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7- 1 

7- 1- 1 (Relative Permittivity)

Definition of Capacitance
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(a) Parallel plate capacitor with free space between plates. (b) As a
slab of insulating material is inserted between the plates, there is an
external current flow indicating that more charge is stored on the
plates. (c) The capacitancehas been increased due to the insertion of
a medium between theplates.
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Definition of Dipole Moment

7- 1- 2 

The definition of electric dipole moment.

▬ ὗ╪

Theorigin of electronic polarization.

(a) A neutral atom in E = 0. (b) Induced dipole moment in a field

Electron cloud

Atomic
nucleus

pinduced

E

Center of negative
charge

xC O

Definition of Polarizability

▬ ‌╔▬ͯ ╔

(1) Electronic Polarization
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Definition of Polarization Vector
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Definition of ( Electronic) Susceptibility

Relative Permittivity and Polarizability

╟
▬◄▫◄╪■ ▬╪○▌ ὔ▬╪○▌ ὔ‌E╟ḳc‐╔

c=
ρ

‐
ὔ‌

ὗ ὗ ὗ

ὗ ὗ ὗ

Ɑḳ
ὗ

ὃ

ὗ

ὃ

ὗ

ὃ
‐╔ Ɑ╟ ‐╔ c‐╔ ‐ ρ c╔

ὗ ‐
ὃ

Ὠ
ὠ Ɑ╟ ╟ c‐╔

‐
ὗ

ὗ

„

„

‐ ρ c╔

‐╔
ρ c

‐ ρ c ‐ ρ
ρ

‐
ὔ‌

c=
ρ

‐
ὔ‌

‐ḙ ρ c



7- 1- 4 Eloc (local field) Clausius - Mossoti

E
loc

x

Electric field at

atomic scale

E = V/d
E

E
loc

╔■▫╬╔
ρ
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╟

Clausius - Mossotti Equation

[ *]

*) ñ8.3 The Dielectric ConstantandPolarizability; the local fieldòin Chapter8 Dielectric

and Optical Properties of Solids, Elementary Solid State Physics: Principles and

Applications(Ed. By M.A. Omar),Addison-WesleyPub. Co., pp. 376-381(1975).
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7- 2 : 

₆♫ 7.3 ὣὡ ͋ἵ˺♬╥┬♣Ữὡ( rʁ)Ѥ 11.9╪ѻ.  Ѿ─ ♠҉͋ἵ∟▫╥ὡ N=5*1028 /m3╪ѻ.

(a)Ѿ─͋ἵ∟▫҉ʺ♣▫ө⁄╥ ♣▫Ṫ͏═╘‬ᵡ╬ʺ?

(b)̰Ṩ◑╪ʺ Ṓѻ‬ᵡϮҗ́♣בֿ ˳Ѥʺ?
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7- 3- 1 
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Ionic Polarizability

₆♫ 7.3 (c) Natural frequency (̟o)⁄ ҉ Ѥֿ̑לב ὡ foѤ‬ᵡ╬ʺ?
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Cl­ H+

po

q

-Q

F = Q E

F

po = aQ

t

E

+Q

(a) (c)

pav 0̧ E

(d)(b)

pav = 0

(a) A HCl molecule possessesa permanent dipolemoment, po (b) In

theabsenceof a field, thermal agitation of the molecules results in zero

net average dipole moment per molecule. (c) A dipolesuch asHCl

placed in a field experiencesa torquewhich tries to rotate it to align po

with the field E. (d) In thepresenceof an applied field thedipoles try to

rotate to align with the field against thermal agitation. There isnow a

net average dipole moment per moleculealong the field.

7- 3- 2 ( )
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[ : text book pp. 728 - 730]
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Orientational Polarizability

E

Accumulated charge

(b)

Electrode

Dielectric

Electrode

Fixed charge
Mobile charge
(a)

E

Grain boundary or interface

(c)

(a) A crystal with equal number of mobilepositive ionsand fixed negative

ions. In thebasenceof a field there isno net separation between all the

positivecharges and all thenegativecharges. (b) In thepresenceof an

applied field the mobile positive ionsmigrate towards thenegative

electrodeand accumulate there. There isnow an overall separation

between thenegativecharges and positivecharges in thedielectric. The

dielectric thereforeexhibits interfacial polarization. (c) Grain boundaries

and interfacesbetween different materials frequently give rise to interfacial

polarization.

7- 3- 3 / 



pavg = ae Eloc + ai Eloc + ad Eloc

Clausius - Mossotti Equation
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Total Induced Dipole Moment
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7- 4- 1 
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Complex Relative Permittivity
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Interfacial and

space charge
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Electronic
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110­2

Radio Infrared Ultraviolet light

The frequency dependenceof the real and imaginary parts of the
dielectric constant in the presence of interfacial, orientational, ionic

and electronic polarization mechanisms.



