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Magnetic properties of materials
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Definition of fundamental quantities
In vacuum, B = µ0H; µ0 = 4π ×107 (SI units: N⋅A-2); 

B − magnetic induction; H − magnetic field intensity

When a material medium is placed in a magnetic field, the medium is 
magnetized This is described by the magnetization vector M - the magneticmagnetized. This is described by the magnetization vector M - the magnetic 
dipole moment per unit volume.

B = µ0H + µ0M

Magnetization is induced by the field ⇒ assume that M is proportional to H:

M = χH   → B = µ0(1 + χ)H or    B = µH;    µ = µ0(1 + χ);     µr = 1 + χχ µ0( χ) µ µ µ0( χ) µr χ

χ - magnetic susceptibility of the medium (no physical relationship to the 
electric susceptibility). 

Real crystals are anisotropic, and the susceptibility is represented by a 
second-rank tensor. 

For simplicity, we shall ignore anisotropic effects.

We assumed that M is proportional to H, the external field - ignored such 
things as demagnetization field, which were included in the electric case. 

This is justifiable in the case of paramagnetic and diamagnetic materials 
because M is very small compared to H (typically χ = M/H ~ 10−5), 
unlike the electric case in which χ ~ 1unlike the electric case, in which χ  1. 

But when we deal with ferromagnetic materials, where M is quite large, the 
above effects must be included. 

Note also that χ can be dependent on the applied magnetic field. 

I thi d fi th ti tibilit f llIn this case, we can define the magnetic susceptibility as follows:
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where E is the total energy of the system. These definitions are more general.

Classification of materials
All magnetic materials may be grouped into three magnetic classes, 
depending on the magnetic ordering and the sign and magnitude of thedepending on the magnetic ordering and the sign and magnitude of the 
magnetic susceptibility:  

• diamagnetics: the magnetic susceptibility is negative -g g p y g
the magnetization is opposite to the applied magnetic field. 
Usually its magnitude is ~ -10-6 to -10-5. 
In diamagnetic materials the susceptibility nearly has a constant value g p y y
independent of temperature. 
Example: Ionic crystals and inert gases. 

• i  i i i i M i ll l H Th ibili i• paramagnetics:  χ is positive, i.e. M is parallel to H. The susceptibility is 
also very small: 10-4 to 10-5. 
The best-known examples of paramagnetic materials are the ions of 
transition and rare-earth ions.

• ferromagnetics:  very large positive χ (e.g. 105), spontaneous 
magnetization below a certain temperaturemagnetization below a certain temperature. 
Will discuss later, as well as antiferromagnetics and ferrimagnetics

Magnetism of a free atom

1. spins of electrons    S

2.  orbital momentum of electrons around the nucleus   L

3. A change of the orbital momentum caused by the external magnetic 
field

i 1 d 2 ( i i ib i )paramagnetism:  1 and 2 (positive contribution)

diamagnetics:       3    (negative contribution)



Can obtain the same formula classically: 

Consider an electron rotating about the nucleus in

Classical consideration: diamagnetism

Consider an electron rotating about the nucleus in 
a circular orbit; let a magnetic field be applied.

Before this field is applied, we have, according to pp , , g
Newton's second law,

rmF 2
00 ω=

F i th tt ti C l b f b t th lF0 is the attractive Coulomb force between the nucleus 
and the electron, and ω0 is the angular velocity.

( )Applied field → an additional force: the Lorentz force ( )Bv ×−= eFL

FL = -eBωr  ⇒ F0 – eBωr = mω2r 
eB
20 −= ωω

m2
Reduction in frequency → corresponding change in the magnetic moment.

Th h i th f f t ti i i l t t th h i thThe change in the frequency of rotation is equivalent to the change in the 
current around the nucleus:  ∆I = (charge) × (revolutions per unit time) 
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The magnetic moment of a circular current is given by the product 
(current) x (area of orbit)
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2〉 = 〈x2〉 + 〈y2〉. The mean square distance of the electrons from the 

nucleus is  〈r2〉 = 〈x2〉 + 〈y2〉+ 〈z2〉. 
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Diamagnetism in ionic crystals and crystals composed of inert gas atoms:  

m6
χ −=⇒

g y y p g
they have atoms or ions with complete electronic shells. 

Another class of diamagnetics is noble metals, which will be discussed later.

