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-Origin of Van Vleck magnetism? 
-Why do we still have a degeneracy of the multiplet since we have filled te e- in the boxes? 
-Will you discuss the gyromagnetic ratio for band magnetism, where the apparent gJ  
  takes crazy values? 
-Different ferrimagnetic ordering, antiferromagnetic ordering. Is it important for applications? 
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-Origin of Van Vleck magnetism? 
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En insérant (31.18) dans (31.19) et en retenant les termes quadratiques 
en H ,  on trouve, au second ordre”, 

(31.20) 

L’équation (31.20) constitue la base des théories permettant de calculer la 
susceptibilité magnétique d’atomes, d’ions ou de molécules individuels. Elle 
sous-tend également celles des solides qui peuvent être représentés comme 
une collection d’ions individuels légèrement déformés, c’est-à-dire des solides 
ioniques ou moléculaires. Dans de tels cas, la susceptibilité est calculée ion 
par ion. 

Avant d’appliquer (31.20) à des cas particuliers, observons tout d’abord, 
qu’à moins que le terme linéaire en H ne s’annule identiquement (comme il 
le fait parfois), il sera presque toujours le terme dominant même lorsque le 
champ est très intense (- lo4 G). S’il ne s’annule pas, (n IL, + goS,I n) est de 
l’ordre de l’unité et ainsi 

(31.21) 

Ceci est de l’ordre de lop4  eV lorsque H est de l’ordre de lo4 G (soute- 
nant ainsi notre affirmation précédente selon laquelle les déplacements de 
l’énergie sont petits). Pour estimer le dernier terme de AX, remarquons que 
(n 1x2 + y: I n )  sera de l’ordre du carré de la dimension atomique typique, de 
telle sorte que 

(31.22) 

Puisque e2/ao est environ égal à 27 eV, ce terme est plus petit que le terme 
linéaire (31.21) environ d’un facteur lo-‘, même pour des champs aussi grands 
que lo4 G. On peut également montrer que le second terme de (31.20) est plus 
petit que le premier d’un facteur de l’ordre de liw,/A, où A = min IE, - EA I 
est une énergie d’excitation atomique typique. Dans la plupart des cas, A 
sera assez grand pour rendre ce facteur très petit. 

I I .  La quantité e2 /mc2  peut s’écrire û2a0. 
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de ne considérer que les 2 5  + 1 situés les plus bas, spécifiés par la troisième 
règle. 

Les règles sont plus simples à appliquer que leur description ne le suggère ; 
en effet, en déterminant le multiplet J situé le plus bas pour des ions dans 
un solide, on ne rencontre vraiment que 22 cas présentant un intérêt : i à 9 
électrons dans une couche d ( I  = 2) ou bien 1 à 13 électrons dans une couche 
f ( I  = 3)19. Pour des raisons historiques malheureuses, le multiplet de l’état 
fondamental dans ces cas n’est pas décrit par la simple triade de nombres 
quantiques SLJ. À la place, le moment cinétique orbital L est désigné par 
une lettre, selon le code spectroscopique consacré : 

(31.30) 
L = 0 1 2 3 4 5 6  
X = S P D F G H I  

Le spin est spécifié par le nombre 2 s  + 1 inscrit en exposant précédant la 
lettre, et seul J lui-même est inscrit en indice à droite. Ainsi, le multiplet le 
plus bas est décrit par le symbole : (2s+i )X~.  

Les cas d’intérêt majeur pour l’étude du magnétisme dans les solides sont 
donnés dans la table 31.2. 

