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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: AD HOC CONFERENCE ON FeXi-a 

To: David H. Brown 

From: D. A. Buck, J . B . Goodenough, A. L. Loeb, N. Menyuk 

Date: March 25, 1953 

Abstract : The undersigned continued the d iscuss ion on FeNi^ i n i t i a t e d by 
Dudley Buck a t the seminar on magnetism, the meaning of order-
d i so rde r and entropy were examined. Hysteresis loops, s a tu r a t i on 
magnetizat ion and Curie poin t of ordered and disordered s t a t e s 
were cont ras ted .and t h e i r d i f fe rences t e n t a t i v e l y explained. 

Equil ibrium occurs when the f ree energy A of a system i s a 
minimum. The f ree energy i s r e l a t ed to the i n t e r n a l energy (X), absolute 
temperature (T) and entropy (S) by the express ion A = X - TS. 

Entropy i s i n t e r p r e t e d phys i ca l l y as an expression of the randomness 
of a system. An a l loy with some regions appreciably r icher in one consti tuent 
then other regions has a low entropy; a completely random d i s t r i b u t i o n does 
not show a preference for some regions over o t h e r s . 

I t should be r e c a l l e d that entropy i s a thermodynamic quant i ty 
with a s t a t i s t i c a l i n t e r p r e t a t i o n . A d iscuss ion based on entropy therefore 
necessa r i ly includes a l a rge number of atoms ( i ons ) . Order and disorder 
may be defined fo r a region of a sample tha t contains enough atoms (ions) 
to allow s t a t i s t i c a l t rea tment . If the region thus considered contains 
more than one component the geometrical d i s t r i b u t i o n of the var ious 
components can be described by the p r o b a b i l i t y of f inding a p a r t i c u l a r 
component a t any given l oca t i on in t h i s reg ion . Thus a p robab i l i t y f unc t i on 
i s assigned to every component. If the p r o b a b i l i t y functions of a l l 
components a re uniform throughout the region, the region i s d i sordered . 
If the p r o b a b i l i t y funct ions of a t l e a s t one component var ies s t rongly with 
pos i t i on , and i f the p r o b a b i l i t y funct ions of the var ious components are 
s t rongly interdependent , the region i s ordered. I t i s plain tha t a 
d isordered region has a h igher entropy than an ordered one. 

From the express ion for f ree energy, i t can be concluded that 
a t high temperature the entropy accounts for a r e l a t i v e l y l a rge r port ion 
of the free energy than a t low temperature. The i n t e r n a l energy of an 
ordered a l l o y i s lower than tha t of a d i sordered one, so that one would 
expect d i so rder to p reva i l a t high temperature, order a t low temperature. 
For 79/G Ni - 17^ Fe the t r a n s i t i o n from ordered to disordered s t a t e s occurs 
a t 510°C' Below th i s temperature both ordered and disordered s t a t e s may 
e x i s t , though the ordered one has the lower free energy and i s therefore 
s t a b l e r . The disordered s t a t e can e x i s t in a rap id ly quenched specimen 
because a t r e l a t i v e l y low temperatures ions and atoms are frozen in the i r 
pos i t ions and twven ' t s u f f i c i e n t thermal energy to rearrange themselves. 
Annealing the a l l o y ( s l i g h t l y below the t r a n s i t i o n temperature, for ins tance 
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at 490°UO provides the necessary thermal energy for the disordered alloy to 
order. This process may start locally, with many small regions being 
internally ordered as defined above, but with no correlation between the 
various probability functions in different regions. The fact that there 
are several regions within a sample with different ordering properties 
indicates that the entropy of such a short range ordered alloy may be quite 
low. Ferromagnetic states are highly ordered and therefore have a low 
entropy . 

face-centered cubic FeNi*} has eight Fe-s at the corners of a cube 
(hence one Fe per unit cell) and $ix Ni-s at the centers of the faces 
(hence three Ni-s per unit cell).. In the ordered state the Fe-s are farther 
apart than the Ni-s and also farther apart than in pure Fe. 

Since Ni-Ni interaction leads to ferromagnetic coupling, and 
Fe-Fe to antiferromagnetic coupling, ferromagnetism prevails when the Ni-s 
are closer together than the Fe-s. 

In terms of the Zener model the Ni (~}d°) tends to annex additional 
electrons to fill up its d-shell, so that the Fe-s carry the uncanceled spins 
(See "Seminar on Magnetism" LXIV). Since the Fe-s are far apart, s-d 
coupling prevails over d-d coupling, so that the material is ferromagnetic, 
while in pure Fe the d-d coupling prevails, causing ferrimagnetisra. 

In the disordered alloy any Fe-Fe near neighbor's couple strongly 
antiferromagnetically, so some 3pins are canceled. In the disordered alloy 
the possibility of Ie-Fe near neighbors is greater than in the ordered one. 
The saturation magnetization is lese for disordered alloys than for ordered 
ones. This is borne out by the results reported by S. Kaya at the Conference 
on Magnetism in Washington, Soptember 1952« Since in a 17$ disordered ie 
alloy the possibility of Fe-Fe near neighbors is still very small, the 
increase in magnetixation with ordering is not expected to be great. Indeed, 
S. Kaya reported only k% increase. The partially ordered state (short 
range order, large range disorder) presents an interesting hysteresis loop. 
The ordered state is strongly anistropic, and the hysteresis loop for the 
ordered, single crystal is correspondingly square. A partially ordered 
sample may contain many regions with randomly oriented axes, so that the 
overall sample is isotropic. Imposition of a field might orient these 
axes, so that two hysteresis processes are superimposed, namely that of 
orientation of spins within each region, and that of orientation of the 
various regions. 

On ordering '&T/'Am had a minimum, Hc a maximum, at about 5 hours 
anneal. This corresponds to partial ordering, i.e. ordering in independent 
clusters. It also represents the condition of the specimen at which the 
peculiar hysteresis loop characteristics appeared. The regions of order 
are analogous to different grains in a polycrystalline material. The coercive 
force will be a maximum when there are a maximum number of these ordered 
clusters. The ratio Br/Bm will have a minimum when the number of ordered 
clusters which are large enough to contain domains of reverse magnetization 
is a maximum. 

Ordered FeNi3 has a higher Curie point than disordered FeNi-j. 
This is explained on the basis of the Zener model. In the ordered alloy 
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ions with large spins in their d-shell are farther apart than in the disordered 
alloy. In this oa.se d-d coupling is a minimim and s-d coupling is favored; 
parallel alignment with a high Curie point results. The same reasoning 
applies to MhNi-}, where the disordered alloy is paramagnetic at room 
temperature because of Mn-Mn near neighbor coupling. In the ordered MnNi3, 
as in the Heusler alloys, the Mn-Mn distance is sufficiently large to allow 
s-d coupling to predominate. Ordered MnNi-j is ferromagnetic. 

It would be very interesting to compare also ordered and 
disordered leMn^. The electronic structure of this alloy would approximate 
Fe-3(3d10)Mn3+1(3d5). In this case the spin would be located on the Mn, 
and disordering would strongly increase the chances of great proximity of 
Mn. Even in the ordered alloy the Mn-Mn distances might be small enough 
to make the Curie point relatively low, but disordering would certainly 
decrease the Curie point appreciably. 

Signed 

Signed 

Signed 

M*j^2~< & £j<^ & 

Approved 
J. H. I rown 

djd 
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