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Advanced Solid State Physics

Paramagnetism

Paramagnetic materials have atoms with magnetic moments which can be aligned with an applied field so that the induced
field will add to the applied field. This results in a larger B -field inside the material than outside and a positive magnetic
susceptibility. Paramagnetism 1is similar to diamagnetism in the sense that the materials will only show magnetization when
a magnetic field is applied. Once the applied field is switched off, the moments will randomize again and the magnetization
decay exponentially to zero.

The magnetization of a paramagnet is the sum of the aligned magnetic moments per unit volume. The magnetic moment of
an atom depends on the total angular momentum quantum number J. Since the magnetic quantum numbers are restricted to
the values my; = (—J,—J +1,---,J — 1, J), the z-component of the magnetic moment can can take the values,

Hm; — MJGiEB,

where gy 1s the Landé g factor, up 1s the Bohr magneton. For a magnetic field applied in the z-direction, the energies of the
magnetic states will be,

Em_; = _ﬁijz = _mJgJ#BBz-

The occupation probabilty of state m is given by a Boltzmann distribution,
_ETI'I.J
exp (—kBT )

m_;=J _Em_; '
> eXp( T )

myj=—J

Pm; =

The J = % case



Magnetic Type of the elements

Text lists sorted by: Value | Atomic Number | Alphabetical
Plots: Shaded | Ball | Crossed Line | Scatter | Sorted Scatter
L og scale plots: Shaded | Ball | Crossed Line | Scatter | Sorted Scatter

Good for this property: Atomic Number

Hydrogen Diamagnetic
Helium Diamagnetic
Lithium Paramagnetic

Beryllium Diamagnetic

Boron Diamagnetic
Carbon Diamagnetic
Nitrogen Diamagnetic
Oxygen Paramagnetic
Fluorine N/A
Neon Diamagnetic
Sodium Paramagnetic
Magnesium Paramagnetic

Aluminum Paramagnetic

Silicon Diamagnetic
Phosphorus Diamagnetic
Sulfur Diamagnetic

Niobium Paramagnetic
Molybdenum Paramagnetic
Technetium Paramagnetic
Ruthenium Paramagnetic
Rhodium Paramagnetic
Palladium Paramagnetic
Silver Diamagnetic
Cadmium Diamagnetic
Indium Diamagnetic
Tin Diamagnetic
Antimony Diamagnetic
Tellurium Diamagnetic
lodine Diamagnetic
Xenon Diamagnetic
Cesium Paramagnetic
Barium Paramagnetic

Thallium Diamagnetic
Lead Diamagnetic
Bismuth Diamagnetic
Polonium N/A
Astatine N/A
Radon N/A
Francium N/A
Radium N/A
Actinium N/A
Thorium Paramagnetic
Protactinium Paramagnetic
Uranium Paramagnetic
Neptunium N/A
Plutonium Paramagnetic
Americium Paramagnetic
Curium N/A




de Haas - van Alphen effect

ho, < kT

Magnetic Type of the elements

Text lists sorted by: Value | Atomic Number | Alphabetical
Plot: aded | Ball | ssed Line |
Log scale plots: Shaded | Ball | Crossed Line | Scatter | Sorted
Good for this property: Atomic Numbe

Hydrogen Diamagnetic
Helium Diamagnetic

Niobium Paramagnetic
enum Paramagnetic
echnetium Paramagnetic
m Diamagnetic uthenium Paramagnetic
Diamagnetic Rhodium Paramagnetic
Diamagnetic Palladium Paramagnetic
n Diamagnetic Diamagnetic
Paramagnetic dmium Diamagnetic
e N/A Indium Diamagnetic
Diamagnetic Tin Diamagnetic
Sodium Paramagnetic Antimony Diamagnetic
um Paramagnetic
Aluminum Paramagnetic | e Diamagnetic
icon Diamagnetic .enon Diamagnetic
Phosphorus Diamagnetic ium Paramagnetic
arium Paramagnetic

Lithium Paramagnetic

Tellurium Diamagnetic

Sulfur Diamagnetic
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Thallium Diamagnetic
Lead Diamagnetic

Bismuth Diamagnetic

olonium N/A

inium Paramagnetic
Uranium Paramagnetic
MNeptunium N/A
Plutonium Paramagnetic
Americium Paramagnetic
Curium N/A
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Pauli paramagnetism

Paramagnetic contribution due to
free electrons. .

[1045 ]‘l m-3]

Electrons have an intrinsic magnetic moment L.
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Pauli paramagnetism i1s much smaller than the paramagnetism due to atomic
moments and almost temperature independent because D(Eg) doesn't change
very much with temperature.
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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. It arises from the Coulomb interactions of the
electrons. The energy that 1s gained when the spins align 1s
called the exchange energy.