Orientational Polarization in Solids: ion jump polarization

‌
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  Ϯ ͙ Ữ ⁄ἌѤ 109 Hzּͥת╥ ̪ᵆ ♣͙◑⁄ ḙ╞ ᵣתּ ̆ ˺♬⁄Ἄ╥
ion jump polarization╘ Ữ₣⁄ἌѤ 103 Hz╪ ⁄Ἄᵣ ̕ , ₣ҵʺ иῷֿפὡᴜ җ
и╘ל ὡ⁄Ἄ̕
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Complex Permittivity

Debye Equations
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Charging Current
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₆♫ 7.5 Capacitor Ѿ─♬♣↔҉װ┬♣Ἰᾒ╙̯ ֞ .ג Capacitor♣ᵆ₮┬♣Ἰᾒ♣ᵆ╥─Ữ ᵑ̯  .ג

ὡ ὠ Ὅz ὠὍÔÁÎ‏ ὠ‐‫
ὃ

Ὠ
ὠÔÁÎ‏ ‫ὅὠ ÔÁÎ‏

ὡ

ὅ
ḳὡ ‫ὠ ÔÁÎ‏

[Solutions]
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₆♫ 7.6 7.3⁄▓Ѥ ҍ⁄פᶹֿתּʺ3 Ἄ, ♣ ╪╬ʺӉԅ‡Ԑ┬♣ לʺ ὡ 60Hz⁄Ἄʺ◑ϻ╘Ѿ─

ױᴏἸᾒ╙Ṓ╪˳Ѥʺ? 1MHz⁄Ἄҵ͎♣҉װ↔♣♬ ˳Ѥʺ?

ὡ ‫ὠ ÔÁÎ‏

[Solutions]

60Hz⁄ἌѤ polycarbonate̋ Ѿ─♬♣↔҉װʺ◑ϻ╘♣ᴏἵᶛᵑ

ʺⱭ╖Ϯ,  1MHz⁄ἌѤ Ἓᾒᵙ ̆ᶴʺʺ◑ϻ ѻ.



₆♫ 7.7 XLPE (♣ᴏ ╪ẇ↔ ᵙ⁄ ᴈ)̓ῼᴴḈϮ(Al2O3) ͙ ╥Ѿ─Ṩ (cm3) ҉┬♣Ἰᾒ⁄͙╬ Ѥ

҉ḛỸ⁸╙́ụ Ѥ́♣) .ג 100KV/cm, ל ὡ 60 Hz ֞ Ѥ 1MHz)̪̓Ἄ p679 7.4 ⱳ

[Solutions]

XLPE:

ὡ ‏ὉÔÁÎ‐‐‫ ς“Ὢ‐‐ὉÔÁÎ‏

ὡ ς“φπὌᾀψȢψυzρπ ϳὊά ςȢσ ρππzρπz ρπ ϳὠά σz ρπ ςσπϳὡ ά

πȢςσπ ϳάὡ ὧάὥὸφπὌᾀ

υȢρς ϳὡ ὧάὥὸρὓὌᾀ

Al2O3 : ὡ ςȢψτ ϳάὡ ὧάὥὸφπὌᾀ

τχȢσ ϳὡ ὧάὥὸρὓὌᾀ

Ὧ πȢππυϳὡ ὧά ὑὪέὶὢὒὖὉ

Ὧ πȢσσ ϳὡ ὧά ὑὪέὶὃὰόάὭὲὥ



Debye Equations
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Cole-Cole plot is a plot of er±vs.er¡as a function of frequencyw.

As the frequency is changed from low to high frequencies, theplot

traces out asemicircle.
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7- 5 (skip)

7- 6 (Dielectric Strength) (Dielectric Breakdown)

┬♣ ⁄ и╘ ♣͙◑╙ ╬ʺ ᶔ ˂▫͙ ♥⁷Ἓ╪ ̢Ӈ‡ ♣ᵆʺ ᵎ˭ Ӈ̆ ┬♣ ᴛἌ╥ ͙ѫ╙ ▌˭ ӇѤ Ữ╙ ┬♣

( ╘ ♥⁷) ג̢ ѻ.┬♣ ̢ᵑ ▀╖ Ѥ ▐́ ♣͙◑╙ ┬♣ ˆҵ (EBD)ג ̆ ѻ‚ ⅝╬⁄ ╥ ┬♣ ˆҵѤ ṉ ὡ ▓ѻ.

♥⁷ ̢ᵑ ▀╖ Ѥ ∟╬╖ᴛѤ ѻ╛̓ ˉ╘ ˦ө╪ ▓ѻ.

1) эỢ ṓ (Avalanche breakdown) :┬♣ Ͽ⁄ ӈ░ל ▫┬♣▫ʺ и╘ ♣͙◑⁄ ╥ ⇔ҿ⁄Ўּתᵑ ˇ˭ ӊ╖ᴛᾬ ˶▫

₮╥ ҹ ̓♬⁄Ἄ ▫┬♣▫-♬̑ ᾡ╙ ḛỸᾎ ̆ ╪ ̓♬╪ ḙṓӊ╖ᴛᾬ ᵤ╘ ‚╥ ♣ ᵙ‡ʺ ỸἛӇ‡ ♣ᵆʺ ᵎ

˭ ӈѻ. 106 ŕ107 V/m╥ и╘ ♣͙◑⁄Ἄ ḛỸ ᶒ 10-8 ŕ10-6 s╥ ╘ ᾎʼ⁄ ḛỸ ѻ.

