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Part I. Introduction 

1.1 Paramagne11 sm 

Present day theories picture paramagnetism as arising 

from an aggregate of identical particles, each of which 

has a net magnetic moment. The individual particles may 

he single ions, atoms, or molecules and may be points of 

a crystal lattice, or in solution, or in a gaseous state. 

If the particles are treated as elementary magnets with 

no interaction between them, Langevln^ well known 

statistical treatment can be applied and the molar 

susceptibility computed: 

3RT 
where is the magnetic moment per mole in Bohr magnetons 

If a quantum mechanical correction is applied to account 

for the fact that the elementary magnets can only line up 

along certain preferred directions with respect to the 

applied magnetic field, then the susceptibility is given 

by: 

2) XM0l. 
MB' (j+t) 

1 3RT" J 

where j is the total angular momentum quantum number. 

An equivalent form of the susceptibility is: 

3 ) A M OL 
P'* 

3RT 

where p ’ is the effective magnetic, moment and is defined by 

4) P' = 
In the above expression is the Lande factor. The 

relations (l), (2), and (3) above can be expressed in 
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general form by: 

5) X MOJL s ~T 

A substance following such a behavior is said to obey 

Curie’s Law. 

Many magnetic substances, however, obey the Curie Law 

over only a particular range of temperature. To explain 

such behavior account must be taken of the interaction 

between the elementary magnetic moments. This leads us 

to ferromagnetism. 

1.2 Ferromagnetism 

From a macroscopic point of view ferromagnetism can 

best be described in terms of domains^). Modern domain 

theory developed from Ewing’s model of a ferromagnetic sub¬ 

stance although Ewing did not postulate domains as they 
(o) 

are now visualized' ’. According to present theories 

each domain represents a group of atoms with their 

resultant electron spins parallel. Hence the direction 

of magnetization lies along some particular direction 

within the domain. The lining up of spins is postulated 

as being the result of interaction forces between the atoms 

strong enough to overcome the random distribution of moments 

imposed on the IcT energy. 

In zero external field (with no previous history) the net 

\ magnetization of a group of domains is zero because of the ran¬ 

dom distribution of directions of magnetization for each domain. 
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When an external field is applied the direction of magnet¬ 

ization of each domain will tend to change toward the 

direction of the external field if this field is strong. 

See Pig 1-1 

Field H increases from left to right 

Pig. 1-1 

It is to he noted that only preferred directions are 

allowed within a domain when the field is small. These 

are sometimes referred to as "directions of easy magneti¬ 

zations". They are associated with crystal structure and 

strain. Ifote also the changes in volumes of the domains 

as the field strength increases. (Bloch developed a 

theory that a wall between domains could be taken to 

represent the difference in energy between the various 

configurations. As the field increases the coercive force 

acting on each domain increases also until finally a point 

of instability is reached in which two neighboring regions 

of different preferred directions merge with each other 

to once again pass into a state of lowest magnetic energy. 

The release of energy when the transition wall breaks 
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down gives rise to what is known as the Barkhausen 

effect.)v ; 

The next problem which must be treated before taking 

up anti-ferromagnetism is that pertaining to the forees 

which actually cause the electron spin moments of the 

atoms themselves to line up within the domains. Calcula¬ 

tions showed that the straight coulomb interaction forces 

between molecules or atoms were insufficient to account 

for the observed effects. Weiss postulated that the 

effective field acting on an elementary magnet in the 

ferromagnetic substance was really the sum of two magnetic 

fields - the external field and an internal or molecular 
(4) 

field. The results of his reasoning are given below 

Let H = H,+ where H, is the applied field and H^ 

is the molecular field. Furthermore assume that = X a_ 

where X is the net magnetization over a region containing 

N elementary magnets and GL,= const-. Let X^be the 

saturation magnetization representing the case when all 

the elementary magnets point in the same direction. 

Then we can writes 

c* - ^(Ht+CLT) 

A T* 
where L is the Langevin function. 

If the approximation o(« ] is made, then a pair of 

simultaneous equations can be obtained, the solution to 

which yields the fact that a spontaneous magnetization 
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can exist in a zero external field and furthermore dis¬ 

appears above a certain critical temperature. The 

critical temperature or Curie temperature is given by: 
AJUOL X < 7) To = Oo 

3-fe. 
It is important to remember that the X indicated here 

is not the intensity of magnetisation observed experi¬ 

mentally. It can only be considered to be the value over 

a small homogeneous domain. An expression for the 

paramagnetic susceptibility above the Curie temperature 

can also be worked out i 

8) ^ atomic ~ 3-kr(T-Tcj T'c 

In the form derived for molar susceptibilities in the previous 

section, the analogue to (8) is; 
i a- 

9) ^ mol ~ 3 

This expression is known as the Weiss-Curie Law and 

represents the pattern of behavior for ferromagnetic 

substances in their paramagnetic state above the Curie 

temperature. 

