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Real Magnetic Materials, Bulk Properties
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Note: these two figures each present the same information because B=p (H+M)
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Effect of Demag. Fields on Hysteresis Loops
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Types of Magnetism

Diamagnetism — no atomic magnetic moments

Paramagnetism — non-interacting atomic moments

Ferromagnetism — coupled moments

Antiferromagnetism — oppositely coupled moments

Ferrimagnetism — oppositely coupled moments of different magnitude



Diamagnetism M

» Atoms without net magnetic moment

Co

H

Diamagnetic substances:

Ag

Be

Au

H,O*

NaCl

Bi

Graphite

Pyrolitic ()
graphite (|)

-1.0x10°
-1.8x10°
-2.7x10°
-8.8x10°
-14x10-6
-170x10°
-160x106
-450x10°
-85x10

> ;H

x Is small and negative

Atomic number

Orbital radius
Atomic density

Nup poZe’r?
W, 6m,

* E.g. humans, frogs, strawberries, etc.
See: http://www.hfml.ru.nl/froglev.html



http://www.hfml.ru.nl/pics/Movies/drop2a.mpg
http://www.physics.ucla.edu/marty/diamag/magnet.pdf
http://www.hfml.ru.nl/pics/Movies/frog.mpg
http://www.hfml.ru.nl/pics/Movies/strawberry.mpg
http://www.hfml.ru.nl/froglev.html

Paramagnetism

» Consider a collection of atoms with independent magnetic moments.

« Two competing forces: spins try to align to magnetic field but are randomized
by thermal motion.
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» Susceptibility is small and positive

»H Susceptibility decreases with temperature.

* Magnetization saturates (at low T or very large H)



Langevin Theory of Paramagnetism* ;

* Energy of a magnetic moment, m, ina field, H <}

___________________

E =—u,M-H =—u,mH cos(d)

* Independent moments follow Boltzmann statistics
P(E) _ e—E/kBT —_ eyOmH cos(6)/kgT

» The “density of states” on the sphere is
dn =271’ sin(6)dé
» S0 the probability of a moment pointing in direction 6 to 6+d0 is

e,uOmH cos(8)/kgT Sl n(g)

p(0) =+
J‘e,uomH cos(@)/kgT Sln(ﬁ)dﬁ
0

Paul Langevin
» The magnetization of a sample with N moments/volume will be (1872-1946)
T

) j g O ksT 005(0Ysin(0)d @
M = Nm(cos(6)) = Nmfcos(é?) p(6)dé = Nm-2
0

. . [ eremee= @ sin(g)d g
» Which any fool can see is just: ]

M = Nm{coth(ﬂomH j— KaT }
KgT HomMH *Langevin, P., Annales de Chem. et Phys., 5, 70, (1905).




Curie’s Law*

e Langevin paramagnetism: (@) = coth(a) - é
mH Kg T ' '
M =Nm coth[ﬂO }— B :
B HoMH
L(a) or- -
» For u mH<<kgT (most practical situations) slope = 1/3
= U Nm2 N 10 Io 10
0 3kBT | : Pierre Curie

Curie constant (1859-1906)

» Which gives Curie’s Law: /

Curie’'s Law
M Nm* _C
ATH TR T T
L , 1
Note: quantization of the magnetic —
moment requires a correction to the X
above classical result which assumes
all directions are allowed:
M Ng2u2J(J+1) C 0 T
N IR VE I .
B *Curie, P.,, Ann. Chem. Phys., 5, 289 (1895)




Pauli Paramagnetism

No magnetic field In magnetic field, B
Electron energy Electron energy
[J or (eV)] [J or (eV)]
/ ----- Fermi level, E; BIT]
[#/J-m?3] [#/J-m?3]

Density of states, D(E) Density of states

M= pg?BD(Ey)



Paramagnetic Substances

Liquid oxygen

Paramagnetic susceptibility:

Sn 0.19x106
Al 1.65x106
O, (gas) 1.9x10
W 6.18x10°
Pt 21.0x10°6

Mn 66.1x10°




Curie-Weiss* Law

» Consider interactions among magnetic moments:
E=—u,M-(H+aM)

where M represents the average orientation of the surrounding magnetic
moments (“Mean field theory”) and « is the strength of the interactions

» The Langevin equation then becomes:

m(H + oM k. T Pierre Weiss
M = Nm| coth| £ ( ) |- g (1865-1940)
KgT U,M(H +aM)
« Again for g mH<<kgT Curie-Weiss Law
M = (H+aM)
= S
* Which gives the Curie-Weiss Law: .
M C C
Z = = = R
H T-oC T-T; s
2 Te T
T =y aNm \
c — 0 — .
3kB Curie Temperature *Weiss, P., J. de Phys., 6, 661 (1907)



Weiss Theory* of Ferromagnetism

 Starting with the Langevin equation with “mean field” interactions
M
m(H +aM kg T ’
M = Nm| coth| ZeM(H *aM) | _ . M
KgT UM(H +aM) S
» Set the external field to zero, H=0
0 Te
M = Nm{coth[ﬂom(aM)j— KgT } T f
5 Hom(eM) Curie Temperature
* This can be solved for M graphically: Plot both sides of the equation as a function of
‘- tomaM
M S PR S LR kBT
1 y right side ofleq. Intersection is spontaneous magnetization, M
M coth(x)-= /Note: line with slope proportional to T

M 0 Langevin function _ o

Asymptote of Langevin function is 1/3 so

left side of eq. the only solution for Mg is zero when

M kT KeT 1

M, u,Nm’a t,Nm?a 3
Spontaneous magnetization decreases

¥ = HyMaM with temperature and vanishes at:
kBT T. - 1, NmMax
*\Weiss, P., J. de Phys., 6, 661 (1907) 3Kg



Weiss Theory of Ferromagnetism

* Fits data very well!

 Again, corrections need to be made for quantization of magnetic moments

(a) Classical result using Langevin function

(b) Quantum result using Brilloun function
L6
> m(H +oM

M = N tanh| £o™ )

'aNickel , ! . kBT
(}-ZE EXCobﬂl'f_;______:______;____ X

I R N U (c) Measurements

0 0.2 04 06 0.8 1.0

T/ 7(

Points to remember:
» Ferromagnets have spontaneous magnetization, Mg even in zero field
* Mg goes to zero at the Curie temperature, T
« Above T material is paramagnetic.




Ferromagnetic Materials

Material: M [A/m] Te [Tl
Ni 0.49x106 354
Fe 1.7x10° 770
Co 1.4x10° 1115
Gd 19
Dy -185
NdFeB 1.0x10° 310
NiFe ~0.8x10° 447

FeCoAIO 1.9x106



Ferromagnetic Breakfast

Nutrition Facts ... 0% 15%

Serving Size % cup (30g) Vitamin C 100%  100%

Servings Per Container about 15 = T m>

b iron 100%  100%

Fo— e cup skim [T

Par Senving Total milk |\ivamin E 100%  100%

Calories 100 140 ([Thiamin 100%; 100%

Calones from Fat 5 § ||Ribetlavin 100% 110%
% Daty Vet |[NAST 100% _ 100%

Total Fat 0.50° ' - with

Saturated Fat 09 wi™ Whole Grain

Trans Fat Og bl i)

Polyunsaturated Fat Og

Monounsaturated Fat Og
Chaolesteral Img
Sodium 140mg
Potassium 30mg
Total
Carbohydrate 27g

Dietary Fiber 3g

Sugars 50
Other Carbohydrata 14
Protein 29

Whole Grain

OHAHDWDHKEHG
’* 10 CALORIES:

-5 One Flake of Total Cereal
x 10
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Ferromagnetic Exchange Interaction
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Antiferromagnetic and Ferrimagnetic Materials

Negative exchange coupling:

Antiferromagnet Ferrimagnet
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Crystalline Anisotropy

0

- Uniaxial: E =K, sin’8+K,sin*6+... |Z
easy faxis
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easy plane
!
K, >0 K, <0
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Crystalline Anisotropies of Some Magnetic Materials

Material Structure K, [J/m3] K, [J/m3]
x10° x10°

Cobalt hcp 4.1 1.5

Iron bcc 0.48 -0.1

Nickel fcc -0.045 -0.023

SmCos 170




Other sources of anisotropy

Induced

 Heat in a field, stress, plastic deformation
(e.g., rolling), etc.

