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ABSTRACT

A method is desoribed by means of which it is possiblé to
measure the magnetic susceptibility of suspensions of finely divided
graphite es single crystals. According to this method, the prinecipal

Susceptibilities of graphite are

X 0.44x 1078

X 13,35 x 10°°

As reported by other observers, the mean susceptibility is found to
decoreage with decreasing particle size. The decrease of suscept-

ibility is accompanied by a proportionate decrease in the magnétge

tl

o :
anisotropy 5{" At low temperatures, the phenomenon remains quali-
4 .

tatively unchanged; no displacement of the critical size is observéd.
‘Veasurements on paramagnetic Mnoz show no variation of

- susceptibility with;particle sizes A slighf decrease of suscept-

ibility with decreasing particle size is found in the case of pera-

magnetic CrZOS’ altﬁough here the.effect mey be spurious. Experi-

ments of a provisional nature would indicate that the susceptibili£ies

of substances whose magnetic properties are intermediate between

those of‘paramagnetics and-ferfoﬁagnstics decrease rapidly with de-

creasing partisle size when e critical diameter of particle of approxi-

netely 3ris reached.



1. Introduction.

The first successinl exvianation of the phenomena of para-
maznetise and diamaznctism wse ziven in 1905 by Langevinl). on the
pazis of the assumption that the atoms consisted of positive and
‘negative charges rotating in fixed oroits. Thess rotating charges
;oﬁld cause a certain vermanent maznatic moment to ve associated
with sach atom or molecule, znu with the application of a masnstic
fiela,‘theee moments vould tend to aline themselves parsliel to
the field, veing resisted only oy the thermal agitstion of the mole-
cules. Since the induced field would streosthen the orizinal field,
this effect would result in the case of paramagnetiem. By a stéﬁis-
tical calculation of the equilibrium between the}mal agitation and

the direzting tendency of the apnlied field, langevin derived for

the parsmagnetic suscentibility

[

X = %&(cothff —% (1)

where N is the numier of moiecules ner cm3, r the ﬁagnetic moment
associated with each molecule, T the absolute temnerature, H the
anrlied field, and k Boltzmann's constant. In order to obtain now
the property 4f diamazgnsztism, langevin considered the induced rather
than the permanent magnetic moment of the molscule. $ince the ro-
tatinz charges may be considersd as currents flowing in circuits
undamped by resistance, an applied field will affect the motions

of the charges in such a way as to induce a field onvosing the ap— ~
plied field (lLeng's law), thus giving the property of diamagnetism,

¥or the susceptipility, lanzevin deduced the expression:
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){ = - E;;gzz:;zl _ (2)
where ¥ is the number of molecules per cm3. e the charge on the
electron, ¢ the velocity of light, and )7 T2 the summation of the time
average of &ll electron orbits for a single wmolecule. It is then
obvious (on the basis of Lanzevin's theory), that diamagnetism is
a property comron to all suostances, while paramsgnetism is present
only if the atom or molecule has a permanent magnetic moment (i.e.
a resultant moment different from zero), in which case the diamag-~
netic effect is outweighed.®

langevin's expressions for magnetic susceptibilities cor-
responded very well with the known experimental facts. If equation

(1) is expanded for the case t—g« 1, there results

-
X = i

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 x 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 methods.

4 In spite of the general success of the Langevin theory®®,
exceptions are extremely numerous, particularly in the case of solids.

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

®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.

©%Modifications of the simple lLangevin theory, as introduced by quantum
mechanics, nezd not be discussed here.



equations (1) and (2) have becn 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 betreen atoms in the solid
state could oe neglected. That the effect of iforees of interaction
betwecn atoms in solid bodies is not necessarily of secondary im—
vortance in the determination bf the magnetic proverties of solids
will be evident from the experimental facts presented below.

The element carbon, which in its three sllotropic modifi-
cations exhibits an amazing ran: e of physical properties, offers a
striking example of the influence of configuration of the atoms in
the solid state on the magnetic susceptibility. Amorohous carbon
exhibits a diamagnetic susceptibility corresponding to that which
would be expected from messurements on free atoms (as in gaseous
compounds), diamond has a value differing only slightly from this,
but gravhite, in the direction parallel to its hexagonal axis (0Q0C1),
is more than twenty-five times zs diamagnetic as either diamond
or amorchous carbon. Table 1 zives the cuscentibility values for
carbon in its three modifications, as well as for bismuth and an-
timony, which iike graphite are abnorwaliy diamagnetic. That the
high susceptibilities of these suvstances are prozerties of the
arrangemrent of their atoms in the solid state is further shown by
the oehaviour of bismuth snd antimony at the melting voint, rhere
a shary discontinuity of the susceptibility occurs, such that the
values zswumed oy the liguids are those calculated from their ztomic
configurations. ¥ig. 1 represents graphicaily some typical measure-
ments oy HondaB), Endoh). and %ebster5) on the susceptibilities of