The constant CL represents an interaction between the 

elementary magnets which is present at all times and tends 

to make the moment orient itself in e preferred direction 

if such a direction lias already been adopted by Its 

neighbors. Well above the Curie temperature* the kT 

energy Is sufficient to maintain random orientation and 

prevent the interaction term from being effective. As 

Tc is approached from above a type of autocatalatytie 
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action takes place which causes all the atoms within 

a domain to line up in a preferred direction. It is the 

interaction term which carries the process through since 

once a few moments have been lined up the ctl term predomi¬ 

nates. 

Thus, the Weiss-Curie theory, in attempting to explain 

spontaneous magnetization with its postulate of strong 

molecular fields succeeded not only in answering that 

question reasonably but also gave an adequate description 

of the transition from paramagnetism to ferromagnetism. 

Before concluding the discussion of ferromagnetism it 

is necessary to mention the extent to which the applica¬ 

tion of quantum mechanics has reinterpreted the classical 

theories of ferromagnetism as regards the interaction forces. 

Heisenberg identified these forces with the exchange S>rces 

which arise in quantum mechanics when fundamental particles 

such as electrons are in such a configuration that their 

wave functions overlap,^ Dirac extended the idea to 

cover the interaction between atoms as well as electrons 

and showed that spin-spin coupling is equivalent to a 

potential between atom i and atom j of the form:^^ 

10) V= ~ ^ Sd * 'Sj- 

where is the spin angular momentum vector of atom i 

where ig the spin angular momentum vector of atom j 

and is the exchange integral and is given by: 

n) Jy- = f^ 0) %(a) ft (,) % (x) dvd-tr 
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Here denotes the Hamiltonian operator and ^C is 

the wave function for state i. 

Methods for calculating the value of the exchange potential 

have been developed by Heel^, Weiss^, Bloch^)^ antj 

Slater^10^ based on various types of crystal models. 

From a qualitative point of view it is correct to state 

that the exchange integral itself is the important factor 

in ferromagnetism. It has been pretty well accepted that 

a necessary although not sufficient condition for ferro¬ 

magnetism Is a positive exchange integral. The sign of the 

exchange integral determines the sign of the interaction 

term and if this is negative the net effect will be demag¬ 

netizing. One might picture the situation as in Fig 1-2 

below. 

 ?*• «  

 >  > 
 > <  

■ >   > 
 > <  

 >  > 

Fig. 1-2 

A negative value of J implies that the electron- spins are 

lined up anti-parallel while a positive value implies that 

they are all parallel to each other. Even though the 

individual atoms of an element might have large magnetic 

moments, the demagnetizing effect of a negative exchange 

integral can reduce the substance to a state of very weak 
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paramagnet ism. A positive exchange integral is obtained 

only under rather special conditions. It might be 

mentioned that even a large positive exchange integral 

does not necessarily mean ferromagnetism since magnetic 

properties can be suppressed by the spreading of energy 

levels due to the migration of electrons. 

1.3 Anti-ferromagnetism 

First let us consider the strictly phenomenological 

aspect of anti-ferromagnetism. Measurements on Cr203 

(Chromium Oxide) show that while the salt obeys a normal 

Weiss-Curie lew above 60 deg C, its susceptibility passes 

through a definite maximum at that temperature and falls 

off with decreasing temperature below that point. In this 

paper we shall define as anti-ferromagnetic any substance 

which has a critical temperature, above which the suscepti¬ 

bility obeys a Weiss-Curie law and below which the 

susceptibility decreases markedly with temperature. 

Keeping in mind the discussion of exchange potential 

given in the proceeding section it seems reasonable to 

Identify the decrease of magnetization below the critical 

temperature with a negative exchange integral. Van Vleek 

has constructed a theory which explains the observed 

results in a fairly logical manner.A crystal of two 

alternating sub-lattices A and B is visualized. The nearest 

neighbors of an atom in lattice A are all members of 
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lattice B and vice versa. Simple cubic and body centered 

cubic lattices fall into this category. Let 3c be the 

mean spin angular momentum of atoms In lattice A, while S,- 

is the mean spin angular momentum of atoms in lattice B. 