Exchange anisotropy

e coupling between FM and AFM materials

T>T, T, T<T, T<T,
H=0 H>>0 H>0 H<0
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Stoner-Wohlfarth Theory*

Anisotropy enerqy

E s = K, Vsin?(0)

=4

Magnetostatic energy

Ems = HegsyMsVcos (0)

Hard Hard
| Heasy
. >
— | _
Edgsy w /M wyw Easy axis
g @ =t-- L=
—_— | —_
0 180 360 o S
é'
Total energy (Magnetic field along easy axis) 5
S
E $ +
0
0 180 360

* E. Stoner and P. Wohlfarth, “A Mechanism of Magnetic Hystereisis
in Heterogeneous Alloys”, IEEE Trans. Magn., 27, 3475, 1991



Stoner-Wohlfarth Theory*

Anisotropy enerqy

E s = K, Vsin?(0)

Magnetostatic energy

Eins = HeqsyMsVcos (60)

E _
! Hard Hard HeaSy =0
I
|
|
Egsy, asy, | Easy axis
9 —— = - -Ih— ——— -
0 180 360 |
I
Total energy (Magnetic field along easy axis) |
M easy 4
E1
M < >
0
0 180 360 Af




Stoner-Wohlfarth Theory*

Anisotropy Energy , Magnetostatic energy
Eqnis = Ky, Vsin“(6) Ems = HegsyMsVcos (0)
E _
| Hard Hard HeaSy =1
I
_|é
|
Edsy w I Easy axis
0 - | )
0 180 360 |
ﬁ
Total energy (Magnetic field along easy axis) |
Measy 4
E1
M Heasy
O P >
0
0 180 360 —©




Anisotropy enerqy

Stoner-Wohlfarth Theory*

E s = K, Vsin?(0)

Magnetostatic energy

0 180 360

Total energy (Magnetic field along easy axis)
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Stoner-Wohlfarth Theory*

Anisotropy enerqy

Magnetostatic energy

Eanis = Ky,Vsin?(6) Ems = HegsyMsVcos (0)

0 180 360

Total energy (Magnetic field along easy axis)

E4

M

0 180 360
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Stoner-Wohlfarth Theory*

Anisotropy Energy , Magnetostatic energy
Eqnis = Ky Vsin©(0) Ems = HeqsyMgVsin (6)
E _
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I
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Stoner-Wohlfarth Theory*

Anisotropy enerqy

E s = K, Vsin?(0)

Magnetostatic energy

Eins = HeqsyMsVcos (60)

E _
! Hard Hard HeaSy =0
I
|
Egsy, asy, | Easy axis
0 A | )
0 180 360 |
I
Total energy (Magnetic field along easy axis) |
E M easy 4
t o
[
Heas
y
M 4 ;
0
0 180 360




Stoner-Wohlfarth Theory*

Anisotropy enerqy

Magnetostatic energy

E s = K, Vsin?(0)

E
ﬁ Hard Hard

Egsy, asy,

0 180 360

Total energy (Magnetic field along easy axis)

E4

M

0 180 360

Ems = HegsyMsVcos (0)

Heasy =0

|
|
i

I Easy axis
|
i
|
|
M easy 4

I
H easy
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Stoner-Wohlfarth Theory*

Anisotropy enerqy

Magnetostatic energy

Eanis = K, Vsin®(6) E.c = HyrqgMVsin (0)
E
7 Hard Hard T T
hard
/\ 1111
y \%L‘A P\ : y _E_afy_a_xs

Total energy (Magnetic field along easy axis)

