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IN MAGNETISM ELECTRONS ARE ALL-Ii{PORTANT

ORBITAL MOTIOM ann SPIN

THE NUCLEUS WILL NOT BE CONCIDERED FURTHER
ELECTRONS ARE TRAVELLING IN WELL-DEFINED ORRITS

ELECTRONS SHARING THE SAME ORBIT WILL HAVE OPPOS!TE SPIN
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Atomic QOrbitals




PeriobDic TABLE , MASS SUSCePTiBiL\TiES
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QUANT(M THEORY OF FERROMAGNETISM

“1F ONE DEMANDS A THEORY THAT WILL PREDICT IN ADVANCE JUST WHICH ALLOYS WILL
RE FERROMAGNETIC, WHAT QUANTITATIVELY WiilL BE THE REMANENCE, HYSTERESIS, FTC.

THEN ONE MUST ADMIT FAILURE.

.« « . IF, ON THE OTHER WAND, WHAT ONE DESIRES OF A THEORY IS A QUALITATIVE
UNDERSTANDING OF WIY NATURE WORKS AS IT DOES, AND THE SATISFYING CONFIDENCE OF

HAVING A MECHANTSM WIICH WOULD, NO DOURT, EXPLAIN EVEN THE MOST COMPLICATED
PUENOMENA TF TUE DIFFICULT MATHEMATICAL CALCULATIONS COULD BE MADE THEN THE
QUANTUM THEORY DF FERROMAGNETISM 1S CERTAINLY A SUCCESS.”

Joun H. VaN ViLEck
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EXCHANGE INTERACTION

w A Co
Ae
EXCHANGE + **
0 ._2_
EXCHANGE - **

Y - _—
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H—-—D;;;!c@
%jf‘ Total Interaction = Coulomb Interaction + Exchange
? Cr Mn Fe Co Ni Gd
1.45 1.47 1.63 1.82 1.97 3.1
TCK 1043 1400 631 287

TnK 475 100



MAGNETIC PROPERTIES

Intrinsic
saturation magnetization, Ms

Curie temperature, O,
~magneto-crystalline anisotropy, K4, K>
magnetostriction A

B=H+4xM,

A \ INTRINSIC PROPERTIES DEPEND ONLY ON:

! \
M, \

6 “

SATURATION MAGNETIZATION (M;)
in a magnetic field of 100 oersteds

Diamagnetic eg. Au
Paramagnetic e.g. Mn
Antiferromagnetic e.g. MnO,
Ferrimagnetic e.g. y—Fe,0;

Ferromagnetic e.g. Fe

-4x1073 emwcc
+107"

+107"

+400

+1700

<Y

+ 3+
the type of atom e.g., Fe2 , Fe

the number of atoms

their arrangement in the crystal

and the temperature

, Ni, Mn

D
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Flements of First Transition Series

fe Co Ni
density, g¢/cm’ 7.874 8.78-8.85 8.90
Curie point, C 170 1131 358
melting point, "C 1539 1495 1455
O 20°K , emu/g 217.75 161 54.39
O" 0°K , emu/q 221.89 162.5 57.50
M, , emu/cm’ 1714 1422 484 .1
Iron Cobalt
OL-—-————>’Y—-———>OL hcp ————— fce
910°C  140(°C 425°C
oo y c=4.0611 3.5368
be c 0=2.5020

2861 A
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MAGNETO-CRYSTALLINE ANISOTROPWKW&%

Iron And Nickel

IRON NICKEL M
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MAGNETOCRYSTALLINE ANisoTRoPY
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Extrinsic

remanent magnetization M,

coercivity He , H,.