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

crystal structure of graphite.



usceptibilities of anomalous diamagnetics

) 5
_ -%x 10 -%x 10
AR Neae observed calcula{ed for free atoms
approximately
Carbon
amorphous 0.35-0. 48 )
diamond , 0. hos )
graphite 4. 65 ) o. b
hexagonal axis o.U4 }
hexagonal axis 13.4 )
Bismuth 1.b 0.5
Antimony C.6 0.1
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various metals above and below their melting points. One sszes from
this that although only in bismuth and antimony is the change at the
melting point of grezt magnitude, it is definitely present for the
other substances investigated. In the case of tin, the paramagnetism
of the solid disap.ears at the melting vpoint, and the liguid is dia-
magnetic, Although tin is the only paramagnetic substmance investi-
gated at the melting point, there are numerous examples in which
paramazznetic solids may exist in various modifications possessing
dif.ereant magnetic proverties. Thus gray tin is diamagnetic, white
tin is paramagnetic, and ferric oxide (FeQOB) may exist in a ferro-
magnetic modification as well as in the normal paramagnetic form.
Further evidence to sup-ort the view that magnetism in the
solid state is as much a crystalline property as an atomic vroverty:
is furnished by the work of lowaznce and Constant6) on the effect of

cold working on susceptibility. ¥or the metals investigated by them

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

der lietallphysik, p. 270,
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Change of magnetic suwceptibility at the melting point



(Pt, 4g, Bi, Cu), it was found that any form of cold working caused
an increase in the permeability, that is, the susceptibility of dia-
magnetics was decreased, that of paramagnetics was increased. The
normal value could then be restored by annealing.

Let us‘turn now® to another set of experiments which vromise
to do much to élarify the problem of magnetism of solids. The investi-

[ £,9,10)

gations refer.ed to ars those of Vaidyanthan'’, Rao » ¥athur

and Varmall). and Paramasivanla)

» who found in measurements on sus-
ceptibilities of several substances in a finely divided state a critical
size of vparticle below which the susceptibility decreased rapidly

from the value for the substance in bulk, bending toward that found

for the amorphous (or liguid) state. The substances first investi-
gated were the diamagnetics of abnormally high susceptibility, gravhite,
bismuth, and antimony. The results are prg;gnted gravhically in

fig. €. Since such a phenomenon might easil& qe caused by suriace
effects such zs the formation of the fe:bly diamagnetic oxides in the
case of bismuth and antimony, or the adsorption of paramagnetic oxygen
in the case of graphite, this point was carefully investigated.

Thus measursments on bismuth were made taking svecial precautions

to free the original materizl from cxide, and to prevent subsequent
oxidation (cf fig. 2). %With this treatment, the efiect is still
.present; indeed, the decrease in susceptibility has become much more
abrupt, so that the decrease can no longer be attributed to an in-
crease in the ratio of suriace to volume with decreasing particle

size. Yore recent investigations on tin (varamagnetic) (fiz. 2) and
nickel (ferromagnetic) (table 2) show a similar behavior

®Zimilar results were later obtained for grachite, Bi, and Sb, by
Goetz and ¥aesslerl3),
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Table 2

Magnetisation of Ni'particles

Fange of dizmeters ]
& N Q ° (particles)

of the ;articles 0 (bulk metal) x 100
0.8-1.0 1.1-1.5 70 82
0.8-1.1 1.2-1.7 72 25
C.8-1,2 1.5-3.C 70 95
0.9-1.4 2.0-4.0 72 . a8
1.0-1.5 2.5-5.0 17 97

q -~ gspecific intensity of magnetisation

As may be seen from fig. 2, the critical diameter of varticle

is aprroximately the same tor all the substances investigated, and

lies in the region frqm 0.5 to & microns. It is interesting to note
that tnis criticel size is of the s»me order of magnitudé.as the
“characteristic length" associated with many crystalline phenomena
according to the theory of crystal structure proposed by Zwickylu).

If the observed phenomenon should be real, it should be possiovle

by mezns oi such mesasurements to gain much interesting information

concerning the nature of magnetism in the solid state ss well as to

throwx light on the nature of the solid state itself,

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



I1I. Burnose of the Investigation

It is the purpose of the investigations described in this
thesis to evtend the present knowledge of the dependence of the magznetic
susceptibility of crystalline powders on particle size. The investi-

gations have been made with three distinct aims in mind:

1. To study the behavior of the phenomenon at low temperatures.

2. To study the phenomenon in connection with crystal structure
and magnetic anisotropy.

2, To investigate certain typical paramagnetic substances
with reference to the evistence of such an effect.