E4

/\/\ 6
0 180 360




Stoner-Wohlfarth Theory*

Anisotropy enerqy

Magnetostatic energy

_ a2 .
Eanis — KuVSln (9) Ems = HhardMSVSln (9)
E _
| Hard Hard Hnarq =0
|
|
|
Egsy, asy, | Easy axis
9 —— = - -Ih— ——— -
0 180 360 |
I
Total energy (Magnetic field along easy axis) |
M hard 4
E1
| H hard
M < T >
0
0 180 360




Stoner-Wohlfarth Theory*

Anisotropy enerqy

. Magnetostatic enerqy
Eqnis = Ky Vsin®(6) E. = HygrgMVsin (6)
E+¢

; |
0 0 360 |
|
|

Total energy (Magnetic field along easy axis)

Eﬁ Mhard4

Hard Hard H hard — 1
I
I
I
I

y ‘%/A X , ___'_k_Easy axis

H hard

NS

0 180 360




Stoner-Wohlfarth Theory*

Anisotropy enerqy

E s = K, Vsin?(0)

Magnetostatic energy

Ems = HpgraMgVsin (8)

Hhard =2

|

|

|
a ' Easy axis

o BR\U \

0 180 360 |

|

Total energy (Magnetic field along easy axis) |

M hard 4

£t
/\/\ / Hhard
< >
: > 0
0 180 360




Stoner-Wohlfarth Theory*

Anisotropy enerqy

Magnetostatic energy

_ a2 .
Eanis — KuVSln (9) Ems = HhardMSVSln (9)
E _
Hard Hpgra =3
|
|
Egs ' Easy axis
A AN g W —-ft---F---)---
0 180 360 | .
I
Total energy (Magnetic field along easy axis) |
Mhard4
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0 180 360




Stoner-Wohlfarth Theory*

Anisotropy enerqy

E s = K, Vsin?(0)

Magnetostatic energy

Ems = HpgraMgVsin (8)

Hhard =2

|

|

|
a ' Easy axis

o T, \

0 180 360 |

|

Total energy (Magnetic field along easy axis) |

M hard 4

E1
/\/\, Hhard
< >
: > 0
0 180 360




Stoner-Wohlfarth Theory*

Anisotropy enerqv_ , Magnetostatic energy
E. i = K,Vsin“(8) E...=Hy,,qMVsin (6)
E _
| Hard Hard Hnarq =0
|
|
- |
y asy, I Easy axis
0 __—— - -h— - —-
0 180 360

Total energy (Magnetic field along easy axis)

E4

0 180 360
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Magnetic Domains



Why do Magnetic Domains Form?

N A

= - ===
Hd
| — — |4 -
TN =2
Large demagnetisation field Reduced demagnetisation

and energy in external field. field and external field.



Closure Domains

== —
— — 4+ —
&
Reduced demagnetisation No demagnetisation field and

field and external field. external field.



Domain Configurations

Domain walls are the boundary between to regions with different
magnetization direction.

« A ferromagnet with net magnetization

90° wall less than saturation breaks into
domains due to demagnetizing fields.
4—\‘ — ]
180° wall __ /\ » Domains form to reduce the
\ magnetostatic energy.
« Within a domain, the magnitude of
M magnetization is the “spontaneous
magnetization”, M
\/ » The direction of magnetization varies
— - from domain to domain.




Two Types of Domain Walls

*Bloch wall

magnetization rotates around axis normal to wall

Louis Néel

Pttt aaaevrv il
Pttt raae v b}
Pttt raae v b}
Pttt raae vy by ts0s 123
o / div(M)=0 = nopolesin bulk
M pointing at you ! |
*Néel wall
tttrr27>>~x N\
ttttrr77»>~N Vi
ttttrrr7-»>~N VI
TTH)‘//-»»\\&JL&

(1904-2000)

- domain wall thickness:

div(M) =0 = distributed polesin bulk



Domain Wall Exchange Energy .

