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Resonant transition when E≈U
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Adiabatic transition to the AF state
• High magnetic 
field: spins align 
with field

= = Direct spin imaging
preliminary

Modulation 
spectroscopy: turn 
double occupancy into 
single occupancy

Bakr et al., Nature 462, 74 
(2009)

Bakr et al., Science.1192368 
(June 2010)
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• Low magnetic 
field: 
antiferromagnetic 
interactions 
dominate, 
producing Neel 
order

Adiabatic transition to the AF state
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field: spins align 
with field
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Direct detection of AF order

Modulation 
spectroscopy: turn 

double occupancy into 
single occupancy

=

=

Bakr et al., arXiv:1105.5834
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Direct measurement of Neel order parameter

Gradient E/U
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 2d: phases, degeneracy and excitations depend on:

• lattice geometry

• tilt direction

• effective three-body interaction negligible?

 

• filling of parent Mott insulator

✔
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e

n0 = 1

Hilbert space and effective Hamiltonian of quantum dimer model
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GS = + + + ...

• Dipole liquid ground state: 
equal amplitude superposition of all classically allowed dipole coverings

• exponentially decaying correlations

• gapped excitations

• no broken symmetry
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Near-diagonally tilted decorated square lattice
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Figure 5.9: a) Perfectly ordered state which is a ground state in the limit ∆x → −∞,
∆y �= −∞. In this state there are no dipoles in y direction, and so there cannot be any
coupling between the chains. The ground state degeneracy in this limit is 2Ly and the
system is well described by a collection of uncoupled Ising chains. b) Two different
kinds of domain wall excitation. We will refer to the kind shown in the top row as
‘visible’ domain walls, as there is one unit cell which cannot have a dipole aligned in x
direction. This unit cell will reduce its energy by fluctuating between the states zero,
up, and down. The neighboring chains can see this domain wall as it takes away sites
for them to fluctuate: it is energetically favorable for them not to have the same kind
of domain wall at the same x coordinate. An ‘invisible’ domain wall, which costs no
energy, is shown in the bottom row. This kind of domain wall cannot be seen by the
neighboring chains. Note that these two different kinds of domain wall always come
in pairs.

