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flllMIJllM TllEORY Of FERROMAfitJET I SM 

"IF ONF. llFMl\NflS A TllEORY 1111\T WILL PREOICT IN AOVANCE JUST WlllCH ALLOYS WILL 

RF. FERROMAfitJETIC, WHAT 011/\tHITATIVF.LY Will RE HIE REMANENCE, HYSTERESIS, F.JC. 

THF.tJ ONE MllST AOMIT Fl\JLllRE • 
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tlNOERSTANOINCl OF WHY NJ\THRE WORKS AS II DOES, ANO TllE SATISFYING CONFIDENCE OF 

HAVINfi J\ MECU/\NISM WlllCll WOllLO, NO nnmn, EXPLAIN EVEN THE MOST COMPLICATEO 

PllENOMEN/\ IF TllE OIFFICllLT M/\TJIEM/\TIC/\L CALCULATIONS COULD BE MADE THEN THE 

flllANTllM THEORY OF FERROMl\liNETISM IS CERTAINLY I\ SUCCESS.~ 
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EXCHANGE INTERACTION 
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MAGNETIC PROPERTIES 

Intrinsic 

saturation magnetization, Ms 

Curle temperature, Sc 

.magneto-crystalline anisotropy, K1, K2 

magnetostrlctlon A 

B = H + 4 TT Ms 

SATURATION MAGNETIZATION (M5 } 

In a magnetic field of 100 oersteds 

INTRINSIC PROPERTIES DEPEND ONLY ON: 

T 

F 2+ F l+ Ni Mn ~the !1£.!:. of atom e.g., e , e • , 

- the number of atoms 

- their arrangement in the crys.tal 

- and the temperature 

Diamagnetic e.g. Au -4 x 10-3 emu/cc 

Paramagnetic e.g. Mn 

Antlferromagnetlc e.g. Mn02 

+400 

Ferromagnetic e.g. Fe +1700 
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Elements .cl First Transition Series 

density, g/cm 3 

Curie point, °C 

melting point, ° C 

CY 20° K , emu/ g 

CY OOK , emu/ g 

M, , emu/ cm3 

Iron 

a >-Y >a 
910° c 140(f c 

bee fee 
!, . 0 

2.861 A 

Fe 

7 .87 4 

770 

1539 

217.75 

2 21 .8 9 

1714 

Co 

8.78-8.85 

1131 

1495 

161 

162 .5 

1422 

Cobalt 
hep fee · 

c=4.0611 
0=2.5020 

425° c 

3.5368 

Ni 

8.90 

358 

1455 

54.39 

57·.50 

484.1 
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MAGNETO-CRYSTALLINE ANISOTROPY 
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MAGNETOCRYSTALLINE AN\SOTROPY 
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MAGNETIC PROPERTIES 

Extrinsic 

remanent magnetization Mr 

coerclvlty H c , H,.. 
permeability µ. 

M 

B 

f 
M 
-~ 

j> 

H +- 4TI M 

- 1 + 411 r< 

- er (err.iu/g) 

HK l o.n'tsorrop~ 1'~lo 

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 

ana its previous history 

H < H 
(E) c (_rt) c 



MAGNETIC DOMAINS 

postulated to explain 
why a piece of iron 

H =0 
M =0 

-may not be magnetized 

' .... ~.,_ __ _ 

~ : ~--... ~-.... --~ 
-may then be fully magnetized in small fields 
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DOMAINS AND THE HYSTERESIS LOOP 

M 

SATURATION 

ROTATION 
'l I IRREVERSIBLE MOVEMENT 

I", REVERSIBLE MOVEMENT 

~----------...-..--------_..H 
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HARD AND SOFT MAGNETIC MATERIALS 

Soft High Ms Low He Low Mr High µ 

Fe 1700 
emu/cc 

80Ni20Fe 660 
Mn Zn 
ferrite 

G c-e s· B 
070 rt G las ao 

Hard 

y-Fe203 
Ba0.6Fe20 3 

SmCo5 

F~ i:~ L\l 
I "'t ..L 

400 
550 

High Ms 

400 
360 
. ~1 /v .. 

