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Overview
Bose-Hubbard model

Experimental background

Single impurity

- Limiting behaviors

- Variational wavefunction

- Results

Two impurities and bound states

Summary & outlook
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Bosons in optical lattice

A good model: Bose-Hubbard Hamiltonian  Jaksch et al PRL '98
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Bosons in optical lattice

A good model: Bose-Hubbard Hamiltonian  Jaksch et al PRL '98

Condition: band gap                  - satisfied in typical 
exp settings (                                           ).
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Bosons in optical lattice
Bose-Hubbard Hamiltonian:

           :                                                     
Mott                                                        
Insulator

           :                                                    
Superfluid
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Bosons in optical lattice
Bose-Hubbard Hamiltonian:

           :                                                     
Mott                                                        
Insulator

           :                                                    
Superfluid

Phase transition occurs at               (mean field 
theory gives 0.09).
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Motivation
Experiment by Bloch group on spin impurity:  Nature Phys '13 
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Polaron-like dynamics
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Motivation
Experiment by Bloch group on spin impurity:  Nature Phys '13 

Polaron-like dynamics  &  Renormalized impurity hopping
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Model
Two-species Bose-Hubbard Hamiltonian:

Interaction and tunneling spin-independent – a good 
approximation for       .

Lets see the limiting behaviors...
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J<<U: Mott Insulator
Impurity can spread by 2nd order tunneling:

             Effective tunneling = J2/U 
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J<<U: Mott Insulator
2nd order perturbation theory gives
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J<<U: Mott Insulator
2nd order perturbation theory gives

corresponding to
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U<<J: Deep Superfluid
Bogoliubov approximation: take quadratic fluctuations 
about the ground state using                  .

Diagonalize via Bogoliubov transformation.
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about the ground state using                  .

Diagonalize via Bogoliubov transformation.
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U<<J: Deep Superfluid
When          and
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Variational Wavefunction

                     Variational parameters

                       (Gutzwiller mean-field ground state)
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Variational Wavefunction

                     Variational parameters

                       (Gutzwiller mean-field ground state)

 Expect: i) Mott: 

             ii) Deep superfluid: 
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Main Result

      Polaron observed in experiment at U/J ≈ 2.13

Uncorrelated

impurity
+ hole

Stable
polaron
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Polaron
Polaron size is larger for smaller U/J

Moving polaron is bigger (max around k = 0.66 ∏)

Bath density oscillates with  λ ≈ 4∏/k

v g
 /

 J

J / U
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Impurity spreading
Localized impurity: 

Impurity distribution: 



September 18, 2013 29

Impurity spreading
Localized impurity: 

Impurity distribution: 
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Impurity spreading
 



September 18, 2013 31

Uncorrelated impurity & hole
Consider the wavefunction                            having 
energy Etwo(k,p).
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Polaron instability
Consider the wavefunction                            having 
energy Etwo(k,p).
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Polaron instability
Consider the wavefunction                            having 
energy Etwo(k,p).

Polaron unstable due
to Landau damping
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Probing the crossover

Drastic fall of hole density
at impurity site
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Two impurities and bipolarons

Q. Can we get bound states of two polarons?
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Two impurities and bipolarons

Q. Can we get bound states of two polarons?

Fukuhara et al observed two-magnon bound states in 
Mott insulating phase                         arXiv:1305.6598

Do such bound states (bipolarons) exist in superfluid?
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Two impurities and bipolarons
Variational wavefunction (for k = 0):

Variational parameters
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Two impurities and bipolarons
Variational wavefunction (for k = 0):

Separation probability

Polarons bound for

Phase transition occurs
at J/U ≈ 0.09
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Two impurities and bipolarons
We get 4 regions with increasing J/U:

 - i) MI with stable polarons and bipolarons

 - ii) SF with stable polarons and bipolarons

 - iii) SF with stable polarons but no bipolaron

 - iv) SF with stable polarons only in a narrow k range
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Summary & Outlook
We have studied spin impurities in 1D Bose lattice 
through a simple variational ansatz

Single impurity:

Uncorrelated
impurity
& hole

Stable
polaron
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Summary & Outlook
We have studied spin impurities in 1D Bose lattice 
through a simple variational ansatz

Single impurity:

- polaron size max for k ≈ 0.66 ∏ and larger for smaller U/J

- impurity hopping flattens off inside superfluid
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Summary & Outlook
We have studied spin impurities in 1D Bose lattice 
through a simple variational ansatz

Single impurity:
polaron becomes unstable
at weaker interactions

crossover can be probed
experimentally
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Summary & Outlook
We have studied spin impurities in 1D Bose lattice 
through a simple variational ansatz

Two impurities:

- stable bipolarons exist for strong interactions (both in MI & SF)

- future experiments can test this

Q: i) What changes at different filling and higher D?

    ii) Effects of disorder?

   iii) Is the kink in impurity speed real?
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