2) ⁸♠ ̢ (Thermal breakdown) : Ἰᾒ ♣ᵆ⁄ ╥ ∂ל ⁸ ḛỸ ɣ ₣ҵ Ữᾍ ɣ ᵙ‡ зҵ ʺשּ ɣ ♣ᵆ ʺשּ ɣ ∂ל ⁸ שּ

ʺ╥ ̓♬╪ ḙṓӇ‡ ♣ᵆʺ ᵎ˭ Ӈᶒ ┬♣ ʺ аѤ Ữ╪ ḛỸ ͙ҵ ѻ. ┬♣ ╥ ₣ҵỮᾍ╪ ▀‡Ϯּת Ώҵᴜ ⁸

╥ Ḣ ╪ ◄ Ӈҵᴜ ╖ᴛᾬ Ḣּת ὡ ▓ѻ.ᾎʼ ╙⁷תּ ӎ̆ ḛỸ ᶒ 104 ŕ105 V/m╥ ♣͙◑⁄Ἄ ḛỸ ѻ.

3) Ḣ♣ (╪₣ ) ̢ (Discharge or Ionization breakdown) : и╘ ♣͙◑ ╬ʺ ᾎ ┬♣ Ͽ╥ ͙̑ (pore)╪Ϯ ʾבֿג (crack)

⁄Ἄ ͙ Ḣ♣╪ ḛỸ ̆ ╪⁄ ӻᵐ и╘ ⁸⁄ ╥ ᵙ‡ зҵʺ ͕˶ ʺשּ ╖ᴛᾬ ♣ᵆʺ ᵎ˭ ӈѻ. ⁸♠ ̢₮

ẋᾌ ‚Ữ╖ᴛ ̢ʺ בֿ Ӈᶒ ┬♣ Ͽ╥ ͙̑╙ ἵ ╖ᴛᾬ Ḣּת ὡ ▓ѻ.

Dielectric Strength⁄ ₅ ╙ Ѥל ╬▫ :

(1) Composition : Amorphous/crystalline, mobile ion (2) Microstructure : Porosity, crack, Flaw, second phase (3) ♬Ữ╥ ᶷⱠ :

Electrode configuration, ӎΖ,₣ҵ,ᾎʼ,ל ὡ,ᾋҵ

7- 7 (reading Assignments)



7- 8 , , 

7- 8- 1 

V(d)

Force

P V(b)

V(c)P = 0(a)

Thepiezoelectric effect. (a) A piezoelectric crystal with no
applied stress or field. (b) The crystal is strained by an applied
force which induces polarization in the crystal and generates
surface charges. (c) An applied field causes the crystal to become
strained. In this case the field compresses the crystal. (d) The
strain changes direction when the field is reversed, and now the
crystal is extended. The dashed rectangle is the original sample
size in (a).



P = 0O

(a)

Force

P = 0

(b)

A cubic unit cell has a center of symmetry.
(a) In the absence of an applied force the centers of mass for positive
and negative ions coincide. (b) This situation does not change when
the crystal is strained by an applied force.

P

(b)

A'

B'

P = 0O

(a)

A

B

y

x

P = 0

P

(c)

A''

B''



BaTiO3

PbTiO3

Pb(Zr,Ti)O3

Ferroelectric

Tourmaline

ZnO

AlN

Pyroelectric

Quartz (SiO2)

La6Ga11TaO28

Piezoelectric
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Piezoelectric transducers SOURCE: Photo by SOK
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D = Surface Charge Density

T = Stress Tensor S = Strain TensorE = Electric Field

d = Piezoelectric Coefficient

Tʁ = Permittivity at constant T sE= Compliance at constant E
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Piezoelectric Effect

Pi = dij Tj

Converse Piezoelectric Effect

Sj = dij Ei

Electro-Mechanical Coupling Factor

Ὧ
%ÌÅÃÔÒÉÃÁÌÅÎÅÒÇÙÃÏÎÖÅÒÔÅÄÔÏÍÅÃÈÁÎÉÃÁÌÅÎÅÒÇÙ

)ÎÐÕÔÏÆÅÌÅÃÔÒÉÃÁÌÅÎÅÒÇÙ
Ὧ

-ÅÃÈÁÎÉÃÁÌÅÎÅÒÇÙÃÏÎÖÅÒÔÅÄÔÏÅÌÅÃÔÒÉÃÁÌÅÎÅÒÇÙ

)ÎÐÕÔÏÆÍÅÃÈÁÎÉÃÁÌÅÎÅÒÇÙ

Pi = Polarization along i - direction

Tj = Stress along j - direction

dij = Piezoelectric coefficient

Sj = Strain along j - direction

Ei = Electric field strength along i - direction

dij = Piezoelectric coefficient
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Piezoelectric

Piezoelectric

A

F

F

Piezoelectric
L V

(a) (b)

The piezoelectric spark generator

₆♫ 7.13 ῷ͎מᵝ̓ˉ╘ ♣ ◑ ⁄ἌṬή╙▀╖ ὡ▓Ѥ ╘‬ᵡ╬ʺ?

