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ABSTRACT 

A method is described by means of which it is possible to 

measure the magnetic susceptibility of suspensions or finely divided 

graphite as single crystals. According to this method, the principal 

susceptibilities of graphite are 

}(..L 0.44 X 10-6 

;r;, 13.35 X 10-S 

As reported by other observers, the mean susceptibility is fo~nd to 

decrease with decreasing particle size. The decrease of suscept-

ibility is 

anisotropy 

.,; 

accompanied by a proportionate decrease in t .he magnetio 
~ ~ 
-• At low temperatures, the phenomenon remains quali- • 
)(.J. 

tati'vely unchanged; no displacement of the critical size is observed. 

Measurements on paramagnetic Mn0
2 

show no variation of 

susceptibility with ·particle size. A slight decrease of suscept­

ibility with decreasing particle size is found in the case of para­

magnetic cr2o3, although here the effect may be spurious. Experi-

ments of a provisional nature would indicate that the susoeptibi li ties 

of substances whose magnetic properties are intermediate between 

those of para.magnetics and ferromagneti os decrease rapidly with de­

creasing particle size when a critical diameter of particle of approxi-
, 

me.tely 3, is reached. 
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_!_. In!_roduction. 

The first succes:a,ful explanation of the phenomena of oara­

rr:a ,?;netis!'r and diama ~nf; tism wa £ ,~iven in 1905 by langevinl), on the 

oads of' the as1,u.mption that the atoms consisted of positive and 

negative charges rot a ting i n fixed oroits. ·These rotating charges 

would cause a certain -pe r ma nent ma g;netic moment to i)e associated 

~i th each atom or mole cu.le, and ·d th the application of a ma1::;ne tic 

fiel d , the ,; e moments would tend to aline t he '.llselves parr~llel to 

the field , being r;:;i,;isted only oy the the rmal a gita.tion of the mole­

cu les. Since the induced field. ,"lould s tren,;then the ori ginal field, 

t his effect would result in the case of 9aramaE;netiem. By a statis­

tical calculation of the equilibrium between thermal agitation and. 

the dire:ting tendency of the ap plied field, Langevin derived for 

the paramagnetic sµsceotibiiity 

N 11. uH k:-T 
'{ = __,_ (coth ~km - -) r H .l t'H (1) 

where N is the nunH;er of molecul::.J S ner cm3. t' the magne tic moment 

associated with each molecule. T the absolut e tem:.,erature, H the 

a p:., lied fiel d , and k Boltzmann's constant. ln order to ·ob ta.in now 

the property df diamagnetism, I.angevin considered the induced rather 

than the permanent mat~netic moment of the molecule. Since the ro­

tatin,;:; charges may be considered as currents flowing in circuits 

undamped by resistance, an applied field will affect the :notions 

of the charges in such a way as to induce a field on-posing the a-p­

olled field (l.eni&•~ law). thus giving the property of diamagnetisrn. 

For the susceµtioility. Lan5evin deduced the expression: 
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(2) 

where N is the number of molecules per cm3. e the charge on the 

electron, c the velocity of light, and}: i2 the summation of the time 

average of all electron orbits for a single molecule. It is then 

obvious (on the basis of Lan,.;;evin' s theory). that diamagneti&m is 

a property comrr,on to all suostances. while paramagnetism is present 

only if the atom or molecule hlis a permanent magnetic moment (i.e. 

a resultant moment different fro ,r! zero). in which case the diamag­

netic effect is outweighed. 0 

Langevin 1 s expressions for magnetic susceptibilities cor­

responded very well with the known experimental facts. If equation 

(1) is expanded for the case ~« 1. there results 

= !I 
kT 

• an expression which had been published by Curie in 1895 as an ex-

perimental law governing many paramagnetic substances. From equation 

(2) it may be seen that~ should be independent of temperature for 

diamagnetics. a fact also observed experimentally by Curie. Further­

more. the values of r derived from susceptibilities by means of 

equation (2) agreed nicely with such determinations by other method&. 

In spite of the general success of the Langevin theory00
, 

exceptions are extremely numerous, particularly in the case of solids .. 

The reason for this is apparent. however. when one considers that 

0 Such a result was also intimated much earlier by Weber and Maxwell, 
although much less precisely and without the knowledge of the elec­
tronic structure of matter which was available to Langevin. 

00Modifications of the simple Langevin theory, as introduced by quantum 
mechanics. need not be discussed here. 
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equations (1) and {2) have be 2n derived on ths basis that the atoms 

are completely free, and thus should be rigorously valid for gases, 

apnroximately so for liquids, while only in special cases might one 

assume that the forces of interaction bet ,~een atoms in the solid 

state could be neglected. That the effect of forces of interaction 

between a toms in solid bodies is not necessarily of secondary im­

portance in the determination of the aa.gnetic ,;:,rooertie s of solids 

will be evident from the experimental facts -presented below. 

The element carbon, which in its three allotropic modifi­

cations exhibits an amazing ran,;e of physicai properties, offers a 

strLdng example of the influence of configuration of the atoms in 

the solid state on the magnetic susceptibility. Amorphous carbon 

eY.hibi ts a diamagnetic susce?tibility corresponding to th.<.i.t which 

would be expected fro!Tl measurements on free atoms (as in gaseous 

compounds), diamond has a value differing only slightly from this, 

but gra~>l'l ite, in the direction parallel to its hexagonal axis (0001), 

is more than twenty-five ti m~is c. s diamagnetic as either diamond 

or a rnor~hous carbon. Table 1 gives the f.uscentibility va.luee for 

carbon in its three mod ifications, a s well as for bismuth and an­

timony, ·Nh ich <like /S raphi te are :-.. bnorrral ly diamagnetic. That the 

high susceptibilities of these suostances are pro :Jerties of the 

arrange:r.ent of their ;,! toms in the solid st a te is further shown by 

the oehaviour of bi srruth an1 antimony at the melting ooint, ·"here 

a sha r r discontinuity of the susce ptibility occurs, such. that the 

value s BS ;cUtniJ d oy the li q_ui '.i s a re those ca lculated f'ro :n their atomic 

configurations. Hg. 1 reoresents granhically some typical measure-

) t ' ' 
:nents by Honda3 , Endo~), and 'liebster5; on the susceptibilities of 

*X-ray analysis shows that "amorphous" carbon very probably has the 

crystal structure of graphite. 
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Table l 

Susceutibili tie :a of anoma.lous diamagnetics 

Substance 

Carbon 
amorphous 
diamond 
graphite 

hexagonal axis 
hexagonal axis 

Bismuth 

Antimony 

- -,. X 10 6 
observed 

0.35-0.48 
o.495 
4.65 
o.4 

13.4 

1.4 

o.6 

) 
) 
) 
) 
) 

- ,. X 106 
calculated for free atoms 

a:pproximately 

o.4 

0.1 

various metals above and below their melting points. One see s from 

this tha t although only in bismuth and antimony is the change at the 

melting point of grea.t magnitude, it is definitely present for the 

other substances inve s tigated.. In the case of tin, the paramagnetism 

of the solid disap , .. ea rs at the melting point, and the liquid is dia­

magnetic. Although tin is the only paramagnetic s·ubsta nce investi­

gated at the melting po int, there are numerous exam~1 les in which 

paramagnetic solids may exist in various modifications possessing 

diL erent magnetic properties. Thus gray tin is diamagnetic, white 

tin is paramagnetic, and ferric oxide (fe
2
o
3
) ma.y exist in a ferro­

magnetic modification a s well as in the normal paramagnetic form. 

