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Scope

Intreduction: SU(IN) models in condensed matter
dhd cold atoms

SU(3) on triangular and sguare lattice
= 3-sublattice color order

SU(4) on square lattice

> dimerization and Neel order
Probing color erder with cold atoms
> multiple eccupancy.

Conclusions



Quantum permutations

s Objects with N flavours on a lattice
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SU(N) formulation
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At each site: fundamental N-dimensional representation



Physical realizations I

Magnetic insulators




Physical realizations IT

N=flaveur fermions: N epticalllattice
(195, %758 )

N-flavour Hubbard model

H_—fzz Ci.aCja T h.c.) +[Zz?ha”rﬂ

1/N filling l (1 fermion per site)




General properties

s Soluble in 1D:with Bethe Ansatz
- algebraic correlations with: periedicity: 2/ N
Sutherland, 1974

s Equivalent off SU(2) dimer: singlet: Nisites

with {0; 05 ... o y={1 2 ... N}
i, Ma, Shi, Zhang, PRL98



Hartree approximation

= 0Nl a lattice, Hartree energy minimal as soon: as
COIOKS ON' NEarest NEIGABOrS are different

NB: For SU(2), Hartree < classical
~> fundamental representation: S=1/2
- S=1/2: all states are magnetic



SU(3) on triangular lattice

s Unigue “classical” (Hartree) state
> 3-sublattice covering of triangular lattice
= The equivalent offNeel on square lattice
= SChwinger bosons > Elavour wWave theory

| ot
E a, iy, 0,0,

pre{A,B,C}

3-sublattice order stable

® Tsunetsugu, Arikawa, JPS] 2006
A. Lauchli, FM, K. Penc, PRL 2006



SU(3) on square lattice

= [nfinite number. of ‘Hartree" ground states

ABAB
B ABA A or B > C at any. site
ABAB

s Quantum fluctuations: order by diserder?
= Elavour-wave theory.
— ZEro-point eneragy

T. Toth, A. Lauchli, FM, K. Penc, PRL 2010



Flavour wave spectrum
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3-sublattice helical 2-sublattice




Order by disorder

3-sublattice helical 2-sublattice
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= Quantum fluctuations:
minimize >w, = 3-sublattice order
s [[hermal fluctuations:
maximize # zero modes —> 2-sublattice order



Flavour-wave theory

’Hr:x,ﬂ — Z Z chx,B (3 . ] )

disconnected  (i,j) € C
clustersC 1€ a,j€ 3

(] +B)(; +8D) =20 = (Hap(i,)))

= Lower bound' saturated for two Sites
s Make clusters as small as possible



DMRG and IPEPS for SU(3)

Triangular lattice Square lattice

IPEPS 2x2 unit cell
IPEPS 3x3 unit cell
DMRG

linear FWT

ED exfrap

IPEPS 2x2 unit cell
— 2 —IPEPS 3x3 unit cell
4 DMRG
Y linear FWT
£ ED extrap.

— © —IPEPS 3x3 unit cell
¢ DMRG
*  linear FWT

B. Bauer, P. Corboz, A. Laeuchli, L. Messio,
K. Penc, M. Troyer, FM, unpublished



SU(4) ladder

2-fold degenerate GS

Spontaneous SU(4) plaguette singlet formation

Confirmed by field theory in weak and strong rung limits

M. Van Den Bossche, P. Azaria, P. Lecheminant, FM, PRL 2001



SU(4) on square lattice: early results

s Low-lying SU(4) singlets: plaguette coverings?
M. Van den; Bossche, E-C. Zhang, EM, EPIB 2001

s Plaguette long-range order
Hi-H."Hung, Y: Wang, and €. Wu, Medern Phys Lett 2006

s LLiquid withr emergent nodal fermions
Fang, Vishwanath, PRBE 2009

s Chiral'spin liguid ground state with topoelegical
order for N>4
Hermele et al, PRILL 2009

s Stripe color order?



SU(4) on square lattice

s Hartree: Infinite NUMBEr: Off COVERHNGS

= Flaver-wave theory
= small clustersfavored (2 and 4 sites)
= Sthpe order not: stabilized

E/J=-1.5 E/J=-1.29 E/J=-0.73



IPEPS

s [PEPS = infinite Projected Entangled Pair
States

m \ariational method based on a tensor
product wave-function

s Becomes exact I the dimension D ofi the
tensors = infinity

s Can be seen as a generalization off DMRG
Verstraete and Cirac, 2004



IPEPS: SU(4) on square lattice

— & — 2%2 unit cell
—&— 4x2 unit cell
— B — 4x4 unit cell
- = =VMC
¥ EDN=16
{ EDN=20
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SU(4) on square lattice

IPEPS; ED; Hartree +flavour-Wave theory,...
IRREP dim=6

Dimerized ground state

+ Neel order

P. Corboz, A.Lauchli, K. Penc,
M. Troyer, F. Mila, PRL 2011

IRREP 6 on square lattice: Algebraic order? Assaad 2005
.ong-range order? Paramekanti and Marston, 2007



SU(4) spin-orbital model

IRREP6 <

(AC — CA)/
(BD — DB)/V'

'spin singlet) @ |a, a)

'spin singlet) @ |b, b)

' 1,7) @ |orbital singlet)
|, |) @ |orbital singlet)

t) @ |orbital Tp)

\u.pm TE,} ' |orbital singlet)




Probing color order

s Problem: long-range order sets'in at low
temperature (1=0'in 2D!)

s SU(2): probe short-range order through double-
OCCUPancy: Gorelik'etal, PRL 2010

— BA:d=1, U/t=8.66
- QMC: d=2, Uit=12
--¢- QMC: d=3, U/it=15
—e— DMFT: d=3, U/t=15

S




How te probe local order for SU(3)?

-

Double occupancy 2 No
- enhanced for both

Iriple eccupancy? Yes!
- suppressed for Neel order:
> enhanced for 3-sublattice order




Triple occupancy. for SU(3) chain

i ANG, BNGi,.C =

Quantum
Monte Carlo

Triple occupancy

Strongly enhanced
below S=In3

°%5

L. Messio, HongYu Yang, FM, unpublished



Conclusions

SU(3) on triangular lattice

= canonical example of color erder
SU(3) on square lattice

= 3-SuUblattice order at zero temperature
= 2-sublattice correlations at large 12
SU(4) on square lattice

> dimerization + Neelforder:

Probing color order

= multiple eccupancy.