( ♣́ὡ d =250*10-12 m/V, ʁ r =1000, L=10mm, D=3mm, Vb =3.5 kV)
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c

a

(c) BaTiO3 tetragonal structure below 130 °C

a

(b) BaTiO3 cubic structure above 130 °C

Ba2+

O2­

Ti4+

(a) BaTiO3 cubic crystal structure above 130 °C

BaTiO3 has different crystal structures above and below

130°C which leads to different dielectric properties.
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Spontaneous Polarization

Ferroelectricity

Ferroelectric Materials

Curie Temperature, Tc







P

E

ừ┘♆ ˃┘♆





x

DP

(b) BaTiO3 crystal under stress along y

DP

(c) BaTiO3 crystal under stress along x

y

x

(a) BaTiO3 tetragonal structure below 130°C

BaTiO3 has different crystal structures aboveand below

130°C which leads to different dielectric properties.

Piezoelectricity



Pyroelectric Coefficient
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Pyroelectric Current Density

Pyroelectricity
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c:a varies as T



Chopped radiation
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High input resistance
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Response to constant radiation

Response to chopped radiation
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dP dV

Temperature change=dT
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A pyroelectric detector based on LiTaO3

Courtesy of Molectron Detector Inc.

A 70 MHz pyroelectric detector.
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ư (1905)

3- 3 ℮ ℮ : 

Ὁ ὬὺMax Plank s̃ Hypothesis(1900):

B̆lack Body Radiatioṅ

Nobel Prize in 1918

Nobel Prize in 1921



(Matter Wave)

Prince Louis -Victor de Broglie 

ʷἏ(1924): 
"█■Ҳ ҼἘ╖ ʷּקᶏ ᶶֹו ╢ שּ ╕ ↔Ҽר› ḖẈᴔ Ѹ" 

Davisson- Germer Experiment 

Nobel Prize in 1929
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confined to a 3- dimensional finite space.
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ao: Bohr Radius 0.05929 nm
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ὒ ᴐЉЉ ρ Ⱦ ǎ=0,1,é,n-1

Orbital angular momentum:

ὒ άЉᴐ

Orbital angular momentum along Bz

mǎ = -ǎ,é,0,é,ǎ

z

0

L

L z

q

?(?+1)

m?cosq=

B
external

(b)

x

z

Orbiting electron

q
L

L
z

B
external

y

(a)

0

1

2

-1

-2

m?

?= 2

z

L=>2(2+1)

B
external

(c)

(a) Theelectron hasan orbital angular momentum which has aquantized

component, Lz, along an external magnetic field, Bexternal. (b) The

orbital angular momentum vector L rotatesabout thez-axis. Its

component Lz is quantized and therefore theorientation of L , theangle

q, isalso quantized. L tracesout acone. (c) According to quantum

mechanics, only certain orientations (q) for L areallowed asdetermined

by?and m?.
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ὒ ᴐЉЉ ρ Ⱦ
e.g., n=1 & Қ=1 (2p orbital) ὒ ςᴐ

ὒ άЉᴐ ὒ ᴐȟπȟᴐn=1 & Қ=1 ʟmҚ= +1, 0, -1





Energy

0

1s
1

2s 2p
2

3s 3p
3

3d

4s 4p
4

4d 4f

5s 5p
5

5d 5f

?= 0 ?= 1 ?= 2 ?= 3

-13.6eV

n
?

Photon

An illustration of theallowed photon emission processes. Photon

emission involvesD?= ±1.

ɝЉ ρ ɝάЉ πȟ ρ

Selection rules for EM radiation absorption and emission

ὒ Љᴐ



(a) A streamof Agatomspassingthrough a nonuniformmagneticfield splits into
two.

S

N

Ag

(a)

S

N

S

N
S

S
single 4s valence electron
(angular momentum L=0)

Schematicillustration of the Stern-Gerlachexperiment(1921-1922)



(b) Explanationof the Stern-Gerlachexperiment. (c) Actual experimentalresult recordedon a photographic
plate by SternandGerlach(O. SternandW. Gerlach,Zeitschr. fur. Physik, 9, 349, 1922.) Whenthe field is turned
off, there isonlya singleline on the photographicplate. Theirexperimentissomewhatdifferent than the simple
sketchesin (a)and(b)asshownin (d).

S

S

N

z

S

N

Large B

Small B

Flarge

Fsmall

N

(b) (c)

Flarge

Fsmall

1

2

Nobel Prize in 1943



Stern-Gerlach memorial plaque at the University of Frankfurt. The drawing shows the original Stern-Gerlach experiment in which

the Ag atom beam is passed along the long- length of the external magnet to increase the time spent in the nonuniform field, and

hence increase the splitting. The photo on the lower right is Otto Stern (1888-1969), standing and enjoying a cigar while carrying

out an experiment. Otto Stern won the Nobel prize in 1943 for development of the molecular beam technique. Plaque photo

courtesy of Horst Schmidt-Böcking from B. Friedrich and D. Herschbach, "Stern and Gerlach: How a Bad Cigar Helped Reorient

Atomic Physics", Physics Today, December 2003, p.53-59.



Spin Down

Spin UpS
z (along B

z
)

+>/2

S

S

0

3>
2

m
s
= +1/2

m
s
= ­1/2->/2

3>
2

Spin angular momentum exhibits space quantization. Itsmagnitude
along z is quantized so that the angleof S to the z-axis isalso quantized.

