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Outline

Low-D systems: observation of quantum effects
2DES In a B : several interesting quantum phases

B electron-liquid phases: Laughlin, Moore-Read,
Read-Rezayi

B clectron-solid phases: Wigner crystals, bubbles,
stripes

B nematic phases, BEC of excitons in bilayers, etc...
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2D Systems: cond-mat

Uniform Lattice

m GaAs, m graphene

SI-MOSFETs
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2D Systems: cold atoms

Uniform Lattice

m rotating BECs m rotating BECs In
optical lattices
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Cold atoms In optical lattices

guadrupolar potential + tunneling for bosons
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FOQHE Laughlin state: 95% overlap

larger gap than in harmonically trapped BECs because in-
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Cold atoms In optical lattices

Superfluid-Mott insulator transition
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Theoretical description: Bose-Hubbard model
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Cold atoms In optical lattices

B simulators of cond-mat systems
- full control of lattice parameters
- load with bosons or fermions
- control of interactions (Feshbach resonance)
- no disorder

B generate NEW situations
- alternating magnetic fields

graphene with zero net magnetic field per
plaquette
QHE: no uniform B, but break time-reversal symmetry
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Cold atoms In optical lattices

Bosons and fermions
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Staggered rotational field

Novel phases
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Staggered Rotational Field

How to realize it experimentally?
Linearly polarized bichromatic light-field

Ey(r,t) = A1 gz, y)] eV

Ey(r,t) = Ase™|p(z, y)[e™ Y

We assume < w,
¢(z,y)[> = sin’®(kz) + sin® (ky)

sin(kz) — sin(ky)
sin(kx) + sin(ky)

S(x,y) = arctan
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Staggered Rotational Field

I(z,y,t) = B(r,t)E"(r,t) = I.(2,y) + Ir(z,y,1)
B Stationary term I (z,y) = (A1 + A2)?|o(z, y)|?

B Time-dependent term
Ir(z,y,t) = 241 As|@(z, y)|* cos (25 (z, y) — Q1)
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Optical Setup
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Two nested Michelson interferometers
PZT: piezoelectric transducer
M: mirror BS: beam splitter

AOM: acousto-optic frequency shifter
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Time-Dependent Bose-Hubbard Model

O—¢C N H(t) = - Z Ji(t) {al Gpie, +He}

l rcAl=1-4
. 1 A
@—» B + Z er(t)nr+§UZ nr(nr—l)
T l T rcA®B rc A®B
D—0 0 whereJ(t)=J+ (—1)kVyy sin(Qt)
\ anisotropic time-varying hopping

erca B(t) = £2kVyx2 cos(2t)
time-varying energy offset
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Effective Hamiltonian

Hamiltonian is with 7,, = 2nm /Q

Dyson Series: U (r,) = e #Her ™

U(Tn)=1+(%i)/07 dtH (t ( )/ dt/ dt' H (¢

Effective Hamiltonian

A . 1
fam— 3 {|C‘eze<—1)z&1 Gere, + H.c.}+§Uz e (fre—1)
rcAl=1-4 rc A®B

W) W — 252‘/02961)(2

c| = VJ2 + W2 f = tan™" (7 -0
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Single-particle spectrum

Write H in k—space

Hy =Y Ey Bl + By dd.cu
k

Ef = £|a = £2|c|[cos® kT +cos® k™ +2 cos kT cos k™ cos(26)]'/2
kY= (ke +ky))/2 k™ = (ks —k,)/2
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Bosons: Mean Field Theory

— /Da*Da exp{—S|a*,al/h}

KB ]
S[CL*, (I] — / dT Z CI, ha — (T) —+ Heff
0

Mott regime

m Hubbard-Stratonovich field ,.(7) to decouple
the hopping term

m [ntegrate out the boson fields (a*, a)

m Effective action (quadratic order in ¢/, ¥2,)




Mean Field Theory - Effective Action

2 Ak T 612< w €k ”
5()[1#*71#]:—2 %’ e (6*)2 %k
w k w,k k k W w,k

Real frequencies (iw — w), T'= 0
Quasi-particle (hole) energy dispersion

€ 1
Eip’qh =—u+—-—02n—-1)— ’2—1{’ T §h Wk

where hiwx = v/|ex]? — (4n + 2)|ex|U + U?: energy
for creating a quasiparticle-quasihole pair.




Phase Diagram

L.-K. Lim, C.M.S., and A. Hemmerich, PRL 100, 130402
(2008)

W/J

!

4\ staggered vortex
superfluid

(/U = 2 — v/2)-plane: dashed white line
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Phase Diagram

Bosons: BEC at lowest single-particle state
f < m/4: minatk = (0,0) GS is uniform SF
§ >mn/4: minatk = (7, 7) GS is finite £ SF
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Superfluid Phases

Variational mean-field ansatz for the ground
State:

€,0) = (72 cos(0) B} + €/ sin(0) B1)N|0)
0 <m/4:io=09=0

0>mn/4:0=0)=m/2

Order parameter o, changes discontinuously by
w/2atf =mn/4

Finite momentum SF: analogies with Abrikosov
lattice and “FFLO states”




Experimental Detection

Momentum distribution:
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(a) Uniform SF
W (k): Fourier transform of Wannier function

S(k): structure factor (B: Bravais lattice, P: plaquette)
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Fermions In optical lattices

=T ) K.a/m

At half-filling: anisotropic Dirac cones
Graphene under uniaxial pressure
At 0 = 7 /4: staggered-= flux phase (HTSC)
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Simulating Graphene

2 ineq. points: K = (£m,0) K'= (0, +mn)
Long-wavelength expansion around K and K’

e, ~ —2alc||ky cos 0 + ik, sin 0]

e, ~ —2a|c||k, cos O + ik, sin 0|

H:—Zekakbk—l—Hc




Graphene under uniaxial pressure
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Fermions and Bosons

Fermions: same terms, replace B by F', neglect U terms
(spin polarized fermions: neglect p-wave collisions at
low-T")
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Fermions and Bosons

S; = TBF/dT{ZaF i, 7)ap (i, 7)ak (i, T)ap (i, T)

N Zb;(i,f)bF(i,T)b;(i,T)bB(z',T)}

Bosons condense at kj: integrate them out

New “phonon-mediated” interaction which couples
fermions in A-B sublattices

V(r): Yukawa-like interaction

MF decoupling: generate Mass term for fermions
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Conclusions

Cold atoms in optical lattices under staggered rotation:
B Superfluid / Mott-insulator transition

B Staggered flux phase (bosons)
finite momentum condensate

B Simulate graphene under pressure (fermions)

B Simulate staggered-n flux phase for high-Tc
superconductors at § = /4

B Simulate Kekulé distortion in graphene (fermions and
bosons)

B Novel Phases? QHE, bilayers, supersolids, etc...
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Perspectives

Hofstadter butterfly
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P/t] = (/P

¢: flux/plaquette

cond-mat: B = 10*T
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Perspectives

m Staggered

N\/§ X N\f field
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m role of interactions

m ring-exchange and
longer-range Int.

m triangular, hexago-
nal geometries
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