E'urther evidence to sup ··}ort the view that magnetism in the 

solid state is as much a crystalline pronerty a s an atomic r rouerty · 

is furnished by the work of lowance and Constant6) on the effect of 

cold working on susceptibility. For the metals investigated by them 

*Cf. also work by Bitter, Honda and Shimizu, and Banta. See Handbuch 

der I1letallphysik J p. 270. , 
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(Pt. Ag . . Bi, Cu). it was found that any form of cold working caused 

an increase in the permeability, that is, the s usceptibility of dis.­

magnetics '.'las decreased, that of paramagnetics 11as increased. The 

normal value could then be restored by annealing. 

Let us turn now to another set of e~periments which promise 

to do much to clarify the problem of magnetism of solids. 'I'he investi­

gations refer :·ed to ar6 those of Vaidya.nthan7), Rao8 •9.lO), Mathur 

and Varma11), and Paramasivan12), who found in measurements on sus­

ceptibilities of several substances in a finely divided state a critical 

size of particle below which the susceptibility decreased rapidly 

from the value for the substance in bulk, bendin,;!: toward that found 

for the amorphous (or liquid) state. The substances first investi-

gated were the d.iarnagnetics or abnormally high susceptibility, gra·9hite, 

bismuth. and antimony~ The results are pr~fented graphically in 

fig. 2. Since s~ch a phenomenon might easily oe caused by surf ace 

effects bUCh o.s the formation of the fe ,•.,bly diamagnetic oxides in the 

case of bismuth and antimony, or the adsorµtio n of paramagnetic oxygen 

in the case of graph ite, this point was carefully investigated. 

Thus measurements on bismuth were made taking s ::iecial precautions 

to free the original materi a l from oxide, and to prevent subsequent 

oxidation (cf fig. 2). With this treatment, the ef i ect is still 

. present; indeed, the decrease in susceptibility has become much more 

abrup t, so that the decrease can no longer be attributed to an in­

crease in the ratio of sur face to volume with decreas ing -particle 

size. ti:ore recent investigations on tin {paramagnetic) ( fi g. 2) and 

nickel ( ferromagnetic) ( table 2) show a simila.r behavior 

0 Similar results were later obtained for graohite. Bi. and Sb, by 
Goetz and i 'aesslerl3). • 



Figure 2. 

Dependence o:t' magnetic susceptibility on particle size 
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'fable 2 

'Range of diameters a O .(2~rti cles) of the pa.rticles 
ti (bulk metal) X 100 .. 

o. g-1.0 1.1-1.5 70 82 
o. 8-1.1 1.2--1. 7 72 85 
c. 8-1. 2 1. 5-3.0 70 95 
0 .9-1. 4 2.0-4.o 72 9g 
1. 0-1.5 2.5-5.0 77 97 

Cf/ - spec ific intensity of magnetisation 

As may be seen from fig. 2. the critical diameter of ~article 

is ap :,ro:dma.tely the ::;a.me for all the substances investigated, and 

lies in the r egion from Q.5 to 2 microns. It is interesting to note 

tha t t his cri tice.l size i s of the s,'>me order of magnitude• as the 

'
1characteri s tic length'" associ ated w~th many crys t a lline phenomena 

according to the theory of cry,;tal structure pro posed by Zwicky14). 

If the observed phenomenon should oe real, it should be possible 

by means of such mea surements to gain much interesting information 

concerning the nature of magnetism in the solid state as ,;;ell as to 

throw light on the na ture of the solid state itself. 

*By this is meant here "large in comparison to atomic dimensions". 



ll• ~se of the Investigation 

It is the purpose of the inve stigations described in this 

thesis to eYtend the present kno•w l edge of the dependence of the magnetic 

susceptibility of crystalline powders on pa rticle size. '1'he investi­

gations have been made with thre e distinct aims in mind: 

l. To study the behavior of the phenomenon a t low temperatures. 

2. To study the pheno~enon in connection with crystal structure 
and magnetic anisotro~y. 

3. To inve stigate certain typical paramagnetic substances 
with reference to the existence of such an effect. 

For the realisation of the first two aims, gr auh ite was 

chosen as the subject of investigation, for th~ following rea sons: 

l. It is easily obtaine d in finely divided form. 

2. The formation of oxide will not affect the measurements. 

3. It has an enormous magnetic anisotropy. 

'l'he paramagnetic substances chosen for investigation were 

metallic oxides which do not follolV Curie I s Law. The ox bes were 

chosen r-ather than the metals themselves because they a !"e more easily 

ot t a ined in finely diVi :i ed state, and bacatlse the formation of oxide 

on pure metals 1voul ri seriously disturb any measurements. 
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lll. Exue_rimental Procedure 

l. Pl'eparation of speci rr.ens for measurement 

In the experiments of Hao and his cellaborators described 

in the -preceding chapter, the cowers were mea sured in corr,pact form. 

In this investig;:!!tion, however, the oowders to oe measurer} were sus­

pended in a suitable medium (eg. gela tine) which becomes solid at 

room te:nperature. The reason for t his is the follov'ling. If each 

particle of a powd .r is a single crystal, which is general l y the case 

if the particle s are small e nough (less than 5fA in diameter), then 

the s usceptibility of the powder can be measured with respect to the 

variou s axes of the crystal, in case that the suostance investigated 

is magnetically anisotropic. ~'he method for doing t his, due to 

J<"aesslerl3), consists in directing the particles in suspension in 

a n~gneti c field while the suspending medium is liquid, and then 

allowing the medium to solidify. 

Jraphite, which wa s used in this investigation, has a high 

diamagnetic susceptibility parallel to the hexago nal (0001) axis 

of the crystal, and a low susceptibility in all directions nortr.al to 

this axis. If a suspension of graphite crysta ls is placed in a 

homo ,:,;ene:,us fiel ,i, the field will exert an orienting couple on the 

individ ual particles, w;•ich will direct th emselves so tha.t the hex­

agonal axes a re directed peroendicular to the _direction of the fiel1. 

i.e., at random in the ~) lane norrral to the field. If the suspension 

is no\v rotated through an angle of 90° in a p lane parallel to the 

direction of the field, a further orienting couole ;,-; ill be exerted 

tending to alifi n all the hexar;onal axet:l para llel to the axis of 
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rotation of the suspension and hence parallel to one another. That 

this process actualiy takes place a.s descrioed, may be observed 

vi eually under the -microscope, because of the flake-like shape of 

the graphite crystal. See fig. 6, section IV. This procedure has 

the effect of "9roducing an '':a-rtificial single crystal", and the sus­

pensions may then be measured as single crystals. Thus in the case 

of graphite or other anisotropic substances, the phenomenon of size 

dependence of susceptibility can be studied in connection with the 

crystal structure. In addition, this procedure provides a means 

whereby ma.gnetic anisotro ,:y may be studied in those cases where the 

prepara.tion of single crystals suitable for measurement is unfeasible. 

