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Evidence for orbital superfluidity in the P-band of
a bipartite optical square lattice

Georg Wirth, Matthias Olschlager and Andreas Hemmerich*

The successful emulation of the Hubbard model in optical lattices has stimulated extensive efforts to extend their scope to also
capture more complex, incompletely understood scenarios of many-body physics. A promising approach is to consider higher
bands, where the orbital degree of freedom gives rise to a structural diversity that is directly relevant, for example, for the
physics of strongly correlated electronic matter. Here we report evidence for the formation of a superfluid in the P-band of a
bipartite optical square lattice with S-orbits and P-orbits arranged in a chequerboard pattern. The observed momentum spectra
feature cross-dimensional coherence with a lifetime of nearly 20 ms. Depending on the value of a small adjustable anisotropy
of the lattice, our findings are explained either by real-valued striped superfluid order parameters with different orientations

P, %P, or by a complex-valued P, + iP, order parameter, which breaks time-reversal symmetry.
(SICAL REVIEW A 74, 013607 (2006)

Atomic matter of nonzero-momentum Bose-Einstein condensation and orbital current order
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The paradigm of Bose-Einstein condensation has been associated with zero momentum to which a macro-
scopic fraction of bosons condense. Here we propose a new quantum state where bosonic alkali-metal atoms
condense at nonzero momenta, defying the paradigm. This becomes possible when the atoms are confined in
the p-orbital Bloch band of an optical lattice rather than the usual s-orbi
taneously forms an order of transversely staggered orbital currents, reminiscent of orbital antiferromagnetism
or d-density wave in correlated electronic systems but different in fundamental ways. We discuss several
approaches of preparing atoms to the p-orbital band and propose an “energy blocking™ mechanism by Fesh-

pand. The new condensate simul-

bach resonance to protect them from decaying to the lowest s-orbital band. Such a model system seems very
unique and novel to atomic gases. It suggests a new concept of quantum collective phenomena of no prior
example from solid state materials.
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Ignores the orbital degree of freedom which plays a key
role in metal- insulator transitions (Superconductivity) In

transition-metal oxides (Cuprates). Thus if we are to

understand d- wave superfluidity we must consider the
orbital degree of freedom!

CORRELATED ELECTROM SYSTEMS

Orbital Physics in Transition-Metal Oxides

¥. Tokura™ and N. Nagaosa’

An electron in a solid, that is, bound to or nearly localized on the specific
atomic site, has three attributes: charge, spin, and orbital. The orbital
represents the shape of the electron cloud in solid. In transition-metal
oxides with anisotropic-shaped d-orbital electrons, the Coulomb interac-
tion between the electrons (strong electron correlation effect) is of
importance for understanding their metal-insulator transitions and prop-
erties such as high-temperature superconductivity and colossal magne-
toresistance. The orbital degree of freedom occasionally plays an impor-
tant role in these phenomena, and its correlation and/or order-disorder
transition causes a variety of phenomena through strong coupling with
charge, spin, and lattice dynamics. An overview is given here on this
“orbital physics,” which will be a key concept for the science and tech-
nology of correlated electrons.

When more than two orhitals are involved, a
variety of situations can be realized, and this
guantum meachanical process depends on the
orbitalz (4, 5). In thig way, the spin § and the
orbital pseudospin T are coupled. In mors
general cases, the wansfer integral t;; depends
on the direction of the bond if and also on the
pair of the two orbitals @, b = (x* = v*) or
{3z® = r*). This gives rise to the anisotropy
of the Hamiltonian in the pseudospin space as
well as in the real space. For exampla, the
rransfer integral between the two neighboring
Mn agtoms in the crystal lattice is determined
by the overlaps of the d orbitals with the p
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Po WHAT?

P orbitals are fundamentally different from
S orbitals!

They are degenerate
Gives rise to orbital ordering

They are anisotropic
They have a node (are odd)

Can gives rise to condensates with finite
momentum



BACKGROUND

Bl ochds Theorem: a period
Eigenvectors of the following f%”“

Wk (1) =€""u,.(r)
Where u,,(r) a function with the same periodicity as
the potential
The Eigenvectors and corresponding Eigenvalues
e, (k) are periodic in reciprocal lattice vector K = 2" /a
,where a Is the lattice spacing.

Thus they can be mapped into a region in k space
from 1 K/2 to K/2 this is called the first Brillouin zone.
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Bipartite Square lattice

YBCO crystal Structure



EXPERIMENTAL SETUP

How do you make a
bipartite lattice?

How do you efficiently
excite atoms to the p
band?

Use a Michelson
Interferometer!

Laser Sourc




BIPARTITE LATTICE POTENTIAL

This setup gives rise to an potential of the form:




