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Final report

Title: High power optical lattices for a lithium-7 quantum simulator
Sponsor: ARO, STIR program, contract W911NF-12-1-0435
Location: MIT

Award Amount: $ 50,000

Period: Aug. 15, 2012 to May 14, 2013

This grant was for the development of high-power optics and fiber coupling for a lithium-7
experiment. Those components were purchased, tested and integrated into the experimental
setup.

However, the experiment suffered from major delays. They were caused by a postdoc leaving
early, equipment failures (in particular lasers) and a major problem with thermal lensing of an
optical viewport. Furthermore, the main part of the experiment had to be disassembled and
baked out again, since we had to exchange viewports and the magnetic trap (which had a
design flaw in its winding pattern).

Eventually, everything worked well. Our studies of spin dynamics in Heisenberg spin chains
resulted in major new discoveries and a series of impactful papers which are summarized here.

1. Simulation of the Anisotropic Spin-1/2 Heisenberg Model

N. Jepsen, J. Amato-Grill, I .Dimitrova, W.W. Ho, E. Demler, and W. Ketterle, Spin transport in
a tunable Heisenberg model realized with ultracold atoms, Nature 403—407 (2020),
https://doi.org/10.1038/s41586-020-3033-y

Simple models of interacting spins play an important role in physics. They capture the properties
of many magnetic materials, but also extend to other systems, such as bosons and fermions in a
lattice, systems with gauge fields, high-T. superconductors, and systems with exotic particles such
as anyons and Majorana fermions. In order to study and compare these models, a versatile platform
is needed. Realizing such a system has been a long-standing goal in the field of ultracold atoms.
So far, spin transport has only been studied in the isotropic Heisenberg model. Here we implement
the Heisenberg XXZ model with adjustable anisotropy and use this system to study spin transport
far from equilibrium after quantum quenches from imprinted spin helix patterns (see figure).
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Imaging

Creation of a spin helix state, realized from two hyperfine states (spin | T) and | | )). The spin S winds within the S,
Sx-plane as a function of position z in the spin chain. Deep optical lattices along x and y create an array of independent
spin chains. The z-lattice is shallower and controls spin transport along each chain.

All work with ultracold atoms has addressed the isotropic Heisenberg model where Jx=Jy=J; in
the spin-spin interactions between atoms on neighboring sides:

— Yy
H = Z Je SESF + 1, SYSY + ], SES?
i.j
Using lithium-7 and Feshbach resonances, we were able to realize the Heisenberg model with
widely tunable interaction parameters, and in particular, study spin physics over the whole range
of anisotropies A=J,/Jxy. For A=1, we retrieve the isotropic Heisenberg model. For A=0, we realize

the so-called XX-model which is a special starting point for investigations since it is exactly
solvable in one dimension by mapping the spins to non-interacting fermions.

An important question is how the relaxation time depends on the spatial period of the spin
pattern. A quadratic dependence implies diffusive transport, whereas a linear dependence
characterizes ballistic transport. For anisotropy A=0, we observe ballistic transport. When the
anisotropy is increased a crossover to diffusive transport occurs. For positive anisotropies, the
dynamics ranges from anomalous super-diffusion to sub-diffusion depending on anisotropy,
whereas for negative anisotropies, we observe a crossover in the time domain from ballistic to
diffusive transport. This behavior contrasts with expectations for the linear response regime and
raises new questions in understanding quantum many-body dynamics far away from equilibrium.
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Different regimes of spin transport depending on the anisotropy A of the Heisenberg model. The exponent in the spin
transport time increases smoothly from ballistic (red) to super-diffusive (yellow) to diffusive (blue) to sub-diffusive
(green). For A <0 we observe behavior reminiscent of a classical gas: Transport is ballistic at (I) short times (triangles)
and diffusive at (1) longer times (squares).

2. Transverse spin dynamics for anisotropic Heisenberg models

N. Jepsen, W.W. Ho, J. Amato-Grill, I .Dimitrova, E. Demler, and W. Ketterle:
Transverse spin dynamics in the anisotropic Heisenberg model realized with ultracold atoms.
Phys. Rev. X 11, 041054 (2021), https://doi.org/10.1103/PhysRevX.11.041054