» Assume linear transition over N lattice points M
n R B SPSR S A A A
H(n)yzN orn=0 N A S
« Angle between adjacent moments is ttttr ey i
o T Prtt e s we rrvidbid
N 5=Na -
» Exchange energy between adjacent momentsd T /
A@)
E = — ZCOSAH;— 2 ( 0 L I R R R >
m; ,Mi,q /’lom ( ) /’lOﬂrn ( 1 2 N
n
« Summing through wall thickness
2 2 » Using 6=Na:
> Ep, = v
n=0..N - E... _ ﬂoﬁmzﬁz 1
_ T~ Area 2a o

2N
» Summing over wall area:

Area u,gm’r’
exch — 2 C
a 2N

» Exchange energy favors thick walls.

E



Domain Wall Anisotropy

» Assume linear transition over N lattice points
n
H(H)Zﬂﬁ forn=0..N

> > > >

» Anisotropy energy penalty for each moment:

—_ — — —>

—_ — — —
- > > >

> > > »

Energya

<« <« <« <
« €« « «

. ) 3
E, =K,sin“(0)a
uniaxial anisotropy energy / volume 9

e Summing through wall thickness

© N
—> = — —> —
\ F

V4 3
SE, =2 [K,sin?(0)’d0 =S 23
n=0..N T
« Summing over wall area:
Area K Na’
Eanis - 2
a 2
Or, » Anisotropy energy favors thin walls.
Eanis _ Ku 5

Area 2



Domain Wall Thickness

* Domain wall thickness is determined by a balance between anisotropy
and exchange energy:

Eanis = KU o Eexch _ :uoﬁmzﬂ-z i
Area 2 Area 2a O
2
- Define exchange stiffness: A= /M _
a S
« Total wall energy is: «i:s
?
EWall _ Ku 5+7Z- A '5'0

Area 2 26
e The minimum energy is achieved at:

2
dEwaII :Ku_ﬂ- 'j‘zo — 50272. i
ds 2 26 K,

* Where the wall energy is:

Wall thickness, &

E.. =7JK,A Area



Single Domain Particles

Single domain Multi domain
Demag. Energy « r3 Less Demag. Energy

Wall Energy « r?

Below a critical size, domain wall can not form.



Magnetostriction

Random crystal orientation:
Al 3

| 2

A A A A A

Q —> TM E.g. “Terfenol”
TbFe,: A,=1753x10°

S

A, (cos® 6 — %)

E.Q.
Ni (fcc): A =-34x10°
Fe (bcc): A,=-7x10°




Magnetostrictive Effect on Domain Walls

., —3 RN
/ 180° wall

90° wall

» Magnetostrictive strain energy favors 180 degree walls.



Domain Walls in Thin Films

*Bloch wall

A A 2 « ¢ >y )y Y Y
A2 A2 « 0o >y )Yy
A2/ A2 « 0 >y )y Y

XX Xa 4 4ttt 4+ 4 4 o 10

. Néel wall
Magnetic poles on surface

Wall energy (10-3J/m?)
(@) N A~ O (o]
|

Bloch wall
*Néel wall [ R T N N N B
40 80 120 160
277NN & J l v /K Film Thickness (nm)
AAAATSNNN N A XA Y
AAAAx>SNNN VA X XA ForA=10%"J/m,B,=1TandK =100 J/m?3

from O’Handley, Modern Magnetic Materials

XXX»-V*—b—b—b-b-b}...

Magnetic poles in bulk



Domain Configuration

Balance of energy between:
— Magnetostatic self energy (demag. field -> try to reduce magnetic poles)
— Domain wall energy (exchange and anisotropy -> reduce wall area)
— Strain energy (magnetostriction -> favor 180° walls)
— Magnetostatic energy in applied field (E=-m-B -> favors alignment with field)



Domains in Fe film

-2.5
-500 -400 -300 -200 -100 O 100 200 300 400 500
Applied Field (Oe)

MFM images From: http://physics.unl.edu/~shliou/ResearchActivity/research3.htm



Barkhausen Noise

M ;
\.
A - A
Heinrich Barkhausen
(1881-1956)
< H
v

H Barkhausen, Two phenomena uncovered with help of the new amplifiers, Z. Phys, 1919



Domains in NiFe patterned film

el | 2 ] 1 IL i

MFM images from
http://www.philsciletters.org/3rd%20week%20June/Visualizing%20objects%20a
t%20nanometer%20scales.htm



Stripe domains in CoFeB thin film with
Perpendicular Anisotropy

25 um

Polar Kerr images.

