordered optical lattices
H= —tZ[bﬁbi+1 m H.c.]+U—2°Zni (n=1)+U,> nn, +> &n

% e=Dox(zpy )
el co_z r=q2/q1=(\/§-1)/2

Bichromatic lattices

A generalized ICDW phase
appears for <n>=1 for a
sufficiently large 2nd lattice

10

Alt
2, & O oo,

-
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1D polar gases in disordered optical lattices
H= —tZ[bﬁbi+1 m H.c.]+U—2°Zni (n=1)+U,> nn, +> &n

— (== e=Dcos(2prj+/)
) ®-2 r=q2/q1=(\/§-1)/2

Bichromatic lattices

10 The DW phase survives
gl for a small disorder (no
- 6l Imry-Ma argument here)
S
2'.

-




1D polar gases in disordered optical lattices

H——tZ[bI I+1+Hc]+ Zn n —1)+U an Nyt D &N

Bichromatic lattices T
| U,/t=5
= O
S
2‘.

-

(¢ e =Dcos(2prj+j)
®-2 r=q2/q1=(\/§- 1)/2

,,Glassy* HI phase due to the
pinining of defects

Nt

S
_@G’a 55055589 58991440144

(8-9-0 1 2 3 4

A/t




1D polar gases in disordered optical lattices

H——tZ[bI I+1+Hc]+ Zn n —1)+U an Nyt D &N

-

Bichromatic lattices
—>

10‘ . .

o U,/t=5
= O
2 4 o

2f §

0O 1 2 3 4 5

(¢ e =Dcos(2prj+j)
®-2 r=q2/q1=(\/§- 1)/2

The ,,glassy* HI phase connects

_~ adiabatically with the ICDW

(which has also Og?, Op? >0)

0.8

0.6
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1D polar gases in disordered optical lattices
H= —tZ[bﬁbi+1 m H.c.]+U—2°Zni (n=1)+U,> nn, +> &n

% e=Dox(zpy )
) 60_2 r=q2/q1=(\/§-1)/2

Bichromatic lattices

This may open an
Interesting route (protected
by a gap) for the creation of

the HI phase

A/t




Summary
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