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- Angular Momentum and Torque 1

- Precession

- Momentum of a Wave

- Quantization in Wave Motion 2

- Four Quantum Numbers

- Orbital Angular Momentum and Spin Angular Momentum 3

- Magnetic Dipole Moment
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-0 +0 Qnet = 0 Definition of Dipole Moment
a_’ p=Qa 0
a
(1) Electronic Polarization
» E
C xO
Electron cloud A—
_ | Definition of Polarizability
Atomic fm e
nucleus - oo Ymm | [
Center of negative
charge ’
@—0
Pinduced
(@) A neutral atomin E = 0. (b) Induced dipole moment in afield

The origin of eectronic polarization.
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Electronic Polarizability o
Table 7.1 Electronic p0|orizobi|ity o, clependence on Z for the inert element atoms
Atom
He Ne Ar Kr Xe Rn*
Z 2 10 18 36 56
ae x 1074 (F m?) 0.18 0.45 1.7 2.7 44 5.9
fo x 10" (Hz) 8.90 12.6 8.69 9.76 9.36 10.2

*Rn (radon) gas is radioactive.
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Bound polarization Definition of Polarization Vector
charges on the surfaces
'Qp +Qp p
\ / Fk = o == 8 -
R w

Boos ©

(a - —P > ++Q, MSSSSAMMMMAMMAARReetes Yoo Smmmmmemaon :




Definition of ( Eleetronie) Susceptibility
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7-1-4 E.. (local field) Clausius - Mossoti [ 7]

CDCIE DU DCDED

S S SE>SB SE> S S b ¢ o-F 8E <

Electric field at
atomic scale

E'°°T\mf\""f\"'ﬂ""f\/'f\"'f\F _ <
./ U U U U U Clausius - Mossotti Equation

*) 8.3 The Dielectric Constantand Polarizability, the local fieldo in Chapter8 Dielectric
and Optical Properties of Solids, Elementary Solid State Physics Principles and
Applications(Ed. By M.A. Omar),AddisonWesleyPuh Co., pp. 376381 (1975.
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Total Induced Dipole Moment Clausius - Mossotti Equation
Pavg = aeEpc + @ B + a4E . : E G‘_) 0 | 0 | 0 |

Table 7.2 Typical examples of polarization mechanisms

Example Polarization Static &, Comment
Ar gas Electronic 1.0005 Small Nin gases: & ~ |
Arliquid (T < 87.3K) Electronic 1.53 van der Waals bonding
Si crystal Electronic polarization 11.9 Covalent solid: bond

due to valence electrons polarization
NaCl crystal lonic 3.90 [onic crystalline solid
CsCl crystal lonic 7.20 [onic crystalline solid
Water Orientational 80 Dipolar liquid
Nitromethane (27 “C) Orientational 34 Dipolar liquid
PVC (polyvinyl Orientational 7 Dipole orientations partly

chloride) hindered in the solid
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Integration of 15t order linear differential equation
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Ny,

B infrared [ Ultraviolet light

Radio

| o
Interfacial and € (Rthlgﬁtljar:al)
Space charge
A ' Elec_tromc
. | Orientational, i
& i Dipolar i
i i 6 9 2 5 f Hz
qll i i
i i - §=1
/\ > a
1 102 | |104 | 109 108 | 1010|1012 [1014  [1018

Table 7.3 Dieleciric properties of three insulators

f=060Hz f=1MHz
Material el tan 3 w tan § &, tan § @ tan §
Polycarbonate 3.17 9 x 10—+ 0.34 2.96 I x 1072 62x10*
Silicone rubber 3.7 2.25 x 1072 8.48 3.4 4x1073%  25x 10t
Epoxy with mineral 5 4.7 x 1072 17.7 3.4 Ix 102 18 x 10*

filler




Orientational Polarization in Solids: ion jump polarization -SKIP-

00@ 0009 - —

1
1
1
— e |
1
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®EOOE® Oﬂ@@ @.Q@ ---------------------------- .

Fig. 18.9. Reorientation of a lattice vacancy pair. Other crystal defect pairs give simila
results.

vt v O /A IPHZ Ny, ee.a-»/e|=nr“\|
ion jump polarizationk JF/ Al 103 Hz=|= / Ax N, Fu" m®d 0L X
mkS o/ AN

< 20 20 T T
‘w
~" /5 x 102 cycles/sec
o T 103cycles/sec — L
E € " _~10% cycles/sec
g . Y
S 101 — 8 8 x 104
© ] L - cycles/sec
3 10%cygles/sec 8
()] i - @
5 5 =] ©
o 2
=2 =
.~ ©
2 ® 5[ =
L 0 1 -3
=0 100 200 300 400 500 600
Temperature (°C)
; . ) ’ 0 | | |
Fig.18.11. Effect of frequency and temperature on the dielectric constant of an Al,O; crystal 0 100 200 300 400
with field normal to the ¢ axis. Temperature (°C)

Fig. 18.12. Effect of frequency and temperature on the dielectric constant of a soda-lime-
silica glass. From M. J. O. Strutt, Arch. Elektrotech., 25, 715 (1931).
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SPACE CHARGE
“RELAXATION
ko ION JUMP
- r-+-+-—-———=-———— =~ RELAXATION
| !  JONIL ELECTRONIC
¥ | RESONANCE | oF cONANCE
e e e — e sy — — —, —. — s . —.-I.- ——————
ke I
1 1 i -
102 108 Hz To L 10! w (FREQ))
|
_ | DIELECTRIC
"x | ! LOSS SPECTRA | I |
| i | I :
| | | | Il
102 108 o' To

n T
e 003 e Smown w3 ) -7 %
HET o —

Frequency dispersion behavior for a general solid with

multiple relaxation and resonance modes, with analog of equivalent
circuits representing loss mechanisms.




