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Optical lattices of cold atoms

Superfluid-Mott insulator phase transition, MPQ, Munich.
[ Greiner, Mandel, Esslinger, Hänsch & Bloch, Nature 2002 ]



Optical lattices of cold atoms II

Hamiltonian: Bose-Hubbard model for two-state atoms:

H = Ja

∑
k

aka†k+1 + a†kak+1

+ Jb

∑
k

bkb†k+1 + b†kbk+1

+
∑

k

Uana,k (na,k − 1)

+ Ubnb,k (nb,k − 1) + Uabna,knb,k .

Tunneling between sites for species a and b, self-interaction for
species a and b, and interaction between the two species.



Trapping atoms in an optical lattices

The idea of trapping with light is that they can trap the atoms such
that the atoms "feel a force" towards areas with a high light
intensity.

This happens when they use red detuning, that is, they use a
frequency smaller than the energy difference between the ground
state and the excited state of a two-state atom. (It can also
happen that they feel a force towards low areas with a low light
intensity, when they use blue detuning.)

This is the basis of optical dipole traps for neutral atoms.

See Eqs. (15) and (16), and Fig. 1 in
R. Grimm, M Weidemüller, and Y. B. Ovchinnikov,
Advances in Atomic, Molecular and Optical Physics Vol. 42, 95-170 (2000);
link: https://arxiv.org/abs/physics/9902072.

https://arxiv.org/abs/physics/9902072


Controlled collisions I
We will now review the paper
O. Mandel, M. Greiner, A. Widera, T. Rom, Th. W. Hänsch and I. Bloch,
Controlled collisions for multi-particle entanglement of optically trapped atoms,
Nature 425, 937 (2003).

In the experiment described in the paper, they use two potentials
for two atomic states

Atoms in the two basis states can be trapped by different
potentials

An atom can be delocalized by several lattices sites.



Controlled collisions II
Two-particle example. They start from a |00〉z state.

They create an |11〉x state by a π/2 rotation around the y -axis.

They move the optical lattice trapping atoms in state |1〉 with
respect to the lattice trapping atoms in state |0〉

Note the term |1〉j+1|0〉j+1, which corresponds to the case that the
two atoms are at the same site.



Controlled collisions III

Atoms on the same site interact with each other, due to that the
term |1〉j+1|0〉j+1, picks up a phase

This way they realize a two-qubit unitary gate

U = diag(1,1, exp(−iφ),1) ≡ exp
(
−i
1 − σz

2
⊗
1+ σz

2
φ
)
.

After another π/2 pulse (rotating back) we obtain

Thus, for φ = π, we get the Bell state. For φ = 2π, we obtain again
the initial state.



Controlled collisions IV

For three particles, we can produce a Grenberger-Horne-Zielinger
(GHZ) state

For more three particles, we can produce a so-called cluster state.
It is a highly entangled state



Controlled collisions V

The dynamics for N particles is

U = exp

−i
N−1∑
n=1

1 − σ
(n)
z

2
⊗
1+ σ

(n+1)
z

2
φ

 .
Apart from local unitaries, this is an Ising dynamics.

This can be considered as two-qubit phase gates acting in
paralelel:

U = U12U23...U(N−1)N ,

where the two-qubit gate is

Un(n+1) = exp

−i
1 − σ

(n)
z

2
⊗
1+ σ

(n+1)
z

2
φ

 .
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