MAGNETIC PROPERTIES

o
L o,

permeability p
M= 1 + 41 K

M
A M 2 o lemu/a)

o
" / / He | anisotropy gke\b
’-
/Hr. H

EXTRINSIC PROPERTIES also depend on:
- the type, number, arrangement of the atoms
~ and the temperature
but also depend on-
the shape and size of the sample
and its previous history

(B)Hc (N)Hc

Y~ X mas suscept ib‘J‘\}fﬂ
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postulated to explain H_o > I/ —
why a piece of iron m=o | >— = q

—may not be magnetized

Th——

—may then be fully magnetized in small fields
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WHAT LIMITS THE NUMBER OF DOV\A\'\)S?
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DOMAINS AND THE HYSTERESIS LOOP

i ,: SATURATION

%20 ROTATION

IRREVERSIBLE MOVEMENT

REVERSIBLE MOVEMENT
> H




HARD AND SOFT MAGNETIC MATERIALS

‘?\ 3
Vg o
Soft  High Ms
Fe 1700
emu/cc
80Ni20Fe 660
MnZn |
ferrite 400
Co,, Fe :uls . 530
Hard High Ms
'y-F8203 400
BaO.6Fe203 360
SmCo; 192
e &t 120

8 | 4

Low Hc

1 0e
0.1

0.02

High Hc

- 300-450

2000-3000
24,000

’ N
11,00

Low Mr

<500
<300

<200
0-1 < 250

High u

"
20,000 j}lw v5
/00{7\4@[\

50,000

5,000
10,000

High Mr
200-300 j f
180

100
4230
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Multi-Domain ‘ Single Domain  Superparamagnetic
coercivity: Hc <100 Oe Hc =100 -3000 Hc= 0'
.Ms 400 - 1700 emu/cc 400 -1700 400 - 1700
m_;. <0.5 0.5 <WIM§<1'° 0
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To in seconds

1034

102-

104

100-

RELAXATION TIME
FOR ACICULAR PARTICLES

+ 30 years

- 1 year

- 1 week

- 1 day

- 1 hour

|

Radius of equivalent sphere

10-1

] ) 1]

L -]
70 80 90 100A y—Fe,O,

42

Lo
62 82A Cro,

20

ro
30 40A Co (h.c.p.)
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SINGLE DOMAIN PARTICLES

Anisotropy Maximum Coercivity
Crystalline H, = 2k
M

Strain

Shape




_ TURE
| Wééggp‘pk’yr

Crystalline
Strain

Shape
(10:1)

SINGLE DOMAIN PARTICLES

Maximum Coercivity

Iron Cobalt Nickel v—Fe,0;

250 3,000 70 230
300 300 2,000 <10
5,300 4,400 1,550 2,450
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QEM ANENCE AND
KENANENCE

— ——— e

=y Nicrment

rfandom' aeaemb\\g or\; WAL AN \PM\TJ\P.S. |
T _

e e Mr — .
= 05
M.{- — . =

eoSY Oxes <1007

Me
X

s

QOSA oes LW\

05 |

= 0.8b

n=2 = Avmber ol e(w'.uo)enk eosw dtechioos,

Me
g

A




Acicular v — Fe203

Step 1 Preparation of colloidal a — ( FeO)OH
— goethite

4FeSO4 * 7H20 + O + 8NaOH -+ 4a — (FeO)OH

+ 4H,S04 + 30H0
NN

Step 3 Dehydrate

230 - 270°C
20 — (FeO)OH a — FepO3 + Hy0

/ / % Hematite red crystals
o

Step 5 Carefully re-oxidize

~200°C
4 Fe304 + 09 —— 67 - Feo03

Step 2 use these as seeds to grow larger crystals
of a — (FeQ)OH with water, scrap iron,

air, 60°C, 4 hours.

a — (FeO)OH.
Yellow crystals
T
l I

Step 4 Reduce

Ha, 300-400°C
3a — FegO3 + H 2Feq04 + H20

‘;‘:{ Magnetite black crystals

Pores caused by evolution of oxygen

Transformations

Pigment - dehydrated oxide - magnetite -> maghemite

) |
[a-(FeO)OH] [« -Fey04] [Fe30$] (y-Fep03]