In the experiments of .Wae-ssler, gelatine Has found to oe 

the most suitable suspending medium~ Since in the present case ex­

periments at· low temperatures were planned, gelatine could no longer 

be used, and after considerable experimentation the most suitable 

medium for this purpose ·was found to be a petroleum jelly composed 

of 75% mineral oil and 25% paraffin with a melting point of approxi­

mately 35° C. 

'T'he substances to be measured were ground together with 

the petroleum jelly in ~n agate mortar until the desired degree of 

fineness was attained. The resulting solid suspension was then 

disso l ved in benzene or carbon tetrachloride, and the -particles 

were separated according t.o size by means of succes s ive settling. 

By evaporating the solvent, the desired suspension was obtained. 

A portion of each suspension was then weighed, dissolved 

in benzene, and centrifuged. 1be sediment was carefully washed with 

benzene and weighed. From this data, together with the density of 

the petroleum jelly, the concentration of the suspended substance 

*It must be isotropic and non-crystalline. 
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could be determined. Those portions of the sus-pension to be investi­

gated magnetically were put into brass tubes of the following dimensions. 

Length 65 DID 

Outside diameter 5 mm 

Wall thickness 0.005 mm 

Cross section 0.1925 cm2 

Effective volume 1.30 cm3 

Approximate weight 750 gm. 

In order that the tubes be seamless, they were turned from heavy brass 

tubing. The ends were of brass, soldered to the cylinder. 

'.C'he sizes of the particles in the suspensions wa.s determined 

either by direct microscopic observation with a micrometer eyepiece, 

or from meast1rements of microphotogra-phs. 

2. Measurement of susceptibilities 

There are two methods com;;,only used for measuring the small 

nagnetic su..;ceptibilities of diamagnetic and paramagnetic solids. 

'the I,'araday--Ourie mehod an11 the GoGy method. In both methods the 

force experienced by a body in an inho~ogeneous magnetic field is 

measured. and the susceptibility is determined from the following 

relation. valid at e-tery point of tbebody 

F = 
X 

H _t!JL o 
I( ox 

in which K is the susceptibility. H the field strength, ~= the 

field gradient, and Fx the force in the direction of the gradient. 

0 This relation is given here in simplified form. A treatment of 
the general theoey of the method is given in section 3. 



The difference in the two methods lies in the placing of the 

sample in the field. In the Faraday-Curie method the specimen to be 

measured is chosen small enough so that H and i = (or their product) 

may be considered constant throughout the body. The susceptibility 

is then determined from a measurement of F, H, and *· In the Gotay 

method the s pecimen to be measured is made of uniform crot-:s-section 

and is placed in the field in such a way that both ends are in known 

uniform fie Lis (e.g. li0 r:.nd 0). The susceptibility is then determined 

from the integrated form of equ!:l.tion (1) 0 • by measuring i' and H0 • 

The es'.;ential difference between the two methods is that the latter 

does not permit a quantit;,:,tive investigation of the dependence of 

susceptibility on field strength, since it gives an average over all 

fields from zero to the maximum used. 

Of these two methods, that of Gouy wa s chosen for the ~resent 

investigation for two reasons. In the first place, rith the low con­

centration of the suspensions, the SoE-ples must be fairly large in 

order that the forces be l a rge enough to be accurately measured. In 

the second place, the measurement of anisotropy is generally more 

convenient in this method than in that of F'araday-Curie. ~-he chief 

reqllirement of the method, namely, uniform cross-section of the 

specimen, is sufficiently satisfied by the brass capsules described 

in section l. 

0 See section 3. 
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2. Theory of the method. 

Let a cylindrical body with principal susceptibilities 

K1 , K
2

, 1<
3 

be nlaced in a mag,netic field as in fig. 3. Let the 

'-1--

coordinate system be chos en so that the z axis is parallel to the 

length of the body , and the x axis makes an angle e with the magnetic 

field. If the diameter of the body is small compared to tha t of 

the pole pieces, the following relations are valid at every point 

of the body: 

Hx = H' cos r , H = B o. y sine. H 
z 

:,: 0 (l) 

also 

~=x J~) t)H ~~y i)Hz u H 3Hz - 0 = = "if = = Tx = -lf:,Z = c)z -y 
(2) 



15. 

The energy of a magnetic field in an aniso;t:·ropic medium is given by 

-1... 2 2 
t4zliz2) ( fA = permeability) E = ( ,-CxHx + t,'ylly + 8rr 

or (3) 

E : _L(H 2 
811 X 

+ H 2 y -f- Hz 2) + 
1 2 , 2 2 2<KxH; + Ky.Iy + l<'z Hz) 

K~s.msce ptibility, since 

If ;,-e consider that the _body is suspended in a medium of 

susce ;: tibility 1<0 (for exa.rrrple , a ir) the force e:r. µerienced by an 

element of volume d'7' of the bod,Y in the field in the directions of 

the coordinate axes will be 

1'' = 
X 

F = y 

Fz = 

that is: 

f) ("'' ~ ) d'l' rx r .. - .;, 
0 

I; 
_a_ 
2>z 

r,.., E ) 
\ j!. - ~ 0 d'7' 

(E - "Eo) d'7 

(K. _ k',) 'FL OHy 
y o -Y ~x 

making uee of relations land 2, equations (5) reduce to 

(4) 



or 

F = 0 
X 

F
1 

=- 0 

l!~z = { (k'x - Ko)Rx ~~x + (Ky - ~)Hy f !Y1d'7 

F z = {<Kx - Ko) cos
2
e + (l(y - 1<'0) sin

2
e}H ~= d?' 

16. 

(6) 

= { (Ky - Ko) + U<x - ~) cos
2

e}H ~ df' (7) 

Equation (7) is applicable to the Faraday-Curie method of measurement 

of susceptibility. In the case of the Gouy method equation (7) must 

be integrated over the volume of the body, i.e. 

= J: {CK'y - K0) + (Kx - ~y) cos2e 1 Hg: dx dy dz 

:.-: A iz {<Ky - 1<0) ➔ (Kx - l(y) cos2e} d( H~) (8) 
Zo 

in which A is the area of the cylinder. If the susceptibilities 

a !~e inde cendent of field strength (8) may be readily integr si ted, 

and the result is 

(9) 

in which H and Ho are the field strengths at the ends of the body. 



For an isotrooic rnedi~m, this reduces to 

F = ( lO) 

i.e. (11) 

and + (12) 

p = density 

f. = specific su scerJtibili ty. 

'!'he problem of the measurement of magnetic anisotropy is 

greatly simpli fied. if there is only one urinci pal magnetic ax i s . 

