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Report Title
Final Report: Exploring New State of Matter with Ultra-cold Polar Molecules
ABSTRACT

This theoretical proposal planned to investigate how to use ultracold polar molecules loaded in optical lattices as quantum simulators of
strongly correlated Hamiltonians. The target was to guide experiments to emulate iconic models use to describe solid state materials as well
as Hamiltonians without solid state counterpart. The focus was on alkali-metal dimers

given their well characterized hyperfine structure and their close connection to current experiments. The main idea was the use of the
rotational degrees of freedom, controllable by dc electric fields and microwave fields to encode a spin degree of freedom. Since direct
dipolar interactions couple the rotational states they give rise to spin-spin interactions that can be orders of magnitude stronger than those
ones found in generic neutral atoms. We developed probes to characterize the role of dipolar interactions, which lead to the first
experimental observation of dipole mediated exchange interactions in the JILA KRb experiment. We studied quantum phases and dynamics
of different magnetic models amenable for experimental implementation using numerical and analytical methods. The additional
mechanisms for loss and decoherence introduced by the use of rotational freedom and chemical reactions were also investigated.
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Scientific Progress

This project aimed to perform theoretical investigations for the development of a highly tunable quantum simulator operated with
ultra-cold polar molecules. The main idea was to use rotational dressed states of the molecules as the spin (qubit) degrees of
freedom and to coupled them by direct dipolar interactions, which can be manipulated and controlled by external dc electric
fields and continuous microwave fields.

During this award we not only investigated polar molecules but generic quantum magnetic behavior in systems exhibiting long-
range interactions including trapped ions,and radiating dipolar gases.
Specific accomplishments made were:

1. Investigated the implementation of spin-orbit Coupling in ultracold polar molecules: In particular how to generate spin-orbital
coupling and non-trivial chiral quasi-particles including Weyl excitations using dipolar interactions.

2. Investigated the dynamics of quantum correlations and entanglement in far-from-equilibrium spin systems realizable by a gas
of ultra-cold polar molecule in a lattice or arrays of trapped ions.

3. Developed a new numerical method to investigate the dynamics of correlations in spin models with long-range interactions
using phase-space methods

4. Investigated the possibility of achieving quantum synchronization in radiating quantum dipoles

5.Investigated collective emission from coherently driven dipoles. In collaboration with the JILA team, we performed two sets of
experiments, using a strong and weak dipole transition that are insensitive and sensitive, respectively, to motion at one
microKelvin. We demonstrated that a single, self-consistent, microscopic theory model can provide a unifying picture for the
majority of experimental observations.

5. Investigated a disorder-driven transition in systems with power-law hopping.

6. Investigated equilibrium phases of tilted dipolar lattice bosons

7. Proposed an spectroscopic method to investigate signatures of non-equilibrium quantum magnetism in current polar
molecule experiments loaded on a 3D optical lattice which are yet not quantum degenerate. The method is based on Ramsey
spectroscopy. In collaboration with the polar group molecule at JILA we used this method to observe for the first time
signatures of dipolar exchange interactions a lattice spin model with KRb ultracold polar molecules pinned in a deep 3D optical
lattice.

8. Developed a novel cluster expansion technique capable of dealing with the non-equilibrium dynamics of spin models with
long range interactions and used it to benchmark the JILA experiment.

9. Investigated the role of chemical reactions in dipolar gases and used this understanding to model the JILA experiment and to
determined its operating filling fraction. We provided both from theory and experiment compelling evidence of the existence of
the quantum Zeno effect in a lattice gas by which by increasing the on-site chemical reaction rate one can actually lower the
overall loss rate.

10. Investigated how to use reactive two-body collisions in fermionic polar molecules such as KRb to engineer robust
entanglement in those system.

11. Investigated way to use the anisotropic character of dipolar interaction to engineer protected topological phases and other
Hamiltonians that are known to exhibit topological phases such as the Kitaev model.
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