Schrodinger equation for two particles

——(VI+ V3 )y + V(B +V, (5w +V,, (7.5 = Ey

y(1,0) =y, (1)y,(,) is a solution to the noninteracting Hamiltonian, Vi,=0

™

(5 ) == (0w (B) = v, () (5) T(N +41)
W

v (F.F) = %(eul(ﬁ)wz(m+w1<@>w2<ﬁ>)%(T @4 @)+ @) T @)



Exchange (Austauschwechselwirking)

wA(ﬁ,@)=%(wmwz(m—wl(m%m))
(w|H IwA>=%[<t//1(ﬁ)wz(E)|H v (B, (F) = (w, (Fw, (F) |H |y, (5w, (F))

—(w (5w, (M) H |y, (M, () + (v, (B, (M) [ H [y, (F)y, (7))

ws(ﬁ,@)=%(wl(wz(@)wl(wz(ﬁ))

1

(ws |H |Ws>:5[<';”1(ﬁ)l//z(rz)|H v, (D, () + (v (D, (D) [H v, (5w, (1))

+(w, (R, (M) [H |y (R, (7)) + (v, (B)w, (D H [y, (R, (7))

The difference in energy between the y, and yq 1s twice the exchange energy.

H2 TN Helium T7T



Exchange

The exchange energy can only be defined when you speak of multi-
electron wave functions. There is a contribution from each pair of
electrons. It is the difference in energy between the symmetric solution
and the antisymmetric solution. There is only a difference when the
electron-electron term 1s included. Coulomb repulsion determines the
exchange energy.

In ferromagnets, the antisymmetric state has a lower energy. Thus the
state with parallel spins has lower energy.

In antiferromagnets, the symmetric state has a lower energy.
Neighboring spins are antiparallel.

Ordered states have a lower entropy than free electrons.



Mean field theory (Molekularfeldtheorie)

Heisenberg Hamiltonian H ==Y J;;S;-S; - 9usB->_S,
i, ] v\ i
Mean field approximation
= Z§| °[Z‘]i,5 <§>+ gﬂsgj
i o \

O sums over the neighbors of spin | Looks like a
magnetic field By,e
29 (S)

Exchange energy

B} N /-
magnetization — M =gu BV<S>

eliminate <S>



Mean field theory

V .

B, = zJM
NG g

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

My
) 1 i N, exp(uB/kgT)
7] 2 N exp(uB/k,T)+exp(—uB/k,T)
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Mean field theory

For zero applied field

M = Mg tanh LM
TM

S

N Z
M. =— and T =
S 2V g/l'lB c 4kB

M, = saturation magnetization T, = Curie temperature



Mean field theory

M = M, tanh LM 1O oo T3
T M, HF?nthﬁh
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Source: Kittel




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

N

M., =—
SV Sy 2

ro 2

4K,



Curie - Weliss law

1 N g,LlB (BMF + B ) = . V -
M =— —tanh a Byr = zZJM
y ey ( 2k, T NG
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
M ~ gzﬂéN Ba Z
4k, T-T. 4k,

. . dM C
Curie Weiss Law  y = ~
dH T-T

Critical fluctuations near T,



Ferromagnets are paramagnetic above T,

Paramagnetiﬁm Ferromagnetism
Susceptibility y X F710magnetic
|
i
.
' P tic
. ) Cﬂmplexa aramagne
Source: Kittel yalitin r: /
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Curie law Curie-Weiss law

Critical fluctuations near T..



Mean-field Theory

In contrast to dia- and paramagnetism, ferromagnetic materials (e.g. Fe, Ni, Co) have a non-vanishing magnetization M # 0 also at a vanishing

external magnetic field B, = 0 below a critical temperature T,. In this section the magnetization of the isotropic Heisenberg model in the mean field
approximation (german Molekularfeldnciherung or mittlere Feldndherung) 1s derived. The Heisenberg model is a very good model for describing the
exchange interaction between spins and therefore ideal for modelling ferromagnetism. The Hamiltonian of the isotropic Heisenberg model is given by

H=-J'Y 8-5;—uB,)Y 5.

inn. j

Here, the first sum goes only over the nearest neighbor sites 7 of lattice site ¢ (¢ n. n. 7). This is because it is (reasonably) assumed that the spin on
site 4 only interacts directly with the neighboring spins but the interaction is vanishing for all lattice sites further away. The exchange coupling
constant between the spins on sites 7 and j is given by J' (in this simple case independent of the sites). In ferromagnetism, parallel spins decrease the
energy and J’ < 0. In the case of antiferromagnetism, antiparallel spins decrease the energy and J' > 0. For paramagnetism J' = 0. In case of a
system of spin % particles (for example electrons) the projection of the magnetic moment onto the magnetic field can take two values ,

1 - B= j:g—zBB with g being the Landé g factor (for J = 1/2) and up the Bohr magneton.

Now mean field approximation is applied: The main idea is that the interaction of two neighboring spins S",; .8 ;j can be replaced by the interaction of
a single spin of site ¢ with the mean spin value of its surrounding:

Si-8;— 8;-(S).
The mean field Hamiltonian can then be written as:

Hyr = —Z S; - (ZJ’(g) + P'-Ba) .