Dielectric Loss Mechanisms :

-SKIP-

(1) Ion migration loss : D.C. Conductivity loss, Ton jump & Dipole relaxation loss

-D.C. loss= 100 Hz 0|6t2] ==Lt 2%
- Ton jump= 20S] =

(2) Ion vibration and deformation loss
- 101213 Hz (IR range)Hl A =F L4
-101°Hz O|5l0IA = BZ S 20X

o

o

L=

00

(3) Electron polarization loss
- 1016 Hz O| AH(UV range)Hl A =2 28

- Absorption and color 1n the visible spectrum

(4) Piezoelectric/Electrostrictive : Electrical <= Mechanical
(5) Interface/Internal surface : Gramn boundary, porosity

(6) Domain vall motion : Ferroelectric matenals

Tan § —=

== Ml == A
= = (equivalent)2t 0| = Xt2| AHOI 2] jump

Total
\< lon jump relaxation

Conduction

lon vibration
and deformation

! | | | | L |
0 w? o et o o w® w®* '
Freguency (cycles/sec)

Difterent dielectric loss mechanisms on
tand at room temperature
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7-5 (skip)

7-6 (Dielectric Strength) (Dielectric Breakdown)
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1) 2 Q 0 (Avalanche breakdown) : +#\V 9/ Y iy o t#=" nuka »/ g e/ YN 7 HqTQ. o
Fr A’ a/ Aetao-5 oleYA " £ a+ednqg7QuE, 14 " 351" YEHE a="

HO.1067f 107VImr u E & »/ Ae¥Y g 1087 10¢sy  EA' / eV o.
2) 8 4  (Thermal breakdown) :1 fj #=/ 1 Y9 8 eYy Fu OAy " =1t 3qgqw" y &2 w" yH9 s v
"1 ¥ edHt a2" 17 Hg V" alk Ufe¥Y 1w o.7eVg FuUA+®itn Quu ®
T HA$ «Hhgu 3 T7TQHRN Y g 10°7F 10°VIm &, »/ AeVY o.
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3) H# (F ) . (Discharge or lonization breakdown) :u k & » $&" A &V 24, ° (pore)Et ° a3 (crack)
/A, N Hef eV ~ F/ gmubke/ 4+ " =5t3qy" . W' 47TQ =" 17 yo.s e F
xA ,Oq1 "1 He TV 2, " Luyi 1T QHR o Bo.

Dielectric Strengthy s L 5 i€ e
(1) Composition : Amorphous/crystalline, mobile ion (2) Microstructure : Porosity, crack, Flaw, second phase (3) N & U’T]— Uk

Electrode configuration, MmZ ,F 1, A’ ,% o,AT1

7-7 (reading Assignments)
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Symmetry
Point Groups
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Noncentrosymmetric Centrosymmetric
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20
Piezoelectric
(polarized under stress)

10
Pyroelectric
(Spontaneously polarized)

Subgroup
Ferroelectric
(Spontaneously polarized.
Reversible polarization)

Ferroelectric
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Elastic

Mechanical .
. . waves in the
vibrations .
solid
Piezo€el ectric

|transducer

5

Oscillator Oscilloscope
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Piezoelectric transducers SOURCE: Photo by SOK



D = Surface Charge Density

T = Stress Tensor E = Electric Field S = Strain Tensor

d = Piezoelectric Coefficient

8T = Permittivity at constant T sF= Compliance at constant E
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Piezoelectric Effect

P, = Polarization along i - direction <;>
T, = Stress along j - direction
d;=

Piezoelectric coefficient

Converse Piezoelectric Effect

S;= Strain along j - direction

E, = Electric field strength along i - direction

d;; = Piezoelectric coefficient

Electro-Mechanical Coupling Factor

—————————————————————————————————————————————————————————
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Table 7.8 Piezoelectric materials and some rypiccﬂ values for d and k

Crystal dmV™ k Comment

Quartz (crystal Si0O,) 2.3 x 10-12 0.1 Crystal oscillators, ultrasonic
transducers, delay lines. filters

Rochelle salt (NaKC4H4O5 - 4H,0) 350 x 10~12 0.78

Barium titanate (BaTiOs3) 190 x 10—12 0.49 Accelerometers

PZT. lead zirconate titanate 480 x 10~ 12 0.72 Wide range of applications

(PbTi|_x ZrO3z)

Polyvinylidene fluoride (PVDF) 18 x 10—12

including earphones, microphones,
spark generators (gas lighters,
car ignition), displacement
transducers. accelerometers

Must be poled: heated. put in an
electric field and then cooled.
Large area and inexpensive

cu
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Piezoelectric Voltage Coefficient
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Frequency
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(@) BaTiO4 cubic crystal structure above 130 °C

a A

A

(b) BaTiO4q cubic structure above 130 °C (c) BaTiO,, tetragonal structure below 130 °C
3 3

Curie Temperature, T,

Ferroelectric Materials

+_|

Ferroelectricity
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Fig. 18.36. (a) Dimensions of pseudocubic unit cell of BaTiO,. From H. F. Kay and P.
Vousdan, Phil. Mag., 7, 40, 1019 (1949). (b) Temperature dependence of dielectric constant.
From W. J. Merz, Phys. Rev., 76, 1221 (1949).
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Piezoelectricity

(- e+

o0 O

1 (a) BaTiOq tetragonal structure below 130°C

+ +
DP y
T—)X h #
X DP
+ +
- ‘ - (c) BaTiOg crystal under stress along x

(b) BaTiOg crystal under stress along y



Pyroelectricity

Pyroelectric Coefficient

g
‘ QF QY QF nQTY Nk ==y
e+ :
i Pyroelectric Current Density
! T 3T
 C:avariesas T 0 =, N, |
! | Qo Qo
S
|
o0 O
I
\%
Table 7.9 Some pyroelectric (and also ferroelectric) crystals and typical properties
Pyroelectric Curie
Coefficient Temperature
Material el tan § (x10*Cm—2 K™ (°C)
BaTiO; 4100 L polar 7% 1073 20 130
axis; 160 //polar axis
LiTaO3 47 5x 1073 230 610
PZT modified for 290 2.7x 1073 380 230
pyroelectric
PVDE. polymer 12 0.01 27 80
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A 70 MHz pyroelectric detector. A pyroelectric detector based on LiTaO,

Courtesy of Molectron Detector Inc.
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w (1905)

Photoemissive cathode
@Incoming light

_—Anode

O @
auttl

"~ Black Body Radiation
Max Plank™s Hypothesis(1900):i O (b
Nobel Prize in 1918
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(Matter Wave)
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Schematidllustration of the SternGerlachexperiment(1921-1922)

single4s valence electron ﬁ

(angular momentum L6&) Ag l/s
% ~\

(@)

(a) A streamof Agatomspassinghrough a nonuniformmagneticfield splitsinto
two.



