Superfluid to Mott insulator quantum phase transition
in permanent magnetic lattices

S. Ghanbari', P. Hannaford', J. F. Corney?, P. B. Blakie® and T. D. Kieu'
LACQAQ, Swinburne University of Technology, Australia
2ACQAQ, School of Physical Sciences, University of Queensland, Australia
*Jack Dodd Centre for Photonics and Ultra-Cold Atoms, Department of Physics,
University of Otago, New Zealand

We study quantum degenerate Bose gases at finite temperatures in optical [1] and magnetic [2] lattices
and in particular the superfluid to Mott insulator guantum phase transition. We investigate ultracold
atoms in a grand canonical ensemble [3] and use the Bose-Hubbard model [4] which can describe the
dynamics of ultracold atoms in periodic potentials such as optical and magnetic lattices. Based on a
truncated number-state basis, in 1D, 2D and 3D, the Mott insulator lobes start melting at temperature
To = 0.06 I/, where U/ is the on-site interaction energy. Figure 1({a) shows the local compressibility
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Figure 1: {a) The local compressibility »,, al each site, versus the target chemical potential, u,., for J = 0. (b)
Atom-atom correlations, Ca(r), as a function of », the site number, for M=11, 4 = (0.5, T' = 0.5 I/ and values
of J = 0.1.0.3 and 0.5. Diamonds and circles around them show the simulation results and their sampling error,
respectively. Dashed lines are fits to the function r="/2_for r = 1, where K is the Lultinger parameter. (c) J/U/
versus B, ., the 2 component of the bias magnetic field, in a 2D permanent magnetic lattice shown in figure 2 of
reference [2], for &y fa = 0.3, 1 /a = 0.1, s/a = 0.5 and a = 1 pm where {4, {2, s and a are geometrical parameters
defined in [2] and « is the period of the lattice.

Ky = & (n) /., at each lattice site, versus y., where n; and i, are the number operator at each
lattice site and the target chemical potential at the temperature T, respectively, for J = 0 at different
temperatures, and .J is the hopping matrix element. At zero temperature, the Mott insulator phase is
defined by x; = 0. According to the gauge P representation, in a 1D system all the measures of the
coherence between lattice sites and their relative values with respect to the average number of atoms
in the central site increase when either the temperature is reduced or the hopping matrix element is
increased. According to figure 1(b), at the constant temperature T = 0.5 I7, the atom-atom correlations
C'a(r), which are measures of the coherence between sites, increase with increasing /. Moreover, as ./
is increased the Luttinger parameter K decreases. Figure 1(c), based on the harmonic oscillator wave
function approximation, shows that the critical value of the superfluid to Mott insulator quantum phase
transition, (J/L7). = 0.043 [5], is accessible in a 2D permanent magnetic lattice [2].
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