Phase Diagram of Long-Range Quantum Ising Model
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Motivation

* Recent advances in atomic/molecular physics, especially in
heteronuclear polar molecules in optical lattices and trapped ions,
made it possible to realize quantum many-body systems with tunable
long-range interactions.

* These systems can be described by two-state spin models with 1/r%-
potentials coupled to external transverse fields, that is, long-range
quantum Ising models in one spatial dimension.

* Main question is "How do these long-range interactions affect the
well-known results in the short-range quantum Ising model?”

Quantum Ising Model
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Transverse field

E.g., long-range ferro. potential; V (r) = —J/r® with a > 1

long-range antiferro. potential; V(r) = J/r® with a > 0

Canonical Diagonalization

First, Jordan-Wigner transformation
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Second, set all the operators between “edges” just to be 1.
Good approximation for large transverse field
Exact for the case of the nearest-neighbor interactions.

Third, Bogoliubov transformation: 7¢ = uqCq — quCT—q
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with the quasi-particle energy spectrum
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Critical Transverse Fields

The energy spectrum could become gapless at the critical values:
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Phase Diagrams

Critical h vs. alpha for the Ising Ferromagnet
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* Numerical calculation: infinite Matrix Product State (iMPS) algorithm
Critical point = Location of maximum in entanglement entropies

» Good agreement between theoretical and numerical results
for large values of a. E.g., for a=3 (dipole-dipole potential),
the error is 13% for the ferro- case, and 9% for the antiferro- case.

+ Lattice confinement effect: V(1) = 1/7‘3 — ae b 4 w/rP
-> enhancement of the short-range part in antiferromagnetic potential
-> increase of the critical transverse field;

he=0.90 — 1.1 for V| =45, V, =10 (green point)
— 14 fOI‘ VJ_ :45, ‘7 :6 in unit of recoil energy

Summary

e Quantum Ising Hamiltonians in one spatial dimension were
analytically diagonalized within the quadratic truncation.

¢ Phase diagrams for ferro/antiferro magnetic potentials were
obtained by analytically and also numerically with iMPS algorithm.

e Lattice confinement effect to critical point is estimated by our
analytical result, that is important for experiments in optical lattices.