Quantum-mechanical calculation of atomic susceptibilities
In the presence of a uniform magnetic field the Hamiltonian of an ion 

1) In the total kinetic energy term the electron momentum is replaced:
A h A i h i l i d

p g
(atom) is modified in the two major ways:

p → p + eA,  where A is the vector potential associated 
with the magnetic field:     B = ∇×A .

1
We assume that the applied field is uniform so that

2) The interaction energy of the field with each electron spin must be added

BrA ×−=
2
1

to the Hamiltonian:  

where µB is the Bohr magneton S – spin momentum
02m

e
B =µ

As the result the total energy of electrons will have a form:

0



Have

Let T0 - the kinetic energy in the absence of the applied field:

The cross term is the brackets can beThe cross term is the brackets can be 
rewritten taking into account that

Note that although r and p are quantum-mechanical operators, here we can g p q p ,
work with them as with classical variables because only non-diagonal 
components enter this product (i.e. there no terms which contain, e.g., x 
components of both r and p which do not commute).components of both r and p which do not commute).

Assume that B is along z direction → can rewrite

Finally we find for the field-dependent correction to the total Hamiltonian:

where L is the total orbital momentum:

This equation is the basis for theories of the magnetic susceptibility of 
individual atoms, ions, or molecules.

The energy correction due to the applied field is small compared to electron 
energies; µ = 5 8×10-5 eV/T → for B = 1T µ B = 5 8×10-5 eV

First term:  paramagnetism,   second term:  diamagnetism

energies; µΒ = 5.8×10-5 eV/T. → for B = 1T    µΒB = 5.8×10-5 eV.

⇒ can compute the changes in the energy levels induced by the field with 
ordinary perturbation theory.y p y

Langevin diamagnetism

Let us now apply the obtained results to a solid composed of ions or atoms pp y p
with all electronic shells filled. 

Such atoms have zero spin and orbital angular momentum in its ground state: 

⇒ only last term of∆H contributes to the field-induced shift in the ground⇒ only last term of ∆H contributes to the field induced shift in the ground 
state energy:

This follows from the spherical symmetry of the closed shell ion:This follows from the spherical symmetry of the closed-shell ion:

It is conventional to define a mean square ionic radius by

where Z is the total number of electrons in an ion. 

We obtain then for the magnetization induced by the applied magnetic field:
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where N is the number of atoms per unit volume.
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χ −=⇒ a negative magnetic susceptibility:



Quantum theory of paramagnetism

CGS:

Quantum theory of paramagnetism

Quantum theory of paramagnetism

If atoms in a solid have non-filled electronic shells than we have to take into 
account the first term in the Hamiltonian.

Its contribution is much larger than the contribution from the second term 
i i→ can ignore it. 

Consider the effect of the first term on an ion in a ground state which can be 
described by quantum numbers L S J and J where J is the total angulardescribed by quantum numbers L, S, J and Jz , where J is the total angular 
momentum, J = L + S; and Jz is the projection of this momentum into a 
quantization axis. 

It can be shown that

where g is the g factor given bywhere g is the g-factor, given by

This relation is valid only within the (2J + 1) dimensional set of states thatThis relation is valid only within the (2J + 1)-dimensional set of states that 
make up the degenerate atomic ground state in zero field,  i.e. only for 
matrix elements taken between states that are diagonal in J, L, and S.

If the splitting between the zero-field atomic ground state multiplet and the 
first excited multiplet is large compared with kBT (as is frequently the case), 
then only the (2J + 1) states in the ground-state multiplet will contribute 
appreciably to the energy. 

In that case the first term in the Hamiltonian leads to the energy E  µ ΒIn that case the first term in the Hamiltonian leads to the energy E = −µ⋅Β

Magnetic moment of an ion is proportional to the total angular momentum 
of the ion:of the ion:  

The applied magnetic field lifts degeneracy of the ground state multiplet 
and splits it into 2J+1 equidistant levels Zeeman splittingand splits it into 2J+1 equidistant levels - Zeeman splitting. 

The energies of these levels are given by

Jz is an quantized and has values from –J to J. 

If thermal energy is less or comparable with the Zeeman splitting, these 
l l ill b l t d diff tl d i diff t t ib ti t thlevels will be populated differently and give a different contribution to the 
magnetic moment of the ion.



Magnetization is determined by the average value of the magnetic moment: 

M = N〈µ〉 where N is the concentration of ions if the solid;M = N〈µ〉,  where N is the concentration of ions if the solid; 

〈µ〉 - value of magnetic moment averaged over the Boltzmann distribution:

The summation can be done using the geometric progression formula. 