ﬂ ﬂ Maghemite red-brown crystals

— are Pseudomorphic

BATE



INTRINSIC MAGNETIC PROPERTIES OF Fe30y AND Y-Fep03

— 7 N
.C}./'f\l/l’/'\ ,x

/@5 Fe’" AND Fe > OCTAHEDRAL SITES

18 AN

-

INVERSE SPINEL

- 3+
. lv 2N /{( Fe~ . TETRAHEDRAL SITES
_JT/_ ' O OXYGEN

SPINEL STRUCTURE

OCTAHEDRAL SITES = 16 . TETRAHEDRAL SITES = (8 x—é—) + (6 X —;—2_-) + 4 - 8

Fe304 Y- Fep03

Magnetite — inverse spinel ' Moment per molecule 448 2.50

Fedt (Fe2t Fe3t) 04 0s0 97 emu/g 82 emu/g

A-sites B-sites : os 87 emu/g 74 emu/g

(tetrahedral)  (octahedral) Density 5.197 g/cc | 5.074 g/cc
v — Ferric Oxide — samé oxygen sublattice ' Is 453 emu/cc | 400 emu/cc

— vacancies arranged on a tetragonal superlattice (c/a = 3) Curie temperature 575°C 590°C

Anisotropy constant -

Feg [(Fe 14 2) F812] 032 )

) _ 15 25 Ky=-1.10X 109 erg/cc | = —4.64 x 104 erg/cc

. 1 . (111> easy - "1 <110> easy

is the formula for —jumt cell. <100) hard <100> hard



INTRINSIC PROPERTIES:

Y—FEZOS' FE3O'~|

"Thverse S@.ma_‘ Feg 3* Fe2t Fe3* O.
e P L S— e 4
5uB tu 5”3
NET MOMENT =| Y4 Mg PER FORMULA‘UNIT
Npg
5. . 5585 )
0 M "8 1 M= 231.6, a,= 97 eMu/6  (EXPT = 9Y EMu/6)
“Moloe . wt 0
- 3+ 3+ 3+
Y -FE03 . Fes (FEj3 8g3)  FEY, Q,
0 /30\ _— A -
2072 (8X5)yy (a/3%5) wy (12x5) u,

NET MOMENT - ( 16/3 x 5 )y per Fe,0y
MOMENT PER FORMULA UNIT = 3/32 X 16/3 X Sy 25w
OR 1.25 JTRON ATOM:  EXPT = 1.18
%™ 82 EMU/G

O 74 EMU/G ; EXPERIMENT
QT



=R GNETISM
FeErRIMA Mq 0. Fe, O

. 0K { 20 C

Lattice . .,> f\ —

Substance parameter l)u.“",y 15 PM(Q l’\\lQ( ~C O )
(g cm’) a, M, o, M, (C)

alA) (emu/g)} (emu/cm?) [(emu/g)| (emycm?)
MnO - Fe,0, 8.50 5.00 112 560 80 400 300 O l
FeO - Fe,0, 839 5.4 98 510 92 480 58S A g' kes ‘
CoO- Fe,0, 835 5.29 % 475 80 425 | s F !
NiO - Fe,0, 8.34 5.38 56 300 50 270 | 585
CuO-Fe,0, 817° 541 30 160 25 135 | 4ss O q C O q « S’ 4. S-IU\B
MgO - Fe,0, 8.36 ©452 31 140 27 120 440
DaO - 6Fc,0, ! 588 | 528 100 530 72 380 | 450 ')‘ 2+

a0 -6Fc;0, a=3. .

c=232 O A o gs\\{’s

Fe ! 2.87 787 | 222 1747 218 1714 770 1_ 1 Q_\r T—ﬁ

’loixS = SS/U\,:&

Tewrahedral | Octahedral Net moment
Example Substance Structure A sites B sites (s, molecule)
Fe'* . Ni?* Fe'*
1 NiO- Fe,0, Inverse 3 ’ 205 2
Zn?’ Fe**, Fe** ,
2 Zu0 - Fe,0, Normal 0 S S 0 /

Mostly Mg?* Fe*' | Mg?* ke / /

Saturation magneuzation uy
(ug /molecule)