Assume that the interaction between the atoms of A and 

the atoms of B can be represented by a negative exchange 

integral. Then the lowest energy configuration of the 

crystal will be one in which the spins of A are anti¬ 

parallel to the spins of B. If a field H is applied then 

the above spins can be written as: 

12) 5 c - S0 + S S 

13) 5j = - S0 +■ S S 

where S 5 is the displacement due to H and 3Q is the 

spontaneous anti-ferromagnetism. The exchange potential 

appropriate to this type of lattice is assumed to be: 

14) Vy - - i J[l + -Sj] 

where J is the exchange integral of form (Eq. 11). When 

the equation of state is set up in a form similar to that 

of (Eq. 6) and solved, a critical temperature for anti¬ 

ferromagnetism and a magnetization function below this 

critical temperature can be found. The critical temperature 

is given by: 

15) T - 1 c. 
4 |X| z S(S-H) 

3-fe. 
where 2- is the number of nearest neighbors acting on the 

i^k atom. 
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For ~r>~rc 16) M - 

For T*TC and Sc II H 

IT) M, = 

For ~r TI and S0M H 

18) M j_ ‘ 

3~h (T'-t-Tl) 

TJ 
A/fr^/S (S+0 H 

G-k. T'c " 

A significant point is that in the case for which the 

spontaneous anti-ferromagnetism is perpendicular to the 

field* the magnetization is independent of the temperature. 

Van Yleck then deduces that at absolute zero the inhibit¬ 

ing action of the internal field in the presence of a 

weak external field is important only when the internal 

field is parallel to the external field. He assumes that 

on the average two-thirds of the molecular fields are lined 

up perpendicular to the applied field. At absolute zero 

when the other one-third of the spins are completely 

cancelled out, the remaining spins should give a suscepti¬ 

bility about twe-thirds of that at the critical temperature 

for any particular field strength. Experimental results 

Xo 
give values of ranging from 0.3 to 0.85* so the 

agreement is roughly a qualitative one. 

It is to be noted also that the critical temperature 

(Eq. 15) depends only on the absolute value of the exchange 

integral. Above the critical temperature (Eq, 16) the anti¬ 

ferromagnetic substance obeys a Welss-Curie law with the 

exception that the critical temperature appears with the 

sign reversed from the customary ferromagnetic case. 
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Experlments show a rather mild dependence of 

susceptibility on field strength below the critical tem¬ 

perature. Van Vleck attributes this effect to the slight 

rotation of the elementary domains into a more favorable 

alignment with the field, i.e. an alignment such that the 

internal fields of more domains are perpendicular to the 

applied field. A very powerful field is required to pro¬ 

duce any appreciable Increase in the susceptibility. It 

also appears that Van Vleck postulates interpenetrating 

or staggered domains since he speaks about these domains 

as having all their spins lined up in one direction. Under 

such a model, the atoms of lattice A would all belong to 

one domain while the atoms of lattice B would belong to 

another. The development of an adequate domain theory will 

be essential to a good theory of anti-ferromagnetism. 

I have not treated Bitter's theory of anti-ferromagnetism. 

He sets up the problem from the standpoint of interlocking 

lattices in a manner similar to that of Van Vleck although 

the treatment does not bring in the concept of exchange 

forces except through the presence of a constant D 

independent of temperature. For ferromagnetism 0>O , 

while for anti-ferromagnetism D<0 . The results of 

theory when applied to the anti-ferromagnetic case yield 

a susceptibility-temperature relation of the pattern 

followed by most anti-ferromagnetic substances. 

In conclusion the Tsuya-Miyahara theory should be 

mentioned.It Is developed from a theory of ferro- 



-12- 

magnetism "based on the ¥ilson model of semi-conductors. 

Since the spontaneous magnetization of semi-conductors 

does not show the same temperature dependence as metallic 

ferromagnetics, Tsuya and Miyahara considered that the 

electron band structure of semi-conductors should be taken 

into account in any theory of magnetism. Essentially the 

theory took the Wilson model of a semi-conductor, assumed 

the lower energy band of electrons to be very narrow while 

the upper band was very broad, and calculated the magneti¬ 

zation of the crystal on the basis of the energy gap between 

the bands and the number of holes in the lower band. The 

magnetization was shown to depend on a parameter the 

numerical value of which determined whether there was ferro¬ 

magnetism, anti-ferromagnetism or no magnetism at all. The 

expression for magnetization which is obtained is 5 

19) Ms = Mtoe~ ^ TShl, ("ou- -7^) 
where A B ig the difference between the maximum energy 

of the lower band and the minimum energy of the upper band. 

The expression for susceptibility is: 

20) X - 

-3. 