Small B

(b) (c)

(b) Explanationof the SternGerlachexperiment (c) Actual experimentalresult recorded on a photographic
plate by Sternand Gerlach(O. Sternand W. Gerlach Zeitschrfur. Physik9, 349, 1922) Whenthe field isturned
off, there isonly a singleline on the photographicplate. Theirexperimentis somewhatdifferent than the simple
sketchedn (a)and (b) asshownin (d). Nobel Prize in 1943



PR

Stern-Gerlach memorial plague 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-Bécking from B. Friedrich and D. Herschbach, "Stern and Gerlach: How a Bad Cigar Helped Reorient
Atomic Physics", Physics Today, December 2003, p.53-59.
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sandm,are called thespin and
spin magnetic quantum numbers




Table 3.3 The four quantum numbers for the hydrogenic atom

n Principal quantum number

Orbital angular momentum
quantum number

my Magnetic quantum number
My Spin magnetic quantum
number

n=1,2,3,...
F=0,1,2,...(n—=1)

me=0,x1,x£2,..., ¢

|
m_g — j:E

Quantizes the electron energy

Quantizes the magnitude of
orbital angular momentum L

Quantizes the orbital angular
momentum component along a
magnetic field B,

Quantizes the spin angular
momentum component
along a magnetic field B,




J (skip)
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A}m '
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(a) Paralel (b) Antiparallel

Orbital angular momentum vector L and spin angular momentum vector S
can add either in parallel asin (a) or antiparallel asin (b). Thetotal angular
momentum vector J =L + Shasamagnitude J=,[j(j t1)] wherein

@j=2loandin (b)j =21/



(@ (b)

(a) The angular momentum vectors L and S precess around their resultant
total angular momentum vector J.

(b) Thetotal angular momentum vector is space quantized. Vector J
precesses about the z-axis along which its component must be mj>.




\ Cone traced out by S

_The atom
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like a bar of magnet.

oy bital N

(a) The orbitting electron 1s equivalent to a current loop which behaves

<

Gyromagnetic ratio

Orbital magnetic moment

i nl in aoi

0Yc¢ i —0

a i




o S

Spin direction

Equivalent current N
M., Magnetic moment
(b) The spinning electron ican be imagined to be equivalent to a current

loop as shown. This current loop behaves like a bar of magnet just as in
orbital case.

Spin magnetic moment
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Paulis Exclusion Principle: Nobel Prize in 1945
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8.1.1 Magnetic Dipole Moment

[Definition of a Magnetic Dipole Moment]

Magnetic Dipole Moment

| 15

Magnetic moment experiences a torque in a magnetic field

= B
Hﬁ-w

I
= B




Magnetic moment behaves like a magnet



8.1.2 Atomic Magnetic Moments

[Orbital angular momentum and magnetic moment]

Mp
w
|
-e
L
s B : S S
: iU i E ‘ —Y !
i ca 1 ! a i
Orbital magnetic moment of the electron Spin magnetic moment of the electron
Q. Q. . o
e —Y —(@ 2) —|— T
| a ca ;

:9.27*10% Am2  Bohr magneton

[Magnetic moment along the field]



8.1.3 Magnetization Vector M

[Magnetization vector]

4 I

A

Magnetic dipole moment per unit volume =

A -

®) 0 = EAIDI




Magnetization and surface currents

Surface currents

Surface currents L.||

ok 2
" Tb

Surface current per unit length; 1|,

0

Dw 0Ob
‘@ OJb

Magnetization

_____________

_____________



8.1.3 Magnetizing Field or Magnetic Field Intensity H (Magnetic Field Strength)

____________________________

____________________________________________________________

____________________________________________________________

____________________________

——————————————

Magnetic Field
(Magnetic Flux Density)



_______________

a4 Magnetic Field AR Magnetic Field Intensity

(Magnetic Flux Density) T (Magnetization Force)
"""" 6 |
a (Magnetic) Permeability 0 |
a Magnetization (Vector) E ...§ (Magnetic) Susceptibility
L6
a Relative Permeability | 5
a Ma_lgnencfleld_ | A w o E A A B ‘o
in a magnetized medium  coooooo L,
‘ A = E
| | U LT
& Relative Permeability and Susceptibility

