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e Condensed matter:
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Atoms In a lattice

Tunnelling

Short range

interaction




Optical lattices: control kinetic
energy

Greiner et al. (2002);




Interactions

Statistics

ENS, ETH, LENS, Mainz, MIT,
NIST, Penn State
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Atoms are neutral !

n(k) (tme ot ftlight) useless for fermions !

Need to probe correlations !




time-of-flight measurement
-> momentum distribution

Miinchen

noise measurement:
-> density-density correlations

microwave spin-changing
transitions
density spatially resolved

proposed: Raman spectroscopy
->Green’s function, Fermi
surface

periodic lattice
modulation B

molecule formation
binding energy
doubly occupied
sites




* Not easy to realize in condesed matter

Effect of interactions at their strongest

* Novel physics !







Hard to realize in condensed matter
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Organic conductors

Quantum wires

Nanotubes

* Josephson junctions
* [Ladders
* Edge states in FQHE
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» Free particles: condensation in k=0 state

n(k) Ho = &xblbs
k

n(k) = (0|b!bx|0)




Not much !
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Optical lattices, Chips
N, ~ 10 to 10° atoms

——
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M. Greiner et al. PRL (2001)

W. Haensel et al. Nature
(2002)

T. Stofetle et al. PRL 92 130403 (2004)
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® How to deal with interactions/quantum
fluctuations

m What 1s the new physics in 1D ?
m Change of nature of the « particles »

= New phases ?

® How to go from 1D to higher

dimensions
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* Will follow closely:

TG, Quantum physics in one dimension, Oxford (2004)
TG, cond-mat/0605472 (Salerno lectures)

Emery, V. ]. (1979). Highly conducting one dimensional solids, pp. 247. Plenum.

Solyom, J. (1979). Adv. Phys., 28, 209.
Schulz, H. J. (1995). Les Houches LXI pp. 533. Elseviet.
Voitt, J. (1995). Rep. Prog. Phys., 58, 977.

Gogolin, A. O., Nersesyan, A. A., and Tsvelik, A. M. (1999). Bosonization and
Strongly Correlated Systems. Cambridge University Press, Cambridge.

M.A. Cazalilla, J. Phys B, 37 S1 (2004)




How to study

. Exact methods (Bethe Ansatz)
Exact

spectrum; limited to very special models

. Numerics

\\W

Exact”
spectal models, size limitations, quantities

specific to models

* Low energy methods




1D: unique way
of labelling







—Vo(x),0(x")] = —id(x — ') Quantu

fluctuations

T (e T 7 1o \11/2 C 2p(mpoxr—d(x))  —i0(x)
Wplr) = [ﬁ-‘ 0 — :l Volx _J] E € €

P

All short distance properties: form of
the operators. ¢, 0: smooth fields
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.How much is perturbative

.Nothing provided the correct u,K

.Low energy properties: Luttinger
liquid (fermions, bosons, spins...)




u: velocity of collective excitations

K: dimensionless parameter
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Tonks gas




Longer-range

repulsion Hard core




G(z,) = —~(T;9(,7)%'(0,0))
- /dmeika(:c,T =07)
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No true condensate
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» Difficult ! (trap!)

* Need probes !
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herent Fraction f,

Ci

detuning & (kHz)

P. Bouyer et al. (2004) T. Stofetle et al. (2004)

Good qualitative agreement
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U = 00 : spinless fermions

Not for n(k) : yp # Wy

B. Paredes et al Nature (2004)
T. Kinoshita et al. Science (2004)
M. Kohl et al. PRL (2004)
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Same treatment
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Charge-spin separation




Spin-Charge Separation

Spin Charge

QuRRuLent

Spinon Holon
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Charge

Spin

Confinement of spin-charge: « quasiparticle »




Can one observe spin-charge
separation ?

e Condensed matter: difficult

serious experiment: Yacoby et al.




T m nt Bosons
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A. Kleine et al. cond-mat/0706.0709

m c.g. 'Rb (two hyperfine states)

Ve g = Up \Hl - ( qgi12 K ) ( TUD )
and K. =K/v/1x(g12K)/(mvg).
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Parameters and Spectral
functions

DMRG: charge =
DMRG: spin~ =
Bosonization

0 05

DMRG: charge =
RG:spin =

Spectral function by bosonization: Bosonizaton
A. Tucci, G. Fiete, TG PRB 75,
205116 (2007))
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(M. Zvonarev, V. Cheianov, TG cond-mat/0708.3638)

Excitations: k? k

Not a LLL !
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Quantum phase transition




Mott trnsition and cold atoms

Superfluid to Mott insulator

transition in a 3D optical
lattice




(@) 3 ddbdd Dyt a1y
O—0—=0—0-D—0—- 0
JAVAVAVAVAVAY

W — / dzV (z) et2p(rpoz—¢(z))

p=1 P

* Incommensurate: Q #2 T p,

Hy, = f dx cos(2d(z) + o)

.Commensutate: Q =2 1 p,

dz cos(2¢(x))




Beresinskii-
Kosterlitz-Thouless
transition
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p=1 p=2

Mott insulator:

¢ is locked




TG, Physica B 230 975 (97)

Mott insulator:

¢ is locked

Density is fixed

T. Kuhner et al. PRB 61
12474 (2000)

n(k)