-1 ~Y) 

1 oe 

0.1 

0.02 

<500 

<300 

<200 
O·l < 2.5°"0 

High He 

300-450 
2000-3000 

24,000 
'1 .L r :r~ . • 

20,000 

50,000 

5,000 
.LO~OOO 

High Mr 

200-300 
180 
-100 

~'30 



<0.02µ 
1 .... 5µ .... , 1~ <1µ-· ..... , 

_..,.., ,.._ 

Multi-Domain Single Domain Superparamagnetic 

coercivity: Hc<100 Oe He= 100 - 3000 Hc=O 

Ms 400 - 1700 emu/cc 400-1700 400-1700 

Mr <0.5 0.5<~~ <1.0 0 -----

Ms 

1f 



RELAXATION TIME 
FOR ACICULAR PARTICLES: 

. . - . ~ 

109 + 30 years 

10s 

1 year 

101 

106 
1 week 

10s 1 day 

104 
T 0 in seconds 1 hour 

103 

102 

101 

1 [- KkTv] - = f exp 10 0 

100 

10-1 
Radius of equivalent sphere 

0 

60 70 80 90 100A -y-Fe20 3 

0 

42 62 82A Cr02 

20 30 
0 

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

Anisotropy 

Crystalline 

Strain 

Shape 

I 
.. 

Maximum Coercivity 

He== 3 A.s!_ 
Ms 

He = (Nb - Na) Ms 

0.4 -

z 0.3 -
I . 

0 

z 
0.2 -

0.1 

0 __ J__I. J _J ___ • __ l .. _ 

0 2 4 6 8 10 12 14 
n/h 

«"n• .. ""'"'-"--•.,.••-•:,..,..1 ..... ._..,. 



SINGLE DOMAIN PARTICLES 

Maximum Coercivity 

Iron Cobalt Nickel y-Fe203 

-- P~1~c t 1r 1 6)A -p~re.o . rys a 1ne 250 3,000 70 230 

Strain 300 300 2,000 <10 

Shape 5,300 4,400 1,550 2,450 
(10:1) 
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Acicular T - F9203 

Step 1 Preparation of colloidal a - (FeO)OH 
· - goethite 

Step 3 Dehydrate 

230-270°C 
2cr - (FeO)OH a - Fe203 + H20 

~#fl Hematite red crystals 

r-1µ-i 

Step 5 Carefully re-oxidize 

-200°c 
4 Fe304 + 02 &y • Fe203 

~I JD' Maghemite red-brown crystals 

Step 2 use these as seeds to grow larger crystals 
of a - (FeO)OH with water, scrap· iron, 
air, 60°C, 4 hours. 

_/? n /l a - (FeO)OH. 
~ (/ (;I" Yellow crystals 

r--1µ-1 
Step 4 Reduce 

H2, 300-400°C 
3a - Fe203 + H2 2Fe304 + H20 

~ ! f Magnetite blacf< crystals 

. Pores caused by evolution of oxygen 

Transformations 

Pigment ..... dehydrated oxide ..... magnet(te ..... maghemite 

(a-(FeO)OHJ 
I 

[ Fe301) (-y-Fe203} 

- are Pseudomorphic 

BATE 



INTRINSIC MAGNETIC PROPERTIES OF F£304 AND Y-FE2lJ3 

SPINEL STRUCTURE 

· J llil'ERSE SEIHU. 

4~~¥ FEi..- AND FE '3+0CTAHEORAL 
/ . .j-· 

j~ FE "3+ • T£TRAIJEDRAL SITES 

0 OXYGEN 

SITES 

OCTAHEDRAL SITES • 16 , TETRAHEDRAL SITES • ( 8 x g ) + ( 6 x ~ > + 4 • 8 

Fe:J04 . 
Magnetite - inverse spinel · Moment per molecule 4/1 

oso 97 emu/g 
OS 87 emu/g 

fel+ (fe2+ fe3+J 04 
A-sites 8-sites 
(tetrahedral) (octahedral) Density 5.197 glee 

l' - Ferric Oxide - same oxygen sublattice Is 453 emu/cc 
- vacancies arranged on a tetragonal superlattice (c/a = 3) Curie temperature 575°C 

Anisotropy constant 

K1 • -1.10 X ·105erg/cc 
~ea [{Fe1i ~2~) Fe12J 032 

.. < 111 ) easy · 
.(100) hard is the formula for ~unit cell. 