D c ^ 
dEJ jW [(E'V/kTJ{ 1+ e.*f>[(E-$J4T]j. £). (zyij 

where $ , the Fermi energy, is determined by: 

21) N = J + 0i(E) ^ 
Inhere %(E) - state density of occupied electronic energy 

bands 
L - number of unit cells in the crystal 
N = total number of electrons in the energy 

bands under construction 
E = energy of an occupied electronic band 

- Slater’s exchange integral 
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As a check reasonable values of the electronic structure 

constants of MnSe could he found which when Inserted in 

the 'X-T relationship (Ea. 20) coincided very well with 

the experimental curve obtained by Squire.The 

theory also claims to explain why anti-ferromagnetic 

susceptibility curves fall into a variety of patterns, 

each pattern being the result of certain combination of 

electronic structure constants. A weak point of this 

theory would seem to be its dependence on undetermined 

constants. 
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Part II. Experimental Background 

2.1 Anti-ferromagnetic Substances 

Experimental research has revealed many compounds 

showing the property of anti-ferromagnetism. The present 

list includes MnO^15^ MnSe^, MnS (15^ MnAs(l6) 

(17) (17) 
^r2°3 * and CrSb . Not all show the effect to 

the same order of magnitude. As might be expected, those 

which are weakly paramagnetic have only a very small 

decrease in susceptibility below the critical temperature. 

MnTe is a good example of such a substance. MnSe, on 

the other hand is quite strongly paramagnetic and shows a 

very pronounced change in susceptibility at the critical 

point. 

A significant point is that all the known anti-ferro¬ 

magnetics are compounds of elements which are strongly 

paramagnetic in their own right. 

2.2 Nature of Research 

The purpose of this research was to investigate magnetic 

properties of and MnSe by means of susceptibility 

measurements over a range of temperatures. In the case of 

C2?203, the problem was one of confirming results which had 

already been obtained by others. The literature shows a 

difference in the results of susceptibility measurements 

made on this compound. A summary of the data at room 
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temperature together with the reference appears below. 

Reference t (Deg C) X x 106 

1 

2 

3 

4 

5 

{- 
{ 

17. b 3S. 3~ 

■75“ To U 0 
75“ 75 // 0 30 ) 

3o at* \ 
AO 

30 Q.5"! b 

3S 3S, 7 

value appears to be 25.6 x 10' 

20 Deg.C. 
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A possible explanation for the inconsistencies might be 

that differing methods of preparation leave differing kinds 

and amounts of impurities. Despite a divergence in the 

numerical measurements, it is generally accepted that 

Cr20^ is an anti-ferromagnetic with a critical temperature 

around 60 deg C, On Plate I are plotted both the curves 

obtained by Honda and Sone and by the writer. Ho hysteresis, 

either thermal or magnetic, has been reported in the litera¬ 

ture. 

In the case of MnSe, the amount of previous data was 

(14) 
limited to two experiments - one by Squire f and the 
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(19) 
other by Bizette and Tsai . A discussion of the results 

obtained in these two experiments together with the results 

obtained by the writer is given in Part IV. Plate II 

gives a comparison of the curves of K against T obtained 

in the three cases. 
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Part III, Apparatus 

3.1 Theory of Susceptibility Measurements 

Ihe most common method of determining susceptibility 

is to measure the force which acts on a magnetic specimen 

when it Is placed in a magnetic field which varies across 

the specimen, One of the simplest ways of finding this 

force is by the Guoy method. 

| V 

  
N 

 > H 

Fig 3-1 

In Fig, 3-1* if the field H varies only in the 

y~direetion, then the force acting on the specimen is: 

1) Fy = ^ 

where K,= volume susceptibility of specimen 

and Kz= volume susceptibility of the medium. 

If the cross section area A is taken as a constant then: 

2) Fy - 

3) Ff = 

A(K ,-K») 

a. 
^ H d y 

A (K-Ki) d(H‘) 
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where Ha~ field at the bottom of the specimen and 

H, ~ field at the top of the specimen. 

|[) kr kx = A(H*_ HJ) 

If a nitrogen atmosphere is assumed then the value of 

can be neglected. The values of K, which are being 

measured are of the order of 10-3 times greater than . 

The expression for the mass susceptibility is: 

R\ Y - ~ 3 F .. 
J) A

'~ e ' pA(Ht
%-H?) 

Substituting for the density f> gives the susceptibility 

in terms of the mass mu and length JL of the specimen. 

a FJL 

3.2 Description of Magnetic Portion of Apparatus 

The actual picture of the apparatus set-up is given 

in Pig. 3-2 on the following page. The magnetic field 

wasrproduced by a Weiss magnet whose current capacity is 

approximately 18 amperes. However it operated efficiently 

for long periods of time only at currents below 10 amperes. 

