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Ferromagnetism

Below a critical temperature (called the Curie temperature) a
magnetization spontaneously appears in a ferromagnet even in
the absence of a magnetic field.

Iron, nickel, and cobalt are ferromagnetic.

Ferromagnetism overcomes the magnetic dipole-dipole
interactions. Is arises from the Coulomb interactions of the
electrons. The energy that 1s gained when the spins align 1s
called the exchange energy.



Mean field theory (Molekularfeldtheorie)
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Mean field theory

V .

B, . = zJM
NG

Z 1s the number of nearest neighbors

In mean field, the energy of the spins 1s

1
E = izg/uB(BMF +B,)

We calculated the populations of the spins in the paramagnetism
section



Spin populations
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Mean field theory

For zero applied field

M = Mg tanh LM
TM

S
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M, = saturation magnetization T, = Curie temperature



M = Mg tanh

Mean field theory
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Ferromagnetism

Material Curie temp. (K)

Co

Fe
FeOFe,0,
NiOFe,0,
CuOFe,0,
MgOFe,0,
MnBi

N1

MnSb
MnOFe,0,
Y;3Fes0p,
CrO,
MnAs

Gd

Dy

EuO
Nd,Fe,,B
Sm,Co

1388
1043
858
858
728
713
630
627
587
573
560
386
318
292
88
69
353
700

Electrical insulator
M, = 10 M(Fe)
rare earth magnets



Curie - Weliss law
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Above T, we can expand the hyperbolic tangent tanh(X) ~ x  for X << 1

Mo~ Lg2ul N VM +B,
4 VK T | Ng2z

Solve for M
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Critical fluctuations near T,



Ferromagnets are paramagnetic above T,

Paramagnetiﬁm Ferromagnetism
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Magnetic ordering

Ferromagnetism
Ferrimagnetism
Antiferromagnetism

Helimagnetism

All ordered magnetic states
have excitations called
magnons
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Ferrimagnets

Magnetite Fe;O,
(Magneteisen)

Ferrites MO-Fe, O,

M = Fe, Zn, Cd, N1, Cu,
Co, Mg

Pvtvtety
Two sublattices A and B.
Spinel crystal structure XY,O,

8 tetrahedral sites A (surrounded by 4 O) Spg T
16 octahedral sites B (surrounded by 6 O) 9uy, \!

per unit cell



Ferrimagnets

Magnetite Fe;O,

M = Fe, Zn, Cd, Ni,
Cu, Co, Mg

Pyttt

Exchange integrals J,,, Jag, and
Jgg are all negative (antiparallel
preferred)

[Jagl > anlsJgsl



Mean field theory

Heisenberg Hamiltonian H ==Y J;;S;-S; — 94, BZ S,

T

Exchange energy

Mean field approximation
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Mean field theory

The spins can take on two energies. These energies are different
on the A sites and B because the A spins see a different

environment as the B spins. 1
EA:iEg/uB(BMF,A-I_Ba) Eg :izg/uB(BMF,B-i_Ba)

Calculate the average magnetization with Boltzmann

factors: (B . ) (B . )
+ +
M, = Nz tanh| A MFA T Za M, = N tanh| ZAMF8 T Za
KgT KgT

M =M . tanh IUOIUABM gt ﬂoﬂAAM AT /UBac
A s, A kBT

M. =M . tanh| Hotae M+ sty piggM g + 1B,
B s,B kBT



Tvtvtaty

Ferrimagnetism

gauss = 104 T
oersted = 104/4nx107 A/

Mg (71|

D. Gignoux, magnetic
properties of Metallic
systems

Table 33.3

SELECTED FERRIMAGNETS, WITH CRITICAL
TEMPERATURES 7; AND SATURATION
MAGNETIZATION M,

MATERIAL 1. (K) M, (gauss)®
Fe,O, (magnetite) 858 510
CoFe,0, 793 475
NiFe,O, 858 300
CuFe,0, 728 160
MnFe,O, 573 560
Y,Fe 0., (YIG) 560 195

*At T = 0(K).
Source: F.Keffer, Handbuch der Physik, vol. 18, pt. 2, Springer, New York,
1966.

Kittel



Antiferromagnetism

Negative exchange energy J,g < 0.

titetitd

At low temperatures, below the Neel temperature Ty, the
spins are aligned antiparallel and the macroscopic
magnetization is zero.

Spin ordering can be observed by neutron scattering.
At high temperature antiferromagnets become

paramagnetic. The macroscopic magnetization is zero and
the spins are disordered 1n zero field.

M, C / Curie-Weiss

_|_
B T+0O temperature




Antiferromagnetism titit}1t]

Average spontaneous magnetization 1s zero at all temperatures.
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Table 2 Antiferromagnetic crystals T l T l T l T l

MnO
MnS
MnTe
MI}FQ
FeF,
FeCl,
FeO
CoCl,
CoO
NiCl,
NiO
Cr

Substance

Paramagnetic

ion lattice

T,

Transition
temperature,

in K

fce 116
fee 160
hex. layer 307
bc tetr. 67
be tetr. 79
hex. layer 24
fee 198
hex. layer 25
fee 291
hex. layer 50
fee 525
bee 308

Paramagnetism Ferromagmnetism
Susceptibility x X .
Complex,
behavior]

! 1 i
Ny x=2Sr
Curie law iss law

Curie-Weiss

f.in K

610
528
690
82
117
48
570
38.1
330
68.2
~2000

Antiferromagnetism
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2.25
1.24
1.48
2.0
2.9
1.53
1.14
1.37
~4

<0.2
0.8

from Kittel



