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S = 1/2

The Hubbard model captures the most essential features of 
interacting electrons in a lattice.
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SPIN EXCHANGE

H = J∑
⟨i,j⟩

⃗Si ⋅ ⃗Sj

In the large-U limit, the Hubbard model at half-filling reduces to 
the Heisenberg model.

Large U: Mott insulator
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Antiferromagnetic

Square lattice with nearest neighbour interactions.

Ferromagnetic
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Conventional magnets typically order below a 
critical temperature.
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Frustrated magnets cannot satisfy all interactions simultaneously.

Simplest example: Ising antiferromagnet on a triangle
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Frustrated magnets cannot satisfy all interactions simultaneously.

?

Simplest example: Ising antiferromagnet on a triangle
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Frustrated magnets often have an extensive ground state 
degeneracy.
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Antiferromagnetic Ising model on triangular lattice…
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Spin liquid Paramagnet

Lack of ordering leads to a strongly correlated spin liquid.

T
NO SYMMETRY BREAKING

STRONG CORRELATIONS NO CORRELATIONS
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The resonating valence bond (RVB) liquid: proposed ground 
state for antiferromagnetically interacting spins.

Fig: L. Balents, Nature 464, 199 (2010)
P. Fazekas and P. W. Anderson, Philosophical Magazine 30, 423 (1974)

P. W. Anderson, Materials Research Bulletin 8, 153 (1973)

−
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• First example of a quantum spin liquid

• Quantum technology: Long-range entanglement, topological order and 
fractionalisation

• High-Tc superconductivity

• Traditionally, the search for RVB liquids has been through frustrated 
magnetic exchange interactions

There has been an intensive search for RVB liquids for 
several reasons.
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Anderson’s original proposal has until now evaded discovery.
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Instead of forming an RVB spin liquid…

H = J∑
⟨i,j⟩

⃗Si ⋅ ⃗SjJ

+…
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… the Heisenberg model on the triangular lattice orders in 
a 120 degree phase.

H = J∑
⟨i,j⟩

⃗Si ⋅ ⃗SjJ
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Different approach: kinetic frustration from doping

Jt
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The Nagaoka effect: Doping leads to effective FM spin exchange.

H = − t ∑
⟨i,j⟩ σ

Piσc†
iσcjσPjσ + h . c .

1 2 3 4

8 7 6 5

9 10 11 12

16 15 14 13

Nagaoka, Phys. Rev. 147, 392 (1966)
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The Nagaoka effect: Doping leads to effective FM spin exchange.

|GS⟩ =
1

Nsector
∑
n,σn

| ⃗rn, σn⟩,

H = − t ∑
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E = − z | t |
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FM sector:

Non-bipartite lattices are kinetically frustrated. 
Simple example: single hole on a triangle.

|FM⟩ = + | ⋅ ↑ ↑ ⟩
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The counter-Nagaoka effect has been studied on the 
triangular lattice.



Also the pure hopping Hamiltonian on the triangular lattice 
orders in the 120 degree phase.

H = J∑
⟨i,j⟩

⃗Si ⋅ ⃗SjJH = − t ∑
⟨i,j⟩ σ

Piσc†
iσcjσPjσ + h . c .t
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H = J∑
⟨i,j⟩

⃗Si ⋅ ⃗Sj

J > 0 : Antiferromagnetic

J

J

Classical spins: classical spin liquid

Quantum spins: unclear

Pyrochlore lattice: corner sharing tetrahedra

The pyrochlore lattice has received much attention in the 
search for spin liquids due to its high degree of frustration.

Y2Ir2O7 Cu4O3
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For the full pyrochlore lattice, the ground state energy is 
lower bound by -4t.

t
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For the full pyrochlore lattice, the ground state energy is 
lower bound by -4t.
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t

E = -4t is met by the RVB wave function with one singlet per 
tetrahedron in the thermodynamic limit.

arXiv:2408.03372
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Conjectured wave function is the ground state for 16, 24, 32, 
36 and 48 sites, as shown by numerics (ED and DMRG).

EGS = − 4t

+…
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Relaxing the infinite-U constraint: the t-J model
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We find the doping-induced RVB state to be stable also 
upon adding small exchange interactions.
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J

The n.n. RVB state is realised in a realistic system through doping

We propose kinetic frustration as a novel route in the search for QSLs
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