Most of the measurements were talcen with a gap between 

the pole pieces of 2-7/8”. Under this condition a current 

of 8.5 amperes produced a field of approximately 

2700 gauss. As shown in the figure,, flat pole pieces 

were used and it was assumed that the variation in field 

across the cross sectional area of the specimen was 

6) X 



-/<?- 

Fig 3-2 - 
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negligible. The magnet itself shoved a hysteresis effect 

of about lfo9 hut this was noted only when the current 

had been at a high value and subsequently reduced to a 

lover value. The hysteresis was not present if a 

particular current reading was approached from zero each 

time. 

The povder samples of the substances studied were con¬ 

tained in pyrex glass tubes of length 20.5 era and inside 

diameter 0.5 cm. The length of the sample was 9*55 cm. 

As shown in the figure the containing tube was suspended 

from one arm of an analytic balance (Becker) by Ho. 36 

copper wire. The balance was capable of detecting changes 

in mass of the order of 0,1 milligrams. The entire suspended 

system was surrounded by a glass tube to eliminate the 

effect of air currents. Provision was made for bubbling 

dry nitrogen through the tube to drive out moisture as 

well as to prevent the condensation of oxygen at low tem¬ 

peratures. (Oxygen liquifies at a temperature -183 Beg C, 

while nitrogen has a boiling point of about -195 Beg C.) 

Since both tubes were slightly diamagnetic, a small 

correction had to be made for that effect. A determination 

of the susceptibility involved knowledge of the four 

parameters given in (Eq. 6). The length, mass, and 

force on the sample were easily found, but the determi¬ 

nation of the quantity was more involved. A 

determination of this quantity by an ordinary fluxineter 
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to a degree of accuracy commensurate with the accuracy 

of the rest of the measurements was not possible. 

Therefore ffe was found most convenient to evaluate this 

parameter by means of a standard whose susceptibility 

was known very accurately as a function of temperature. 

Ferrous Ammonium Sulphate [FeS04-(NH+)XSOI ■ to H^o1 

obeys a nice relation of the form: 

7) X = * io'i 
1 x /+-T* 

The force on the standard was measured for several 

values of the current assuming that each value of the 

current determined a unique magnetic field. The length 

of the column of the powdered standard had previously been 

adjusted to that of the test sample in order to make 

consistent. 

The technique for determining the force acting on the 

suspension due to the field was quite simple. The apparent 

mass of the suspension with no field was first determined. 

The current was then turned up to the particular value 

desired and the new apparent mass of the suspension measured. 

The difference in masses was multiplied by the 

gravitational constant q to obtain the force. 

H1- H' 

3- 

3.3 Temperature Control (including Thermometry) 

T\*o methods of control were used. In the first method 

constant temperature baths provided the necessary tempera¬ 

tures. (dTor temperatures higher than room temperature, 
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boiling water was allowed to cool slowly.) Constant 

temperature baths were obtained with the following 

mixtures at the following temperatures. 

1) Ice and Water 0 Deg C 

2) Alcohol and Ice -15 Deg C 

3) Alcohol and Dry Ice -72 Deg C 

4) Liquid nitrogen -184 Deg C 

A snug fitting copper tube was placed over the glass 

tube within which was suspended the sample to insure the 

uniform distribution of temperature over the sample. 

A Dewar flask filled with the particular mixture surrounded 

the copper tube. After a suitable length of time had 

elapsed to allow for equilibrium, measurements of the force 

could be taken. 

A second method was developed to enable equilibrium 

readings to be taken over the whole temperature range 

from room temperature down to liquid air temperatures. 

See Pig. 3-3 for this thermostat . Liquid nitrogen was 

forced through the U-shaped copper tube under pressure, 

causing the surrounding alcohol bath to be cooled down 

gradually. Preliminary tests showed that a temperature 

variation of less than 1 degree over a length of 10 cm 

could be obtained. Although the alcohol froze solid at 

about -130 Deg C, no excessive strain on the Dewar flask 

was noted. By careful regulation of the rate of flow 

of the liquid nitrogen, the temperature could be kept 
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constant within a degree for a period of several minutes, 

which was sufficient time to make the necessary measure¬ 

ments . 

Thermometry was obtained by the use of a copper- 

cons tantan thermocouple. The cold junction was placed 

next to the middle section of the container. The other 

junction was placed in ice-water. The thermocouple was 

previously calibrated with a pentane thermometer. 
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Part IV, Results and Discussion 

4,1 Results for Cr20g 

The results obtained for the sample of chromium oxide 

are shown by curves A, B, and C on plate I. The Curie 

temperature appears to be at 6l deg C, B represents 

these curves coincided and can be represented by curve A. 