Result for the magnetization: where 

and 

- the Brillouin function

Magnetization for three different ions as a function of applied magnetic field

At relatively low fields and not tooAt relatively low fields and not too 
low temperatures we can expand the 
coth(x) assuming that x << 1:

Get for the susceptibility:
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where p is the effective number of Bohr 
magnetons defined asmagnetons , defined as 

C is the Curie constant

Hund Rules
Used to determine L, J, and S for an atom with known number of electrons in 
the incomplete shell.the incomplete shell.

The Hund rules as applied to atoms and ions affirm that electrons will occupy 
orbitals in such a way that the ground state is characterized by the following:

1) The maximum value of the total spin S allowed by the exclusion principle;

2) The maximum value of the orbital angular momentum L consistent with 
this value of S;

3) The value of the total angular momentum J is equal to |L-S| when the shell 
is less than half full and to L+S when the shell is more than half fullis less than half full and to L+S when the shell is more than half full. 

This is due to the spin-orbit interaction the constant of which has opposite 
sign depending on whether is less than half full or more than half full. g p g

When the shell is just half full, the application of the first rule gives L = 0, so 
that J = S.

Example: carbon. Two electrons in the 2p shell (L= 1). Rule #1 ⇒ S = 1; 
Maximum L = 1.  Shell is less than half-full ⇒ J = |L-S| = 0.    No paramagnetism.



Iron-group ions

iron-group ions behave magnetically as if J = S, that is, only the spin 
moment can contribute to magnetization. 

Th i i f hi f l d h lThe magnetic properties of this group of elements are due to the electron 
in the incomplete 3d shell. Since electrons in this outermost shell interact 
strongly with neighboring ions, the orbital motion is essentially 
d d h d l i l h i ib hdestroyed, or quenched, leaving only the spin moment to contribute to the 
magnetization.

In other words in these ions the strength of the crystal field is muchIn other words, in these ions, the strength of the crystal field is much 
greater than the strength of the spin-orbit interaction, just the reverse of 
the situation in rare-earth ions.

Hund Rules

Rare-earth ions
Rare-earth ions in crystals obey the Curie law, with an effective number of 
magnetons in agreement with the theory of spin-orbit interaction. 

In these ions, the angular momenta L and S are strongly coupled, and the 
t f th i d f l t th t l fi ldmoment of the ion can respond freely to the external field.

In these ions - from La to Lu - the only incomplete shell is the4f shell.
The outer 5p shell is completely filled, while the 5d and 6s shells are p p y ,
stripped of their electrons to form the ionic crystal. 
⇒Thus the 4f shell is the one in which the magnetic behavior occurs. 

Si l i hi h ll li d i hi h i d b h 5Since electrons in this shell lie deep within the ion, screened by the outer 5p
and 5d shells, they are not appreciably affected by other ions in the crystal. 
Magnetically their behavior is much like that of a free ion. 

Another reason why the free-ion treatment applies to the rare-earth ions is 
that the spin-orbit interaction is strong in these substances, because this 
interaction is proportional to Z the atomic number of the elementinteraction is proportional to Z, the atomic number of the element 
concerned, and all the rare-earth ions have large Z's. 

Hund Rules



Pauli Spin paramagnetism in metals

Arises from the fact that each conduction electron carries a spin magnetic p g
moment which tends to align with the field. 

An electron has spin ½ - might expect a Curie-type paramagnetic 
t ib ti t th ti ti f th t l N 2contribution to the magnetization of the metal :
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However experiments show that spin susceptibilities in metals areHowever, experiments show, that spin susceptibilities in metals are 
essentially independent of temperature, and the observed values are also 
considerably smaller. 

Source of this discrepancy: 
the above formula was derived on the basis of localized electrons obeying 
the Boltzmann distribution, whereas the conduction electrons are 
delocalized and satisfy the Fermi distribution.

The proper treatment must taking this into account.

No field: half the electrons have 
spins along +z the other half –spins along +z, the other half 
spins along -z direction ⇒

vanishing net magnetization. 

Field is applied along the z-
direction:direction: 

the energy of the spins || B is lowered by the amount µBB; 
the energy of spins opposite to B is raised by the same amount.

⇒ some electrons near the Fermi level begin to transfer from the opposite-
spin half to the parallel-spin one leading to a net magnetization

the energy of spins opposite to B is raised by the same amount. 

spin half to the parallel spin one, leading to a net magnetization. 

Note that only relatively few electrons near the Fermi level are able to flip 
their spins and align with the field. The other electrons, lying deep within the 
Fermi distribution, are prevented from doing so by the exclusion principle.