54



Flower Domains in YIG

MFM Image

58888

48868

38888

ZB8a88

188688

A 18888 ZAABA 38BHAA 468888 SHAAH

From: http://www.nanoworld.org/russian/s_11.html



Magnetic materials are typically classified

Magnetic Materials

as “hard” or “soft” depending on the intended

application.

Soft magnets have low coercivity and

high permeability.

Hard magnets have high coercivity and
high remanent magnetization.
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What Determines?

M, depends primarily on composition.

H. depends also on:

e grain size/orientation
« crystalline anisotropy
* magnetostriction

e defects

100

’_ LY
'IG_ L & &
H .'Il,. I\i l{er
A .
P i 06 w iy
(A/em) v O'. FeS56.5
L) d'\ o
- a*s
0 1 - i 5 a
. ne SONFe g,
I o A o
O i s ™
! 'l_ pEIm— & -u.‘ .
0.0 g m?"! - 3
1
u-m‘ T T T 1] Li 1
lam 1 m 1rmrmn

Grain Size D



Soft Iron

10%x 16

* Inexpensive, high coercivity material IRON, ANNEALED
* 11, ~ 1000 - 5000
» Used in DC/low frequency applications /

I I
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f1o. 3-5. Upper halves of hysteresis loops of ordinary annealed iron
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Silicon Steel (“Electrical Steel”)

« Most common in power (50/60 Hz) applications

« Adding Si, Al increases resistivity, permeability e 3
and reduces coercivity. o asruanion wovemion | B 5
 Bad effects: reduces B, T, and increases brittleness . ot 20z 3
E 740 CURIE 1‘-'5;

. . .. W TEMPERATURE <«

* Higher resistivity and lower coercivity -> less losses  z*, o
» Higher permeability -> better coupling o . 8
* Si limited to 3-4%, material gets too brittle. ’ 53
eee RESISTIVITY * § %
s 05| ANISOTROPY E 50‘! ;

:‘ o.4| 405

. Result E‘g .:’Q_‘

Primary [ netic held ) Secondary Vy Ny %.E 03| 3o§
I [ ; g v, N wd 2%
Ve 4 ?/' Vi, R S8% SATURATION 173 E

. G E } MAGNETOSTRICTION |, E

N, | J Ng E ’ og

IFON CORE e i s 4 s s 1 °

PER GCENT SILICON (BY WEIGHT)

Fig. 1. Variation of important properties of silicon—iron alloys
with composition,

Littmann, M.; Iron and silicon-iron alloys,
IEEE Transactions on Magnetics, 7, 48 - 60 (1971)
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Initial
Permeability, pg

N
(=)
(@]

i¥i AYa A VA
Fe 96 92 88 84 80 2 8
Per Cent lron
V) i) V) VA v vt v v
Figure 10.10  Iron-rich corner ol ternary Fe-Si-Al diagram (wi%) showing fields of p-- Fe 26 92 88 84 80
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Cold-rolled Grain-Oriented Steel (CRGO)

*Reduces hysteresis further by orienting grains:

/
!
| I
J'r | ]

© 20 40 70 w00 200 400

S N S
Too -
r—..l.!fh

at various angles to rolling

Losses (W/kQg)

Fig. 2. AC excitation curve, induction
direction.

Commercial iron 5-10
Si-Fe hot rolled 1-3
Si-Fe CRGO 0.3-0.6

*Di Napoli, A.; Paggi, R.; A model of anisotropic grain-
oriented steel, IEEE Transactions on Magnetics 19,
1557, (1983)




Ni-Fe Alloys (Permalloys)

Zero magnetostriction
at 80%

Zero anisotropy
at 78%

Magnetestriction

30 40 30 60 70 80 90 100

Weight percent Ni

Fig. 12,12 Dependence of magnetostriction coellicients £, ng and Ay with nickel conten 1
iron-niche! alfoys.