This is t rue of graphite, in ·;;h ich the principal magnetic a-,i:is is 

uarallel t o the hexagonal (0001) a~is of the crystal. In all directions 

norma.1 to t .h.e hexagonal ax i s , gre.-chite is iso!ro ;:ic. In this case 

(cf. equa tion (9)) the entire 11:e !isurernerit of anisotro p:11 can be per­

f or med by rota ting t he c y-1indri c1,; J. suspension ( ''8rystal '1) about its 

axis, if the suspension has been r~repa.red with the hexagonal axis . 

pernemiicular to the axis of t he cylindrical samp l e tube. Hence the 

suspensions described in sec tion III, 1, were all prenared in this 

fa shion. 

4. Apparatus 

The arrangement of a pparatus is shown in fig. 4. AiL aluminum 

suspension 5 rep laces one of the pans of e Sartorius microbalance 

(sensiti~ity 1.4 x 10-5 g ./scale division) B. It is equipped with 
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a torsion head T, so that the s pecime n could oe rota.ted a bout a 

verti cL, l axis. In the lower end of the su spension tl;le aluminum 

tube is replaced by a very fine tube of nickel silver, at the end of 

~·hich is a bra ss c ylinde r over wh ich the bra ss cap sules described. in 

section l fitted snugly. '!'he pole pieces P of the electromagnet M 

are flat faced, 10 cm. in di a.meter, and s~aced 2 cm. aoart. With 

this arran.;ement, a field of 10000 gauss could be produced between 

the 9ole pieces with a cur cent of 10 a mperes, the field at the lower 

end of the s uspension being pr actically zero. 

In order to nerforrr me a surement s at various temperatures 

r an'"; in¥; from that of li quid air to room temnerature, a cryosta t Cr 

wt,t s constructed to inclose the lo'.Ner end of the suspension. 

The cr j osta t, fig. 5. consists essential ly of t wo concentric 

cylinde rs, f ormin1s; a va c u .;m jacket a.round the suspension. The outer 

cylinder, 2 cm. in d i a meter, wa s made of t hin nickel silver s heet 

(0 .125 mm). The inner cylinder i s ccmoosed of two parts; the lower 

is a trick walled (2 mm) copiier tube, 1 cm. in inside di a meter; the 

up per is a thin wa lled nickel £ilver tube 2 mm in diameter. At the 

bottom of the cryost&t can be screwed in a copper rod o, around 

which i s wound a coil of cop per t ubing 5, wh ich opens into the suace 2 

inclose·'i by the inner cylinder. Space l between the t 1'' 0 cylinders 

is at t ached to a high vacu ·.im system and kept evacuate 1 during low 

temperature measurements. The cryostat is supc,orted by t wo cylind.­

rical grooved brass pieces 3, ea ch held by three scre'RS to permit 

vertica l ad,justment. 'f'he position of the pole nieces is indicated 

by 8. In order t,o measure t.he t errrper'Jtur e inside the cr.v ost1:i:. , a 

non ind ;~ctive cop~,er re s ista nce thermometer b is placed a s indicated. 
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in the figure, for which the lead s 6.1. r e taken out through tube 7. 

rto cool the specirren to be measured., dry air is blown 

through the coil '.). which with the cop per rod 6 is immersed in liquid 

air. \!then the desired temperatu re, a s measured with the r esi s t a nce 

thermometer, is reached, the s:) mr le is weighe d with the f ield off. 

During the time of the ~eighing, the temperature of the s ",Tple was 

found to have risen by 2° - 3°. The sample is then cooled a.gain to 

the i niti a l temperature, and wei shed with the field on. !n this 

wa,v it wa z, nos s ible to mak e sus ceptibility rreasurements within a. 

temperature . range of ap i) roximately .3°. It was found that during the 

time requ i red to make a wei ghing, no detectable quantity of water 

condensed on the suspension, ,s.l though the air stream was completely 

stop-ped. 

5. Accura cy of measurement 

The method of measurement employed in the present inve s ti­

gation introduces numerous com,-, lications ,~h ich may g ive rise to serious 

errors. l careful considera tion of all source s of error is therefore 

es :,ential. 

!!· Measurement of force. 

Since the specimens mea$ured were suspensi6ns of the materi ~l 

to be investigated in a medium of vaseline. the sus ce ri tibilit:; must 

be de terrr: ined from the difference of the forces e,:-e:-ted on the medium 

and on the investigate:i subst ance. Because it is usually imoo s;;; ible 

to retain a high conce ntration of fine ~articles in suspension, the 
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actual force to be measured was otten quite sm.all. in some cases as 

low as 0.1 mg. The dif,·iculty of measuring such forces accurately 

has been ade quately met, however, by the use of the Sartorius micro­

bala nce. With this balance it was possible to r eproduce measurements 

to a.o roximat.ely five millionths of a gram, limiting the unc<lrtainty 

in the determination of the force to lesi:i than five percent. in the 

most unfavorable cases . 

.2,. Measurement of density. 

A reliable determination of the density of the subs tance 

in suspens i on is just as essential as a n accurate measurement of 

the force. The errorb which may arise in this connection are of 

several t ;vpe s. In the first place, the presence of air bubbles in 

the sa:" nle tube ~ould utterly destroy the validity of any measure­

ment. The presence of such air bubbles ·Ras easily detected. however, 

by a comparison of the density of the suspension in the tube with the 

known density. 'l'he formation of air bub c, les in the process of filling 

the tubes ·1,1;., s not freq~ent., however; b ..::cause of the tendency of the 

oily liquid vaseline to completely moisten metal surfaces. A. more 

serious problem is the d.dnger of coagulation of the s ,spension ,-irti'th 

consequ ent r a pid set, t ling of the particl :; s. In this case the sus­

ceptibility as measured would always be too low in value. It was 

found. ho1'lever. that if a subst&nce was once obta ined completely in 

suspension in the liquid va.seline, there was no tendenc.v for coagu­

lation to occur. Furthermore, at no time was the vase line kept liquid 

for more than ,fifte en to twenty minutes (as in filling the tubes or 
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or during the process of directing the particles in the field). The 

ra.te of fall of particles le ,, s than lOf" in diameter (maximum size 

used in this investigation) is far to o slow in the highly viscous 

vaseline to permit ap :,reciable settling. 

6. Supplementary measurements 

.!· Determination of field strength. 

With the exµerimental arrangement used, it was moee con­

venient to calibrate the magnet by means of a standard substance than 

to make a direct measurement of the field strength. For this nurpose 

water, of susceotibility -0. 72 x 10-6 was used. One of the brass 

tubes was filled with water and the susce ;:; tibility was measured over 

the whole range of field strengths to be used in the measurements. 

Table 3 gives the result of this calibration. 

Table 3 

Q.f!libration of magnet 

I Fe A(a2max - H~ Hmax 
amp. grams 2g gauss 

1.00 -0.000213 296 1730 
2.00 -0.000797 1107 3350 
3.00 --0.001630 2265 4800 
4.oo so.002566 3565 6ooo 
5.03 -0.003536 4910 7070 

6.50 -0.00463 6430 8080 
7.53 -0.00522 7250 8580 
g_50 -0.00572 7950 g990 
9.52 -0.00615 85¾ 9320 

I - current in amperes 
Fe - force corrected for effect of sample tube 
H -maximum field, calculated, in uauss max ~ 
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].. Determination of susceptibility of petroleum jelly. 

