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Magnetism:  A Brief History

Introduction to Classical
Frustrated Magnetism

What is Frustration (for Spins) ??

Spin Ice Basics

Magnetic Monopoles
in Spin Ice
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Ferromagnetism

Thermal Properties  (Curie,Weiss)
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Quantum Mechanics Necessary

      for Magnetism!!

    (Bohr-van Leeuwen Theorem)

Heisenberg Model



MnO:  An Experimentally Verified AFM!

 3Shull, Strauser and Wollan

More neutron reflections

at T = 80 K than at

      T = 240 K !
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AFM = Semiclassical Spins + Zero-Point Fluctuations

Neel good for d > 1   !!!

“Melting” argument

(Anderson, Kubo)



•
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 Frustration  !!

All interactions cannot be satisfied simultaneously  

                 One Bad Bond per Plaquette



 Frustration  !!

 “flippable spins” have zero exchange field

What happens at 
     low T  ???
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 Frustration   

Large Ground-state Degeneracy Hallmark of Frustration  
       (Crucial:  Local Degrees of Freedom)  

(Wannier, Houtappel)
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(courtesy:  R. Moessner)



 9(Maxwell 1864) 
(Chalker and Moessner 1998)(courtesy:  R. Moessner)



 10(courtesy:  R. Moessner)



• Local moments: Curie-Weiss law at high T

• Frustration parameter:  f = |ΘCW|/TN  (Ramirez)

• f >>1: wide regime TN < T < |ΘCW|
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Experimental Signature

(courtesy:  L. Balents)  11
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(courtesy:  C. Castelnovo)
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(courtesy:  C. Castelnovo)
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(Pauling 1935)
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Ramirez et al. (99)
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(courtesy:  C. Castelnovo)
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Experiment

 Theory

 (2009)
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Excitations in Spin Ice
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Excitations in Spin Ice
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Visualization of the Dipole to Dumbbell Mapping

(Castelnovo, Moessner and Sondhi, 2008)



 21(courtesy:  C. Castelnovo)



 22(courtesy:  C. Castelnovo)



 23(courtesy:  C. Castelnovo)



 24(courtesy:  C. Castelnovo)



 25(courtesy:  C. Castelnovo)
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Intro to Frustrated Magnets


       Large Ground-state Degeneracy is a Key Feature


       Maxwellian Constraint Counting Scheme


       Experimental Signature


Spin Ice


       Magnetic Analogue of Water Ice with “Ice Rules”


       Artificial Magnetostatics and Emergent Gauge Field


       Magnetic Coulomb Phase with Magnetic Monopoles


       Experiment !!


       Out-of-equilibrium dynamics??  Quantum Spin Ice ??

 

Summary