_____________________



Table B.1 Magnetic quantities and their units

Magnetic Quantity Symbol Definition Units Comment
Magnetic field; B F=gvxB T = tesla = Produced by moving charges
magne b inducbon webers m—* OF CUrmnts, acts on moving
charges or curents,
Magnetic flux & Al = Boma A Wh = weber A s flux through AA and
Broemal 15 normal to AA.
Tatal flux through any
closed surface 15 zero,
Magnetic dipole (1. gy = TA Am? Expenences a torgue in
micment B and a net force in a
nonuniform B,
Bohr magneton fad P = eh/2m, Am?or Magnetic moment due tothe
JT-! gpin of the electron.
Bo=027 s |0=2 Am*
Magnetization i) | Magnetic moment Am=1 Met magnetic mament in a
v kor per unit volums matenial per unit volume,
Magnetizing Held; H=RB/u-.-M Am-! H is due to extemal
magnetic field conduction cuments only
inlensty and is the cause of B in a
material,
Magnetic Xom M = ymH Mone Felates the magnetization of
susceptibalicy a matenal to the
magnetizing ficld H.
Absolute figa ¢ = [Eppap] =12 Hm=! = A fundamental constant in
permeability Whm=! A=!'  magnetism. In free space.
pin = B/H.
Relative fip py = B . H Mone
permeability
Magnetic T [T T Hm-! Mot to ke confused with
permeability magnetic moment.,
Inductance L L o= @yl H thenriss) Total Qux threaded per unit
curment,
Magnetostatic E.q dE o = HdB Jm-* dE, . is the epergy mquired
energy density per urt volume

in changing B by d B,



Table 8.2 Classification of magnetic materials

X
Type ( ty pical values) N versus T Comments and Examples
Diamagnetic Megative and T independent Atoms of the material have closed
small (—107%) shells. Organic materials, e.g.,
many polymers: covalent solids,
e.g.. 51, Ge, diamond: some
ionic solids, e.g., alkalihalides:
some metals, e.g., Cu, Ag, Aw
Megative and Below a critical Superconductors
large (=1} temperature
Paramagnetic Positive and small  Independent of T Due to the alignment of spins of
(1073-107%) conduction electrons. Alkali
and transition metals.
Positive and Curie or Curie—Weiss Materials in which the constituent
small (1077 law, ym = C/(T = T2) atoms have a permanent magnetic
moment, €.g., gaseous and liquid
oxygen; ferromagnets (Fe),
antiferromagnets (Cr), and
ferrimagnets (Fe;0y) at high
temperatures.
Ferromagnetic Positive and Ferromagnetic below May possess a large permanent
very large and paramagnetic magnetization even in the
above the Curie absence of an applied field
temperature Some transition and rare earth
metals, Fe, Co, Ni, Gd, Dy.
Antiferromagnetic  Positive and Antiferromagnetic Mainly salts and oxides of
small below and transition metals, e.g., MnO,
paramagnetic above Ni0), MnF;, and some
the Néel temperature transition metals, o=Cr, Mn.
Ferrimagnetic Positive and Fernmagnetic below May possess a large permanent
very large and paramagnetic magnetization even in the
above the Curie absence of an applied field.
temperature Ferrites.



[Diamagnetic Materials]

Y

/M

0p)

Z
YYYY

T

v

Xom
Type (typical values) Xmversus T Comments and Examples
Diamagnetic Negative and T independent Atoms of the material have closed
small (—107%) shells. Organic materials, e.g..

many polymers: covalent solids,
e.g., S1, Ge, diamond: some
ionic solids, e.g., alkalihalides;
some metals, e.g., Cu, Ag, Au.
Negative and Below a critical Superconductors
large (—1) temperature




[Paramagnetic Materials]
H—»
0\
I . i
“elel
ARPANRYES

o —

-

e

P o
1 e
«

o—

Dewar
Strong magnet

Liquid oxygen

U, =0andM =0 U, ., OandM =¢c H
Xm
Type (typical values) Xmversus T Comments and Examples
Paramagnetic Positive and small  Independent of T Due to the alignment of spins of

(10°-107%)

Curie or Curie—Weiss
law, ym = C/(T — T¢)

Positive and
small (1072)

conduction electrons. Alkali
and transition metals.

Materials in which the constituent
atoms have a permanent magnetic
moment, e.g., gaseous and liquid
oxygen; ferromagnets (Fe),
antiferromagnets (Cr), and
ferrimagnets (Fe;Oy) at high
temperatures.




[Ferromagnetic Materials]

Fe, Co, Ni

Type

X

(typical values)

XmVersus T

Comments and Examples

Ferromagnetic

Positive and
very large

Ferromagnetic below
and paramagnetic
above the Curie
temperature

May possess a large permanent

magnetization even 1n the

absence of an applied field.

Some transition and rare earth
metals, Fe, Co, Ni, Gd, Dy.




[Antiferromagnetic Materials]

Chromium

Xmn
Type (typical values) XmVersus T Comments and Examples
Antiferromagnetic  Positive and Antiferromagnetic Mainly salts and oxides of
small below and transition metals, e.g., MnO,

paramagnetic above NiO, MnF,, and some
the Néel temperature transition metals, a—Cr, Mn.



[Ferrimagnetic Materials]

A B
Xon
Type (typical values) Xmversus T Comments and Examples
Ferrimagnetic Positive and Ferrimagnetic below May possess a large permanent
very large and paramagnetic magnetization even in the

above the Curie absence of an applied field.
temperature Ferrites.
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(1) In Atoms

Fe, Ni, Co¢ , Gd, Dy,é

3d6

Vi

T

T

T

T

The isolated Fe atom has a spin magnetic moment of 456

__________________________________

i >

Higher energy Lower energy

Coulombic Interaction

For atoms with many electrons

H_

A

Pauli® Exclusion + Coulombic Interaction

= Exchange Interaction




(2) Between Atoms

_________________________

Exchange Energy (@) CO WY -«

4 Spin angular momentum: S;, S, —

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

Je y -
nFerromagnetico
Co
+ Fe Ni
Gd
r
0 T,
Mn ‘
- Cr
AANti-ferromagnetico




c 7 8.3 Vo = Mbe )ELTFICAMFO. Le=3: OF = = (Bohr magnetror) . A .
GOV T DU¥ L= kE* * 7.86g/cm*¥ 55.85F0 .
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Curie W

Mga(T)
Msx(0)