It was noted that in the vicinity of -l80 deg C, there was 

a slight increase in the values of both A and B from the 

value at -160 deg C, It is thought that this effect 

might be due to the presence of some ferromagnetic impurity. 

Since an exact analysis of the sample used was never made 

and the method of preparation was not known, further 

speculation on that matter is not possible. 

As far as could be detected the curves shown appeared 

to be reversible, i.e. each susceptibility-temperature 

was unique, 

Curve D represents the points obtained by Honda and 

Sone for the same substance ^. The field strength at 

which these data were taken is not known, It is felt 

that the agreement between the two sets of results is 

satisfactory. 

The mild dependence of susceptibility on field strength 

at temperatures well below the critical temperature as 

points taken with a value for 'V m - tt0 of 5000 gauss 

Above -60 deg C both of 
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shown in curves B and C is in qualitative agreement 

with Van Vleck's theory^1 ^. 

Curve B, when extrapolated to absolute zero gives 

- 0.825. The same calculation applied to curve C Ao 

gives =■ 0.785. Curve D has a value for 2L° of 0.770- 
TCc 

These are all somewhat higher than the 0.667 predicted by 

Van Vlech^1^, 

4,2 Results for MnSe 

The measurements made on MnSe resulted in curves which 

are a little harder to explain in the light of existing 

theories than those of CrgO^. Plates II, III, and IV 

summarize the most representative of these results and 

compare them with the curves obtained by Squire 

and Bizette and Tsai 

The sample used by the writer came from the same melt 

as the sample used by Squire. Both were prepared by 

Kelley^21 The sample used by Bizette and Tsai was 

prepared by the same method as that used by Kelley. In 

the experiment conducted by the writer, the field strength 

was given by = 2660 gauss. Squired used a field 

strength of 700 gauss, while Bizette and Tsai used 30,000 

gauss. 

a) Plate II 

Curve As These values of X were obtained by the 

writer at equilibrium points while the sample was being 
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cooled down. The experimental points were selected 

from the results of 6 different runs. All six of these 

runs showed the same levelling off of X on a plateau 

between -90 deg C. and -125 deg C. The initial values at 

room temperature all agreed to within 1$, which was the 

estimated order of experimental error. On the portion 

of the curve where X decreases it was observed that 

the time necessary for magnetic equilibrium was consider¬ 

ably longer than on the portion of curve on the other 

Bide of the critical temperature. At the experimental 

point shown at -130 deg C., it required 15 minutes for 

the susceptibility to tumble down to its final value. 

At -l80 deg C., the time required was even longer, being 

of the order of several hours, with there being some doubt 

after that length of time as to whether equilibrium had 

really been reached. Some of this effect might have been 

due to a lag in reaching temperature equilibrium, but 

in view of the fact that cooling down to those points 

was proceeding very slowly (approximately 1.5 deg per 

min), it is felt that some other factor was involved. 

Curve B: This is theX-T relation obtained by 

Squire. It differs from that obtained by the writer in 

that the transition temperature is much more sharply 

defined and the maximum value of X is about 7$ greater. 

The transition temperatures are quite close to each other 

if one assumes that the transition temperatures on 
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curve A can be defined aa the point where slope is 

exactly zero. On curve B, ~T^ is about -111 deg C., 

while on curve A, it is about -106 deg C. 

Curve Ci This is the curve Blzette and Tsai got 

when they cooled their sample down. The magnitudes 

involved seem quite different. Although the slope is 

constant up to the critical region, the Weiss-Curie 

law obeyed by their sample is quite different from the 

one obeyed by the samples studied by the writer and 

Squire, However, the general shape of the curve - a 

sharp rise just below the critical region followed by 

the levelling off on a plateau - is somewhat similar to 

that of curve A. The critical temperature is about -l4o 

deg C. Bizette and Tsai noticed that at -196 deg C., it 

took a period of time of the order of 12 hours to get 

magnetic equilibrium. (See curve A). 

b) Plate III. 

Curve A: These are results of two runs by the writer 

in which the maximum susceptibility exceeded that of 

curve A on Plate II by an amount considerably greater than 

the estimated experimental error. Both these runs were 

distinguished by the fact that the value of X at room 

temperature exceeded the corresponding values of X on 

curve A, Plate II by greater than 1$. 

