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a problem:

J= Jfree + Jbound
VxM= Jbound

so define: [B _ Mo(H + M)J
VxH= Jfree
but:
V-H=-V-M )

Bohr-van Leeuwen theorem
p=mv + qA
L 7 = [ [+ [ exnoB(rpid) dry-dex dpy - dp
In a magnetic field, we replace p; by p; — ¢A
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/Magnetism is fully quantum mechanical )
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(" Magnetism is fully quantum mechanical
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Dipolar fields
B%(r) = D (r)m”
3ror?
- s ()

NN

Wop e

=N\ | /5 =

IBI

=27/ NN ==
S RN RN N

T TLTLTL
LTI T LTI T
TITITLTLTLTITITLTLT L antiferromagnet

ITUTLTITITLTATLTITT
TITLTLTLTITITLTLTLTL

(SRRRRRRRRRRRRRRNNAN
(RRRRRRRRRRRRNNNNR
TITTTITTTTTTTIIT ferromagnet
T
(ARRRRRRRRRRRRRRNNRN

Louis Néel
(1904-2000)

Energy terms:

h? 72
« Kinetic ener ——= = eV
¥ 2m L2
62
« Coulomb energy = eV
4meqL

« Size of atom given by balance of these two terms

e Spin-orbit ~ meV
* Magnetocrystalline anisotropy ~ ueV
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Why do you get H, and not He,?
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Eigenfunctions: o= (| y,>+ [yg>)/V2 (Symmetric, bonding)
0" = (|y,> - [Yg>)/V2 (Antisymmetric, antibonding)
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Consider 2 electrons: their spins can combine to form either an antisymmetric
singlet state ys (S = 0) or a symmetric triplet state yr (S = 1). The wave
function, which is a product of spatial and spin terms, must be antisymmetric
overall. Hence:

Vs = [i(r)va(rs) + i (r2)va(r)] xs
Up = [Ui(r)a(rs) = ¥a(r2)ve(ry)] xr
The energies of the two possible states are

Es = /W;H\I’Sdrldl‘g

Ep = / Uk HUp dry dry
so that the difference between the two energies is
Es—Er= 4/ 7 (01) 05 (r2) Hiby (v0) o (1) dry dry.

The energy is then E = %(ES +3E7) — (Es — Er)S1 - S2. The spin-dependent
term can be written H™ = —JS; - S,.
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« Interaction between pair of spins motivates the
general form of the Heisenberg model:

H = _Zij JijSi - S;

« The quantity Jij gives the exchange energy
between two spins. Be very careful on the factor
of two between different conventions of the
definition of J.
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“J convention” “2.J convention”
J 2J
2 spins: 2 spins:
—JS1-Sy —2JS1-S9
many spins: many spins:
— igj Jijsz' . S]‘ -2 z%] Jijsi . Sj
7§%Jijsi-sj' —jszierSj
J
-5 ¥ S;-S; —-J = S;-S;
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20
« Interaction between pair of spins motivates the
general form of the Heisenberg model:
H = — Zij JijSi - Sj
« Direct exchange: important in many metals such
as Fe, Co and Ni
* Superexchange: exchange interaction mediated
by oxygen. This leads to a very long exchange
path. Important in many magnetic oxides, e.g.
MnO, La,CuOQ,.
22
Superexchange
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Toy model for superexchange
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Toy model for superexchange
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Toy model for superexchange
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Toy model for superexchange
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1|2 345670
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K CaSc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr‘
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te w
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Alkali metals Halogens
Transition metals Noble gases =

traditional technology uses Fe, Co, Ni and alloys — plus the physics of metals
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¢+ ¢ « Transition metal

(3d) ions
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Partially filled 3d shell gives
rise to a magnetic moment
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+ ¢ « Transition metal
(3d) ions

G—E
@

Cull = 3d°

C—®
®
Cr—&)
@)

®
E—

Partially filled 3d shell gives
rise to a magnetic moment
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A parable: p-orbitals
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real eigenfunctions, for V(r) which is real
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A parable: p-orbitals
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Jahn-Teller distortion in a 3d* ion
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Goodenough-Kanamori-Anderson (GKA) rules

Exchange interaction of two half-filled orbitals is strong and
antiferromagnetic

— b v

If this overlap is at 90°, exchange interaction is weak and ferromagnetic

— e ®

Exchange interaction of half-filled with/fempty (or doubly-occupied)
orbital is weak and ferromagneti
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e, orbitals
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In the next lecture:

* spin waves

« frustration

* phase transitions
* metallic magnets
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e, orbitals x=y
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t,q orbitals
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