Spin Angular Momentum S Ὓ ᴐίί ρ Ⱦ ί
ρ

ς Ὓ άᴐ ά
ρ

ς

sand ms are called the spin and 
spin magnetic quantum numbers





L

S

J

S

L

j = ?- 1/2

m
s
= -1/2

L

S

J

S

L

j =?+ 1/2

m
s
= +1/2

-e

(a) Parallel (b) Antiparallel

-e

Orbital angular momentum vector L and spin angular momentum vector S
can add either in parallel as in (a) or antiparallel as in (b). The total angular
momentum vector J = L + S has amagnitude where in

(a) j =?+1/2 and in (b) j =?-1/2.
)]1([ += jjJ

  ℮ J (skip)



L

S

J

(a)

L

S

J

z

J
z
=m

j
>

B

(b)

(a) Theangular momentum vectors L and S precessaround their resultant
total angular momentum vector J.
(b) The total angular momentum vector isspacequantized. Vector J
precesses about thez-axis along which itscomponent must bemj>.
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+Ze

Nucleus

r
1

r
2

r
12

Electron 1

Electron 2

-e

-e

A helium-likeatom. Thenucleus hasa chargeof +Ze, where for He Z = 2.

If oneelectron is removed, we have theHe+ ion which is equivalent to the
hydrogenic atom with Z = 2.
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1s
n

1 2 3 4 5 6

2s
2p

3s
3p

3d 4s

4p

4d

4f

5s

5p

5d

5f

6s

6p

5g

K

L

M

N

O

Energy of various one-electron states. The energy depends on both n and?



Li

Be B

K

L p

(n=1)

(n=2)
s

-1 0 1 = m?

H

s

He

K

L p

(n=1)

(n=2)

Electronic configurations for the first fiveelements. Each box represents

an orbital y(n,?, m?).

Pauliôs Exclusion Principle :
ţ( ) ♃ » ἑ 4» ℮ n, l, m l, ms ~ Ὥ.

( )

Nobel Prize in 1945
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L
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L

C N O

Electronic configurations for C, N, O, F and Neatoms. Notice that Hund's
rule forces electrons to align their spins in C, N and O. TheNeatom has
all the K and L orbitals full.

Hund ɻ

~ ℮ n, l ,   ἑ ἑ Ŝ µἑὭ. 
( ư )
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[Definition of a Magnetic Dipole Moment]

╘ὃ

Magnetic Dipole Moment

Magnetic moment experiences a torque in a magnetic field

8.1.1 Magnetic Dipole Moment
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Magnetic moment behaves like a magnet
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[Orbital angular momentum and magnetic moment]
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Orbital magnetic moment of the electron Spin magnetic moment of the electron
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[Magnetic moment along the field]

Bohr magneton : 9.27*10- 24 A m2

8.1.2 Atomic Magnetic Moments
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[Magnetization vector]
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8.1.3 Magnetization Vector M

Magnetic dipole moment per unit volume = M
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Surface currents

Surface currents

ὓ ὓὠ ὓὃЉ

Magnetization and surface currents
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Surface current per unit length; Im
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Magnetization
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8.1.3 Magnetizing Field or Magnetic Field Intensity H (Magnetic Field Strength)

Magnetic Field 

(Magnetic Flux Density)



Ἄ Ἄ ‘Ἑ

Ἄ ‘ἒ

å Magnetic field

in a magnetized medium

á Magnetic Field
(Magnetic Flux Density)

‘
ὄ

Ὄ

‘
ὄ

ὄ

‘

‘

â (Magnetic) Permeability

ä Relative Permeability

Ἑ … ἒ

‘ ρ …

ã Magnetization (Vector)

æ Relative Permeability and Susceptibility

Magnetic Field Intensity 
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NS F
M

[Diamagnetic Materials]



µav = 0 and M = 0

moH

M

µav 0̧ and M =cmH

(b)(a)

[Paramagnetic Materials]

Liquid oxygen

Strong magnet
Dewar

NS



M

Fe, Co, Ni

[Ferromagnetic Materials]



M=0

Chromium

[Antiferromagnetic Materials]



A B

M

[Ferrimagnetic Materials]
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3d6 4s2

The isolated Fe atom has a spin magnetic moment of 4b

Fe, Ni, Co,é, Gd, Dy,é

m?2

Lower energyHigher energy

m?1

Pauliôs Exclusion + Coulombic Interaction

= Exchange Interaction

For atoms with many electrons

é

Coulombic Interaction

Origin of Hundôs Rule

(1) In Atoms



J
e

0

+

­

Mn

Fe

Co
Ni

Gd

Cr

r

rd

Ὁ ςὐᴆὛẗᴆὛExchange Energy

Spin angular momentum: S1, S2

Exchange integral due to electrostatic interactions (i.e., interatomic distance)

ñAnti-ferromagneticò

ñFerromagneticò

(2) Between Atoms



₆♫ 8.3 ╥ ▫ ( ҍ▫ )Ѥ 1.75*106 A/m ╪ѻ.  ∟▫҉Ṓ‡▫▫(Bohr magnetron)ŋ ̯  .ג

Ѿ, ╥Ḍҵ₮∟▫װ╘ʻʻ 7.86g/cm3₮ 55.85╪ѻ. 
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8.5.1 Magnetic Domain
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Table 8.4      Exchange interaction, magneto-crystalline anisotropy energy K = Energy required for M along 

hard ïthat for M along easy direction and saturation magnetostriction coefficientɚsat=ƭȾ/Ⱦ