The susceptibility of the suspending medium was determined 

over the whole range of field strengths used. No varia tion of sus­

ceptibility with field strength was found. 

Table 4 

Susceptibility of petroleum jelly 

I B i'c - 'f,x 106
0 

1.00 1730 -0.000213 0.71s 
2.00 3350 -0.000797 0.720 
3.00 4800 -0.001630 o. 721 
4.00 6ooo -0.002568 o. 719 
5.00 7050 -0.003523 0.120 

6.oo 7800 -0.004334 0.720 
7.00 g36o -0.004922 0.718 
8.00 8800 -0.005448 o. 718 
9.00 9130 -0.005917 0.719 

Average susceptibility 'f =•0.7192 X 10 -6 

T = 14o° K 
6.50 3100 -0.004641 o. 720 

T = 105° K 
6.50 8100 -0.004643 o. 721 

(',uncorrected for susceptibility of air. 

~- ~orrection for brass sample tubes. 

The correction to be ap (, lied for the force exerted on the 

brass ample tubes was determined for each tube before filling with 

the sample. The correction to be a po lied did not vary greatly with 

the different tubes, and amounted on the avera~e to an attraction of 

five hundredths of a milligram. In no case was it greater than a 

tenth of a milligram. 
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~- Measurement of tempera ture. 

The temperat11re was measured with a Diesselhorst t ype 

potent-iometer according to the standard procedure of the Cz-yogenic 

Laboratory of this Institute. The resistance thermometer was cali­

brated by mea1.mrements at 0° C, 195° K (acetone-CO2). 77° K (boiling 

point of nitrogen), and 20° K • (.boiling point of hydrogen). 
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!!- Experimental Results . 

1. Symbols used in tabulation of data. 

maximum field strength in gauss. 

diameter of particles in ~. 

force acting on specimen in field in grams. 

density of material in suspension in grams/cm3. 

specific susceptibility in e.g. s. units x 106. 

specific susceptibility pe~endicular to (0001) axis 
in graphite. 

specific susceptibility parallel to (0001) axis in 
graphite. 

absolute ·temperature. 

Centigrade temperature. 

2. Measurements in graphite. 

The graphite used in this investigation w~s the coDl!Tiercial 

"Aquadag", a highly concentrated aqueous suspension of finely divided 

graphite, manufactured by the Acheson Colloids Co: A magnetic analysis 

of the product showed a considerable quantity of iron to be present. 

which had to be removed by a thorough proce ~; s of purification. In 

order to dis;;,olve any silica which might inclose minute quantities 

of iron, the gra9hite wa s first treated for several days with cold 

hydrofluoric acid. The s uspension, "hich meanwhile had coa5-u.lated 

from the action of the strong electrolyte, was then washed and treated 

with hot hydrochloric acid in a Soxhlet extraction apoaratus until 

the irashings no longer showed the !)resence of iron as tested by 
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potas :;; iu.JJI thiocyanate . The graphite was then washed, dried, a.nd again 

suspended as described in section Ill, l. 

In connection with the preparation of "artificial single 

crystals11 of graphite, a method has been devised. ,vhereby the orientation 

of the flake-like graphite crystals might be observed visually. 

This was done by rotating a microscope slide with a suspension of the 

graphite in gelatine in a magnetic field until the gelatimsolidified. 

Fig. 6 shows a microphotograph of a slide prepared in this manner. 

The particle sizes represented in this figure range from o.4t' to 

4 fA . In Judging this photograph, 1 t must be borne in mind that the 

t hickness of the object is greater than the depth of focus of the 

microscope objective, so that ohly those particle s which are in 

focus should be considered. 

The measurements on the susceptibility of graphite sus­

pensions, both directed and undirected, at various temperatures, are 

tabulated uelow. The results are summarized in graphical form in 

figures 7 and 8. 



-
\ 

.. . 

Figure 6 

Graphite particle a, directed in :magnetic :field 
Oil 1mm. f 2n:m. N .A. 1.32 

lOOOX 
Scale: 1 Dm. • 1 micron 
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Table 5 

Graohite 1 undirected particles 
T = 20(.;, C 

d (t4)0 f H F -f,mean 

0.1-0.2 0.0153 8100 - 0.004739 1.03 
0.3-0.6 0.0178 8100 -o. 004931 2.52 
o. 7-1.0 c.0264 8100 - (.; .005318 3.96 
1. 'S-2.2 0.0295 3100 -0.005515 t~. 55 
2.8-3.5 0.0287 8100 -0.005509 4.70 

Table 6 
Graphite, directedi {OOOll axis Parallel to fie lg,. 

T = 20° C 

d (fA) r H F -f .. 
0.1-0.2 0.0145 rnoo -0.004872 2.45 
0.3-0.6 C.0H~3 8100 -0.005441 6. 77 
o. 7-1.0 0.0217 8100 -o.00617g 11.01 
1.6·•2.2 0.0175 8100 -0.006035 12.31 
2.8-3.3 0.0193 8100 -0.006398 13.35 

Tab.le 7 
Gra'Ohite, directedi (OCOl) axis oeroendicular 

t 
to field. 

T = 20° " V 

d (fA) ~ H F • fl 
0.1.-0.2 s1oai45 8100 -0.004678 0.37 
0.3-0~6 0.0183 8100 -0.004691 o.41 
0.7-1.0 0.0217 8100 -0.004691 0.39 
1. S-2.2 0.0175 8100 -0.004703 0.51 
2.s-3.5 0.0193 IH0O -0.004691 o.44 

fcalculated from ( f .. - 1~>. 

0 rn every case the di£:.meter represents tha t perpend icular 
t ~l the ( 0{.;01) axis. The t:r,icknes ~; of the fL>:1kes ca nnot 
be measured on th e smbl ler particle s . 
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Table 8 

Graphite, undirected. Same specimens as in table 5. 
T: 14()° K 

d (f') p B F -1 mean 

0.3-0.6 0.0178 8100 -0.00503 3.5 
o. 7-1.0 0.0764 8100 -0.0;.;557 5.5 
1.8-2.2 0.0295 8100 -0.00585 6.4 
2.s-3.5 0.0287 £HOO -0.00586 6.6 

Table 9 
Graph1\e 1 directed. Same snecimens as in table 6 

T:;: 14o° K 

d<jA) 9 H F -t .. 
0.3-0.6 0.0183 8100 -0.00574 9.4 
o. 7-1.0 0.0217 8100 -0.00681 15.5 
1.8-2.2 0.0175 8100 -0.00653 16.8 
2.s-3.5 0.0193 8100 -0.00694 18.5 

Table 10 

Graphite, directed. Sames specimens as in table 7 
T: 14o° K 

d(fA) p B. F -1: 
0.3-0.6 0.0183 8100 -0.00468 o.4 
o. 7-1.0 0.0217 8100 -0.00470 o.4 
1. 8-2.2 0.0175 8100 -0.00466 o.4 
2.s-3.5 0.0193 8100 eo. 00471 o.4 