We can now estimate the magnetic susceptibility. 

The electrons participating in the spin flip occupy an energy interval ~ µBBp p g p p py gy µB
⇒ their concentration is Neff = ½D(EF) µBB, 
where D(EF) - the density of states at the Fermi energy level

E h i fli i h i i b 2 (f )Each spin flip increases the magnetization by 2µB (from -µB to +µB) 

⇒ the net magnetization

leading to a paramagnetic susceptibility

⇒ susceptibility is determined by the density of states at the Fermi level.

µ0

⇒ χ is essentially independent of temperature. (Temperature has only a 
small effect on the Fermi-Dirac distribution of the electrons 
⇒ the derivation remains valid⇒ the derivation remains valid. 

If we apply the results for free electrons: D(EF) = 3N/2EF =3N/2kBTF, 

then T Fermi temperature (E = k T )then TF - Fermi temperature (EF = kBTF). 
TF is very large (often 30,000°K or higher), ⇒ χ is smaller 
by factor of ~102 - in agreement with experiment.

Landau diamagnetism

Conduction electrons also exhibit diamagnetism on account of the g
cyclotron motion they execute in the presence of the magnetic field. 

Each electron loop is equivalent to a dipole moment whose direction is 
it t th t f th li d fi ldopposite to that of the applied field. 

Classical treatment shows that the total diamagnetic contribution of all 
electrons is zero.electrons is zero. 

Quantum treatment however shows that for free electrons this causes a 
diamagnetic moment equal to –1/3 of the Pauli paramagnetic moment. 

⇒ the total susceptibility of a free electrons gas is

The net response is therefore paramagnetic. 

In comparing theoretical results with experiment, one must also include the p g p ,
diamagnetic effect of the ion cores (Langevin diamagnetism).



Susceptibilities of some monovalent and divalent metals ×106 (Room T)p ( )

Summary 
When a material medium is placed in a magnetic field, the medium is 
magnetized Magnetisation is proportional to the magnetic field:magnetized. Magnetisation is proportional to the magnetic field: 

M = χH  ; χ - magnetic susceptibility of the medium
magnetic permittivity µ = µ0(1 + χ);     µr = 1 + χg p y µ  µ0( χ); µr  χ

Langevin diamagnetism - ions or atoms with all electronic shells filled

ti ti tibilit
rNZe 22

0µ
negative magnetic susceptibility:

Langevin paramagnetism: if an atom has moment µ, 
then classical paramagnetic susceptibility

m6
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χ =then classical paramagnetic susceptibility 

quantum treatment → same result for  

In metals conduction electrons make a spin paramagnetic

TkB3
χ

[ ] BJJg µµ 21)1( +=

In metals, conduction electrons make a spin paramagnetic 
contribution: µ0        - independent on T

Conduction electrons also exhibit diamagnetism due to the cyclotronConduction electrons also exhibit diamagnetism due to the cyclotron 
motion, which is equal to 1/3 of the spin paramagnetic contribution.

Ion core effect must also be taken into account

Ferromagnetism Magnetism / Magnetic Order



Ferromagnetism

•Ferromagnetism is the phenomenon of spontaneous magnetization theFerromagnetism is the phenomenon of spontaneous magnetization – the 
magnetization exists in a material in the absence of applied magnetic field. 

•The best-known examples - transition metals Fe, Co, and Ni. 
Also, other elements and alloys involving transition or rare-earth elements,  
such as the rare-earth metals Gd, Dy, and the insulating transition metal 
oxides (CrO2).( 2)

•The phenomenon is restricted to transition and rare-earth elements ⇒ it is 
related to the unfilled 3d and 4f shells in these substances. 

•Ferromagnetism involves the alignment of a significant fraction of the 
molecular magnetic moments in some favorable direction in the crystal. 

•F i l b l i hi h i k•Ferromagnetism appears only below a certain temperature, which is known 
as the ferromagnetic transition temperature or simply as the Curie 
temperature (depends on the substance).

Curie-Weiss law
Above the Curie temperature, the moments are oriented randomly, resulting p , y, g
in a zero net magnetization. 

In this region the substance is paramagnetic, and its susceptibility is given by

- Curie-Weiss law.  
C - Curie constant
T Curie temperatureCTT

C
−

=χ
TC - Curie temperatureC

The Curie-Weiss law can be derived using arguments (Weiss):

In the ferromagnetics the moments are magnetized spontaneously, which 
implies the presence of an internal field to produce this magnetization.
The field is  assumed that this field is proportional to the magnetization:

MH E λ=

Weiss called this field the molecular field

λ is the Weiss constant

Weiss called this field the molecular field. 

