The Spin Ices

* The Spin Ices are the insulating compounds
(Ho,Dy),(T1,Sn),0- where the magnetic ions
(Ho,Dy) sit on a pyrochlore lattice

* Low energy degrees of freedom are spins with a
strong easy axis anisotropy that points in the
local [111] direction (locally Ising — 4 different
orientations).

* The spins are classical and interact dominantly
via their dipolar interaction
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Pyrochlore lattice




The ‘dumbell’ model

Dipole =~ pair of opposite charges (i1 = ga):
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* v x ¢ /r is the usual Coulomb interaction (regularised):
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Origin of the ice rules

Choose a = a4, separation between centres of tetrahedra

Resum tetrahedral charges ), = > .., ¢
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* |ce configurations (¢, = 0) degenerate=- Pauling entropy!



+ Pauling estimate of ground state
entropy Sp = In V4
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* microstates vs. constraints;
N spins, N/2 tetrahedra



Conservation law

Orient bonds on the dual diamond lattice from one sublattice to the other

Define a vector field on bonds

B%(x) = S%(x)é(x)

E Sa(x) — on each tetrahedron in grounds states, implies
Sa
V - BY = at each dual site

Second ingredient: rotation of closed loops of B connects ground states
Which implies large density of states near B_, = 0



Using these “magnetic” fields we can construct a coarse grained partition

function
Z Z 6 -» fd%z Ba
Spin configs Be(x)

Solve constraint B=Vx A to get Maxwell theory for gauge field
Z e~ > K [dB3x >, (VxA™)2
Aa(x)

Leads to dipolar spin correlations.
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Flipping spin creates two ice rule violating
tetrahedra which can be separated to infinite
distance as finite free energy cost —
fractionalized monopoles. These are monopoles

in two senses.



First, they are charged under the emergent
gauge field.

VeB=12

The entropy of the background spins depends
upon their separation and leads to an entropic
Coulomb interaction between monopole-
antimonopole pair:

F(F) = —#
.

Second, the are “charged” under the
magnetostatic gauge field. More precisely we
see that in the dumbbell model they have an
energetic Coulomb interaction with charge g
introduced earlier



Deconfined magnetic monopoles

Dumbell Hamiltonian gives

« magnetic Coulomb interaction

* deconfined monopoles
- charge ¢, = 2u/a =

(21 o) (Ao /2maq)qp

- monopoles in A, not B
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Experiments: |

Macroscopic low temperature entropy (Ramirez et al, 1999)
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Il: Interacting Coulomb Liquid
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lll: Measuring the gauge fluctuations
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