Material Crystal Eexå kTC (meV) Easy Hard K (mJ cmī3) ɚsat (ě10ī6 )

Fe BCC 90 <100> <111> 48
+20 [100]

ī20 [111]

Co HCP 120 // to c axis ß to c axis 450

Ni FCC 50 <111> <100> 5
ī46 [100]

ī24 [111]



Domain A Domain B

Gradual rotation

of magnetic moments
z or [001]

­z or [001]

Easy direction

Easy direction
Bloch wall

8.5.3 Magnetic Domain Wall

Potential energy

Domain wall thickness,dd¡

Exchange energy, Uexchange

Anisotropy energy, Uanisotropy

Domain wall

energy, U
wall
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ŭĿ0.1um for Fe
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Original Fe crystal

x [100]

y [010]
?

?+d?

H

8.5.4 Magnetostriction
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A grain with

domains

Small grain with a single domain

8.5.6 Ὥŏ M ᾋ H

Grain size < 0.1 m; single domain grain
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B

H­H

(BH)max

Br

Hc

Hc increases with crystallographic anisotropy

Energy stored per unit volume in the 
external magnetic field, Wh = (BH)max [J/m3]
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Hc further increases with shape anisotropy

Hc increases with crystallographic anisotropy

Single Domain Fine Particles

When size of ferromagnetic particles 

is less than 0.1 um
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8- 9 Energy Band Diagram and Magnetism
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(a) The split d- band. (b) The s- band is not affected.
The arrows in the bands are spin magnetic moments.

8- 9- 2 Energy Band Model of Ferromagnetism
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(a) The origin of anisotropic magnetoresistance (AMR). The electrons traveling along the field
experience more scattering than those traveling perpendicular to the field . (b) Resistivity depends
on the current flow direction with respect to the applied magnetic field .
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Low resistancepath

High resistance

path
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magnetic

moment

Bo =moH

Resistivity
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Anisotropic Magnetoresistance (AMR)

8- 10 Anisotropic and Giant Magnetoresistance

Magnetoresistance : Change in resistance of a material when it is placed in a magnetic field
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Input signal i(t)

Record (write)

Output signal v(t)

Read(play)

A

Storage

Velocity, u

Magneticmedium

(e.g. tape)
l

Fringefield

The principle of longitudinal magnetic recording on a flexible medium,
e.g. magnetic tape in an audio cassette

8- 11 Magnetic Recording Materials

8- 11- 1 General Principles of Magnetic Recording
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Substrate

Magnetic film

GMR sensor
Inductive thin film
writehead

Writecurrent

Shield

Signal voltage

Constant current

Coil

Rotating disk Writeand read head

Digital information track

Thin particulatecoating (5-15mm)

Flexiblepolymer (polyester - PET)

backing tape (25-50mm)

Tape

Substrate

Gap

Thin film coreof

magnetic material

Thin film coil of

nonmagnetic metal

Insulation

Magnifiedcrosssection
of thinfilmhead

Thin film head

Core

Fringing field
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Temperature, T

Superconductor (e.g. Pb)

Tc

Normal metal

(e.g. Ag)
rresidual

0
0

8- 12 Superconductivity

K. Onnes, Hg (T<4.2K) in 1911
(Nobel prize in 1913)

Pb (Tc<72K)

Bednorz & Muller, La- Ba- Cu- O (TC=35K) in 1986
P. Chu, Y- Ba- Cu- O(TC=95K) in 1987

Hg- Ba- Cu- O (TC=130K)

Nb3Ge (TC=23K) in 1911~1986
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8- 12- 2 Type I and Type II Superconductors
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Normal state

Superconducting state

Magnetic field lines

Vortex of flux lines

Type II

Tc0

Normal stateBc2

Bc1

Vortex state

Meisner state

Critical magnetic field

Normal state

Superconducting state

Vortex of flux lines
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T

B

J

24.5 T

18 K

~107 A cm-2

Jc

Bc2

Tc

Nb3Sn

8- 12- 3 Critical Current Density
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These high temperature superconductor (HTS) flat tapes are based on (Bi2-xPbx)Sr2Ca2Cu3O10-d(Bi-2223). The tape has an outer

surrounding protective metallic sheath. Right: HTS tapes having ac power loss below 10 mW/m have a major advantage over

equivalent-sized metal conductors, in being able to transmit considerably higher power loads. Coils made from HTS tape can be

used to create more compact and efficient motors, generators, magnets, transformers and energy storage devices.

| SOURCE: Courtesy of Australian Superconductors.
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A solenoid carrying acurrent experiencesradial forcespushing thecoil
apart and axis frocescompressing thecoil.

Mechanical

support structure

Coil windings

Radial forces

Air

Superconductor

Copper matrix

Solenoid

Superconducting electromagnets used on MRI. Operates with liquid He, providing a magnetic field 0.5ï1.5 T.

SOURCE: Courtesy of IGC Magnet Business group.
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Lattice vibration
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8- 13 Superconductivity Origin
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Ex

z

Direction of Propagation

By

z

x

y

k

An electromagnetic wave is a travelling wave which has time

varying electric and magnetic fields which areperpendicular to each

other and the direction of propagation, z.

