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Bose- Einstein Cowdensation
of atomic gases
Andersow et.el., Science (1935)

Uetralow densil-y Condensed mostter system.
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& Interactions are weak owd com Be descriBed
theore tically frowm {irst principles



Strovxa Q‘a Lntu‘a.d.i,wg bosons in OPtica,Q lattices
C.Oryel et.al., Science (04); Mé6reiver o .o, Nature (e2)

Standing wawe baser fields preduce
a. periodic potentiak for atoms
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Nt>> VU Suprfluid phase
Nt <<V Mott Iwnsulotor



Superflid to Insulator Trawmsition

Grewer Om.pm.. Nature (02) .mo:b.cmsu_ Jaksech et.of.
PRL (92)
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Two compowsnt Bose wixtures in optical Lattices
Questions: Competition of several ordered phases.
Fractionalized phases w d> 4 without time
reversel Cuahn%.

Sp‘m i eosous n optfc,a.@ Qa'eﬁc.es
Questions: Exotic spin order (nematic).
?n‘ari.na v Systems with repulsive mtecactions.

Fermions ww optical @attices
Questions: Pairin of fermions with repulsive
iwteractions . High T mechanism.

6%0&— Fcrmiom mixtures W {4 OP-l-icaQ Qa-t’c:ces
Questions : Co,mpd:‘wta orders . Polarons.

Atoms n Mo.gm.-l:?c microtraps
Questions : Interplay of disorder and wteractions.
Bose glass phase.

Froctional guontuw Holl states of okowms

iw optical Qottices

Questions: Charges awd stutistics of
qroasiporticles



Two componenk mintures of fosomic atoms
in opticall Clattices

Exomple : ¥ RQ 1> = IR mpa-4D
W)= |F22,m 227D
Mandel et.of.  Nature 2003
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¢ Two component Bosonic mixtures iw opticaQ Qect tices .
Mtam.\'.'\c order v \usu“.t‘wua phases
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Quantum magnetism of Qosous im optical lattices

® XX Z Maaneéo‘c syst!ms with tunalble Interactiong
Kul(tw, SVo'Séuuov' PR (e3);
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® ‘, c&..l;u’ atomic and lattice properiéies
we can manipulate
. s.‘;n of interactions
ferrqu’auéo‘c Ut > Yen , Uy,
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Two componest mixture of Bosemic otoms in optical Gattice

Phese dioqram
Alewmon, Hefstetter Demler, L kin
New J Physics (2003)

Awh-[ie rro m«an&":i ¢ case
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cond order coherence w the \nsqu.t\na state of bosens .
anBury - Brown - Twiss experiment for spinless Cosons .
Altman, Demler, Lukin, c-m /0306226
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Proeiu.a spin order of bosons

Autlfcrromaaneto‘c insuhﬁn’ State of 3,.‘«-{ bosons
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Dcsianlua exotic phases

Oph‘ue battice iw L or 3 dimensious :

polarisation and freguencies may Be differewt
for Jt’;:mut directions

Exactly selveble lattice moded
on @ honeycomb lattica by Kitaev

W= 3, ) 676" +T, 7676+ T, T st}
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* Cam e created with 3 seks
of stamding weve CGght Ceams

*  Has nou-trivial ('npv(q«al order , anyons, .,



® Spiw F=l atoms 1w optical Cattices
Hubbard Homiltoniaw Demler, Zkou, PrL (o1)
Re-t d,,,_c A }_‘n +y z —,«Zn.-
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Symmd‘ry Constraints.: N;¢ 5. = even S, & N;
" Phase du.afcm dor d> 1
{ Jmambekov, Lukin, Demler PRA (03
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nsuladi =3 f%ases

Nemotic phase breaks spin rotetionad symmetry
but not time reversel symmetry <S>=0 <5,5¢5%9°
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Nemetic )nsddiu: phese for N=41

Effective S=1 spun meedel
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Singlet and nematic msulating phases for N=2

AN\

Si=0 awd $;= 2 states ave allowed
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S=\ Bosong in optical lattice
Iu.:ulctin’ 'lmsu on maantﬁc freld
A. Imambekos, M. Lukiv, €. Demler, cond-wet/
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Megnetigetion plateaus

S=1 Qosons in optical Cattice
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Magnetigation plateaws in selid state systems
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® Se{ atoms n ort-\eqﬂ Cattice
Stern- Gerlach experiments
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® Compare to formation of spin domains for S=I Ne atew
s & single optical trap with magnetic field gradient.
Stenger et.of., Mature 193¢



S=4 atoms m optical lattice
Spin decoration experimewt




En\\auc‘m’ sv.pwpew‘.li of fermiowic otowms
Using optical Cattices
Hof stetter, Cirac, 20llar, Lukiv, Deler, TRLEY 220107 (og

Optical Qaktices cnhance wteractions
ond reduce kinebic cnergy of atews.
Both enhance swi[‘lu.uk‘
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?olo::.y.‘l Cosomic atoms w optical Lottices:
super fluid - Mott insulator tramsition (~U~ U“;)