-,-Fe:J03 

2.51} 
82 emu/g 
74 emu/g 
5.074 g/cc 
400emu/cc 
590°C 

= -4.64 x 1o4 erg/cc 
(110) easy 
(100> hard 



INTRINSIC PROPERTIESi 

NI-'" 
00 = 5585 n 

M B 
'~ul c.. w~ 

A SITES B SITES 

FE 3+ FE 2+ FE 3+ 
-< 

5µ8 4 µB 5 µB 

NET MOMENT =~PER FORMULA UNIT 

1 M .. 231.6. • •. o0 "' 97 EMU/G (EXPT = 91.f EMU/G) 

FE 3+ 
8 (FEi;3 6 8/3 ) 

~~> ~~~-

( 8X5)\18 ( 4/3 X5) 116 

NET MOMENT = ( 16/3 x 5 ) µ8 per fei. 03 

MOMENT PER FORMULA UNIT .. 3/32 x 16/J x s1'n = ~:..; 
OR 1. 2511 /IRON ATOM: EXPT • 1.18 

oo· 82 EMU /G 

a~;= 74 EMU/G EXPERIMENT 
R1"· 

FE 3+ 
12 

-< 

0 
-1 

( 12X5) µ8 



Substance 

t.1110 · Fi:10 1 
Fc:O · re10 1 
('oO· fe 10 1 

NiO· Fe10 1 

CuO·Fe10J 
MgO·Fe10J 

. -··------·-··1 I Lattice 
parameler 

a(A) 

8.SO 
8.39 
8.38 
8.34 
8.37• 
8.36 

··- - ----

l>cnsily 
tg. cm 1) 

--- -· ·---
.S.tlO 
S.24 
S.29 
S.J8 
5.41 
4.S2 

S.28 

-- --
0 K 

CJo I Mo 
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----
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Cobalt substitution 

M 

E 
u -..... 
rn 
L.. 
Q) 

) --r---- -
\ 

\0 
\ 
\ 

1 ---f--
\ 
\ 
• 

II Kl 100 ](M) • 
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•from 11101 
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Co Fe 3 0 4 x -x 
Bickford ct al. (1957) 
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Coercivity 
(oe) 
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Equiaxed Particles 
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Nonacicular l - Fe203 
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Temperature (0 ~) 



COBALT-IMPREGNATED IRON OXIDE 
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Hl\H 



Co10ALT - Moo\ Fl ED 't- Fe. 0 PART\CLES 
. 2. 3 
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-450C 
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/ impregnated 
-~ ..... .._ __ ~ -----o 
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T(°C) 



2000 -

1500 - 3.6 wt0/o cobalt 

He (Oe) 
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-0....._ ...... ..._ 

"'0- ._ ............ 
doped _____ .,,.. ---o 
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Mr 
Ms 

1.0 -

0.9 

0.7 -

0.6 -

100°c 

+ 

0.5 

demagnetizing field= 100 Oe 

o-o-0-o-o-o-o-o-0-0-0-0 

He --··---
-0- Cobalt"'.irnpregnated 790 Oe 
-e- Cobalt-doped 810 Oe 

1.0 

Time (hours) 

1.5 2.0 
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~ -y-Fc203 Co-Fc203 Cr02 Oa0.6 Fe203 Fe Fe4N 
+Co, Tl Property 

"s 73.74 73-76.3 70-80 45-70 150-190 110·t30 saturation magnetization, cmu/g 

or - 0.5 0.5-0.0 0.5 0.6·0.7 0.23·0.52 0.47·0.53 
Os 

Curle Temperature, TC• °C 15901 15901 115·126 320 768 490 . 