Various controls were used in obtaining curve A, 

Plate II and curve A, Plate III. The rates of cooling 
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were varied and the length of time for which the field 

was kept on was varied. These controls appeared to have 

little significance. The only apparent influencing factor 

was the value of X at room temperature. An unusually 

large value of X at room temperature was generally fol¬ 

lowed by a maximum value of X which was considerably 

larger than that of curve A, Plate II. The curve shown 

here is a typical example of this effect. 

c) Plate I?. 

The curves on this plate show the temperature hysteresis 

effect observed by this writer and by Blzette and Tsai. 

Squire noticed hysteresis but measured it in a different 

fashion and at very low fieldsCurves A, B, C, and 

D were all obtained by the writer while curve E was obtained 

by Bizette and Tsai. 

Curve At The sample remained at -I67 deg C. approximately 

25 minutes before slow warming was started. Although the 

top part of curve A does not tie in with curve A, Plate II, 
which letups credence to the. dec( uctiov* "that fi[ -HI 

it does fit in with curve A. Plate III.is a valid curve 
* A 

and not wild. (This curve is the same as A * shown on 

Plate III). 

Curve B: The sample was held at -168 deg C. for 

four hours, cooled down to -I78 deg C. for 30 minutes, 

then warmed up slowly. Point M was obtained after warming 

up to -122 deg C., and then cooling back to -132 deg C. 

The temperature was held constant at this point for 

55 minutes with no apparent change in the susceptibility. 
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Curve Cs The sample was held at -183 deg C. for 

75 minutes and then warmed. 

Curve D: The sample was held at -183 deg C. for 

3 hours and 25 minutes and then warmed. 

Curve E: (Bizette and Tsai) The sample was held at 

-196 deg C for 12 hours at the end of which time the 

susceptibility had supposedly become steady as far as 

could be determined. The sample was then warmed up. 

Considerable significance was attached by them to the 

slight hump at -125 deg C., and also to the rapid rise 

from -23 deg C to 7 deg C. (This curve is also shown as 

curve C on Plate II). 

4.3 Discussion 

The results obtained for CrgO^ have already been dis¬ 

cussed in the previous section. The data from the 

experiments on MnSe warrant further discussion. 

At the present time I am not prepared to offer any 

conclusive explanation for the rather startling differences 

between the three sets of data, e.g. Squire, Bizette and 

Tsai, and the writer. Two factors could possibly be 

involved. 

There was a wide variation in the field strengths used} 

Squire - 700 gauss, Lindsay - 2660 gauss, Bizette and Tsai 

30,000 gauss. Further investigation should be made to 

see whether there is any dependence of susceptibility on 
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field strength above the critical temperature. 

The somewhat anomalous behavior of the susceptibility 

as noted in Plate Ill-Curve A, seems to indicate that 

possibly the magnetic properties are not always reversible 

above the critical temperature, even in the same sample. 

A further change in the maximum value of ?( on III-A in 

the direction in which it was going would bring it quite 

close to agreement with the curve obtained by Squire. 

A logical experiment would be to make a complete run on 

the sample at 700 gauss. If further experiments do show 

that the susceptibility curve does depend on the intial 

value of 'X at room temperature and furthermore that this 

initial value depends in some way on the previous history 

of the sample, then it is believed that the growth of a 

single crystal should be attempted and its properties 

studied. 

The other significant feature shown up by the data is 

that there is definitely some form of temperature hysteresis. 

The curves on plate IV indicate that the degree of 

hysteresis depends on either the magnitude of the lowest 

temperature attained or on the length of time the sample 

is kept at that lowest temperature, or perhaps on both. 

Bizette and Tsai held their sample at -196 deg C. for 12 

hours and got a very complete hysteresis as shown by 

Plate IV-Curve E. Perhaps the curves A, B, C, D obtained 

by the writer represent an Intermediate case. A similar 
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experiment should he performed by the writer. 

It would be pertinent at this point to mention the 

theory developed by Bizette and Tsai to explain their 

results. In the first place they attach considerable 

significance to the hump around -125 deg C. and to the 

sharp rise from -23 deg C. to 7 deg C. These portions of 

the curve are identified with the humps in the specific 

heat as measured by Kelley. 

The following mechanism was postulated. The orienta¬ 

tion of the electron spins into anti-parallel alignment 

at the critical temperature is accompanied by a release 

of energy to the crystal lattice. (This seems logical if 

one considers that in going Into the anti-ferromagnetic 

state there Is an abrupt change in magnetic energy.) 