For the reailisation of the first two aims, gravhite was

chosen as the subject of investigation, for the following rezsons:

1. It is easily obtained in finely divided form.
2. The formstion of oxide will not affect the measurements.

3. It has an enormous magnetic anisotropy.

The paramagnetic substances chosen for investigastion were
metaliic oxides which do not follow Curie's Law, The oxities were
chosen rather than the metals themselves because they are more easily
octained in finely divided state, znd because the formation of oxide

on pure metals would seriously disturt any measurements,



10.

11l. Bxperimental Procedure

1. Preparation of snecimens for mezsurement

In the experiments of Hao znd his cellaborators de=zcribed
in the vreceding chaoter, the vowers were measured in compact form.
In this investigation, however, the powders to ve measured were sus-—
penied in a suiteble medium (es. gelatine) which becomes solid at
room teumperature. The reason for this is the following. 1If each
particle of & powd.r is a single crystal, which is generally the case
if the varticles zre small enough (less than 5" in diameter), then
the susceptibility of the powder can be measured with respect to the
various axes of the crystal, in case that the substance investigated
is magnetically anisotropic. The method for doing this, due to

13)

Faessler , concists in directing the particles in suspension in
s magnetic field while the suspending medium ié liquid, and then
allowing the medium to solidify.

Graphite, which was used in this investization, has a high
diamagnetic susceptibility paraliel tc the hexagonal (0Q001) axis
of the crystal, and & low susceptivility in azll directions normsl to
this axis. If a suspension of grachite crystals is placed in a
homozenesus field, the field will exert an orienting couple on the
individual varticles, wiich will direct themselves so that the hex—~
agonal axes zre directed vervendicular to the direction of ihe field,
i.e., at random in the ~lane normzl to the {ield, If the suspension
is now rotated through sn angle of 90° in a plane parallel to the
direction of the field, a further orienting coupnle will be exerted

tending to aligzn all the hexazonal sxes paraliel to the axis of



11.

rotation of the suspension and hence parallel to one another. That
this process actualiy takes place as descrived, may be observed |
visually under the microscope, because of the flake—~like shape of
the graphite crystal. See fig. b, section IV. This procedure ﬁas
the effect of vroducing an "zrtificial single erystal', and the sus-
pensions may then be measured as single crystels., Thus in the case
of gravhite or other anisotropic substances, the chenomenon of size
dependence of susceptibility can be studied in connection wi th the
crystal structure. In addition, this procedure provides & means
whereby megnetic anisotro.y may be studied in those cases where the
preparation of single erystals suitable for measurement is unfeasible.

In the experiments of Faessler, gelatine was found to ve
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 considerazble experimentation the most suitable
mediwr for this purnose was found to be a petroleum Jjelly composed
of 75% minerazl oil and 25% parafiin with a melting voint of approxi-
mately 35° C.

The substances to be measured were groundi together with
the petroleum jelly in an agate mortar until the desired degree of
fineness was attained. The resulting solid suspension was then
dissolved in benzene or carbon tetrachloride, and the varticles
were separated according to size by means of succes:zive settling.

By evaporzting the solvent, the desired susicension was obtained.

A portion of each suspension was then weighed, dissolved
in benzene, and centrifuged. The sediment was carefully washed with
benzene and weighed. From this data, together with the density of

the petroleum jelly, the concentraticn of the suspended substance

*It must be isotropic and non-erystalline.
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could ve determined. Those portions of the suspension to be investi-

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

Length 65 mm
Qutside diameter 5 mm

¥all thickness G.00% mm
Cross section 0.1925 cma.

Effective volume 1.3%0 cm3
Approximate weight 750 gm.

In order that the tubes be searless, they were turned from heavy brass
tubing. The ends were of brass, soldered to the cylinder.

The sizes of the particles iu the suspensions was determined
either by direct microscepic observation with a micrometer eyepiece,

or from measurements of micrcphotographs.