In reality, the origin of this field is the exchange interaction.

• The exchange interaction is the consequence of the Pauli exclusion principle and 
the Coulomb interaction between electrons

Exchange interaction 

the Coulomb interaction between electrons. 

• Consider for example the system of two electrons. Two possible arrangements for 
the spins of the electrons: either parallel or antiparallel. 

If they are parallel - electrons remain far apart (exclusion principle). 

If spins are antiparallel, the electrons may come closer together and their wave 
f ti l id blfunctions overlap considerably. 

• These two arrangements have different energies because, when the electrons are 
close together, the energy rises as a result of the large Coulomb repulsion (an 
explanation of the first Hund rule). 

→ the electrostatic energy of an electron system depends on the relative orientation of 
the spins: the difference in energy defines the exchange energy. p gy g gy

• The exchange interaction is short-ranged ⇒ only nearest neighbor atoms are 
responsible for producing the exchange field. 

The magnitude of the exchange field is very large – of the order of 103 T 

Consider the paramagnetic phase: an applied magnetic field H0 causes a finite 
magnetization. This in turn causes a finite exchange field HE. 

If χP is the paramagnetic susceptibility, the induced magnetization is given by

)()( 00 MHHHM pEp λχχ +=+= )()( 00 pEp χχ

Note that M = χH , where  χ - constant holds only if the fractional alignment 
of magnetic moments is small: this is where the assumption is used that the 
sample is in the paramagnetic phase. 

Solve the above equation for the magnitude of the magnetization M:
χ H

λχ
χ

p

p H
M

−
=

1
0

The paramagnetic susceptibility χ is given by the Curie law χ = C/TThe paramagnetic susceptibility χP is given by the Curie law χP = C/T, 
where C is the Curie constant. 

Then the susceptibility of the CCM
===χp y

ferromagnetic material is CTTCTH −
=

−
==

λ
χ

0

- Curie-Weiss law;  TC = Cλ



The susceptibility (5) has a singularity at TC. 
At this temperature (and below) → a spontaneous magnetization 
(χ is infinite ⇒ can have a finite M for zero B0)

Last time, we obtained for C: BNpC
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= where p = g[J(J+1)]1/2
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= where p = g[J(J+1)]1/2

Then the Curie temperature is given by

N 22 λ Reciprocal of the susceptibility 
per gram of Ni (TC = 358ºC)B
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Deviations from Curie-Weiis only in the 
vicinity of the TC - strong fluctuations of 
the magnetic moments close to the TCthe magnetic moments close to the TC
can not be described by the mean field 
theory. 

Accurate calculations:

One can also use the mean field approximation below the TC to find the 
magnetization as a function of temperature. 

Proceed as before but instead of the Curie law for paramagnetics (valid for not 
too high magnetic fields and not too low temperatures) can use the complete 
Brillouin functionBrillouin function. 

Omit the applied magnetic field and replace H by the exchange field EE = λM

Get ⎞
⎜
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where BJ(x) is the Brillouin function.

For J = s=1/2 it has the form
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This is a transcendental equation in M, which can be solved numerically.
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The curve for t = 1 (or T = TC) is tangent to the straight line m at the 
origin; this temperature marks the onset of ferromagnetism.

As t → 0 the intercept moves up to m =1 ⇒ all magnetic moments are 
aligned at T = 0. Maximum magnetization: m = 1 ⇒ M = NgµB



SUPERCONDUCTORS                  FERROMAGNETS

Spin waves
In ferromagnetic materials the lowest energy of the system occurs when all 
spins are parallel to each other in the direction of magnetization. 

When one of the spins is tilted or disturbed, however, it begins to precess –
due to the field from the other spinsdue to the field from the other spins. 

Due to the exchange interaction between nearest neighbors the disturbance 
propagates as a wave through the system:

Lattice waves – phonons - atoms oscillate around their equilibrium positions, 
their displacements are correlated through lattice forces. 

In spin waves – magnons - the spins precess around the equilibrium 
magnetization and their precessions are correlated through exchange forces.

Ferrimagnetism

The exchange interaction model leads to ferromagnetism, if the constant J is g g ,
positive: the parallel-aligned state has a lower energy then the antiparallel. 

The negative constant J leads to antiferromagnetism or ferrimagnetism. 