> 0> 0> 0>

o> o~ o~ o>

06— | o o o~ o>

04 -
0.2 -
0 T T T T T T T ]
0 02 04 06 0.8 1
T/T

Table 8.3 Properties of the ferromagnets Fe, Co, Ni, and Gd

Fe Co Ni Gd
Crystal structure BCC HCP FCC HCP
Bohr magnetons per atom M 1.72 0.60 7.1
M(0) (MAm~—") 1.75 1.45 0.50 2.0
Bt = 1o Mg (T) 7 1.82 0.64 2.5
Tc 770 °C 1127 °C 358 °C 16 °C
1043 K 1400 K 631 K 289K
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8.5.1 Magnetic Domain

n —=<—>»Z

(@)

T (magnetic domain): *

Do

nwall (180%) Closure domain
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90° domain wall

Closure domains
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(@)

[100]
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Magnetizing field H (3 10* A m'1)

8.5.2 o) 0 1 2 4
Y 2 . | . | . | .
[100] Meey
15—
=
<
O
=
1
=
2
<
N
= 0.5
<
= Easy B
[100] 0
0 I I I
0O 001 002 003 004 0.05 0.06
Applied magnetic field /gH (T)
Table 8.4 Exchange interaction, magneto-crystalline anisotropy energy K = Energy required for M along
hard i that for M along easy direction and saturation magnetostriction coefficient 9=t ¥
Material Crystal Eo A kT (MmeV) Easy Hard K (mJcm'3) 3, (€ 10'9)
+20 [100]
Fe BCC 90 <100> <111> 48 120 [111]
Co HCP 120 /I to c axis 3 to c axis 450
: 146 [100]
Ni FCC 50 <111> <100> 5 T 24 [111]




8.5.3 Magnetic Domain Wall

ZE ?)sry[ggf]ctl on : Gradual rotation :
A : of magnetic moments
AAAAA f// \\XE
v
5 Bloch wall : 2 or[00])
Doman A - »: Domain B Easy direction
ulk0.1um for Fe

Potential energy _Skip_
A i RE
AL T o
Domain wall
energy, Uwa”
P AT EOT OB DU
(1 (u R ?7 Anisotropy energy, Uanisotropy
&) g

Exchange energy, Ueychange

>
a Domain wall thickness, ¢




8.5.4 Magnetostriction

Original Fe crystal
? /
=== ———==- y [010]

>T X [100] COA B A

CoOFe0, 10
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Bloch wall
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8.5.6 'O M A H

Small grain with asingle domain

A grain with
domains

Grain size < 0.1 m; single domain grain




H<+——

Barkhausen

H <

—>» +X

H
e
ad Reversble

boundary
motion

*I

b Irreversible

\ boundary
v motion

H
———® C Rotation

of M

H
»  Saturation
of M
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"M Energy loss per unit volume -B

(@) (b)



Begt -
Magnetized — |
to saturation

A

Small cyclic
applied field




8.5.7 (Demagnetization)
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8.6.1 Definition

(0p)
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8.6.2 Types of Permeability

B B
A SIOPE= /ey A
A
P A/, Slope=mm
B2 g )
O >H I/I O 4', 3 >H
// // B = /73H
@ ©

AMaximum Permeability 6

dnitial Permeability 6

<104T
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Table 8.5 Selected soft magnetic materials and some typical values and applications

Magnetic toH: Bt B,

Material (T} (T (T i e Wi Typical Applications

Ideal soft 0 Large 0 Large Large 0 Transformer cores, inductors, electric

machines, electromagnet cores,
relays, magnetic recording heads.

Iron (commercial ) =10~% 2.2 =0.1 150 10* 250 Large eddy current losses. Generally
grade, 0.2% not preferred in electric machinery
impurities) except in some specific applications

(e.g.. some electromagnets and
relays).

Silicon iron <10~% 20 05-1 10° 10*~  30-100  Higher resistivity and hence lower eddy
(Fe: 245 5i) 4 % 10° current losses. Wide range of electric

machinery (e.g., transformers).

Supermalloy 2% 1007 0.7-08 <0.1 10° 106 =0.5  High permeability, low-loss electric

(T9% MNi—15.3% - devices, e.g., specialty transformers,
Fe—5% Mo—0.5% Mn) magnetic amplifiers.

78 Permalloy 5x107% 086 <01 8x10° 10° <0.1  Low-loss electric devices, audio
(78.5% transformers, HF transformers,
MNi—-21.5% Fe) recording heads, filters.

Glassy metals, 2% 1078 1.6 =10"° — 10° 20 Low-loss transformer cores.

Fe-Si-B

Ferrites, 10-7 04 =001 2x10° 5%x10° =001  HF low-loss applications. Low

Mn—Zn ferrite conductivity ensures negligible

eddy current losses. HF transformers,
inductors (e.g., pot cores, E and U
cores), recording heads.
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B
A
Energy stored per unit volume in the
external magnetic field, W, = (BH),.x [J/m3] Br
(BH)max /
N~
-H | H
Hc

H. increases with crystallographic anisotropy



Table 8.6 Hard magnetic materials and typical valves

F'LoH::' B, (BH )max

Magnetic Material {T) (T) (kJm™) Examples and Uses

Ideal hard Large Large Large Permanent magnets in various
applications.

Alnico (Fe—Al-Ni—Co—Cu) 0.19 0.9 50 Wide range of permanent magnet
applications.

Alnico (Columnar) 0.075 1.35 60

Strontium ferrite 0.3-0.4 0.36-0.43 2434 Starter motors, dc motors,

(anisotropic) loudspeakers, telephone
receivers, various toys.

Rare earth cobalt, e.g.. 0.62-1.1 1.1 150240 Servo motors, stepper motors,

SmyCoy7 (sintered) couplings, clutches, quality
audio headphones.

NdFeB magnets 0.9-1.0 1.0—-1.2 200-275 Wide range of applications, small
motors (e.g., in hand tools),
walkman equipment, CD
motors, MEI body scanners,
computer applications.

Hard particles, 0.03 0.2 Audio and video tapes,

y -FeaOs floppy disks.




Neodymium-iron-boron .

Alnico

Ceramic .