9- 1 Light Waves in a Homogeneous Medium ( ư )
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Traveling wave with the velocity v

x
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Wavefront

A surface over which the phase of a wave is constant is referred to as a wavefront . A wavefront of a
plane wave is a plane perpendicular to the direction of propagation .

The interaction of a light wave with a non-conducting matter (conductivity, s=0) uses the electric field
component Ex rather than By.

The optical field refers to the electric field Ex.

z

E
x

= E
o
sin(wt­kz)

E
x

z

Propagation

E

B

k

E and B have constant phase

in this xy plane; a wavefront

E

A planeEM wave travelling along z, has the same Ex (or By) at any

point in agiven xy plane. All electric field vectors in agiven xy

plane are therefore in phase. Thexy planesare of infinite extent in

thex and y directions.



Wavevector

We indicate the direction of propagation with a vector k, called the wavevector , whose magnitude is

the propagation constant, k = 2p/l. It is clear that k is perpendicular to constant phase planes.
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When an EM wave is traveling in a dielectric medium, the oscillating electric field polarizes the

molecules of the medium at the frequency of the wave.

The stronger is the interaction between the field and the dipoles, the slower is the propagation of

the wave.

9- 2 Refractive Index (ȓ )
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The relative permittivity er measures the ease with which the medium becomes polarized and

hence it indicates the extent of interaction between the field and the induced dipoles.
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9- 3 Dispersion: Refractive Index ˾Wavelength Behavior ( : ȓ ď℮)
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E = Eoe jwt
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charge

x OC

Fr
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Z electrons in shel l

A tomic

nucleus

(b) Induced dipole moment in a f ield(a) A neutral atom in E = 0.

Electronic polarization of an atom



After the removal of the field, the electronic charge cloud executes simple harmonic motion about

the nucleus with a natural frequencywo ;wo is also called the resonance frequency.

The oscillations of course die out with time because there is an inevitable loss of energy from an

oscillating charge cloud. An oscillating electron is like an oscillating current and loses energy by

radiating electromagnetic waves; all accelerating charges emit radiation.
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ϳ

Ɣ

Ὂ ά ὥ ‍ὼ

Hertz's 1887 apparatus for generating and detecting radio waves: a spark-

gap transmitter (left) consisting of a dipole antenna with a spark

gap (S) powered by high voltage pulses from a Ruhmkorff coil (T), and a

receiver (right) consisting of a loop antenna and spark gap.

https://en.wikipedia.org/wiki/Spark-gap_transmitter
https://en.wikipedia.org/wiki/Dipole_antenna
https://en.wikipedia.org/wiki/Ruhmkorff_coil
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[Forced Oscillations by the Optical Field ]

Consider now the presence of an oscillating electric field due an electromagnetic wave passing

through the location of this atom.

The applied field oscillates harmonically in the +x and-x directions, that is E = Eo exp(jwt).

Newtonôs second law for Ze electrons with mass Zme driven by E is given by,
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In an isolated atom

The relationship between n and the frequency w, or wavelength l, is called the dispersion relation .

n will always be wavelength dependent and will

exhibit a substantial increase as the frequency

increases towards a natural frequency of the

polarization mechanism.

Fig. Measured optical constants of fused silica (SiO2 glass)



We considered the electronic polarization of an isolated atom with a well- defined natural

frequency wo . In the crystal, however, the atoms interact and further we also have to consider

the valence electrons in the bonds. The overall result is that n is a complicated function of the

frequency or the wavelength .
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dw

w

w+dw

w­dw

dkEmax
Emax

Wavepacket

Two slightly different wavelength waves traveling in thesame

direction result in a wavepacket that has an amplitudevariation

which travelsat the group velocity.

9- 4 Group Velocity and Group Index ( ȏ ₩ ȏȓ )

When two perfectly harmonic waves of frequencies w - dwand w+ dwand wavevectors k - dk and k

+ dk interfere, they generate a wave packet which contains an oscillating field at the mean

frequency w that is amplitude modulated by a slowly varying field of frequency dw. The maximum

amplitude moves with a wavevector dk and thus with a group velocity that is given by
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The group velocity therefore defines the speed with which energy or information is propagated .
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Refractive index n and thegroup index Ng of pureSiO2 (silica)

glass asa function of wavelength.
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Refractive index n and thegroup index Ng of pureSiO2 (silica)

glass asa function of wavelength.

Ng

n

500 700 900 1100 1300 1500 1700 1900

1.44

1.45

1.46

1.47

1.48

1.49

Wavelength (nm)

Refractive index n and the group index Ng of pure SiO2 (silica) glass are important parameters in

optical fiber design in optical communications . Both of these parameters depend on the

wavelength of light . Around 1300 nm, Ng is minimum which means that for wavelengths close to

1300 nm, Ng is wavelength independent . Thus, light waves with wavelengths around 1300 nm

travel with the same group velocity and do not experience dispersion. This phenomenon is

significant in the propagation of light in glass fibers used in optical communications .
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9- 5 Magnetic Field: Irradiance and Poynting Vector
( ˏ : ₩ )
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S, called the Poynting vector , represents the energy flow per unit time per unit area in a direction 

determined by E³B (direction of propagation) . 
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Its magnitude, power flow per unit area, is called the irradiance( ₩ ) - instantaneous

irradiance, or intensity .
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9- 6 Snellôs Law and Total Internal Reflection (TIR)
(Snell ƛ ץ )
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Optical Fiber
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Information Information
t

An optical fiber link for transmitting digital information in communications.