31.5 Susceptibilité des isolants contenant 
des ions ayant une couche partiellement 
remplie : paramagnétisme 

I1 y a deux cas à distinguer. 
1. Si J = 0 dans la couche (comme c’est le cas pour des couches qui sont 
à un électron près du demi-remplissage) alors l’état fondamental est non dé- 
généré (comme dans le cas d’une couche remplie) et le terme linéaire dans le 
déplacement en énergie (31.20) s’annule2’. Cependant (en contraste avec le 
cas de la couche remplie), le second terme dans (31.20) n’est pas nécessaire- 
ment nul, et le déplacement de l’énergie de l’état fondamental dû au champ 
sera donné par 

e2 
8mc2 

AEo = - 

(31.31) 

Lorsque le solide contient N/V ions de ce type par unité de volume, la 

19. Les couches p partiellement remplies contiennent des électrons de valence et 
s’élargissent invariablement en bandes dans le solide. Ainsi, la configuration des électrons 
qu’elles contiennent dans le solide ne constitue en aucun cas une légère déformation de la 
configuration de l’atome libre, et l’analyse de ce chapitre est inapplicable. 

20. Ceci provient de la symétrie des états avec J = O ,  comme le montre le problème 4. 



Van Vleck paramagnetism à Another source of paramagnetism (2nd order perturbation 
theory, mixing with excited states)  
weak positive and temperature independent 
plays a role for electric shell 1 e- of being hafl filled like Eu3+. 
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:ouched(l = 2)  

n r, = 2, 1, O, -1, -2  s L = ]ZIZI J 

1 1 
2 1 1  3 
3 1 1 1  312 3 312 
4 1 1 1 1  2 2 O 
5 1 1 1 1 1  512 O 512 

4 

6 l t t t t t  2 2 
I - I t l S t t t  
8 U l t t t t t  1 3 
9 I t l t # l t t  112 2 

IO # l t u # #  0 O O 

:ouchef(/ = 3) 

n 1 , = 3 ,  2, 1, 0 , - 1 , - 2 , - 3  s L = pz/ J 

1 1 

TAB. 31.2 ~ États fondamentaux d’ions de couches f ou d partiellement remplies, 
construits d’après les règles de Hund“. 

Symbole 

2D3/2 

3F2 

4F312 

’Do 
%12 
5D4 

3F4 
2D5/2 

‘So 

4f912 

2 1 1  
3 1 1 1  
4 1 1 1 1  
5 1 1 1 1 1  
6 1 1 1 1 1 1  
1 l l 1 l l l l  
8 l t t t t  t t T 
9 l t l t t  t t t t 

10 i t i t u t  r t t 
11 17 It M It t t t 
12 It lt M lt 1t t t 
13 u -It .It M lt It t 
14 u n lt It It It It 

susceptibilité est égale à 

1 5 

512 5 
3 3 

3 

2 6 
312 6 
1 5 
112 3 
O O 

J = L + S  

- - 
N d2 Eo x=--- V d H 2  

(31.32) 

Le premier terme est simplement la susceptibiliti. diamagnétique de Larnior 
étudiée plus haut. Le second terme a un signe opposé au premier (puisque les 
énergies des états excites &passent nécessairement celle de l’état fondamental). 
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-Why do we still have a degeneracy of the multiplet since we have filled the e- in the boxes? 

Example of unfilled shell 
 

Tb3+ is 4f8, 8 electrons to put in 14 boxes (   = 3) 

With this method, one identifies actually only one orbital of the ground state, 
the one for which  MS=S and ML=L.   



-Will you discuss the gyromagnetic ratio for band magnetism, where the apparent gJ  
  takes crazy values? 

Reformulated as: why do we have values of magnetization per atom  
which are non integral value as in the case of localized magnetism 
In ferromagnetic metals (Co, Ni, Fe)? Ex. 2.2 µB/Fe 