Rare earth cobalt

This small neodymium-iron-boron permanent magnet (diameter

about the same as one<cent coin) is COPOble of liftin up fo Permanent magnets; Ceramic, outside diameter 7 cm; Nd-Fe-B, diameter 2 cm; Alnico,
10 pounds. Nd-Fe-B magnets typically have large (BH)nax values  diameter 4 cm; rare earth cobalt.

(200-275 k) m~3).



Single Domain Fine Particles <+
= When size of ferromagnetic particles
is less than 0.1 um

+Z7 an

direction
Hard
direction
H. increases with crystallographic anisotropy
-Z
+Z
-y % %+y
-Z
(b)

(€)

H. further increases with  shape anisotropy



8-9 Energy Band Diagram and Magnetism

8- 9-1 Pauli Spin Para- magnetism
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8- 9- 2 Energy Band Model of Ferromagnetism

E E
A 1 A |
| |
| [
By Exchange s-band
Interactions
EF ___________________ e EF
M agnetic L T
moment
S > << >
9.(BE) @) g (B 9.(E) (b) g_(B)

(@) The split a&-band. (b) The s band is not affected.
The arrows in the bands are spin magnetic moments.



8- 10 Anisotropic and Giant Magnetoresistance

Magnetoresistance : Change in resistance of a material when it is placed in a magnetic field

L ow resistance path

Resistivity
d-orbital T1r
magnetic
moment High resistance
path Anisotropic Magnetoresistance (AMR)
I'A
€) (b) B, = mH

(@) 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.



Giant Magneto- Resistance (GMR) very large magnetoresistance

Magnetic (ferromagnetic) metal
Nonmagnetic metal (spacer)
Magnetic metal

Antiferromagnetically Ferromagnetically
coupled configuration coupled configuration

———————————————————————————————————————————————————————————————

(3 Y Y
Giant Magnetoresistance Effect 2 A e >
: -2 !
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Table 8.8 GMR effect in trilayers and multilayers

AR/Rp Temperature
Sample Structure and layer thicknesses (%) (K)
CoFe/CAgCu/CoFe Trilayer 4-7 300
NiFe/Cu/Co Trilayer, 10/2.5/2.2 nm 4.6 300
(spin valve)
CooggFe9/Cu/CoogFeyg Trilayer, 4/2.5/0.8 nm (spin valve) 7 300
[Co/Cu 100 100 layers of Co/Cu, I nm /1 nm 80 300

[Co/Colsn 60 layers Co/Cu, 0.8 nm / 0.83 nm 115 4.2




Spin Valve: current flow is controlled by an external applied magnetic field

Pinning layer (M nFe)

‘ le?d M 4

o

Free layer — B,= mgH,
No field Applied field
@) (b) ©



8- 11 Magnetic Recording Materials -skip-

8- 11- 1 General Principles of Magnetic Recording

—_—
Input signal (1) @ >

T * Output signd ¢ V(1)

Magnetic medium

(e.q. tape)
~ | vacayu
[ | !
-« <« <——><—I—>I<——><— —>I<—I —_—p
\p/

Fringefidd
Record (write)

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



-skip-

Above: Giant magnetoresistance (GMR) hard disk

heads on a U.S. quarter. Left: A small hard disk
drive next to a quarter coin—a microdrive.

| SOURCE: Courtesy of IBM.
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Constant current
: o Write current
Signal voltage ’ e
I+ coil
=l—1—l—1—1-1-— Shel
o dd Inductive thin film
Digital information track GMR sensor write head
Magnetic film
- D
I
I
o Substrate
Rotating disk  Write and read head
Fringing field Gap
Thin particul ate coating (5-15mm) Thin film head |
| Tape —> % Insulation
‘ | Thinfilmcoreof |
‘ magnetic material

Flexible polymer (polyester - PET)
backing tape (25-50 mm)

Thin film coil of

nonmagnetic metal
—— Subdirate

Core

Magnified cross section
of thinfilm head



Table 8.10 Selected examples of thin films in magnefic storage media: typical values -skip-

oM, poH, Comment and Typical

Thin Film Typical Deposition (T) (T) or Potential Application

Co and rare earth Sputtering in vacuum 0.7-0.8 0.05-0.07 Longitudinal magnetic recording media
Co(y-Fe203) Sputtering in vacuum 0.3 0.07-0.08 Longitudinal magnetic recording media

CoNiP Electroplating | 0.1 Longitudinal magnetic recording media, hard disks
CoCr alloys Sputtering in vacuum 0.3-0.7 0.05-0.3 Longitudinal and perpendicular magnetic recording

media, hard disks
CoPtCrB Sputtering in vacuum 0.3-0.5 0.25-0.6 Longitudinal and perpendicular magnetic recording

media, hard disks

Table 8.9 Selected examples of flexible magnetic storage media based on coatings of particulate
matter: typical values

Particulate oM, o He

Matter Typical Application (T) (T) Comments

y-Fe,0; Audio tape (Type I) 0.16 0.036 Widely used particles.

y-Fe,0; Floppy disk 0.07 0.03

Co(y-Fe,03) Video tape 0.13 0.07 Cobalt-impregnated y-Fe,O; particles.
CrO, Audio tape (Type II) 0.16 0.05 More expensive than y-Fe,Os.

CrO, Video tape 0.14 0.06

Fe Audio tape (Type IV) 0.30 0.11 High coercivity and magnetization. To

avoid corrosion, the particles have
to be treated (expensive).