The fiber corehasahigher refractive index so that the light travels along the

fiber inside the fiber core by total internal reflection at thecore-cladding

interface.

Light travels by total internal reflection in optical fibers

—ȟ ίὭὲ
ὲ ρȢττπς

ὲ ρȢτυυ
ψρȢψ

Core=100um

Total=150~200um

Figure2.31: (a) Total internal reflection, (b) internal reflection in a prism, (c) Raysare guidedby
total internal reflectionfrom the internalsurfaceof anopticalfiber.





A small hole is made in a plastic bottle full of water to generate a water jet. When the hole is illuminated with a laser
beam (from a green laser pointer), the light is guided by total internal reflections along the jet to the tray. The light
guiding by a water jet was demonstrated by John Tyndall in 1854 to the Royal Institution . (Water with air bubbles was
used to increase the visibility of light . Air bubbles scatter light .)



9- 7 Fresnelôs Equations (Fresnel )
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Definitions: Planes of Incidence and the Interface and the polarizations

Plane of incidence (here the xy plane): the plane that contains the incident and reflected k-vectors.

Parallel (ñPò)polarization lies parallel to the plane of incidence.

Perpendicular (ñSò)polarization sticks out of or into the plane of incidence.

Plane of the interface (here the yz 

plane) (perpendicular to page)
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Ὧ

Ὧ

qi qr

qt

Ei Er

Et

Interface

x

y

z

Incident medium

Transmitting medium



Shorthand notation for the polarizations

Perpendicular (S) polarization sticks

up out of the plane of incidence.

Parallel (P) polarization lies parallel

to the plane of incidence.
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Interface
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Beam geometry for light with its electric field perpendicular to the

plane of incidence (i.e., out of the page)

Fresnel Equations ˾A. Perpendicular electric field ( S- Polarized Light : TE mode )

Ὁ Ὁ π Ὁ Ὁ Ὁ Ὁ Ὁ

Medium 1

Medium 2

Ὁ Ὁ Ὁ



The Tangential Electric Field is Continuous
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á Boundary Condition for the Electric Field at an Interface

Ὁ ὼȟώ πȟᾀȟὸ Ὁ ὼȟώ πȟᾀȟὸ Ὁ ὼȟώ πȟᾀȟὸ
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qi

qi

â Boundary Condition for the Magnetic Field at an Interface

The Tangential Magnetic Field* is Continuous
*It's really the tangential B/m, but we're using m = m0

ὄ ὼȟώ πȟᾀȟὸὧέί— ὄ ὼȟώ πȟᾀȟὸὧέί— ὄ ὼȟώ πȟᾀȟὸὧέί—



Canceling the rapidly varying parts of the light wave and keeping only the complex

amplitudes:

ὄ ÃÏÓ— ὄ ÃÏÓ— ὄ ÃÏÓ—

ὲ Ὁ Ὁ ÃÏÓ— ὲ Ὁ Ὁ ÃÏÓ—

ὲ Ὁ Ὁ ÃÏÓ— ὲὉ ÃÏÓ—

ὺ
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Ὁ

ὄ

Ὁ Ὁ Ὁ

ã Reflection and Transmission for Perpendicularly (S) Polarized Light

Ὁ Ὁ Ὁ

ὄ ὼȟώ πȟᾀȟὸὧέί— ὄ ὼȟώ πȟᾀȟὸὧέί— ὄ ὼȟώ πȟᾀȟὸὧέί—

— —ὄ ὲὉȾὧ



ὲ Ὁ Ὁ ÃÏÓ— ὲ Ὁ Ὁ ÃÏÓ—

ὶ Ὁ ȾὉ ὲÃÏÓ— ὲÃÏÓ— ȾὲÃÏÓ— ὲÃÏÓ—
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Ὁ ὲÃÏÓ— ὲÃÏÓ— Ὁ ὲÃÏÓ— ὲÃÏÓ—
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Reflection Coefficients for Perpendicularly Polarized Light
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Transmission Coefficients for Perpendicularly Polarized Light
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Fresnel Equations - B. Parallel electric field ( P- Polarized Light : TM mode )

Beam geometry for light with its electric field parallel to the plane of
incidence (i.e., in the page)
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ã Reflection and Transmission for Parallel (P) Polarized Light
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If we are primarily interested in non-magnetic materials, then ‘Ὥå ‘ὶå ‘0
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Reflection Coefficients for Parallel (P) Polarized Light
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Transmission Coefficients for Parallel (P) Polarized Light
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Snellôs Law can be applied to both
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Magnification at an interface, m:

Ratio of the refractive indices,r= nt / ni
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use the magnification, m, and the refractive-index ratio,r .

And again dividing numerator and denominator of r and t by ni cos(qi):
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S-polarized (TE mode)

P-polarized (TM mode)
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Brewsterôs Angle

When this angle is 90
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