In this equation z is the so-called coordination number (number of nearest neighbor sites of spin %) and comes from the sum over the nearest neighbor
sites. The term in the brackets doesn't depend on any lattice site and acts like a total magnetic field consisting of the external magnetic field, B, and
the mean magnetic field Byp:

lampx.tugraz.at/~hadley/ss2/magnetism/mft 2.php
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Magnetic ordering

Ferromagnetism
Ferrimagnetism
Antiferromagnetism

Helimagnetism

All ordered magnetic states
have excitations called
magnons

Tt
Pty
it

Pt
Tt
it

-




Ferrimagnets

HM:F d -3 m :2
a=8.084A
b=8.084A
c=8.084A
«=90.000°

Magnetite Fe;O,
(Magneteisen)
Ferrites MO-Fe, O,

B=90.000°
¥=90.000°

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

Pvtvtety
Two sublattices A and B.
Spinel crystal structure XY,0,

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

per unit cell



Ferrimagnets

a=8. 396 Magnetite
Magnetite Fe;O, o= 306 »

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

Pyttt

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

[Jagl > anlsJgsl



Ferrimagnetism

Ferrimagnetic materials (e.g. Magnetite) exhibit a crystalstructure with two sublattices A and B with different net
magnetic moments. The exchange integrals J 44, Jpp and J 4 p are all negative with |J 4| > |J44/, |JBB|-

Therefore, the spins of the A site align antiparallel with the spins of the B site. Due to the different net magnetic
moments, ferrimagnetic materials have a non vanishing magnetization M # 0 even without an external field (

B, = 0). Similar to the derivation of ferromagnetism, the Hamiltonian of the isotropic Heisenberg model is used for
the interacting spins

H = _ZJi,jgi . §j —Qﬁbazg-
7 i

with with g being the Land¢ g factor and pp the Bohr magneton. For simplification, it is assumed that only
neighbouring spins interact with each other and the interaction vanishes for all lattice sites further away. Again,
mean field approximation is applied for each of the two sublattices. The main idea is that the interaction of two

neighboring spins 53- .S ;j can be replaced by the interaction of a single spin on site ¢ with the mean spin value of its
surrounding:

—

5"15*3—),5‘1(5*)

As there are two different sublattices A and B, the mean field approximation is performed for both lattices. One
obtains:

Hypa=— Z S; - (Z Ji 4B(SB) + Z Jiaa(Sa) + gﬂbé) :
1 R o



Tvtvtaty

Ferrimagnetism

gauss = 104 T
oersted = 10%/47x107 A/m

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

= =1 e

2.25
1.24
1.48
2.0
2.9
1.53
1.14
1.37
~4

<0.2
0.8

from Kittel



Applications of magnetism

Hard magnets: permanent magnets, motors, generators,
microphones

Soft magnets: transformers

Magnetic recording



Magnetic domains (weisssche Bezirke )

I E—

/ TV

Magnetic energy density Costs energy to introduce domain
B’ walls where spin up regions are
adjacent to spin down regions.

2,






Ferromagnetic domains

Weak fields: favorable domains expand
Strong fields: domains rotate to align with field

Irreproducible jump between ¢ and d.

Fig. 12.5. Photographs showing reversible domain wall
motion in a 50 ym whisker from (a) to (b) to (c), with
an irreversible jump from (¢) to (d).
{R. W. de Blois and C. D. Graham, J. Appl. Phys., 29,
931 (1958)}.




Magnetizing a magnet

Ferromagnetic
_ Material

Magnetic il
Domain «

Prevailing |
Domain /

Maghnetization
Direction Arrows

Weak fields: favorable domains expand
Strong fields: domains rotate to align with field



Hysteresis

Remnant magnetization B =y, ( H+M )
M

/
Coercive field f / M= yH
\

/ j H B=p,(1+ x)H = 1, 14,H

pe=(1+7)

Area of the loop is proportional to energy dissipated in traversing the loop.



Anisotropy energy

easy\axis

X | |
1600 ¥~ [100] 729’ 500 [111] I Parallel axis

111
— 1200 [111] 400 1200 r/r ]
= ~[110]
z [110] 300
=2 800 [100] 800
= hard axis Z"" A asal plane
Fa
400 100 400
Fe Ni Co
0 0 0
0 200 400 600 O 100 200 300 0 2000 4000 6000 8000

B, (gauss)

Spin-orbit coupling couples the
shape of the wavefunction to the
spin. The exchange energy
depends on the overlap of the
wavefunctions and thus on spin
direction.




Bloch wall

energy of two spins ,
w=-JS,-S, =-JS’cosp =~ -JS* El—%)
neglecting the constant part

WzJSZCD—2

_
?=N

energy of a line of spins

JS°x’ : : .
Nw ~ 2Nﬂ energy 1s lower if the Bloch wall 1s wide
2 2
energy per unit area ~ 2>~
2Na’

a 1s the lattice constant



Bloch wall

Anisotropy energy depends on the number of spins pointing in the hard direction

~ KNa+—M_

T Na = thickness of wall

anisotropy constant J/m?

Total energy per unit area:

B JS?r?
2Na’

/ \

$WMﬂﬁﬁm@€NSmdMﬁMQmmN\\x\w:&LKHR\R\\H
dE JS°r? '

—=0= 22+Ka:0
dN 2N“a

JS*r? N ~ 300 for iron

E +KNa [J/m?]




