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nIr ˆ2πµ =�

electromagnet permanent magnet

e-

There are more, but let’s not worry about these for now:
- Orbital motions of electrons may also add 
to the electronic magnetic moment
- Protons and neutrons in nuclei also have 
magnetic moments.
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Pauli exclusion principle working…

Cr3+: 3d34s0
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Antiferromagnetic Ising spins
(if only up or down 

orientations are allowed)

?

Infinite number of 
degenerate ground strates!

infinite lattice
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Residual entropy due 
to proton disorder

Structure of ice
(spheres are oxygen)

O OH

2.76A

0.96A
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Magnetic Cr3+ ions form a lattice of corner-shared tetrahedra
Similar lattices are found in spinel (AB2O4) B-sites or pyrochlores (A2B2O7)
If the lattice is cubic, antiferromagnetic spins won’t order down to 0 K!

Magnetic exchange energy between a pair of 
spins is E = Jij Si·Sj. If Jij > 0, then  Si and Sj
will become antiparallel to each other

frustrated

?

?
?

?

unfrustrated

CdCr2O4
ZnCr2O4

But CdCr2O4 eventually orders at 
very low temperatures. How?
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Magnetic susceptibility
χ = dM/dH

M: magnetization of the material
H: applied magnetic field

susceptibility                            inverse susceptibility

: indication of the strength of the 
antiferromagnetic interaction

: strong frustration1
TN

CW >>
Θ
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Magnetic diffraction intensity
Lattice strain ε = (a-ao)/ao

magnetic

nuclear

Elastic neutron scattering

ordered frustrated
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These vibrational modes occur as a result of the balance 
between a tendency for fluctuation (thermal or kinetic 
energy) and a restoring force (potential energy).
They are long-range in space and long-lived in time.

Question: 
What if there are no restoring forces?
What if the ordered pattern changes with time?

We use neutron spectroscopy to 
study the dynamics of solids
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How can we place antiferromagnetic spins on this lattice and get the lowest energy? 
The reasonable approach is to have as many antiparallel pairs as possible.

*IF* this is how the 
degenerate ground 
states look like, how 
do we calculate the 
corresponding Q-
dependence of the 
neutron scattering 
intensity?
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