8- 12 Superconductivity -skip-

8-12-1 Zero Resistance and the Meissner Effect

K. Onnes, Hg (T<4.2K) in 1911
Q Nobel prize in 1913
> A Superconductor (e.g. Pb) ( P )
2
% o Nb,Ge (T=23K) in 1911~1986
o Normal metal
(e.g. AQ)
/residual
0 A >
0 Temperature, T
Tc

Pb (T <72K)

Bednorz & Muller, La- Ba- Cu- O (T=35K) in 1986
P. Chu, Y-Ba- Cu- O (T=95K) in 1987
Hg- Ba- Cu- O (T =130K)
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-skip-

Superconductor

Perfect conductor



-skip-

M agnet

Superconductor above T

M agnet

Surface currents

Superconductor below T,
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8-12-2 Type | and Type Il Superconductors

B, (T)

B¢ (Tesla) 0.08 =

Lead

0.06 —]

0.17 Normal state
004 —= =~

Superconducting Te - Mercury
State 0.02 — Tin
0 | | | |
0 2 4 6 8 10
Temperature (K) 0 | | |
] 2 4 6 8

Temperature (K)
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Typel
JLIO M JL[E’J M
h
’ B,
0 > B=p,H 0
Am — -1
Binside Binside
A / 0
0 > B=uH (
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Type Il

Magnetic field lines Critical magnetic field

B,.| Normal state

_Normal state

— Superconducting state

Vortex state

/ﬂ\\ /“ \ Vortex of flux lines

=



Table 8.7 Examples of Type | and Type Il superconductors

-skip-

Typel sn Hg Ta \ Ph Nb
T.(K) 3.72 4.15 447 5.40 7.19 9.2
B.(T) 0.030 0.041 0.083 0.14 0.08 0.198

Y-Ba-Cu-0

Bi-Sr—Ca-Cu-0

Type Il Nh;Sn NbiGe Ba,_,Br,CuOy, (YBa,Cu;04) (BiySrCayCoyOgg) Hg-Ba-Ca-Cu-0
I.(K) 18.05 23.2 30-35 93-95 122 130135
B, (Tesla) 245 38 ~150 ~300
at0 K
J.(Acm=2) ~107 107107

a0 K




-skip-
8- 12- 3 Critical Current Density

~107 A cm2



These high temperature superconductor (HTS) flat tapes are based on (Bi,_Pb,)Sr,Ca,Cu;0,,.4(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.



Superconductor - _Skip_
Radia f A | Mechanica ~  _eeeeeeeeeen

I orces
PBooooo00onconnoanan support structure
Air Coil windings

XEXUXEXEXHXPXEXEXUXUXUXU<E x| xH X

A

\ \ \/ \/

Copper metrix - +—e—m0mo0Do 0 m———  SNAiiiiaaaaa’
Solenoid
A solenoid carrying a current experiences radia forces pushing the cail
apart and axis froces compressing the coil.

Superconducting electromagnets used on MRI. Operates with liquid He, providing a magnetic field 0.51 1.5 T.
SOURCE: Courtesy of IGC Magnet Business group.
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8- 13 Superconductivity Origin

L attice vibration = 2







O-1 Light Waves in a Homogeneous Medium ( v )

b i il

From Maxwell Equations

IR

_________________



Traveling wave with the velocity v

——————————————
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E and B have constant phase
— in this xy plane; a wavefront

—p K
Propagation

E, = E_sin(wt-k2)

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 £, rather than B,

The optical field refers to the electric field £,



Wavevector

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

the propagation constant, £ = 2p//. It is clear that k is perpendicular to constant phase planes.

Phase Velocity VI



0-2 Refractive Index (F )

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.

————————————————————

The relative permittivity e measures the ease with which the medium becomes polarized and

hence it indicates the extent of interaction between the field and the induced dipoles.



Table 9.1 Low-frequency (LF) relative permittivity £,(LF) and refractive index n

Material & (LF) Ver(LF) n (optical) Comments

Diamond 5.7 2.39 2.41 (at 5390 nm) Electronic bond polarization
up to UV light

Si 11.9 R 3.45 (at 2.15 pm) Electronic bond polarization up
to optical frequencies

AgCl 11.14 3.33 2.00 (at 1-2 pm) lonic polarization contributes
to & (LF)

S10, 3.84 2.00 1.46 (at 600 nm) [onic polarization contributes
to &, (LF)

Water 80 8.9 1.33 (at 600 nm) Dipolar polarization contributes

to £, (LF), which is large

e 7 9.1



9- 3 Dispersion: Refractive Index _ Wavelength Behavior (
E
Z electrons in shell >
¢ x O
D p—
( ®90
Center of negative
Atomic charge ‘p N
induced
nucleus

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

the nucleus with a natural frequency w; ; w 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.

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

gap transmitter (left) consisting of a dipole antenna with a spark
M gap (S) powered by high voltage pulses from a Ruhmkorff coil (T), and a
receiver (right) consisting of a loop antenna and spark gap.

Spark gap c Receiver
transmitter



https://en.wikipedia.org/wiki/Spark-gap_transmitter
https://en.wikipedia.org/wiki/Dipole_antenna
https://en.wikipedia.org/wiki/Ruhmkorff_coil

[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 = E_ exp(jut).

Newton& second law for Ze electrons with mass Zm,, driven by E is given by,

_________________________________________

i . O Ay o
» W WO |
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Dispersion Relation



In an isolated atom

———————————————————————————————————————————

r b/ p i
c P ey )

The relationship between n and the frequency

m(]l

n will always be wavelength dependent and will

exhibit a substantial increase as the frequency

increases towards a natural frequency of the

polarization mechanism.

w,

Refractive Index n (1)

M-
O
|
|

or wavelength /, is called the dispersion relation.
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-100
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-
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Wavelength A/um

Fig. Measured optical constants of fused silica ($Jl@ss)



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

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

Light, the visible spectrum

violet indigo blue green yellow orange red
I [ [ [ [ [ I |
Trequency. ooy 675 630 590 525 510 460 380
(THz)
wavelength 400 445 475 510 570 590 650 780
(nm*) L | | | | | | |
photon 3.1 2.8 2.6 2.4 22 241 1.9 1.6
energy L | | | | | | |
(V™) * In terahertz (THz); 1 THz = 1x10'2 cycles per second.

** In nanometres (nm); 1nm = 1x1079 metre.
*** In electron volts (eV).

Red

White Light Orange

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

frequency or the wavelength.