Stoner criterion 
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Chapter 7

Magnetism in metals

Magnetic ordering in metals can be viewed as an instability of the Fermi liquid state. We enter
this new behavior of metals through a detailed description of the Stoner ferromagnetism. The
discussion of antiferromagnetism and spin density wave phases will be only brief here. In Stoner
ferromagnets the magnetic moment is provided by the spin of itinerant electrons. Magnetism
due to localized magnetic moments will be considered in the context of Mott insulators which
are subject of the next chapter.
Well-known examples of elemental ferromagnetic metals are iron (Fe), cobalt (Co) and nickel
(Ni) belonging to the 3d transition metals, where the 3d-orbital character is dominant for the
conduction electrons at the Fermi energy. These orbitals are rather tightly bound to the atomic
cores such that the electron mobility is reduced, enhancing the e�ect of interaction which is
essential for the formation of a magnetic state.
Other forms of magnetism, such as antiferromagnetism and the spin density wave state are found
in the 3d transition metals Cr and Mn. On the other hand, 4d and 5d transition metals within
the same columns of the periodic system are not magnetic. Their d-orbitals are more extended,
leading to a higher mobility of the electrons, such that the mutual interaction is insu⇥cient to
trigger magnetism. It is, however, possible to find ferromagnetism in ZrZn2 where zink (Zn) may
act as a spacer reducing the mobility of the 4d-electrons of zirconium (Zr). The 4d-elements
Pd and Rh and the 5d-element Pt are, however, nearly ferromagnetic. Going further in the
periodic table, the 4f -orbitals appearing in the lanthanides are nearly localized and can lead
to ferromagnetism, as illustrated by the elements going from Gd through Tm in the periodic
system.
Magnetism appears through a phase transition, meaning that the metal is non-magnetic at
temperatures above a critical temperature Tc, the Curie-temperature (cf. Table 7.1). In many
cases, magnetism appears at Tc as a continuous, second order phase transition involving the
spontaneous violation of symmetry. This transition is lacking latent heat (no discontinuity in
entropy and volume) but instead features a discontinuity in the specific heat.

element Tc (K) type element Tc (K) type
Fe 1043 ferromagnet (3d) Gd 293 ferromagnet (4f)
Co 1388 ferromagnet (3d) Dy 85 ferromagnet (4f)
Ni 627 ferromagnet (3d) Cr 312 spin density wave (3d)

ZrZn2 22 ferromagnet �-Mn 100 antiferromagnet
Pd – paramagnet Pt – paramagnet

HfZn2 – paramagnet

Table 7.1: Selection of (ferro)magnetic materials with their respective form of magnetism and
the critical temperature Tc.

131

A spin-dependent electron interaction 
Spontaneously spin-split bands:  
Stoner criterion 

UN(EF ) � 1

146 Magnetism in metals

Fig. 7,5 Density of states showing sponta-
neous splitting of energy hands without an
applied magnetic field.

The molecular field is due to exchange.
Exchange is due to the Coulomb interaction.
In more advanced treatments, the Coulomb
energy is included directly as f r t f / p j which
yields the same result.

Edmund C- Stoner (1899-1968)

In molecular field theory we say that all spins 'feel' an identicai average
exchange field kM produced by all their neighbours. In a metal, the molecular
field can magnetize the electron gas because of the Pauli paramagnetism XP-
The resulting magnetization of the electron gas M would in turn be responsible
for the molecular field. This is a chicken-and-egg scenario (also known as
bootstrapping); can this positive feedback mechanism lead to spontaneous
ferromagnetism? Presumably yes, if X (expressing how much molecular field
you get for a given M) and XP (expressing how much magnetization you get
for a given molecular field) are both large enough.

It is desirable to make the above heuristic argument a little more rigorous!
The question that we need to ask is: can the system as a whole save energy by
becoming ferromagnetic?

Let us first imagine that in the absence of an applied magnetic field we take
a small number of electrons at the Fermi surface from the spin-down band and
place them in the spin-up band. Specifically we take spin-down electrons with
energies from Ef — SE up to EF and flip their spins, placing them in the spin-
up band where they sit with energies from EF up to EF + SE. This situation is
illustrated in Fig. 7.5. The number of electrons moved is $(£?)& E/2 and they
increase in energy by SE. The total energy change is g(Ep)SE/2 x SE. The
total kinetic energy change A£K.R. is therefore

