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D i g i t a l Computer Laboratory 
Massachusetts I n s t i t u t e of Technology 

Cambridge, Massachusetts 

SUBJECT: GROUP 63 SEMINAR ON MAGNETISM VIII 

To: Group 63 

From: Arthur Loeb and Norman Menyuk 

Date: November 3 , 1952 

Heat Ef fec t s : 

Temperatures i n the region of abso lu te aero a re p ro ­
duced by a d i a b a t i c a l l y demagnetizing paramagnetic s a l t s which a re a t a 
temperature of about 2°K. The temperature i s f i r s t brought as low a s pos­
s i b l e by other means, with the substance in a high magnetic f i e l d . This 
f i e l d i s then ab rup t ly removed, and there i s a r e s u l t a n t disal ignment of 
the molecular magnetic dipoles of the paramagnetic s a l t . This r e s u l t a n t 
i nc r ea se in entropy of the system requ i r e s energy, but since none i s 
a v a i l a b l e from outs ide the system, the temperature drops to a very low 
v a l u e , 

The heat capac i ty a t the Curie temperature i s a l s o of 
i n t e r e s t . The molar heat capaci ty of a system i s the amount of heat r e ­
qu i red to r a i s e a mole of t h a t system one degree cen t ig rade . 

The temperature of a system i s a measure of the k i n e t i c 
motion of i t s molecules . I f hea t added does nothing but r a i s e the k i n e t i c 
motion of the molecules , the heat capaci ty of the system w i l l be lower 
than i f the heat performs another t a sk as w e l l . On approaching the Curie 
p o i n t of a mater ia l the heat added suppl ies energy needed to d i s o r i e n t 
the molecular magnetic dipole as we l l as to r a i s e the temperature . We, 
t h e r e f o r e , find t h a t the heat c apac i t y of a ferromagnetic m a t e r i a l r i s e s 
sharp ly near the Curie temperature . Immediately above the Curie temperature 
the h e a t capaci ty drops ab rup t ly . 

From the previous l e c tu r e we had as two dominant f ea tu res 
of ferromagnetic m a t e r i a l s : 

1 , Small f i e l d s a re capable of producing tremendous mag­
n e t i z a t i o n . 

2 . Spin al ignments occur wi thin domains, bu t the domains 
tend to cancel each o ther out on a gross l e v e l . 
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Experiments have shown that most magnetic crystals are aniso­
tropic , having preferred directions of magnetization. These directions 
of "easy magnetization" are not necessarily the same for different materials , 
even those having similar crystal s t ructures . Thus iron and nickel, which 
are both cubic crys ta ls , have different directions of easy magnetization. 
The preferred directions are shown in Figure 9 for iron, nickel , and cobalt . 
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Figure 9 
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These directions of easy magnetization shown in Figure 
9 are the 100 direction for iron, the 111 direction for nickel, and the 
0001 direction for cobal t . The magnetic anisotropy of these materials 
i s shown graphically in Figure 10. 
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Figure 10 

Domain Energiest 

There are four major types of energy which enter into 
domain structure theory. They arej exchange energy, anisotropy energy, 
magnetoelastic energy, and magnetostatic energy. For the case of a cubic 
crys ta l the equations for energy density arei 

I Exchange Energy (f ) 
6X 

ex 

where J = energy in tegra l 

S = spin angular momentum 

Cj = angle between directions of neighboring spins 

We may note that f«* = 0 when JP = 0. Thus f„m gives 
excess energy when spins are not aligned pa ra l l e l . For this reason we wil l have 
a large exchaige energy density in the domain Boundary region. 

I I Anisotropy Energy (f^) 

I t often requires a considerable amount of energy to 
magnetize a crystal to saturation in a hard direction compared to the lower 
energy required to sa tu ra te along a distance of easy magnetization. The 
excess energy required in the hard direction i s the anisotropy energy. I t 
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can be shown that 

«*• h *:<+*!< *<+h 
where K. = anisot ropy cons tan t 

•1#J*J*^ vl = d i r e c t i o n cosines between f i e l d d i r e c t i o n 
and c r y s t a l axes . 

The magnitude of K, i s p ropor t iona l to the area between 
the magnetization curves for hardes t and e a s i e s t d i r e c t i o n . 

I I I Magneto-elas t ic energy (f__) 

The magneto-e las t ic energy a r i s e s from the i n t e r a c t i o n 
between the magnetization and deformation of the l a t t i c e . Since the ease 
of magnetization depends upon the d i s t ance between l a t t i c e elements , 
deforming the c r y s t a l may increase or decrease the magnet iza t ion . Con­
verse ly , applying a f i e l d to the c r y s t a l may cause l a t t i c e deformation. 

We f ind 

^ - \ * T sin2 e 

where ^ = i s o t r o p i c magnetos t r ic t ion 

T = tension 

6 = angle between tens ion and magnetization 

IV Magnetic F ie ld Energy (f ) 
mag 

fmag = " 3 T * 1 ? 