3 MgO - Fe,0, inverse 0 45 0 5.5 1 f

Fe** Ni'* Fe**
09 NiO - Fe, 04 | Inverse 45 18 45
4 - -— *—

Zn?! Fe*' Fe'!
| | l 1 01Zn0O-Fe,;0,| Normal | 0 0s 0S5
(] 20 40 60 80 100 -

MO - Fe,0, Zn0 - Fe, 0, 45 73 28

Mol percent ZnO - Fe, 0,
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Cob it — Mertitied ron Lixnng

Cobalt substitution

107
3 e

\ COxFe 3-x 04
Bickford et al. (1957)
O lrom| (100)

x trom] (110)

Kq (erg/cm3)

4
I

N o
0 Q)ﬁ-:-(-‘: _'.2_'.'-2:0-0 1000000”‘

aatel-ii .
ns*0
-0 51 -
100 200 00 , 400 500
(o] v
T.(K) .
K4 | o
e H.=0.64 — temperature sensitive
l\/lS ,
°

=7 <S> =05 /) <S> = 0825
® Romanence

time and <trece ddenondont

Bak



1000

800}

600 |
Coercivity

400 |

Acicular y — Fe,04

lM

Cog 0aFeq.0603

Equiaxed Particles

200 |-
. ~ Nonacicular y — Fey04
0” (1 1 - i -—-r_l-—-—'—.—‘_.:_- 1
70 100 150 200 250 300 350 400

Temperature (°K)

450



COBALT-IMPREGNATED IRON OXIDE

CoCl,; + NaOH

600
550
500

Hc in Oe
450

Fe;04 type

1 1 1
0 1 2 3 4

Cobalt content wt %

RATF



CowsaLT - MoDIFIED

?

36wt%

\

¥- Fe,O  PARTICLES

A D

G fReT =08

alk.
45°C B houwrs

54wt% —o—Co-epl.
T0wt%  —e-Co-5ub.
oy > —= (¥ >
. __o
36wt% Co-¥ 450c¢
5.6wt% ' air
7.0wt% 2 houts
N
o 50 100 150 200
T (‘C) 2000+
1500} 3.6 wt% cobalt
Hc (Oe)
1000+
/ impregnated
500|- Tt
doped —” o
{1 ] S, L 1 U
-50 0 50 100 150 200

T(°C)

(K' ‘Wi \‘0' AW""'\A(. ' '\ ,-r..,\q\

B
-
g .



2000 |-
1500 |- 3.6 wt% cobalt
Hc (Oe)
1000 |-
O~
i ted
o / impregnate
500 |- To~—
doped —" o
0 | | . 1 | |
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Parlicle
‘ v-Fe203 Co-Fep03 Cr02 |Ba0.6 Fep03| Fe FegqN
Property +Co, Ti
Jg
e 73-74 73-76.3 70-80 45-70 0- 10-130
saluration magnelization, emu/g 150-190 | 110-1
or ) B
—0 0.5 0.5-0.8 0.5 0.6-0.7 0.23-0.52 | 0.47-0.53
s P
Curie Temperalure, T¢,°C {590} 1590} 115-126 320 768 490 -
magnelocrysltalline anisolropy
: -4.64x 101 ~571o+100x 104 . 5 : 6 . 5
constant, Ky, ergs/cc 4.64x1 S5rp+100x1 +2.5x10 +3.3x10 +4.4x10
saluration magnetostriclion
¢ g \ ~-5x10-6 -510 —15x10-6 | 4+1x10-6 +4x10-6
s
coercivity, ¢, Oe 250-350 550-750 .450-670 320-1970 375-1650 | 640-1100
i p . fetribt AH
swilching field distribution, T 0.26-0.61 0.30-0.6 0.35-0.6 0.16-0.6 050.75 | 0.5-0.7
c 4
temperature coell. ol coercivily, impreg.4 ~2.4x10-3
-1x10-3 : -5x10-3 Ax10-3 |-o. -3|-0.7x10-3
AH/Me/°C (20-70°C) doped —10x 103 X +3.0x1 0-6x10 x1
specilic surface area (BET), m2/g 20-40 20-40 25-37 15-31 26 25-40
density, o, g/cc 4.60 4.60 4.00-4.95 5.28 5.8 5.8
cubic lclmgonnlA hcxagonxl b.c.c. f.c.c. A
8g=25A, mdm cublc a=4.4218 A €=23.2 [a=2.861 A} a=3.795
cryslal struclure c-29182 Al a-5008 A
ferro- or lerrimagnelic ferrl ferl ferro terrl ferro ferro
needles needles w equlmax. needles hex. platelets needles 1=0.5
i H 1=0.3 1=03 j-0.2 1=0.5 dia=0.00-0.1 1=0.3 dla=0.07
particle size, um d=0.06 d=0.06 d=0.05 |hick=001-0.025 | d=0.06
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Typical Ba-ferrite fine particles
characteristice
Particle size 0.08x0.03 ym
Density 5.25 g/el
Specific surface ares 22 o2/g
Coercivity 900 Oe
Saturstfon magnetizstion 58 emu/g
Curie temperature 350°C
Squareness rtatio 0.9
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OSTRUCTURE AND ProperTiES of BARwM Fererre
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MATERIALS FOR VERY HIGH
DENSITY RECORDING