Amorphous Alloys, “Metglas” (Metallic
Glasses)

« No crystalline anisotropy * Rapid quenching: melt spinning

 Ultra-low coercivity and super-high permeability

* Available in thin ribbons only:

RAGKETIC INDUCTION-8-TESLAS

1 1.0

Annesl
Lengitudinal
Field |

rotating
Cu block

ribbon
dravwn off

MAGNETIZING FORCE-H-QOERSTEDS




Some Soft Magnetic Materials

Material

Composition

Relative Permeability

H

B

C S
124 “max (kA/m) (T)

Iron 100% Fe 150 5000 80 2.15

Silicon-iron 96% Fe 500 7000 40 1.97
(non-oriented) 4% Si

Silicon-iron 97% Fe 1500 40,000 8 2.0
(grain oriented) 3% Si

78 Permalloy 78% Ni 8000 100,000 4 1.08
22% Fe

Hipernik 50% Ni 4000 70,000 4 1.60
50% Fe

Supermalloy 79% Ni, 16% Fe 100,000 1,000,000 0.16 0.79
5% Mo

Mumetal 77% Ni, 16% Fe 20,000 100,000 4 0.65
5% Cu, 2% Cr

Permendur 50% Fe 800 5000 160 2.45
50% Co

Hiperco 64% Fe, 35%Co 650 10,000 80 2.42
0.5% Cr

Supermendur 49% Fe, 49%Co - 60,000 16 2.40
2%V

Metglass 1.6%Ni,4.4%Fe, - 1,000,000 0.01 0.57
(amorphous) 86%S|,82%C0,

3%B




Ferrites

Ceramic materials of type MO-Fe,O; where M = transition metal

Magnetic properties are not as good as metals.

But, high resistivity makes them useful for high frequency applications.

10,000

1000

Ho 100 |

Fig. 13.42

(Mn.Zn)O-Fezo3

(Nig 5Zng 5)0-Fe; 03

T NiO-Fe, 04

%,

| | ! |

0.1 | 10 100 1000 10,000

Frequency (MHz)

Variation of initial permeability p, with frequency for three ferritcs.

Skin depth:

S=_ T
uonf

= 8.6 mm for Cu at 60 Hz

= 3 mm for Si-Fe at 60 Hz.



Hard Magnetic Materials

* Permanent magnet materials.

. ; WM(Wn?‘m?m%ami E"’(z Bzgs":?’é"’“ 0 50 100
« Manufacturers typically provide data (.o M & Menergy product) BAHd St o aw ® % |0 m
in the form of second quadrant B-H response | [ /1] “ '
r “demagnetisation curves” —
0.8 z
20°C
 Often B and py,M are plotted on same axis 0-“_;"
and often in CGS units. ogf !
0.5¢ '
 These days often in Chinese. L
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Advances in Permanent Magnet Materials

400 e
Md-Fe-B
= 3205 Lo -
E :
= Sl Co-Fe-Cu-Zr), =
x -
£ 24 Strp(Co-Fe-Cu)y; I - 30 E
& Sm-Pr-Cog pr-Fe-M £
sintered SmCog
1604 o
80 Al C%IumnarMnichSmcnﬁ| 10
hlk: Steel e & ' Ba-Sr-Ferrite
Ksgleel 93 o-Fertite]  YCopa