In a Crystal

-skip-

0]
—) 8B Sellmeier Coefficients

e & (Q3F e & (Q3F Cauchy Eqgn.
Table 9.2 Sellmeier and Cauchy coefficients
Sellmeier
Al Az A3
A,y As As (Lm) () (pm)
Si0> (fused silica)  0.696749 0.408218 0.890815 0.0690660 0.115662 9.900559
86.5% Si02—13.5%  0.711040 0.451885 0.704048 0.0642700 0.129408 0.425478
GeO»
GeO> 0.80686642 0.71815848 0.85416831 0.068972606 0.15396605 11.841931
Sapphire 1.023798 1.058264 5.280792 0.0614482 0.110700 17.92656
Diamond 0.3306 4.3356 — 0.1750 0.1060
Cauchy
Range of liv (eV) in_> (eV?) o 1 (eV™2) n_y(eV™4
Diamond 0.05-5.47 —1.07 x 102 2.378 8.01 x 10— 1.04 % 10~
Silicon 0.002—1.08 —2.04 x 1078 3.4189 8.15 x 102 1.25 x 102
Germanium 0.002-0.75 —1.0 x 10~8 4.003 2.2 x 101 1.4 x 107!

SOURCE: Sellmeier coefficients combined from various sources. Cauchy coefficients from D. Y. Smith et al., J. Phys.

CM 13, 3883, 2001.



9-4 Group Velocity and GroupIndex (6 ¥ O f )

When two perfectly harmonic waves of frequencies w 4 vand w+ d vand wavevectors k& ok 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 d wThe maximum

amplitude moves with a wavevector gk 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 7 and the group index Ng of pure SiOZ (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, A, is minimum which means that for wavelengths close to
1300 nm, A, 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.



9-5 Magnetic Field: Irradiance and Poynting Vector

Area A

—» Kk pTTTTs ~l """""""" !
. w O P !
Propagation direction — U0 - i
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1,- : ______________

From Maxwell Eqgn.




S, called the Poynting vector , represents the energy flow per unit time per unit area in a direction

determined by B B (direction of propagation)

_” (0L3 ﬁ)('OF, Oy )

030
Area A v
> 1 -~ , 0--0O0 Uv--06 Ik

Propagation|direction

Y ' Poynting Vector; Irradiance
P P . | e !
O ---0 © —0
hoog Y
Its magnitude, power flow per unit area, is called the irradiance( ¥) - instantaneous
irradiance, or intensity .
The average irradiance is ) YA OCEU' -0 Eg) €0 E&a €0 (p»apm)Eo
S Ty C Q& C



9-6 Snelld Law and Total Internal Reflection (TIR)
(Snell AY )
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[TIR (Total Internal Reflectance, )]
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Figure2.31: (a) Total internal reflection, (b) internal reflection in a prism, (c) Raysare guidedby
total internalreflectionfrom the internal surfaceof an opticalfiber.

Optical Fiber
Digital signal
Emitter Photodetector
Information — - > - Information
mt - Input Output ¢ P8 T M C
| Qe(mﬁ v e
- ~ P

Core=100um
Total=150~200um

Light travels by total internal reflection in optical fibers






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.)



O-7 Fresnel® Equations (Fresnel )

9-7-1 Amplitude Reflection and Transmission Coefficients

z

X into paper E

Incident - Reflected
wave wave




Normal to the
Refiecting Surface

Reflecting Surface




Definitions: Planes of Incidence and the Interface and the polarizations

Interface

Transmitting mediur

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

Per pendi c upolarizatioh éticks gut of or into the plane of incidence.

Par al | epblarizafioR lies parallel to the plane of incidence.



A <

Perpendicular (S) polarization sticks Parallel (P) polarization lies parallel
up out of the plane of incidence. to the plane of incidence.

Shorthand notation for the polarizations









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

Medium 1

Interface

Medium 2

Beam geometry for light with its electric field perpendicular to the
plane of incidence (i.e., out of the page)

ol
O!
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© ©——[0 0] [0]——0 O ©



a Boundary Condition for the Electric Field at an Interface

Interface

The Tangential Electric Field is Continuous

O(cfwy mhohy) O (chd mhaty) O (ched i)



a Boundary Condition for the Magnetic Field at an Interface

Interface

The Tangential Magnetic Field* is Continuous
*It's really the tangential B/mpbut we'reusingm 5 m

6 (o TGO e 6 (o mo)o ) 6 (W o) ()



a Reflection and Transmission for Perpendicularly (S) Polarized Light

_____________________________________________________________________________________________________________

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

amplitudes: O O (@)

__________________

_________________

_________________________

________________________
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Reflection Coefficients for Perpendicularly Polarized Light

_____________
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Transmission Coefficients for Perpendicularly Polarized Light






Fresnel Equations - B. Parallel electric field ( P- Polarized Light : TM mode )

Interface

Beam geometry for light with its electric field parallel to the plane of
incidence (i.e., in the page)



a Reflection and Transmission for Parallel (P) Polarized Light
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Reflection Coefficients for Parallel (P) Polarized Light
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Transmission Coefficients for Parallel (P) Polarized Light



incident
wave

incident

interface wave

interface

E-field vectors are red.
k vectors are black.

transmitted wave transmitted wave

s-polarized light: p-polarized light:
— cos(é,)—n, cos(6,) L cos(6.)—n, cos(8.)
* n,cos(8 )+ n, cos(6) ” n.cos(6,)+n, cos(6))
2n cos(6) , 2n, cos(6))
I

Lo n. cos(6.)+n, cos(6) ) n; cos(6,) +n, cos(6))

n,sin(6)) = n, sin(6))

Snell 6s Law can be applied to bot



Magnification at an interface, m:

Ratio of the refractive indices, 7 = n,/ n;

i [t Al &

O ¢t Al &1t AT &
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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 n, cos(@):

N
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