Lecture 4
Magnetic Properties

Wave packet in electromagnetic field
Field modified density of states
Magnetic moment and Magnetization
Cyclotron orbit and guantization

Spin degenerate bands and effective
Hamiltonian



Construction of Wave Packets
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Equations of motion to first order in fields
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Chang & Niu, PRL 1995, PRB 1996, Sundaram & Niu PRB 1999



Evolution of the Phase-Space Volume
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Field-Dependent Density of States

Phase space volume of a quantum state
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Statistical physics — Density of states
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Orbital Magnetic Moment
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Orbital Magnetization
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A Pictorial Explanation

* Magnetic moment contribution (self-rotation)

* Berry-phase contribution (center of mass motion)

Anomalous velocity
at boundary
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Cyclotron Motion

. . : vx B
hk = —e
Equation of motion ‘“TT /B O

Period f dt = %
i1 ‘k|

Assume (1) energy dispersion ~ k?; (2) rotational
symmetry about z-axis:

eB 1
Cyclotron frequency Ve = T T (e/h)B - €




High-field Hall effect (@w.7>> 1)

In ferromagnets, the Hall current consists of the ordinary
Hall current and the anomalous Hall current
JH = JoH + JAH
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(Assume the magnetic field is parallel with the Berry curvature)
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Field-Dependent Fermi Volume

B Electron Density
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de Haas-van Alphen Oscillations

Quantization condition A = 2meB

Area of extremal h
orbits .
()= 52 [ ko
3 Jvp
A9 = 277;53 (n Phase shift to the

oscillation

No Berry phase shift in 2D single band




Spin degenerate bands

Internal degree of
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Non-abelian Berry
curvature F
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Culcer, Yao & Niu, PRB, 2005
Shindou & Imura, Nucl. Phys. B, 2005
Chang & Niu, 2008 (review)



Applications

» Dirac bands N,

Semiconductor bands
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TAEBLE I: Berry connection, Berry curvature, and orbital angular momentum of the wavepacket in thres disjoint subspaces of
the 8-band Kane model. Only the leading order [in FrJ terms are shown, £y and A are the conduction-valence band gap and
the spin-orbit gap, & and J are the spin-1,/2 and spin-3/2 angular momentum matrices, and V' = k{5 |pe| X} /0.
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Zeeman energy
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Spin 1s a spin after all |
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Quantization of semiclassical dynamics

 Physical variables are not canonical
— because of Berry curvature and magnetic field

 Canonical variables are not physical

— Generalization of
Peierls substitution
— Gauge dependent

r=r. — R(k;) — G(k.),
e
p =k, —eA(r.) — ;B x R(Kk¢)

where G,(k:) = (¢/h)(R x B) - IR/ 0k .

M.C. Chang and QN (2008)



Effective Quantum Mechanics

* WavepaCket energy H(rc- kc) - E()(kc) - (?Qﬁ(l‘c) + %ﬁ(ku) ‘B

« Energy in canon
variables

* Quantum theory
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Summary

Berry-phase modified electron dynamics
Field-dependent density of states
Orbital moment and magnetization
Cyclotron orbit and quantization

Spin degenerate bands and etfective
Hamiltonian
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