Theory: Jaksch ota@ PRL 31 3102 (92)

® Experimewt © Greiwer et.of. Noture 4IS , 33 ()
Or,;l, el.of. Science &,2386(00)
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Enkamivxa super flidity of fermionic atoms

Wsing optical Cottices
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® Cofd akow. *est ojl“ kc‘aﬁng Mechanisus in Cuprates
GU f&pu‘s:‘vg ﬁmw v @ ‘“M
Effective description : Hubbard medel | >0
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Fraction of empty cites

FLEX  Bickers, Scallapivo ' 95

* Antifervomaanctic order when Ooktice
s completsly filled (1atom per site)

o d-wave superfluidity ot fractional -fc‘l&‘u(,:

Q-0



Second order \wterference

@ frowa tue BCS superfluid phase
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Boson- Fermion wixbures un 44 optical Qafc*tc‘ceémm
Mothey, Wang , Hofstetter, Lukin, Demler, Guant -ph /otq

Bosonic atoms ore w the superfluid phase (high densidy)
They mediate iwterections Getween fermious

omd provide wo&ua :

* spin pelariged fermions

® eosons

® Bosou - Fermiw Hu@lord Hawi Lton LOUA
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Poeaxons w Bosou—Fermion mixtures

"O’diu‘o\l Mmode
of Qeosens

Far ticle - hole evcitetions
o4 fermions

>9

Interoction of fermions with the Borlcu‘ov
mede of fermions is similar % electrou -

Phonew W in solids .

Diffefuu& order of limits \/a >> \/,f

Cormionic Ps«@afc%:
Fermion plus o screeniug cloud of Gosons




Bosou- Fermion mixture in 1d opticall lattice
Methey, Ual', Hef stetter, lukin, Demler
gnent-ph /0901151

VQ/ER4
‘slow Bosons’
chW
Phease
seporation
Paired per
L fermions
“fast bosons'
-> a‘i




Bosow - Fer mion mixtures w24 oyt‘.cq.Q Qattices
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.Qua.ntum Hall. effect with ultracold atomms
Rofd:ina condensokes

N. Wilkin, T. Guun, PRL 8¢, ¢ (00)
N. Cosper, N Wilkin ,PRB €0 ,R 16275 (99)
J. BRejnders et.al. , PRL &3 ,120401(02)

Creating effective magnetic field
for neutral atoms in cptical €attices

D. Jaksch ,P 2oller , New 3. Phys. S,56¢ (03)

E. Mueller , cond -mat /0404306
® A. Soreusen , E.Demler, M.Lukiu , Coud-mat/OV6E079

Rotatiun c‘rupo(g pﬁcw&ihﬂ
+ é‘amg‘ dependent optical Qoktice
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Ro= - %) 7 ata,, -JwT e




® Froctional tuantum Hatd effect with
ultracold atoms in optical lattices

Exred: fractionel guantum Hell phases
whan, v E S :
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Eaact Jiagonaliga.tiom for hard core &osens
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REC w %uasi oWne-— d‘uwcv\siou-.Q Maam;HL waicrotvap
T\\ywissm et.ol., Eur Pk\'s. 3.D2,3‘| (1993)
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Condensate ‘fra.jmeu*d‘\w\ LU ucsv\dic wai crotraps
Kraf+ ct.ol.,J.Phys B 35 LU (2002

Leaw hardt ct.2., CRL 33 oyoud (zec2
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Correloted random potentiol ®
in ma.am.{:i ¢ Mmicrotroeps
D.W. Wany, M.lukiv ,E.Demler , FRL 92 %$02 (0%)

Rowdom po'h.whia.Q-
due t wire

Meandert ng

* Geometrical deformedions ok wavelengths o
smoller than R average out

o Wire width {luctuetions ound &ua wo.w.&va-tk
defor makions oare met importaut
Gy the Bist- Saveret lw
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® Proeiv-a ‘fmaMui‘cJ coudensates

Shaking eeperiments
c-w /0307402, D W Hma , ED., M. Lukin

D - displacemuent of e confiving potewtied

— disorder

? Bose Jl.css ?
Power spectre
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Summa.ry

Twe commpoment Bose mivtures w opticel lattices
mﬁ 5ed B design spin /2 WM systems
W G use k study ferro awd autiferro mandm

Spin 4 Bosens in opticall lattices have a rich phase
diagram with Several nsuleting and super fluid phases

Uptical svédices are an efficient tool for neaclmg
Pe y ‘1 fu‘numc Cm Fbrmtoas with

W{tm&fy % 5 awnd m lenm'y wave
| order in 4d ﬂm

Fraamhd condensetes in Wéoc microtraps
can elucidete the role of diserder for interacting systems

A combination of oscillating guadrupele poteutiol
and time dependent opti yees can de
used tp create fractionsl WM Hell
states of wltracold atoms