0 calcuiated from , .. - f 1, 

Table 11 

Granhite, undirected 

T =- 105° 1{ 

a <tA> p H ,, -lrneo.rt 

0.3-0.6 0.017g 8100 -0.00509 lLO 
o. 7-1.0 0.0264 8100 -0.00568 6.}f 
1.8-2.2 0.0295 8100 - 0.00598 7.1 
2.s-3.5 0.0287 8100 -0.00601 7.4 
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Tab le 12 

Variation of f,,- f, with size 

d (") 0.l-0.2 c.3-0.6 0 . 7-1. 0 1.8-2.2 2.8-3.5 
ju - ~L 

\ 
I -2.08 -6.36 -10.62 -11.80 -12.91 T = 2O°C) 

t .. -l1. ) 
T= 14O°K) -9.0 -15.1 -16.4 -18.l 

Table 13 

Variation of magnetic ratio id11, with size 

d <r) 0.1-0.2 0.3-0.6 O. 7-l.O 1. 13~2.2 2.8-3.5 
f f-(,

1 
T-=20 ,;C 6 16 26 29 31 

i1141. T==J~6'-'K 20 35 45 45 

From relation ( 9} of section III, 3, it may be seen that 

2 the s usceptibility of graph ite r,hould va ry as the cos of the angle 

between the hexagonal axis and the field, i.e., 

Fig. 9 gives curves p lotted by means of this relation from the v a.lues 

of 'f. 11 a.nd 11. ,i ven in tables ~• 1 ..._ for the largest and smal lest 

narticle sizes investiga.ted . The circl ,3 s represent inte rmedia te 

points as actually measured. 1l'he agreament of the eY.!)eri mental 

poin t s with the calculated curve gives an indication of the reliability 

of the anisotro-py tt,easurements. 0 

0 It should also be noted that the determination of the quantity 1., i. 
is inde pendent of the susceptibility of the suspending medium; 
this qua!ltity is therefore more accurately determined th an tJ.. 
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Dependence of the principal susceptibilities of graphite 
on particle size at various temperatures 



Figure 9 



3. Measuremen t s on manganese dioxide. Mn02 

The manganese dioxide used in the investigations WfJ£. a 

crystalline coarse grai ned nowder, of C. P . grade, furnished by 

~· . W. Braun Co. A chemical analysi s showed no trace of iron. Bonda 

and Sonel5) give the following values for the susceptfbility of 

270°K 

.39-9 

A preliminary measurement of the susceptibi li t;1 of the 
, 

po;;,der in bulk ,.;ave the value 3 ') , g x 10-o c. i;.; , s. 'lhe res,,.lts obta ined 

fol" various sizes are given in t ables 14 and 15. 

Table 14 

Mn0
2 

T = 20°C 

d{f'l) p H F t 
o.~-:-0.i ;·~: 0.00273 8100 -0.003952 38,8 
l.0-1.2 0.00615 8100 -0.003145 38.7 
1.5-1. 7 r.: . (;304 13100 +o.002953 38,8 
2.5-3".0 0.0362 8100 -+0.oc: 4105 3g_5 
~. 0-6.0 n~1530 8100 -+0.0336 "38.7 

Ho dependence on field strength observed . 

Table 15 
Mn02 

T:: 14o°K 

dC~) p }f l!, y. 
0.5-0. 7 0.00273 8100 -0.00364 57.2 
l.0-1.2 0.00615 8100 -0. 00245 55.3 
1.5-1.2 0.0304 8100 +o.00640 56.2 
5.0-6.0 0 .1530 810C +0.04972 55.9 
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'Thus no chan5e in su.scentibility with decreasing particle 

size is observed. 

The suspensions 11l'ere then <',gain mel t.ed, and al l owed to 

s olidify in a magnetic field . They remained completely isotropic, 

from wh ich one may conclude that if any ma ;_o;netic ani sotropy is uresent 

in Mno2 , it is at least very small. 

4. Measurements on chromium sesquioxide, Cr_o~ 
c.'. •' 

Th e chromic oxide w,,.;;; a voluminous fim grained green powder 

of C. P . grade, sup .lied by the Powers Weightman Rosengarten Cherr.ica.l 

Cl',). A chemical anal;ysis showed no trace of iron. Honda gives the 

follo wing values for the susc.sptibili ty of Cr2o
3 

g7oy: 

20.l 

209°K 

22.2 

270°K 

24.6 
337°K 
26.0 

A preliminar:; measureroent of the sus ceptibility of the 

powder in bulk gave the enormoudy high va.lue of a pproximately 

250xl0-6, -.vl":icb was strongl .-r" field deµenient ( no rema.nence). Since 

this r.igh value could ,not pos ;.:;ibly be due to impurities, it seemd 

that the c ~·,ly expl a nation wa s the nresence of chromium trioxide 

(Cro
3

) i n solid solution in the Cr2o
3

, since it is well known that 

such solutions with the definite composition 2Cr2o3° Cro
3 

(Cr5o
9
) 

and Cr2o3
•2Cro

3 
(cr4o9

) are ferromagnetic. The powder was conse­

quently heat~treated for 12 hours to reduce the higher oxide. 



To ensure that the product be crystalline, the temperatur~ 

in the heat trea tment wa s mainta ined at 1000° C, since at 800c 

amorphous Cr2o
3 

is transformed into the crysta lline modification. 

However, after the heat treatment, the r ange of uarticle sizes w::; s 

too sTal1 for a thorough investigation of the dependenc.a of sus­

ceptibility on particle size. To obtain larger particles, a small 

amount of the powder was fused in a magnesia crucible by means of an 

oxy t~en torch, and then ground up to smaller sizes. It would be 

desirable to perform the w\-!ole inv esti ~ation on the fused sub st a nce, 

but unfort unately no fur.nace vt::.s available to melt the quantity 

of Cr2o
3 
° necessary to ob ta.in a sufficient an:ount of very small 

particles (0.5 - 2~) for measurement. The results obtained are 

given in t a ble 16. 

'I.snle 16 
Or2o

3 

Treatment d (~) r li F t 
F'usea., re- 5-7 0.0545 8100 -+0.00510 27. 7 pulverized 

Heat treated 
1.0-1.5 0.0501 8100 -+0.00287 23.5 ·at ' 1000°c 

Heat treated c .5-1.0 0 .0208 8100 -O. C0161 22.5 at 1000°0 

Thus. the sul3ceptibility decreases with decreasing particle 

she. The data cir-t too incomplete, however, in order to make the 

exi s tence of the eff ect sure. 
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The original substance of high susceptibility was also 

investi gated with respect to variation of susceptibility on particle 

site. (Table 17) 

Table 17 

T ::2o0 c 

e. (~) p H F -/ 
0.5-0.7 0.0079 8100 -0.003095 30.3 
o.a-1.2 o.osas 8100 .. 0.02415 51.7 
1.2-1.5 0.1754 8100 +0.0868 93.8 
1.5-2.0 0.0735 8100 +0.0770 152.5 

The susceptibility deer.eases rapidly with decreasing particle 

size. Unfortunately no larger particles were present in the powder, 

so the measurements are limited .to the range of die.meters below 2(\• 

In this case, the decrease might easily be explained if one assumed 

that a greater proportion of the more or less unstable Cr0
3 

had de­

composed in the smaller par,:ticles. In view of the rapidity of the 

decrease, it seems likely that~ process of this nature is not entirely 

r ·esponsi ble for the decrease • . 

