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Motivation

1. Orbital physics is crucial for understanding
transition metal oxides.

2. Spin-orbital exchanges (Kugel-Khomskii
couplings) may lead to frustration.

3. KK couplings — novel spin ordering.

4. Frustration (massive degeneracy) may prevent
ong range order — spin liquids.
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Orbital physics with cold atoms

( Higher bands )

Two lowest bands
in a 2D square
lattice.

s and p, band dispersion

K, (wWa)

|sotropic separable lattice — onsite states (orbitals) degenerate on higher
bands.

Lowest band: s orbital, first excited bands: Pz,DPy,P- orbitals

( Degeneracy important ingredient )
M. Lewenstein and W. V. Liu, Nat. Phys. 7, 101 (2011); X. Li and W. V. Liu, arXiv:1508.06285.




Orbital physics with cold atoms

(The anomalous band-structure —— orbital structure)

s and p_band dispersion
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1D Wannier functions w,, ;(7) at
neighbouring sites for the s-band and p-
band.

Node for the p-orbitals.

M. Lewenstein and W. V. Liu, Nat. Phys. 7, 101 (2011); X. Li and W. V. Liu, arXiv:1508.06285.
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Pz-orbital DPy-orbital

([ tpr = tyy <0,
Tunneling anisotropic: 8 |tzz] > tay,
toy = tye > 0.

\

M. Lewenstein and W. V. Liu, Nat. Phys. 7, 101 (2011); X. Li and W. V. Liu, arXiv:1508.06285.



Orbital physics with cold atoms

[Mean-field solution 2D

/Vortex solution
Minimizing interaction @> n Z@
energy: i

Minimizing kinetic energy: sign of tunneling determines phase order

Pz-flavor py-flavor Vortex checkerboard
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A. Collin, J. Larson, and J.-P. Martikainen, PRA 81, 023605 (2010).



Orbital physics with cold atoms

[Mean-field solution 2D

Three orbitals

d 2-orbital d_:-orbital d__-orbital
- X y Xy
3:‘
2 -
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X X X

(a) (b) )
% , 0 Two vortex/anti-vortex pairs
2 on every site.
2 Neighbouring sites, flipped
@ ' ‘order’.

F. Pinheiro, J.-P. Martikainen, and J. Larson NJP 17, 053004 (2015).



Orbital physics with cold atoms

[ Onsite s-wave scattering interaction]

Density-density, p.-orbitals:

Uaca:A N
x x_l
ity (e — 1)

Density-density, p,p,-orbitals:

Usy ety
Flavor changing, p.p,-orbitals:

;y (ala};ayay +a;5a;5axaw)




Orbital physics with cold atoms

[ Orbital Bose-Hubbard model ]

[:I — f{kzn + [A{dd + [:Ioc

Kinetic term: .. =— Z Z tagal s
aB  (ij)
: - 2 Uaa
DenSIty_denSIty: Hdd — Z Z Tnal nal + Z Z Uaﬂnalnﬁl
« i afB,a#£pB i

Orbital changing: 7 _ > % (aliali&ﬁidﬁi + h.c.)
af,a#pB i

A. Isacsson and S. M. Girvin, PRA 72, 053604 (2005).
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State-of-the-art

PRI 99. 200408 (3007) PHYSICAL REVIEW LETTERS 16 NOVBIE 3000

State Preparation and Dynamibcs of Ultracold Atoms in Higher Lattice Orbitals

Toehea Maller,' Simon Follsng.' Artur Widera,' 20d Immanse! Bloch™*
l’l.lll'ow Sfor Plrynit, Jobhanwes Gatenberp. Usivernindt, Scamdingerweg 7. 55118 Mainz, Germany
“Iestirwte of Qwantam Flectromics, FTH Zanck, Honggerberg, CH.8%3 Zarsch, Switzeriond
(Received 22 March NOT; published 16 November 2007)

We report on the realization of 3 multiortital system with ulincold soms in ¢ excited bands of a 5D
optical lattice by selectively comtroliag the band population aloag a given lattice drection. The lifctime of
the stoes in the cxcited bund is found 1o be comaderay loager (10100 times) thas the characioily

time scale for istente machng, thus opemag the path for oftelad scloctrve mamy-body physic
ukncold some. Upon exciting the atoms from as instiall lowest band Mott.inwlating state 1o e
hands, we observe the dynamecal emergence of coberence in 1D (and 2D), compatible with Rose.
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Evidence for orbital superfluidity in the P-band of a
bipartite optical square lattice

Goorg Wirth, Mathias Oiechisger & Andross Mommenerich

Effective preparation and collisional decay of atomic condensate in excited bands of
an optical lattice

Yueyang Zhai,' Xuguang Yue,! Yanjiang Wa,? Xuzong Chen,! Peng Zhang, 2 and Xiaoji Zhou' i
'Schood of Electronics Engineering and Computer Science, Peling University, Betjing 100871, China
* Department of Physics, Remmin Undversity of Chino, Beging 100190, China

We prescest & mothod for the effective preparation of a Boso-Blastoln condessate (BEC) Into the
excited bands of an optical attice via a staading. wave pulse sogquence. With our method, the BEC
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Decay time (W)
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State-of-the-art

[ Bloch square/cubic preparation ]

- Raman coupling between s to p.
or Pz + DPy.