magnctocryslallinc anisotropy 
-4.64x 104 -5r0 +100x 104 +2.5x 105 + 3.3 )( 106 + 4.4 )( 105 constant, K 1, ergs/cc 

saturation magnetoslriclion 
-5x10-6 - 5 lo - 15 x t d- 6 +1x10-6 +4x10-6 >-s 

cocrclvity, lie, Oc 250-350 550-750 . 450-670 320-1970 375-1650 640·1 IOO 

switching field distribution, /\II 
lie 

0.26-0.61 0.30-0;6 0.35-0.6 0.16·0.6 0.5·0.75 0.5·0.7 

temperature coeff. of cocrcivity, 
-1x10-3 

lmprcg. d. - 2.4 >< 10 - 3 
-sx10-3 +3.1)(10-3 -0.6>< 10-3 -0.7x 10-3 

L\I le/If c/ 0 c (20-70 ° C) doped - IOx 10-3 

specific surface area (BET), m2/g 20·110 20·40 25·37 15·31 26 25·40 

ctc.nsity, Q, glee 4.60 4.00 4.80-4.95 5.28 5.8 5.8 

cul.lie tetragonal hexa~1onal b.e.e. f.e.e. 

crystal structure no=25A, 1113111 cul.lie a=4.42t8A e=23.2 A a=2.0&1 A a=3.795 A 
c = 2.9102 A a= 5.88 A 

f crro- or f crrimagnelic lcrrl lcnl lcrro ferrl ferro ferro 

needles needles w equlnuuc. needles hex. platelets needles f=0.5 

particle size, 11m I =O.J l=0.3 l=0.2 1=0.5 dla = 0.00-0. I 1:0.3 dla=0.07 
d=0.06 d:0.06 d = 0.05 thick= OOl·0.025 d=0.06 
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MATERIALS FOR VERY HIGH 
DENSITY RECORDING 

VHD PARTICLES 

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

"Rice Grain" Gamma-Iron Oxide 
(Co-impregnated) 

Isotropic Gamma-Iron Oxide 
(Co-doped) 

Barium Ferrite 

VHD THIN FILMS 

Cobalt - Chrome 
(sputtered) 

rough, 
A.- porous 

c-o ...... --~g}-- o~ 

~smooth, 
~dense 

hexagonal 
platelets 

........... ···· ................ . 

RECORDING MODE 

Longitudinal 

Longitudinal 

Longitudinal/Perpendicular 

Perpendicular 

Perpendicular 



RELATIVE OUTPUT VS. 
·TRANSITION DENSITY 

RELATIVE 
OUTPUT 

(dB) -5 

-10 

HDX 

Datallfe Isotropic 

-15 ._ ___ ....,.__....---+-........ __. ......... __........_'--i .... 
10 20• 

• 
I 50 
I 

20.6 29 40 45 60 

TRANSITION DENSITY (KFRPI) 

100 20 microinch gap 
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PREISACH DIAGRAMS 

represen.t tl·1e 111a.gn.etic interaction between 

particles in. a 111a.gr1etic tape or disk. 
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NP Particles 

· • . particle width, p.m 

0.05-0.0& 

• . · . . 

·0.03-0.04 
.. . ~ 

. . z ... 3 · b ~g ·"-· 8-1f t_ ~, 
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PARTICLE PACKING DENSITY 
/ d =· 0.06,um . 

cs/ / particle volume = · 1l' d 2 
• t 

t = 0.31Jm 4 

= 4.24 x 1 o-15particles cc. 
' 

100% packing -t> 2.3 x 1014particles/ cc. 
40% packing . t> 1014particles/cc. 

96 tpi;. track width = 5mil =1.25 x 1 o-2cm. 
10,000 bpi; bit length = 1 o-4in. = 2.5 x 1 0 4 cm. 

coating thickness of 40 microinches = 1.0 x 1 o-4cm. 
vol. of one bit = 3.0 x 1 o-10cc. 

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

• wide variety of magnetic properties 

• magnetic properties from particles 

• mechanical properties from binder 

• high coating speeds(~ 130m/min) 

• wide rolls(~ 1.3m) 

• uniform, reproducible properties 

• yields high 4 low cost 

Thin Film Media 

• thin coatings ( < 0.25µm) 

• magnetic properties 
not diluted by binder 

• magnetic properties varied by 
changing deposition conditions. 

• easier to coat on metallic than 
polymer substrates. 
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G. SATE 