Conversely these exchange forces can only be destroyed by 

the absorption of sufficient energy from the crystal. The 

formation of the anti-parallel spin moment bonds is an 

autocatalytic reaction in which more energy is released to 

the crystal than is necessary to overcome the kT energy 

tending to impose random distribution on the spins. How¬ 

ever* at each particular temperature below the transition 

point a statistical equilibrium state Is eventually reached 

in which the same number of spin moment anti-parallel 

alignments are taking plaee as are being destroyed by the 

kT energy of the crystal, When the temperature is raised 

from an equilibrium point the energy necessary to break 
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down the spin alignment is much greater than the energy 

available from the crystal lattice. In other words it 

would seem that there has been a leakage of energy from 

the lattice somewhere. The spins thus remain effectively 

"frozen in”. The rise in susceptibility beyond -23 deg C. 

is explained by assuming that beyond that point there is 

sufficient kT energy to liberate the spins. Since an 

abrupt change in the energy of magnetization can be identi¬ 

fied with a change in specific heat^22^, the agreement with 

Kelley's results is explained. The slight rise in 

susceptibility around -125 deg C. is also matched up to a 

small hump on the specific heat curve. 

The data collected at the point M on Plate IV suggests 

that the curve representing the warming up is reversible. 

This would appear to correlate with the theory of Bizette 

and Tsai that the unlocking of spin moments takes place 

only when sufficient energy has been absorbed from the 

lattice. 

As also mentioned previously, there was a certain time 

lag in reaching equilibrium below the critical temperature. 

This might possibly be interpreted as involving some kind 

of relaxation effect in the spin system. More data will 

be needed before any definite conclusion on this specula¬ 

tion can be reached. 

Squire reported finding magnetic hysteresis effects in 

the vicinity of the critical temperature. An attempt 
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to detect a similar effect was made by this writer but 

the data obtained was very inconclusive and will not be 

reported at this time. 

These experiments have revealed that the phenomenon of 

anti-ferromagnetism in MnSe is complicated by a number of 

factors and a thorough study will be needed in order to 

isolate and evaluate these factors. 

Acknowle dgment s 

It is a pleasure to express my gratitude and appreciation 

to my director* Professor C. W. Heaps*for suggesting the 

problem and for his helpful advice during the course of the 

research. A debt is also owed to Professor C. P. Squire 

for his aid in procuring the sample of MnSe and for his 

general interest in the problem. And lastly* my thanks 

to Messrs. J. P. van der Henst and P. de Vries,of the 

Physics Shop,who were so helpful in the designing* construct¬ 

ing* and assembling of apparatus. 



BIBLIOGRAPHY 

1) W. F. Brown, Reviews of Modern Physics, 1£, 15, (1945) 

2) A. Ewing, "Magnetic Induction in Iron and Other Metals," 
Electrician Publishing Co., (1900) 

3) F. Bloch, Zeits. f. Physik 74, 295, (1932) 

4) P. Weiss, J. de Phys. 4, 667, (1907) 

5) W. Heisenberg, Zeits. f. Physik 4£, 619, (1928) 

6) P, A. M. Dirac, "The Principles of Quantum Mechanics," 
Oxford Press, (1935) 

7) M. L. Heel, Aim. de Phys. 18, 5, (1932), 8, 237, (1937) 

8) P. R. Weiss, Phys. Rev. £5, 673, (1939) (Abstract only) 

9) F. Bloch, Zeits. f. Physik 6l, 206, (1930) 

10) J. C. Slater, Phys. Rev. 35, 509, (1930) 

11) J. H. Van Vieck, J. Chem. Phys. £, 85, (I94l)j t ■ 
Reviews of Modern Physics l7, 27, (1945) 

12) F. Bitter, Phys. Rev. 54, 74, (1938) 
* 

13) Miyahara, Zeits. f. Physik 113, 247, (1939)l 
Proceedings of Physico-Mathematical Society 
of Japan 22, 528, (1940)J Tsuya, Journal of 
the Physical Society of Japan,3, 161, (1948) 

14) C. F. Squire, Fhys. Rev. £6, 922, (1939) 

15) E, Bizette, C. F. Squire, and B. Tsai, Comte rendus 207, 
449, (1938) 

16) Bates, Phil. Magazine 8, 714, (1929) 

17) M. G. Foex and M. Graf, Comte rendus 209, 160, (1939) 

19) H. Bizette and B. Tsai, Comte rendus 212. 75, (1941) 

20) Honda and Sone, Science Reports, Tohuku Univ. 3, 223, (1914) 

21) K. K. Kelley, J. Am. Chem. Soc. 6l, 203, (1939) 



Plate I 



Plate II 



Plate 111 



Plate I? 

T
E
M
P
E
R
A
T
U
R
E
 

D
E
&
.
 