1d Ising transition

λx = −1.31
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Figure 5.9: a) Perfectly ordered state which is a ground state in the limit ∆x → −∞,
∆y �= −∞. In this state there are no dipoles in y direction, and so there cannot be any
coupling between the chains. The ground state degeneracy in this limit is 2Ly and the
system is well described by a collection of uncoupled Ising chains. b) Two different
kinds of domain wall excitation. We will refer to the kind shown in the top row as
‘visible’ domain walls, as there is one unit cell which cannot have a dipole aligned in x
direction. This unit cell will reduce its energy by fluctuating between the states zero,
up, and down. The neighboring chains can see this domain wall as it takes away sites
for them to fluctuate: it is energetically favorable for them not to have the same kind
of domain wall at the same x coordinate. An ‘invisible’ domain wall, which costs no
energy, is shown in the bottom row. This kind of domain wall cannot be seen by the
neighboring chains. Note that these two different kinds of domain wall always come
in pairs.
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Figure 5.9: a) Perfectly ordered state which is a ground state in the limit ∆x → −∞,
∆y �= −∞. In this state there are no dipoles in y direction, and so there cannot be any
coupling between the chains. The ground state degeneracy in this limit is 2Ly and the
system is well described by a collection of uncoupled Ising chains. b) Two different
kinds of domain wall excitation. We will refer to the kind shown in the top row as
‘visible’ domain walls, as there is one unit cell which cannot have a dipole aligned in x
direction. This unit cell will reduce its energy by fluctuating between the states zero,
up, and down. The neighboring chains can see this domain wall as it takes away sites
for them to fluctuate: it is energetically favorable for them not to have the same kind
of domain wall at the same x coordinate. An ‘invisible’ domain wall, which costs no
energy, is shown in the bottom row. This kind of domain wall cannot be seen by the
neighboring chains. Note that these two different kinds of domain wall always come
in pairs.
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Figure 5.9: a) Perfectly ordered state which is a ground state in the limit ∆x → −∞,
∆y �= −∞. In this state there are no dipoles in y direction, and so there cannot be any
coupling between the chains. The ground state degeneracy in this limit is 2Ly and the
system is well described by a collection of uncoupled Ising chains. b) Two different
kinds of domain wall excitation. We will refer to the kind shown in the top row as
‘visible’ domain walls, as there is one unit cell which cannot have a dipole aligned in x
direction. This unit cell will reduce its energy by fluctuating between the states zero,
up, and down. The neighboring chains can see this domain wall as it takes away sites
for them to fluctuate: it is energetically favorable for them not to have the same kind
of domain wall at the same x coordinate. An ‘invisible’ domain wall, which costs no
energy, is shown in the bottom row. This kind of domain wall cannot be seen by the
neighboring chains. Note that these two different kinds of domain wall always come
in pairs.
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Figure 5.9: a) Perfectly ordered state which is a ground state in the limit ∆x → −∞,
∆y �= −∞. In this state there are no dipoles in y direction, and so there cannot be any
coupling between the chains. The ground state degeneracy in this limit is 2Ly and the
system is well described by a collection of uncoupled Ising chains. b) Two different
kinds of domain wall excitation. We will refer to the kind shown in the top row as
‘visible’ domain walls, as there is one unit cell which cannot have a dipole aligned in x
direction. This unit cell will reduce its energy by fluctuating between the states zero,
up, and down. The neighboring chains can see this domain wall as it takes away sites
for them to fluctuate: it is energetically favorable for them not to have the same kind
of domain wall at the same x coordinate. An ‘invisible’ domain wall, which costs no
energy, is shown in the bottom row. This kind of domain wall cannot be seen by the
neighboring chains. Note that these two different kinds of domain wall always come
in pairs.
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Figure 5.9: a) Perfectly ordered state which is a ground state in the limit ∆x → −∞,
∆y �= −∞. In this state there are no dipoles in y direction, and so there cannot be any
coupling between the chains. The ground state degeneracy in this limit is 2Ly and the
system is well described by a collection of uncoupled Ising chains. b) Two different
kinds of domain wall excitation. We will refer to the kind shown in the top row as
‘visible’ domain walls, as there is one unit cell which cannot have a dipole aligned in x
direction. This unit cell will reduce its energy by fluctuating between the states zero,
up, and down. The neighboring chains can see this domain wall as it takes away sites
for them to fluctuate: it is energetically favorable for them not to have the same kind
of domain wall at the same x coordinate. An ‘invisible’ domain wall, which costs no
energy, is shown in the bottom row. This kind of domain wall cannot be seen by the
neighboring chains. Note that these two different kinds of domain wall always come
in pairs.
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Figure 5.9: a) Perfectly ordered state which is a ground state in the limit ∆x → −∞,
∆y �= −∞. In this state there are no dipoles in y direction, and so there cannot be any
coupling between the chains. The ground state degeneracy in this limit is 2Ly and the
system is well described by a collection of uncoupled Ising chains. b) Two different
kinds of domain wall excitation. We will refer to the kind shown in the top row as
‘visible’ domain walls, as there is one unit cell which cannot have a dipole aligned in x
direction. This unit cell will reduce its energy by fluctuating between the states zero,
up, and down. The neighboring chains can see this domain wall as it takes away sites
for them to fluctuate: it is energetically favorable for them not to have the same kind
of domain wall at the same x coordinate. An ‘invisible’ domain wall, which costs no
energy, is shown in the bottom row. This kind of domain wall cannot be seen by the
neighboring chains. Note that these two different kinds of domain wall always come
in pairs.
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Figure 5.9: a) Perfectly ordered state which is a ground state in the limit ∆x → −∞,
∆y �= −∞. In this state there are no dipoles in y direction, and so there cannot be any
coupling between the chains. The ground state degeneracy in this limit is 2Ly and the
system is well described by a collection of uncoupled Ising chains. b) Two different
kinds of domain wall excitation. We will refer to the kind shown in the top row as
‘visible’ domain walls, as there is one unit cell which cannot have a dipole aligned in x
direction. This unit cell will reduce its energy by fluctuating between the states zero,
up, and down. The neighboring chains can see this domain wall as it takes away sites
for them to fluctuate: it is energetically favorable for them not to have the same kind
of domain wall at the same x coordinate. An ‘invisible’ domain wall, which costs no
energy, is shown in the bottom row. This kind of domain wall cannot be seen by the
neighboring chains. Note that these two different kinds of domain wall always come
in pairs.
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Figure 5.9: a) Perfectly ordered state which is a ground state in the limit ∆x → −∞,
∆y �= −∞. In this state there are no dipoles in y direction, and so there cannot be any
coupling between the chains. The ground state degeneracy in this limit is 2Ly and the
system is well described by a collection of uncoupled Ising chains. b) Two different
kinds of domain wall excitation. We will refer to the kind shown in the top row as
‘visible’ domain walls, as there is one unit cell which cannot have a dipole aligned in x
direction. This unit cell will reduce its energy by fluctuating between the states zero,
up, and down. The neighboring chains can see this domain wall as it takes away sites
for them to fluctuate: it is energetically favorable for them not to have the same kind
of domain wall at the same x coordinate. An ‘invisible’ domain wall, which costs no
energy, is shown in the bottom row. This kind of domain wall cannot be seen by the
neighboring chains. Note that these two different kinds of domain wall always come
in pairs.
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Figure 5.9: a) Perfectly ordered state which is a ground state in the limit ∆x → −∞,
∆y �= −∞. In this state there are no dipoles in y direction, and so there cannot be any
coupling between the chains. The ground state degeneracy in this limit is 2Ly and the
system is well described by a collection of uncoupled Ising chains. b) Two different
kinds of domain wall excitation. We will refer to the kind shown in the top row as
‘visible’ domain walls, as there is one unit cell which cannot have a dipole aligned in x
direction. This unit cell will reduce its energy by fluctuating between the states zero,
up, and down. The neighboring chains can see this domain wall as it takes away sites
for them to fluctuate: it is energetically favorable for them not to have the same kind
of domain wall at the same x coordinate. An ‘invisible’ domain wall, which costs no
energy, is shown in the bottom row. This kind of domain wall cannot be seen by the
neighboring chains. Note that these two different kinds of domain wall always come
in pairs.
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