This is an energy cost so this process looks unfavourable. However, the
interaction of the magnetization with the molecular field gives an energy
reduction which can outweigh this cost. The number density of up-spins is
n* — \(n + g(Ep)SE) and the number density of down-spins is «; =
j(n - g(Ef)SE). Hence the magnetization is M = ^(n* - «|), assuming
each electron has a magnetic moment of I uB. The molecular field energy is

Writing Li — /HO/IB^' where V is a measure of the Coulomb energy,2 we have

Hence the total change of energy AE is

Thus spontaneous ferromagnetism is possible if .AE < 0 which implies that

which is known as the Stoner criterion. This condition for the ferromagnetic
instability requires that the Coulomb effects are strong and also that the density
of states at the Fermi energy is large. If there is spontaneous ferromagnetism,
the spin-up and spirt-down bands will be split by an energy A, where A is the
exchange splitting, in the absence of an applied magnetic field.
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Fig. 5,13 Four types of antiferromagnetic or-
der which can occur on simple cubic lattices.
The two possible spin states are m a r k e d -
a n d — .

Fig. 5.14 Three types of antiferromagnetic
order which can occur on body-centred cubic
lattices.

5.3 Ferrimagnetism
The above treatment of antiferromagnetism assumed that the two sublattices
were equivalent. But what if there is some crystallographic reason tor them
not to be equivalent? In this case the magnetization of the two sublattices
may not be equal and opposite and therefore will not cancel out. The
material will then have a net magnetization. This phenomenon is known as
ferrimagnetism. Because the molecular field on each sublattice is different,
the spontaneous magnetizations of the sublattices will in general have quite
different temperature dependences. The net magnetization itself can therefore
have a complicated temperature dependence. Sometimes one sublattice can
dominate the magnetization at low temperature but another dominates at higher
temperature; in this case the net magnetization can be reduced to zero and
change sign at a temperature known as the compensation temperature. The
magnetic susceptibilities of ferrimagnets therefore do not follow the Curie
Weiss law.

Ferrites are a family of ferrimagnets. They are a group of compounds with
the chemical formula MO-Fe2O3 where M is a divalent cation such as Zn2+,
Co2+, Fe2+. Ni2 +, Cu2+ or Mn2+. The crystal structure is the spinel structure
which contains two types of lattice sites, tetrahedral sites (with four oxygen

Exchange bias 
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Figure 8.9

Rotational hysteresis of the
same particles as Fig. 8.8.
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Figure 8.10

The effect of exchange
bias on the hysteresis loop
of a ferromagnetic layer
(F) coupled to an
antiferromagnetic layer
(AF). The direction of the
exchange field does not
necessarily coincide with
the antiferromagnetic axis.
The loop in (a) is measured
with the applied field
parallel to the exchange
field; the one in (b) with
the applied field in a
perpendicular direction.

structures, respectively. The exchange bias depends on the atomic scale struc-
ture of the interface between the two layers. It is set by cooling in a field
sufficient to saturate the ferromagnetic layer. An important application is in
spin valves, where the magnetization direction of one ferromagnetic layer is
pinned by exchange bias, while another layer remains free to flip its magneti-
zation in a small field.

The energy of a bilayer system when the magnetization lies at an angle φ to
the field, which was applied in plane, along the x axis is

Ex = −µ0MpHx cos φ − Kex cos φ. (8.3)

It is as if the effective field acting on the ferromagnetic pinned layer of mag-
netization Mp is Heff = H + Hex , where Hex = Kex/µ0Mp with Mp the mag-
netization of the ferromagnetic pinned layer. The hysteresis loop is shifted by
the unidirectional anisotropy Kexcos φ, as shown in Fig. 8.10(a). An additional
uniaxial anisotropy of the usual type Ku sin2 φ may be induced in the ferro-
magnetic layer by the thermal treatment in the magnetic field. If a field is then
applied in the transverse in-plane y-direction, the energy is

Ey = −µ0MpHy cos(π/2 − φ) − Kex cos φ + Ku sin2 φ.