A chemical analysis which might decida the question is 

extremely difficult in the case of chromium present in different 

stages of oxidation. 
-

It must be noted that because the susceptibility is de-

pendent on the field, the Gouy method. no longer gives a definite 

value or the susceptibility, but rather some sort of overage value 

over the entire range of field strengths from Oto the maximum used. 



5. Measurements on nickelic oxide. 

'f'he nickelic oxide wh s a black coarse graned crystalline 

powder suP)lied by the Fowers-:'.' \Yeightman-8osengarten Chen::ical Co. 

Its chemical forrr.ula was stated to be Ni 2o
3

, but according to the 

chemical literature, such oxides are assumed to be solid solutions 

of NiO and 'Ni02 . Since the oxi1e seemed to be stable, i.e. lost no 

o:icy\2en on heating and since no other pure oxide of nickel was avail­

a ole, it was prepared for measurement. No reference in the literature 

is made to susceptioility measurements on nickel oxides other than 

NiO. 

d (f') 

0.5-0.7 
1.2-1.5 
2.2-2.5 
3.0-4.o 

p 
0.0026 

Ta.ble 18 

Nicke lie oxide 
If== 20°0 

H 

8100 
0.0154 8100 
0.0527 8100 
0.540 8100 

F 1-
-0.00430 19.s 
-0.00253 20.9 
-f0.007Sl 23.0 
Jo.1067 30.6 

'fhese values were dependm t on the field strength. They 

represent, therefore. some sort of average value of the susceptibility 

over the range 0 to 8000 gauss. 'l'he susceptibility of the bulk 

-6 material over the same range of field strengths was 50. JxlO . Thus 

a gradual decrease of susce 9tibility with particle size is ' observed. 

Here a gain the lack of any knowledge of the effect of division into 

small particks on the chemical constitution makes it im '.:losd ole to 

draw any conclusions from the data. 
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V. Discussion of Results 

A discussion of the roaults presented in the preceding 

section is exceedingly difficult in view of our meagre knowledge 

of magnetic properties of' the so lid sta t e , partioularly from the 

t.½.eoretical point o:t view. However, a brief presentation of 

their pos sible signifi.cance in connection with certain phases of 

our knowledge of the soli d state may be ~,; iv en. F'ir st, however, 

it should he emphasized tba t the effects observed ma.y be due to 

disturbing circums t ances of which we have no knowledge, a lthough 

the shape of the curves for -pure graphite and bismuth indicates 

that surface effects of ox idation and adsorption are not responsible. 

'fhe e f f ect of disturbing influ::rnces must be consider·ed 

very carefully, hov,ever, since all conceivable phenomena. which 

may disguise the true s t a te oi' affairs operate i n the s arne direc­

tion, i. e . to decrease the susceptibility.. As mentioned in 

section 1, the effect of v arious disturbin,·:; factors of chemical 

nature was in"Vestigated car efully by Rao8 > in the case of bismuth. 

The lower of the two Bi-curves in Fig . 2 was measured on bismuth 

powders which bef ore m.easu.remldn ·h ha d been trea ted with tartaric acid 

to remove oxide, washed, t han out ga s se d under high vacuum and 

sealed off in s:,1all ,~lass bulbs. .B"urther treatments of this nature 

had no furt her ef f ect on the susceptibility. On the basis of this 
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evidence, Rao concluded that a true dependence of subceptib:tlity 

on practiole size was present. Evidence or an ontirsly different 

nature tending to confirm this view is furnished by our measure­

ments on the principal susceptibilities of graphite (Fig. 8). 

According to these m9asurem.enta, the entire deorease in aus­

oept ibili ty must be attributed to a decrease in f 11 • 

would mean, of course, that 'tibe phenon1enon is characteri stic 

o f the graphite c:r-ystal, s ince disturbing factors of the type 

described above should have no directional effect if the pos­

stbili t y of an nnisotr:)py of the .af:t'ini ty of 02 is negl aoted. 

However, another disturbing faotor peculiar to these measurements 

may- destroy the conclusiveness of these datut since the same ef­

fect could be produced by a n incomplete al ighment of the smaller 

particles in the fi.eld a.urin,:,: the preparation of the specimens* 

in combina tion with a spurious decrease in susceptibility due to 

adsorption of oxygen. Unfortunately, this question cu.nnot be 

decided from vi sual evidence as presented in Fi g . 5, because just 

in the case of the smaller ·,;article sizes, the limitation in the 

resolving power of the microsoope makes it impossible to dete:rmine 

.. ________ ... _ .. _,... _________ _ 
* The Brownian movements might eusHy be the cause of such an e:f'feot, 

especially since their influence would increase with decreasing 
particle size. 



whether complete o.lighmcnt has taken place. A comparison of 

the dependence of' the mean susceptibility on particle ·size 
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(Fig. 7) with the two Bi-curves of Rao in Fi g . 2 would indicate 

that the spurious effects described above are partially but not 

wholly responsible for the results obtained, since the curves of 

1r1g. 7 are intermediate 1n ah~pa between the two Bi-curves of 

}?ig. 2, but resemble more closoly the curve of the purified 

material than that of the partially oxidized substance. 

In tho case of graphite and bismuth, no explana tion 

of the e:f':f'act may be gi van until the abnormal. diamagnetic sus­

ceptibilities of these substances are s atisfaotorily explained. 

It is certain, however, that these anomalous diamagnetics owe 

their properties to the cooperative action of the atoms in t he 

cryHtal lattice. The results of the experiments on aize de­

pend.ency WO', ld indicate that the number of atoms cooperating to 

give the magnetic properties is large compared to the coordino.tion 

number of the lattice. 

Ehrenfest16 ) has proposed the ideu that the large dia­

magnetic susceptibili-ties oi' bis:nuth graphite and antimony might 

arise from electron orbits shared by two or three utoms in the 

lattice. However, as suggestea. by Ram.o.nl6), tho aotual values of' 

the smJceptibi l.i ties would require much larger electron orbi ta, 

shared by as many as 50 to 100 atoms. There is no conclusive 
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evidence tlEt electron or bits of such large extent exist. The 

best eVidenca of tho exiatenoe or wch orbits is furnished by 

the 1ivork 01' Goetz and Focke18) on the effect of minimal amounts 

of impurity on the magnetic properties of bismuth. 'I'hese 

authors were able to e ;q~lain qualitatively the nature of their 
o,, _/J,1 t,as,-s ot t1t:s liJP_ofJ,1,~,; 

reoults. "J.'hey proposed in add:1 t1on tha suggastion that the 

diumagneti srn is due to a few ( 1:105 ) vary large electron orbits 

( up to .,5r in diameter) instead of' many orbits shared by about 

50 atoms. On the bash of the values of oriti.cal concentrations 

o f impurities, these authors deduced a critical size charac­

t eristic. of the diarnagnetism of 0.4-0.5 r parallel to ( 111) in Bi. 