In Heisenberg models with exchange anisotropy, transverse spin components are not conserved
and can decay not only by transport, but also by dephasing. We utilize ultracold atoms to simulate
the dynamics of 1D Heisenberg spin chains, and observe fast, local spin decay controlled by the
anisotropy. However, even for isotropic interactions, we observe dephasing due to a new effect:
an effective magnetic field created by superexchange processes, which is typically ignored as its
effects can be transformed away if spatially uniform. However, we show through experimental
studies and extensive numerical simulations how this superexchange generated field is relevant
and leads to additional dephasing mechanisms over the exchange anisotropy: there is dephasing
due to (i) inhomogeneity of the effective field from variations of lattice depth between chains; (ii)
a twofold reduction of the field at the edges of finite chains; and (iii) fluctuations of the effective
field due to the presence of mobile holes. The latter is a new coupling mechanism between holes
and magnons. All these dephasing mechanisms have not been observed before with ultracold
atoms and illustrate basic properties of the underlying Hubbard model.
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Spin dephasing and spin transport for the Heisenberg XX model. Shown are decay rate of a spin helix states with
wavevector Q. The decay rate for a transverse helix (orange) follows a cosine dependence with a constant background
rate. This is in strong contrast to the longitudinal spin helix (purple) which shows linear scaling with Q (indicating
ballistic transport). A spin-echo pulse reduces the background rate (dashed blue line). The black solid squares are
numerical results for a single chain and the pure spin mode. The grey open squares are numerical results for the so-
called tJ-model with 5\ % hole fraction.
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3. Observation of phantom Bethe states and their implications for quantum
many-body scars

P.N. Jepsen, Y.K. Lee, H. Lin, . Dimitrova, Y. Margalit, W.W. Ho, and W. Ketterle, Long-lived
phantom helix states in Heisenberg quantum magnets, Nature Physics 18, 899-904 (2022),
https://doi.org/10.1038/s41567-022-01651-7

Exact solutions for quantum many-body systems are rare, but provide valuable insights for the
description of universal phenomena. Recently, specific solutions of the Bethe ansatz equations for
1D anisotropic Heisenberg models were found that can carry macroscopic momentum yet no
energy on top of the ferromagnetically ordered "vacuum®” state, dubbed phantom Bethe states. As
a consequence of these phantom Bethe states, simple spin helix states at special wave-vector
becomes exact eigenstates of these systems.

With ultracold Li-7 atoms on optical lattices, we can simulate the anisotropic Heisenberg model,
and tune the interaction anisotropy with Feshbach resonances. Here, we show experimentally that
there exist special helical spin patterns in 1D chains which are long-lived, relaxing only slowly in
dynamics. The wave-vector of these special helices also shifts with the anisotropy parameter as
predicted theoretically.

As the wave-vector of the spin helix is determined by the anisotropy parameter, we use these
phantom spin helices to directly measure the interaction anisotropy at different magnetic fields
around Feshbach resonances. The measured anisotropy agrees well with the predictions based on
super-exchange and the Bose Hubbard model far from the Feshbach resonance, but we find
discrepancies close to the Feshbach resonance which require an extension of the model. We find
theoretically that phantom spin helices exist also in two dimensions and for certain long-range
interactions which are non-integrable systems. Those systems should show non-thermalizing
dynamics associated with so-called quantum many-body scars. These results have implications for
the quantum simulation of spin physics, as well as many-body dynamics.

o
o

Decay rate y [Jx/h]
o
'S

0 /3 2a/3 n0 n2 n0 /3 21/3 n

Wavevector Q [1/a]

Observation of phantom helix states. Decay rate y as a function of wavevector Q, shown for three different anisotropies
A. The phantom helix is realized at the decay rate minimum, and its winding pattern is shown at the top. In addition
to the purely transverse helices (polar angle 6 = n/2, circles), the panels also show the decay of spin helices with polar
angles 0 = 5m/12 (green triangles) and 6 = 271/3 (orange triangles). Different anisotropies were realized by tuning the
atomic interactions with an external magnetic field near a Feshbach resonance.
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4. Lattice-induced Feshbach resonance

Y .K. Lee, H. Lin, and W. Ketterle: Spin dynamics dominated by superexchange via virtual molecules.
Preprint, arXiv:2208.06054

Optical lattices and Feshbach resonances are two of the most ubiquitously-used tools in atomic
physics. The presence of an optical lattice potential near a Feshbach resonance gives rise to new
resonances involving excited bands of the center-of-mass motion. We report the first experimental
observation of these “lattice-induced resonances” by studying the spin dynamics of Heisenberg
chains of lithium-7 atoms in an optical lattice, and used them to adiabatically convert atoms into
bound dimers in excited bands. We also report the first experimental evidence for off-site contact
interactions in the Hubbard model. We expect these resonances to be of general importance for
studying strongly-interacting quantum many-body systems in optical lattices.
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Spin interaction anisotropy at different magnetic fields. The zoom-in shows the fields with large scattering
lengths = 500 a,. Far from the Feshbach resonances (dotted grey lines), the data (grey points) agree well
with calculations from perturbation theory (solid grey curves). Such theory is not applicable in the regions
with black data points which show resonant behavior. We see multiple dispersive features at 845.460 G,
892.250 G, 893.123 G, and 895.504 G (dashed lines). These resonances are explained by lattice-induced
resonances.