1920 1930 1940 1950 1960 1870 1980 1990
Yaar

http://www.aacg.bham.ac.uk/magnetic_materials/history.htm



Common Permanent I\/Iaqnet Materials

[ Nd-Fe-B  AMico5-7 _[5
Sintered
E ;,,:rf”’"':rm C°~g ( ] ke g
Cos Sm E
L
Ba-ferrite || 5
Co Pt‘_‘?ﬁ‘:"-‘
ST
AT IO [4‘\?1_4_0
-10 =D 0
H (kOe)
Material | B, H. (BH)max | Te Of B, | Tihax Teurie Cost Notes
() (KA/m) | (kI/m3) | (%/°C) | (°C) (°C) (relative)
SmCo 1.05 730 206 -0.04 300 750 | Highest | Hard, brittle
(100)
NdFeB 1.28 980 320 -0.12 150 310 High Corrodes
(50) easily
Alnico 1.25 50 45 -0.02 540 860 | Medium
(30)
Ferrite 0.39 250 28 -0.20 300 460 Low
(5)
Bonded 0.25 160 11 -0.19 100 - Low Injection
(1) molded




Thermal Decay of
Magnetization



Superparamagnetism

|
I Easy axis

Tt e—— AE =K,V
For H,=0: '
a : M(t) = Moe™"/"
E+
T = Toe_AE/kBT
IAE
< P To = attempt period ~ 1ns
0 180 360

“Superparamagnetic” it K,V < kgT



Thermally Activated Reversal

What happens over time?

AE
1
dN1—> 2 KT
N T M
EIS]
SICIES)
[SIS1C)
®
Wy g " T
.6 ot oc Nz(t)e

dNy@®) AN, g ANy,

dt  dt dt

dM() ) le(t)
dt —r dt

t AE

M(t)= 2NM. e * - NM, where r = CekT



Spin Dynamics

The response of magnetization to time-varying fields
Is affected by the angular momentum associated
with spin or orbital magnetic moment.

Consider this when:

* Frequencies above ~ 1 GHz
* Pulses shorter than ~ 1 nsec



Magnetic Moment and Angular Momentum Are Linked

Angular momentum

h
2 —_

L =m,or L= >
Magnetic moment
m=lA=——nar Mg =_——

272' 2me
m_ —¢€ m -—e

L:2me L m



The g-factor or “gyromagnetic ratio”

m —e€ m -—e
L 2m, L m,
m —e
~1 — = — =2
g ] 92me 9

Sl units:

£ _176.10" coul| | A-m’ _[rad/sec}
m ' kg | | kg-m?/sec| | tesla

e



g-factors

*
Substance g
Iron 1.93
Cobalt 1.85
Nickel 1.84-1.92
Magnetite 1.93
Heusler alloy 2.00
Permalloy 1.9
Supermalloy 1.91

Ferromagnetic materials have g ~ 2
— most of magnetic moment is from spin

* From Kittel via Chikazumi’s Physics of Magnetism




Einstein-DeHaas Experiment (1915)

e
=0— Ang—AL AmZZMSVOI



The gyromagnetic “constant”,

. m_ —€
"L 2m,
For most materials:
s —1.76x101 13418 _ g GH2

tesla tesla



Spin Dynamics: The Landau-Lifschitz Equation

Torgue on a magnetic moment:

— —

T =mMxB =mix u,H

/4 —\
(;) al -
% T

The gyromagnetic relation:

—

m=—-yL
and M

M =m/volume
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Spin Precession

—

dM ~ =
—=—u,yM x H
dt HoY
av
dt 1 .
— N | aM
dt
M M
Magnetization never turns
~ towards H, just precesses at
H

frequency 28%

O)ZQ/ILIOH f :i%uoH tesla



Landau-Lifshitz Equation with Gilbert Damping

dM -\ a . dM
e MxH |+ —=— i
dt por{M )+\M\£det)

a IS the Gilbert damping parameter

Equivalent: — = —,uoy/'(M x I:I)+i M X(M X H)]



Reversal with Damped Precession

Upon reversal of field, magnetization
vector follows a complex path.

= C .
\/ L

a<<1 = a>>1




Precessional Switching




Reversal in a Thin Film

* M tries to precess out of film plane
 Demagnetizing field pushes back
 Demag. field increases effective field

Kittel relation: Hy =+yH(H +M)



Ferromagnetic Resonance (FMR)

+«—> AC field —
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