Gap 1n the excitation spectrum

G(z) oc exp|—|z|/€]
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No I (Anderson localization):

interferences




Free bosons: pathological (rare events)




Hgis = / dxV(x)|— p Vo (x) + po(e=Pox==0) 4 h.e)]

'Two” fourier components of disorder




Random (smooth) chemical potential

No localization

Can break commensurate phases




Relevant for K < 3/2

Localized !!
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1D : TG + H. . Schulz PRB 37 325 (1988)

Superfluid — Localized (Bose glass) transition
for K <3/2

BKTT like transition

Higher dimensions: M.PA. Fisher et al. PRB 40 546 (1989)

Bose glass also exists

continuous transition




Weak disorder (strong
Interactions) Is enough in 1D
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Localized for K < 3/2 evenif V<K

Quantum effect: destructive interferences
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m Luttinger liquid physics

® New phases : Mott insulator/Bose glass

® Good qualitative agreement with exp.

® Correlation functions !




m Confining potential

® Dynamics

® Disorder
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Crossover




e Even more interesting : lower
dimensional phase gapped
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Questions :

m Nature and position of the transition ?

m Physical properties in the critical regime

m Impact of the low-d phase on the massless

phase




Spin systems

* Singlet phase

of dimers (zero

dimensional)

* J is irrelevant

(gapped phase)

Break the gap: H

TG and A. M. Tsvelik

PRB 59 11398 (1999) BEC
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TG Physica B 230 975
(97); Chem Rev 104
5037 (2004); cond-

10 15 mat/0702565

Pressure (kbar)

Activation energy, T* (K)

P. Auban-Senzier, D. Jérome, C. Carcel and J.M. Fabre | de Physique IV, (2004)

D. Jaccard et al., J. Phys. C, 13 1.89 (2001)




Deconfinement

T. Stofetle et al. .
PRI 92 130403 (2004) 1D Mott insulator

1D physics (Luttinger Liquids)




[87Rb]

A. F Ho, M. A. Cazalilla, TG PRL 92 130405 (2003)
M. A. Cazalilla, A. F. Ho, TG, NJP 8 158 (2006)




Mott vs. Josephson
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Y Josephson coupling: delocalizes atoitia




Gives phase
boundary
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m Critical properties

Universality class of 4d XY model




w” {r.j Q) ~ l||t” + ( Q?“

mi (¢, Q) = —\TH +( U '1”“ + [1{”0}“‘

Longitudinal mode
<*—— Goldstone mode




h . ¥ .
Lep(x, R, 1) = hZ, [iﬂfj[l. R, oWV . (x,R, 1) — ﬁﬁrllfc{l. R, 1|" — %|?|¢1Ifc{1. R, r‘)|“]

R 2 712
—?(chlaﬂﬁl — [¥e]"), (43)

GP: only Goldstone mode

How to recover amplitude mode

-

Lo (R 1) = IRZ WO+ —

[| 3 W, (x, R, N> — P[0, W (x, R, O — % Ve We(x, R, nﬁ]

i i , 3y 2
- (IWe(x, R )" — 7)), (47)
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[w2 — cui(q, Q}] [mﬁ — u;rj_(q, Q}] +




transverse

hopping

3.
\
)

repulsion

Phase diagram

SF (BEC)

Anisotropic 3D -

K

Array of atomic
‘quantum dots’




T. Stoferle et al.
PRI 92 130403 (2004)
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3D superfluid

Mott 1ns.
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A. Tucct, M.A. Cazalilla, AF Ho, TG, PRA 73, 041608R (20006);
C. Kollath, A. Tucci, T(N’. Hof:
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M.A. Cazalilla, A. F. Ho, TG, PRL 95 226402 (2005)
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Zt amcgmH +Hc +UZnTmnlm

M.A. Cazalilla, AF Ho, TG, PRL 96 225402 (2005); cond-mat/0604525
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repulsionJ

1D: phase diagram

SG(?) Falikov-Kimball
SDW (TS)
tetet.

Nim-int FG

CDW (SS)
SS (CDW) cdeftes

. SS/CDW",

B Spin gap: Raman transitions







12 9! (@) Pp,r (2)0) | (€)%, (2)

t2 [Sa(z) - Sp(z) + pa(z)pp(z)]
3!, ()er (2)9) | (@), (2)

t] [OL,SUOH,SU]




Triplet superconductivity
(repulsive Interactions)
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m Optical Lattices: possibility to study crossover
from one to three dimensional physics

m Boson tubes: deconfinement transition from 1D
Mott insulator to 3D superfluid

m Fermions tubes: spin gap due to spin-dependent

hopping;

m triplet superconductivity for repulsive
interactions




m Shaking ot lattice. Efficient measurement to
probe phases; efficient theory to compare to.

m Bffects of trap

m Out of equilibrium
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time-of-flight measurement
-> momentum distribution

Miinchen

noise measurement:
-> density-density correlations

microwave spin-changing
transitions
density spatially resolved

proposed: Raman spectroscopy
->Green's function, Fermi surface

molecule formation

binding energy

doubly occupied sites




C. Kollath, M. Koehl, TG cond-mat/0704.1283;
physics world (2007).
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m Cold atoms/condensed matter: complementary

m Cold atoms: quantum simulators




The sky Is the limit !
Let’s have fun !