VHD PARTICLES

Conventional Gamma-ilron Oxide
(Co-impregnated)
Example: HDX particles

“Rice Grain” Gamma-iron Oxide
(Co-impregnated)

Isotropic Gamma-iron Oxide
(Co-doped)

Barium Ferrite

rough,

&=

smooth,
dense

hexagonal
platelets

RECORDING MODE

Longitudinal

Longitudinal

Longitudinal/Perpendicular

Perpendicular

VHD THIN FILMS

Cobalt - Chrome
(sputtered)

Perpendicular
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PREITSACH DIAGRAMS

represent the magnetic interaction between

pParticles in a magnetic tape or disk.

are two-dimensional distribution functions of

interaction fFfields
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Fic. 6. Part of the Preisach diagram calculated
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Fic. 1. Preisach diagrams: the shaded area shaws the location of
patticles with positive remanent intensitics. Alterfickds (a) -1/,
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Fic. 2. The descemding remanence curve and the ascending
curves for the nonotiented sample, The crosses on the ascending
curves mark the remanence levels attained after +f 1 when =1
was the maximum reverse field for that curve. Some of the curves
have been omitted for clarity,
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Tue OverwriTE FROBLEM

1:1770~ (yuidh)
150
oe oe

Assumptions: . Norma\ Didribution

L SFED =03 |
ovecwrite lesk : cootfns’(hickness,s = hend Qap,9
1) write AF, meosure amplitude Pocilt |
2)overwrite with 2F —Q“é"‘afg, H = 1260

3) resd femaining 1F omplikude 3
= 200
overurite crverion: —2LdB Hs 4,200
femainioa LF 5 gs Fecrite B,
ofi g'mal\‘lF = Ni Zn 4,000
Mn Zn 5.,000
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NP Particles
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PARTICLE PACKING DENSITY

= 0.06
;)/ Hm . |
particle volume =‘-—1£-§'- -
1= 03um |
| = 424 X 10"‘5pc1rt|c|es CC.

100% packing —> 2.3 x 10"particles/cc.
40% packing —> 10"particles/cc.

96 tpi; track width = Smil =1.25 x 107%cm.

10,000 bpi; bit length = 107*in. = 2.5 x 107*cm.
coating thickness of 40 microinches = 1.0 x 10~*cm.
vol. of one bit = 3.0 x 10™"°cc.

one bit cell contains ~ 30,000 particles
G. Bate
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Particulate Media

e wide variety of magnetic properties
e magnetic properties from particles

e mechanical properties from binder

e high coating speeds (< 130m/min)
e wide rolls (<= 1.3m)
e uniform, reproducible properties

e yields high — low cost

Thin Film Media

e thin coatings (< 0.25um)

e magnetic properties
not diluted by binder

e magnetic properties varied by
changing deposition conditions.

e easier to coat on metallic than
polymer substrates.
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