The f ami l i a r f ac to r of one-half a r i s e s because t h i s i s 
a case of se l f - ene rgy . The f i e l d a g a i n s t which the work i s being done i s 
not ex t e rna l but i s due to the magnetizat ion i t s e l f . We must, t he r e fo r e , 
sum over a f i e l d range of 0 to H. I t i s s imi lar to the fac to r of one-half 
a r i s i n g in the energy s to red in a condenser ( i CV ) or the energy of 
a c o i l ( i L I * ) . 
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The domain structure of a ferromagnetic material wi l l 
be such as to minimize the energy result ing from the four factors l i s t ed 
above. The size and shape of the domains in a part icular case wi l l 
depend upon the ferromagnetic material , the orientation of the boundary 
surfaces of the c rys ta l s , the dimensions of the material , the s ta te of 
s t r e s s , and the magnetic f ie ld in tens i ty . Unless a l l these factors are 
known, i t i s impossible to predict the domain s t ruc ture . The arrange­
ments shown in Figure 11 are examples of stable configurations. 
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Figure 11 

Figure 11(a) represents the case of a strong magnetic 
energy and no wall energy. The wall energy i s a function of the exchange, 
anisotropy and magnetoelastic energies. As we go to Figures 11(b) and 
11(c) we decrease the magnetic energy considerably, but increase the wall 
energy by introducing one and three domain walls respectively. The l a s t 
two figures represent domains in which there are no surface poles, but 
the number of walls has increased to five in 11(d) and to twenty in 11(e) . 

Powder pat terns , as mentioned previously, show the po­
s i t ion of the domain boundaries. They do not show the direction of mag­
net izat ion, and the scratch technique has been devised to do t h i s . If a 
scratch i s made on the surface there wi l l be a colloidal deposit iin the 
scratch for magnetization normal to the scratch, and no deposition for 
magnetization para l le l to the scratch. This can be be t te r understood 
with the help of Figure 12. The colloid par t ic les are a t t rac ted by the 
leakage flux, and there i s none for the magnetization para l le l to the 
scratch. 
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(a) 
Magnetization Normal to Scratch 

« • 

(b) 
Magnetization Parallel to Scratch 

Figure 12 

In order to bet ter understand the various effects 
which take place a t the microscopic level , a series of analogies may be 
made with the situation at a tennis match operating under admittedly 
a r t i f i c i a l conditions. Then, with a l l due apologies to the United 
States Lawn Tennis Association, we wi l l label the tennis match conditions, 
IMC, and wil l follow this by i t s magnetic analogue, MA. 

1 , TMC - All the spectators have the i r gaze fixed on one person, ( e .g . 
Gussie Moran) 

MA - A single domain with a l l spins l ined up. 

2 , TMC - The person being watched walks across f ie ld , and since everyone 
k&s nothing bet ter to do un t i l the match begins, a l l eyes follow 
her . I t should be noted that only the heads movej the benches 
remain stubbornly motionless. 

MA - Domain rota t ion. Crystal l a t t i c e remains unchanged. 

3 , TMC - As everyone i s watching Miss Moran on the f ie ld , Mrs. Roosevelt 
arr ives on the s ide . Those nearest turn in her direction and 
l e t the i r neighbor know of her a r r i v a l . In th is way word of 
her a r r iva l spreads slowly through the crowd, and more people 
turn to see her . 

MA - Domain wall motion. 
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lu TMC - However, some of the spec ta to r s are Republicans. They don ' t 
see any reason for a l l t h i s fuss about Mrs. Roosevelt and so 
they don ' t pass along the word of her a r r i v a l . 

MA - Resistance to domain r o t a t i o n . 

5 . TMC - The Democrats make so much noise t h a t a l a rge number of people 
to the r i g h t of the Republicans become aware of Mrs. Rooseve l t ' s 
presence and they quickly turn to see h e r . 

MA - A high magnetic f i e l d causing a Barkhausen jump. 

> 

6. TMC - I t would appear t h a t Gussie Moran has been fo rgo t t en , b u t no . 
The match has begun, and Miss Moran and Mrs. Kiner 
are ba t t i ng the b a l l back and f o r t h . The s p e c t a t o r s ' heads 
are turn ing from l e f t to r i g h t to l e f t to r i g h t , e t c . 

MA - Al te rna t ing current i n p u t . Pa t t e rn r e v e r s i b l e . 

7 . TMC - After the match i s over and a l l the spec t a to r s have l e f t , the 
benches are s t r a igh tened out to permit people to more e a s i l y view 
the tennis cou r t . 

MA - The cold r o l l i n g of me ta l , which a l i g n s the c r y s t a l s . 

Si gned //(}>i^rxix^\^ 
Norman Menyu 

Signed 

Group 62 (15) 

Approved^ 
Brown 

•J 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.


