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Alkaline-earth(-like) atoms

• fermionic alkaline-earths have nuclear spin I > 0
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Electronic level structure of 87Sr
(nuclear spin levels not shown)
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Unique properties of fermionic alkaline-earths:
- metastable optically excited state 3P0

- in 1S0 and in 3P0, nuclear spin I decoupled from J  

Brief Motivation and Overview

Quantum simulation 
with alkaline-earths

Quantum information 
with alkaline-earths 

Atomic clock 
experiments

Quantum 
computing

Insights into condensed 
matter problems

Rich
physics

1S0 

3P0 
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Quantum Information Processing
with Ultracold Alkaline-Earth Atoms
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Quantum information with 
ultracold fermionic alkaline-earths

• Derevianko, Cannon PRA ’04
• Hayes, Julienne, Deutsch PRL ’07
• Reichenbach, Deutsch PRL ’07
• Daley, Boyd, Ye, Zoller PRL ’08
• AG, Rey, Daley, Boyd, Ye, Zoller, Lukin PRL ’09
• Reichenbach, Julienne, Deutsch PRA ’09
• Shibata, Kato, Yamaguchi, Uetake, Takahashi 
   App. Phys. B ’09
• etc...

Proposals:
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Alkaline-Earth Atoms as Few-Qubit 
Quantum Registers
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Array of few-qubit 
quantum registers!

Related: Cirac et al., 
Dur & Briegel, Sorensen 
& Molmer, Jiang et al., 
Monroe, Saffman, 
Hayes et al, Daley et al, 
Stock et al, Strauch et 
al...

The Idea
Need for accurate manipulation of large quantum systems:
  - quantum computation, precision measurements, etc...

Need to: 
1) accurately manipulate single register
2) detect |g〉-|e〉 qubit without destroying |↓〉-|↑〉 qubit
3) couple registers

|g〉 = 1S0 

|e〉 = 3P0 

Ex: 171Yb (I = 1/2)

16 s
10 mHz

|↓〉 |↑〉
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Manipulate an Individual Register: Easy

- apply a magnetic field 
- different g-factors σ - σ +

π

-9/2
-5/2

-1/2-3/2
-7/2

1/2 3/2 5/2 7/2 9/2

-9/2 -5/2 -1/2-3/2-7/2 1/2 3/2 5/2 7/2 9/2
|g〉 = 1S0 

|e〉 = 3P0 

• Transitions resolved in experiments [Boyd et al., Science (2006)].

π

Ex: 87Sr (I = 9/2) [1 electronic + up to 3 nuclear qubits]

-9/2 -5/2 -1/2-3/2-7/2 1/2 3/2 5/2 7/2 9/2

-9/2 -5/2 -1/2-3/2-7/2 1/2 3/2 5/2 7/2 9/2

     698 nm
150 s ~ 1 mHz
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Detect the Electronic Qubit 
without Erasing the Nuclear Qubits

Ex: 171Yb (I = 1/2)

|↓〉

|g〉 = 1S0 

|e〉 = 3P0 

|↑〉

|↓〉 |↑〉

Problem: hyperfine coupling in 1P1 

Solution: Use off-resonant 
               fluorescence

399 nm
28 MHz

Ω

∆

- destructive interference prevents
nuclear spin flips

[Childress et al, PRA (2005)]

1P1 F=1/2
F=3/2

Related work: Reichenbach & Deutsch, PRL (2007) 
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Coupling two registers

g g

• 4 different interaction energies: 

e e

• Tunneling rate (assume same for g and e): 

|g〉 = 1S0 

|e〉 = 3P0 
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• similarly for I > 1/2

g
g

• after time T ∝ 1/J, have a 2π pulse:

• resonantly driven two-level system [Folling et al, Nature (2007),
                                                                                  Cheinet et al, PRL (2008)]

|g,g〉(|↑,↓〉-|↓,↑〉)  -|g,g〉(|↑,↓〉-|↓,↑〉) 
• repeat for all nuclear Bell states 
        => two-qubit phase gate on the electrons:

|g,g〉  -|g,g〉 |e,e〉  |e,e〉|e,g〉  |e,g〉|g,e〉  |g,e〉
=> universal manipulation of the full multiregsiter system

J << U’s

Ex: 171Yb (I = 1/2): spin states ↑ and ↓

∆ = Ugg

J 

g g
Ugg

J

∆ = Ugg

Related ideas: Hayes et al, PRL (2007); Daley et al, PRL 
(2008); Stock et al, PRA (2008); Strauch et al, PRA (2008)

Coupling two registers
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electronic qubit

a few (1-3) nuclear qubits
=> circuit-based quantum computation [Jiang et al., PRA (2007)] 
=> generation of high-fidelity entangled many-body states 
     [Dur & Briegel, PRL (2003)]
         - cluster states (for measurement-based quantum computation)
         - GHZ states (for precision measurements)

Applications

entanglement 
pumping/purification

cluster
cluster
cluster

Details: PRL 102, 110503 (2009)

Briegel, Dur, Cirac, Zoller, PRL (1998)
Dur & Briegel, PRL (2003)
Aschauer, Dur, Briegel, PRA (2005)
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Quantum Simulation with
Alkaline-Earth Atoms in Optical Lattices:

Two-Orbital SU(N) Magnetism

● Two orbitals and SU(N) symmetry

● Symmetries of the Hamiltonian in more detail

● Four examples:
      - Examples 1 & 2: SU(N) symmetry
      - Examples 3 & 4: two orbitals

Outline
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Reminder: the usual Hubbard model

↑ ↓

- fermion on site j, with spin

● high-temperature superconductivity
● cold-atom realizations: Esslinger, Bloch, ...
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Two orbitals & SU(N) symmetry

Key: scattering length and lattice independent of nuclear spin 
(aside from fermionic statistics)

N = 2 I + 1 = 10

Ex: 87Sr (I = 9/2)

|g〉 = 1S0 

|e〉 = 3P0 
     698 nm
150 s ~ 1 mHz

=> SU(N) symmetry

g e

g g e e

See also Cazalilla, Ho, Ueda, New J. Phys. (2009): SU(6) symmetry in 173Yb
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Two-orbital SU(N)-symmetric single-band 
Hubbard model

- site j, electronic stateα(g or e), nuclear spin m (-I ... I)

g g e e

e
g

m m’

17



Symmetries of the Hamiltonian

SU(2) pseudospin algebra

etc...

SU(N=2I+1) algebra 
generating nuclear spin 
rotations

U(1)xSU(N)
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Symmetries of the Hamiltonian

Notice:

=> if some nuclear Zeeman 
levels are unoccupied, they will 
stay unoccupied.

=> I = 9/2 atom (N = 10) can reproduce 
behavior of all lower I (N < 10) just by 
choosing initial state

F = 2
mF = -2 -1 0 1 2
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Example 1: 
Exotic Valence Bond Solid Phases 

=> spin Hamiltonian

(2 nuclear spin components)

SU(2)-symmetric Heisenberg antiferromagnet: 

 array of singlets? magnetic (Neel) order?

one g atom per site
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Example 1: 
Exotic Valence Bond Solid Phases 

=> exotic valence bond solid (VBS) order is expected
      => gapped & broken rotational symmetry 

[Read & Sachdev (1990), Harada et al (2003), Assaad (2005),...]

∆

SU(5)-symmetric spin Hamiltonian

 (5 nuclear spin components)

1 g atom

4 g atoms

Tune    to get anti-ferromagnetic interaction   ∆
SU(N) singlets: N atoms, energy

Melting experiment.
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Example 2: 
Exotic Valence Plaquette Solid Phases 

[Li et al, PRL (1998); Bossche et al, EPJ B, (2000); Xu & Wu, PRB (2008)] 

 (4 nuclear spin components)

Similar arrangements => exotic spin liquid phases.
[Hermele, Rey, Gurarie, PRL 103, 135301 (2009)]   

1 g atom per site
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Example 3: Kugel-Khomskii model
One atom per site (both g and e allowed)

~ spin-dependent 
XXZ in pseudospin

= 1 if symmetric under i-j exchange
= -1 if antisymmetric under i-j exchange

&     N = 2 => triplet

    N = 2 => singlet

- competing 
orders

Generalization to any N of SU(N=2)-symmetric Kugel-Khomskii model:
   - used to model spin-orbital interactions in transition metal oxides with 
perovskite structure  [Kugel,Khomskii, JETP (1973); Tokura,Nagaosa, Science (2000)]
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 Example 4: 
SU(N)-symmetric Kondo Lattice Model

g  
e  

● N = 2 case is important in the study of 
       - colossal magnetoresistance
       - heavy fermion materials

[Proposals to study N = 2 Kondo physics with cold atoms: 
      Duan, Europhys. Lett. ’04; Paredes, Tejedor, Cirac, PRA ’05]

● Temperature requirement is favorable:
     e.g. heavy Fermi liquid may be accessed with
     (not            )

Detailed study: Foss-Feig, Hermele, Gurarie, Rey PRA ’10; arxiv ’10 
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Conclusions

Outlook

● applications to quantum computing and precision  
   measurements

Alkaline-earth atoms for quantum simulation [Nature Phys. 6, 289 
(2010)]:

● Analyze new models
● Alkali dimers, ions

● few-body (skipped) & many-body experiments

● two-orbital SU(N) Hubbard model
     - the Kugel-Khomskii model
     - SU(N) antiferromagnets
     - SU(N) Kondo lattice model

● few-qubit quantum registers 

Alkaline-earth atoms for quantum information processing 
[PRL 102, 110503 (2009)]:

● possible insights into strongly-correlated systems in 
   condensed matter

● Clock shifts: 
PRL 103, 260402 (2009)
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87Sr (I = 9/2)

171Yb (I = 1/2) and 173Yb (I = 5/2)
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Conclusions

Outlook

● applications to quantum computing and precision  
   measurements

Alkaline-earth atoms for quantum simulation [Nature Phys. 6, 289 
(2010)]:

● Analyze new models
● Alkali dimers, ions

● few-body (skipped) & many-body experiments

● two-orbital SU(N) Hubbard model
     - the Kugel-Khomskii model
     - SU(N) antiferromagnets
     - SU(N) Kondo lattice model

● few-qubit quantum registers 

Alkaline-earth atoms for quantum information processing 
[PRL 102, 110503 (2009)]:

● possible insights into strongly-correlated systems in 
   condensed matter

Thank you

● Clock shifts: 
PRL 103, 260402 (2009)
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