~ Lifetime <100t.

- Coherence in 2D and 3D.

10

> Decay from scattering 2p — s + d.

> Up to 5 times longer lifetime for
n=1

T. Muller et al. Phys. Rev. Lett 99, 200405 (2007).



State-of-the-art

[ Hemmerich superlattice quench ]

¢ [ ¢+ &« < Superlattice.

gy p— e
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s W@ ® . > Quench —— hybridising s-
T T and p-orbitals.
/—— |
§ . ! | ~ Coherence.
gl
L — - Complex order parameter.
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G. Wirth et al. Nature Phys. 7, 147 (2011).



State-of-the-art
[ Zhou non-adiabatic d-band Ioading]

> On/off an optical lattice, optimising the pulse sequence to
reach a target state.

»duty cycle .,
»”* "u

. o N o
(ol [, >l . S & T

. o
* off-duty cycle*

> 1D, 98% fidelity of preparing the d-band!
> Coherent dynamics.

- Decay rate ~100 i s.

Y. Zhai et al. Phys. Rev A 87, 063638 (2013).
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Simulating spin models

> Duan, Demler, and Lukin: Multi-component atoms, n=1 Mott.

H=-Y"t, (&f,i&ai + h.c> Z —nm (flgs = 1) + Uy, 3 iy oy XX%! I-Ilelsenberg spin
% - model.
(ig)o p

PRL 91, 090402 (2003).

03
~Bloch et al. Mott n=1, decay of |
spin order. o2 Hy , _
§ —> XXZ Heisenberg spin
“al TN model.
b o v
* Y g ¢ ° PRL 113, 147205 (2014).

~ Greiner et al. Tilted lattice - balance between onsite/interaction energy.

(@) A<0: Paramagnet ) A=0 () A >0 Antiferromagnet (@) Spin mapping

EEAEE IR ERE - LA EERER. Transverse lsing
' o, - 2 ¢ model.
Yo, gy 3 b
> 2 > -e D

Nature 472, 307 (2011).
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Simulating spin models

Mott insulator »=1 emsd Strong coupling expansion, O (t*/U?)
superexchange interaction.

Schwinger mapping =) orbital to spin degrees of freedom.
Fermion/boson statistics em) ferro/anti-ferromagnetic models.

Orbital changing interaction

S 30U (alal s + hc.)

afB,a#B i
breaking continuous symmetry (possibly integrability), richer
phase diagrams.

X. L1, Z. Zhang, and W. V. Liu, PRL 108, 175302 (2012).
F. Pinheiro, G. M. Bruun, J.-P. Martikainen, and J. Larson, PRL 111, 205302 (2013).
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Simulating spin models

[ 1D/2D square lattice, p-band ]

Two orbitals, p, and py ems) Heisenberg XYZ spin-1/2
Hxyz/J = Z {(1 +7)5F 87 + (1 —V)SZJS;J} + ASFSE + hZS’f
(i7) i
1D phase diagram T x

Trapped ion techniques:

 Parameter control
* Preparation

-
-
S

- Single-site addressing. | XiTh) 0 14 N

PP = polarized phase, SF = spin flop phase
FP = floating phase, AFM = anti-ferromagnetic.

F. Pinheiro, G. M. Bruun, J.-P. Martikainen, and J. Larson, PRL 111, 205302 (2013).
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Simulating spin models

[3D cubic lattice, p-band ]

> Three orbitals, p., pyandp. mmd) “XYZ" SU(3)model, Gell-
Mann matrices.

~ Frustrated.

2

S IPS I
Qi Qi Qi Qyi + hoc.) &

Uzz (it at ~ 4
;Z (alialiaziazi —I—h.c.)

~ Striped orders.

~Spiral spin order.

Uyz (it At o
% (aziaziaziazi + h.c.>

T. A. Toth et al., PRL 105, 265301 (2010); T. Grass et al., PRB 90, 195127 (2014); F. Pinheiro, arXiv:1410.7828.
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Simulating spin models

[ 2D square lattice, d-band ]

- Three orbitals, d,2, d,2and d,,.

- Low filling, only d,. and d,2 populated emm) XYZ model.

Axyz)T =Y [(1 +7)S78T 4 (1 — fy)SgJSﬂ + ASZS7 + 3 hSF 4+ IS
(7) i

Zo symmetry broken.

h =0, “new” Zs symmetry.

F. Pinheiro, J.-P. Martikainen, and J. Larson, NJP 17, 053004 (2015).
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Simulating spin models

[Non-seperable lattices, p-band]

In the basis of natural orbits, p., Py and p. tunnelling terms

S‘ S‘ taﬁa’azaﬁj

afl,a#B (i)

Simulating spin-orbit couplings, SU(2) and SU(3).

Spin language, Dzyaloshinskii-Moriya interactions. Spin canting
effect?

A. Gagge and J. Larson, in preparation.
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Open questions

- Not perfect loading, atoms remain on the s-band. Glass
phases? Localized phases?

- Stabilize the states. Non-trivial orbital states the lowest energy
states.

- Finite temperature across the Mott-SF transition.

Spinor atoms, SU(N) x SU(M) models.






