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t: hopping

U: interaction

Superexchange

Super-exchange induces spin-interactions J = t2/U

(e) Neighboring atoms
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(g) Particle hops back

will be enhanced in our experiment by

(1)
Small mass 

of Li-7

(2) 
Smaller lattice spacing
by green optical lattice

(3) 
Tunable interaction U 
by Feshbach resonance

⇒ Higher critical temperature for magnetic ordering (kBTc ∼ t2/U)

⇒ Faster spin dynamics within experimentally relevant timescales

Heisenberg model

Anisotropic Heisenberg Model (XXZ model)
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Magnetic phase diagram
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Experimental setup

Design

Realization

1. Zeeman slowing & MOT

Zeeman slower

Magneto-optical trap

2. Sub-Doppler cooling

Similar to Sisyphus cooling
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On the other hand, we can also calculate dW/dt from F:

dW Fv.
dt

Since we evaluate only orders of magnitude, we can keep the
linear expression (3.2) of F, even when v is given by expres-
sion (3.3), so that

dW 2
dt

Equating expressions (3.4) and (3.6) and using expression
(3.3) of v, we finally obtain

a--hk 2 A.

o X/8 A/4 3A/8 A/2 5A/8 z
Fig. 4. Atomic Sisyphus effect in the lin lin configuration. Be-
cause of the time lag r, due to optical pumping, the atom sees on the
average more uphill parts than downhill ones. The velocity of the
atom represented here is such that vrp - X, in which case the atom
travels overs X in a relaxation time TP. The cooling force is then
close to its maximal value.

sponding change of momentum of the laser field because of a
coherent redistribution of photons between the two counter-
propagating waves. Photons are absorbed from one wave
and transferred by stimulated emission to the other wave.
All these processes are conservative and could occur in both
ways. The atom could slide down a potential hill and trans-
form its potential energy into kinetic energy. Optical
pumping is the mechanism of energy dissipation essential
for introducing irreversibility into the process and for pro-
ducing cooling. We see from Fig. 4 that when the atom
reaches the top of the hill, there is a great probability that it
will absorb a laser photon hWL and emit a fluorescence pho-
ton, blue-shifted by an amount corresponding to the light-
shift splitting between the two ground-state sublevels. The
gain of potential energy at the expense of kinetic energy is
dissipated by spontaneous Raman anti-Stokes photons that
carry away the excess of energy. Here also we find a mecha-
nism quite analogous to the one occurring in stimulated
molasses.16 Note, however, that the energy dissipated here
is much smaller, since it corresponds to the light shift of the
ground state at low laser power.

From the previous discussion, we can derive an order of
magnitude of the friction coefficient a appearing in the low-
velocity expression

F= -av (3.2)
of the friction force. It is clear in Fig. 4 that the maximum
value of the friction force occurs when vrp - X/4, i.e., when

kv- r, (3.3)

where r' = 1/Tp. For this value of v, the energy dissipated
during Tp is of the order of -hA' (since A' < 0), so the energy
dissipated per unit time is

dW -hA = -hA'r'. (3.4)
T p

Since all the previous considerations are restricted to the
low-intensity limit (we want to have rF, IA'I << r), A' and r'
are both proportional to the laser intensity. It then follows
from expression (3.7) that the friction coefficient of this new
cooling mechanism is independent of the laser power at low
power. This clearly distinguishes this new friction force
from the usual one occurring in Doppler cooling, which is
linear in laser power. We can still transform expression
(3.7) by using the expressions of r' and A' at low power (Q <<
r). Assuming, in addition, a large detuning (131 >> r) in
order to have in the ground-state light shifts larger than the
level widths, we get

rF' g2r/52,

A, _ Q2/6'

(3.8a)

(3.8b)

so that

a - -hk2 . (3.9)

Note, finally, that the friction coefficient [expression (3.7)
or (3.9)] is large, and even larger (since 11 >> r) than the
optimal friction coefficient for the usual Doppler cooling,
which is of the order of hk 2 .3 ,4 One must not forget, howev-
er, that the velocity capture range of this new friction force,
which is given by expression (3.3), is much smaller than the
velocity capture range for Doppler cooling (given by kv - r).
One can also understand why a is so large, despite the fact
that the size hA'! of the potential hills of Fig. 4 is so small.
We see in expression (3.7) that hIA'I is divided by r', which is
also very small since the optical-pumping time is very long.
In other words, the weakness of dipole forces is compensated
for by the length of the optical-pumping times.

B. Multilevel Atom Moving in a Rotating Laser
Polarization
The laser configuration is now the o-+-a- laser configuration
of Fig. 1(a) for which the laser polarization remains linear
and rotates around Oz, forming an helix with a pitch X. As
shown in Fig. 1(c), the light shifts of the ground-state sublev-
els remain constant when the atom moves along Oz, and
there is no possibility of a Sisyphus effect. Such a result is
easily extended to all values of Jg. If Jg were larger than 1/2,
we would have in Fig. 1(c) several horizontal lines instead of
a single one, since sublevels gm with different values of Iml
have different light shifts and since there are several possible
values for ml when Jg > 1/2.
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3. Magnetic trap & evaporation

Magnetic trap

Position

Magnetic field B

Evaporative cooling

velocity velocity

4. Optical trap

Optical dipole force

Crossed dipole trap

5. Optical lattice
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