Antiferromagnetic arrangement: the dipoles have equal moments, but 
adjacent dipoles point in opposite directions ⇒ zero net magnetization.

F i i i hb i di l i i iFerrimagnetic arrangement: pattern: neighboring dipoles point in opposite 
directions, but the moments are unequal ⇒ a finite net magnetization. 

A typical example of a ferrimagnetic material is magnetite, Fe3O4. 

More explicitly, FeO⋅Fe2O3 →
two types of iron ions: 
Fe2+ (ferrous) and Fe3+ (ferric). 

Spinel structure (AB O ):Spinel structure (AB2O4):

The unit cell contains 56 ions, 
24 – iron; the rest - oxygen. ; yg

Fe ions - two different coordinate 
environments: a tetrahedral 

d h d l ( d d b 4 d 6 i )

8 of the 16 Fe3+ ions in the unit cell are in each type of position
The tetrahedral structure has moments oriented opposite to those of the

and octahedral  (surrounded by 4 and 6 oxygen ions)

The tetrahedral structure has moments oriented opposite to those of the 
octahedral one → complete cancellation of the contribution of the Fe3+ ions.

⇒ the net moment is entirely due to the 8 Fe2+ ions (octahedral sites) 

Each of these ions has six 3d electrons, whose spin orientations are ↑↑↑↑↑↓. 
⇒ each ion carries a moment equal to 4µB.



Antiferromagnetism

An antiferromagnet – like a ferrimagnet with both sublattices having equal g g g q
magnetizations. 

In an antiferromagnet the spins are ordered in an antiparallel arrangement 
i h b l h d i hi h

χ in MnF2 parallel and 

with zero net moment at temperatures below the ordering temperature which 
is called the Néel temperature (TN).

Above the T
χ 2 p
perpendicular to the 

tetragonal axis.

Above the TN

'TT
C

=χ
'NTT +

χ

belo the Néel temperat rebelow the Néel temperature,  
χ depends strongly on the 
orientation of magnetic field.

Ferromagnetism in metals
Model discussed – for insulators (localized electrons)

In metals, the electrons are delocalized

In the non-magnetic state, the two subbands are equally populated.

Now, assume there is an exchange interaction →
tends to align spins ↑ ↑

↓ ↑⇒ electrons flip their spins from ↓ to ↑ - subbans are no longer equal 

⇒ net magnetization appears

Domains

Spin in a material with long range p g g
magnetic ordering  (ferromagnetic, 
antiferromagnetic etc.) 
form domains.

Reason for domain formation:

Magnetization curve

For small field, domain size 
will change in accordance to 
the direction of the field. 

Change in domain size can 
be reversible or irreversible.

For large field,  
domain magnetization will re-
align with the external field.align with the external field.

Irreversible boundary 
displacement and 
magnetization rotation are 
the causes of hystersis



Domain walls
The boundary regions between neighboring domains

The typical size of the domains is 1-100 µm; 
the width of the domain walls is much smaller: ~100 nm. 

→ the domain structure consists of uniformly magnetized domains  
separated by narrow boundaries.

Summary 
Ferromagnetic material exhibits spontaneous magnetization below
the Curie temperature (T )the Curie temperature (TC). 

Above the TC – paramagnetic; Curie-Weiss Law: 
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Cause for ferromagnetism: - exchange interaction

Due to the exchange interaction, a spin disturbances propagates 
through a material as a spin waves. Their quanta - magnonsthrough a material as a spin waves. Their quanta magnons

When a magnetic field is applied to a material, the dipole moments of 
the atoms precess around it with a frequency ω0 = γB0; 
γ = ge/2m – gyromagnetic ratio. When an electromagnetic wave of 
frequency ω = ω0 passes through material, it is absorbed by the 
dipoles. This is called electron paramagnetic resonance

Nuclear magnetic resonance – the same phenomenon caused by 
nuclear magnetic moments

Ferromagnetic resonance – the same as EPR, but strong internal 
magnetic field has to be taken into account

Knowing the TC (measured experimentally) 
one can determine the Weiss constant λ: 2)(
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The Weiss constant λ is related to the exchange constant.g

The interaction between two spins may be written as Vex = J's1⋅s2

J' must be positive (parallel spins: Vex negative)J must be positive (parallel spins: Vex negative)

If we assume exchange interaction is with the nearest neighbors only, 
the total exchange energy for the dipole is  -zJ's2

This is equivalent to an exchange field HE: µ0HE gsµB = -zJ's2

Maximum value of HE