This value may be compared to th ,1 critical size suggested by 

Figs. ? and 8, namely o.s-o.9 >' . 
Rao hus attempted. to draw oonclusiona of a quantitative 

nature t ending to suppor t tha hypothesis or l arge electron orbits 

by plotting the susceptibility against the reoiproea.l diameter 

<¼). In the caae o:f tin, ~ra:phite, and pm• ified bis1rruth, he 

obtains a linoar relation between these two quantities.• 

* A similar cuI"1e for the present invostigat ion on graphite does 
not give a linear relationship; the disagrea11ent is undoubtedly 
due to tho disturbing influences described above, whioh should 
not neeassarily be the same in both ca ses, in view of' the 
different sour-ca and manner of preparation of the graphite. 
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From t his, Rao concludes that the susceptibility decreases pro­

portiormtaly with increasing r atio of surface to rna.aso * He st\:mests 

th::1t the increasinc; sur face vculd destroy a proportionately 

larger nurnber of the a bove mentioned orbits, causing the sus­

ceptibility to decrease. Although wch a cnnclusion may be jus­

tified in the ease of tin, whose :particles may very roug hly be 

assumed to approximate anheres, it is certainly unwarro.nted in 

the case of layer-lattices i~ke Bi and graphite, whose particles 

are of flake-like shaoo (cf. Fig . 6). In this case one might 

approximate the s hape of the particles by assuming them to be 

cylinders (cli sca), 1n uhich case the cylindrical surface, not 

the total sur face; is proportional to the reciprocal diameter. 

It sea:irn to the \'triter, hot-vever, tha t to draw conclusions from 

such manipulations of the data is unwise in t he present stage 

of' the 1.nestige.t t ons. In addition to tho effect of the disturbing 

factors mentioned above, the effect of plastic <l eformation 1n the 

pro due tion of t he 1)A.rticlt1s must be t nken into account. Further-

mor e, it is questionable whether the measurement of particle size 

is aceurate enouf~ h to fi x the shape o i.' tho curve. 'i/ith blue 

li ght ( l. = 4500 A} and a nurne ::-'ical aperture of objective of 1.4, 

the resolving -po,rnr of the microscope is 0.2-0.3 ~ • ·r11us measure-

* If a number of uniform spheres have a g iven total rrnas, it ia 
easily shown that the surface is proportional to the reciprocal 
diameter. 
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ments on particles smaller than O,iS t" in diameter are subject 

to large uncertainties whioh :f.ner':3aoe with decreas1n,~ particle 

size. In this rruige, the uncertainty will ·a.mount to more than 

25% in the most favorable oases. The error is increased by the 

fact that one has to deal not with one particular size, but with 

a ranRe of si zea, and :f'urther by the fa.ct that the particles 

are usually. very irregular in shape. 

The experiments perforned at low ten~eraturea show 

no variation of tho critical size w1 th temperature. The rnnge 

of temperature is limited, however, to the region between lOO<>K 

and 300°K. The writer feels that conclusions regarding the ettect 

of temperature on the phenomenon of the cri tioal size should be 

reserved w1t1l the behaviour ms also been stucuea. at higher 

temperatures. In partioubr the ronge .in the neighborhood of the 

malting point should be significant. 

The results obtained on paramagnetic substances. as men­

tioned in section IV, are too uncertain to permit any definite 

conclusions to be drawn. The raoults have been pr&santed because 

it is believed that they are of sufficient interest to demdnd 

further investigatton, particularly because the mechanism with which 

th<l forces of atomic interaction operate in para.mas netio solids is 

known. The mechanism of interaction is provided in quantum mechanics 

by the so-called "Austausoh" or exchang ,J effect, first discovered 



by Heisenberg19 ), wh1oh is concerned with the degeneracy a.s­

eociated w1 th the possibility ot two electrons (not necessarily 

in the same atom} trading places. Without going into detail, 

1 t may be stated that this axe hange et:f'ect between electrons, 

because of restraints imposed by the Pauli exclusion principle, 

is very sensitive to the alignment of the electron a-pins. This 

has the sIDJle effect as a strong magnetic oou:pling between the 

various spin moments, and thus replaces the hypothesis of the 
ol (t'l't6•f.41t1c·H Sm 

f;trons; 1nnor rna;~notic field in the theory of Woiss2:!'0). Because 

of this effect, largo regions or the material {usually assumod 

to be grains) act as unit nngnets and their momenta a.re aligned 

under the influence of an applied field. The experiments ot Rao9 ) 

on nickel colloids mntfoned in sec. 1. would indicate, if cor­

rect, that the regions in which the ex~ha.nge forces act may be 

11m1 ted by a. characteristic size rather than by grain boundaries. 

In this oonneotion the experiments of Bitter21) should be men­

tioned. Bitter found that magnetic '•a03 particles were deposited 

from suspension on mgnetized iron, nickel and cobalt in definite 

patterns, which indioated periodic inhomogeneities 1n the intensity 

ot magnetisation. The cause of this phenomenon 1a not y-et entirely 

alear, but is eaai.ly capable of interpretation on the basis of the 

"charncterist1c longth" ot Zwioky. 
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Al though only in special oases do the exeh.onge forC$S 

bring about the phenomenon of ferro.magnetism, they have much to 

do with the properties of ordinary ~ramogne tic ~olids which do 

not obey CUl•ie's lo.w, or which in ad,1ition to t his exhibit 

nroporties usually associated with ferrom.agnetimn, such as the 

dependence of suseept ib111ty on field strength.. It is interesting 

to note thi-:i.t tlle suscept 1bility of manganese dioxide, which while 

not follow in,;; Curie •s law, neverthel ess s hows the general behavior 
/. 

with temperature to be expected from Curte•s law, exhibits no 

dependence on crystal size. The susoept1bility of chromic oxide, 

on the other hand, 1s nearly independent of tai·:rpernture; here a 

varia tion of ausooptibil i ty with crystal size is observed. The 

same is true of' the nickel oxide and Cr20s •Or03 compound inves­

tigated, 11hich exhibit, besides a high value of suaoeptibilit;r. 

dependence of t his quantity on field stran3th, although no remanence 

waa observed . YJhile the off'ect my be entirely due to other cir­

ourastun.ces, it is not in con:f'lict 111ith our present viems on the 

action of the exchange forces that a true size e:f:t'ect should also 

be present. 
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From the discuasion e; ivan, it will be evident that 

further experiments on the depen tlence of susce:p tibility on size 

are necessary. In the case or the diamagnetic m1bstances, 

·:here the genuineness of the effect seems to be de:fini to, experi­

ments should be porforrned (a) at higher temperatures, so that the 

question of the dependence or independence of' temperature may be 

decided, and (b} with narticles free from plastic deforma tion 

( e.g. grown from the vapor or from solution). In the case of 

paramagnettc,,more extensive mid careful experiment a should decide 

the 1.!uestj_on as to the existence of the ef'fect in vari.ous substances. 
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