2. Measurement of susceptibilities

There are two methods comwonly used for measuring the small
magnetic su:ceptibilities of diamagnetic and paramagnetic solids,
the Faraday-Curie mehod and the Gody method. In both methods the
force experienced by a body in an inhomogeneous megnetic field is
measured, and the susceptibility is determined from the following

relation, valid at every point of thebody

- _gg_ )
Fx = KH -
2"

in which  is the susceptibility, H the field strength, dDx the

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

°This relation is given here in simplified form. A treatment of
the general theory of the method is given in section 3.
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The difference in the two methods lies in the placing of the
sample in the field. 1In the Faraday-Curie method the specimen to be
measured is chosen small enough so that H and —%}§~ (or their product)
may be considered constant throughout the body. The susceptibility
is then determined from a measurement of ¥, H, and %%g~. In the Gouy
method the specimen to be measured is made of uniform cross—section
and is placed in the field in such a way that both ends are in known
uniform fielis {e.g. Hy, =nd 0). The susceptibility is then determined
from the integrated form of eguation (1)°, by measuring ¥ and H,.

The eswential difference bebween the two methods is that the latter
does not rermit & quantitative investigation of the dependence of
suscectibility on field strength, since it gives an average over all
fields from zero to the maximum used.

Of these tiro methods, that of Gowy was chosen for the present
investigation for two reasons. 1In the first place, with the low con~
centration of the suspensions, the sampnles wust be fairly large in
order that the forees be large enough to be accurately measured. In
the second place, the measurement of anisotropy is generally more
convenient in this method than in that of Faraday-Curie. %The chief
reguirement of the method, namely, uniform cross—section of the
specimen, is sufficiently satisfied by the brass capsules described

in ssction 1.

©®See section 3.
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2. Theory of the method.

let a cylindrical body with principal susceptibilities

K- k%. K, be olaced in a maznetic field as in fig. 3. Iet the

3
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~

coordinate system bte chosen so that the z axis is parallel to the
lengtﬁ of the body, and the ¥ axis makes an angle 6 with the magnetic
field. If the diameter of the body is small compared to that of

the polé pieces, the folliowing relations are valid at every poinf

of the body:

it
<
~
[
~
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Th: energy of a magnetic field in an anisotropié medium is given by

2

R T RN R SRR er——

or (3
" 1 ,.2 2 .2 1 2 2 a
E 'EE—(HX + By 4 HT) 4 5(‘EHX + Kylly + K Hy)
K-susceptibility, since M= 1+ Ui,

If we consider that the body is suspended in a medium of

susceptibility & (for example, zir) the force experienced by an

- . element of volure d? of the body in the field in the directions of

the coordinate axes will be

2
¥ = ¥ -~K
X Zx s o) .

o «5@; (E = E5) a7 (W)

—5%_— (B ~ B,) a7

b
H

*xj
]

that is:
duy . OB Sz ), ~
Bo= [ - km B+ g - S 4 e - KSR s
= JHy-G¥ dr
B, o= J = KHxgyT e (5)

making use of relations 1 and 2, equations (5) reduce to
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b}
#
o

P =0 (6)

H

¥, {(/(X - I(O)Hx%gx + Uy - /fo)nyggy}w

or

taj
it

{(/(X - l\’o)cosae + (I(:)'r - Ky) sinae]i{—%g ao

L]

{(k& - W) o+ (Kx - f&)coseé}ﬂ gf? a9 (n

Rguation (7) is apolicable to the Faraday-Curie method of measurement
of susceptibility. In the case of the Gouy method egquation (7) must

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

‘fv,{-‘z d¢

ﬁ {(Ky G Ko) -+ (Kx{ kv) 08 9} . dx dv dz

Z
Af {(ky ~ o) + Ky — Ky)cos e}d(”‘az’ (8)
%0

F\

i

"

i

in which A is the sres of the cylinder. If the susceptibilities
are indecendent of field strengzth (8) may be readily intezrzted,

and the result is

gL ‘“2 9

= {Uy - ko) + x - Ky cod’e

in which H and Ho are the field strengiths at the ends of the body.
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For an isotropic medium, this reduces to

2 2

R A (10)
2
i.e. K= ko + W%ﬁg (11)

2F

and x':- _:g- = %{KO + W‘:‘gg} (12)

P = density

/{:: specific suscevtibility.

The problem of the mezasurement of magnetic anisotropy is
greatly simplified if there is only one vrincipal magnetic axis.
This is true of grapniie, in which the principal magnetic avis is
paraliel to the hexagonal (UUCL} axis of the crystal. 1In all directions
norms: to the hewagonal axis, grachite is isogropic. In this case
{cf. eguation (9)) the entire messurement of anisotropy can be per—
formed by rotating the cylindricsl suspension ("Erystal") about its
axis, if the suspension has been nrepared with the hexagonal axis
perpvendicuiar to the axis of the cylindrical samnle tube. Hence the
guspensions deseribed in section II1I, 1, were all prepared in this

fashion.

4. Apparatus

The arrangement of avparatus is shown in fig. 4. An aluminum
suspension § replaces one of the pans of a Sartorius microbalance

(sensitivity 1.b x 10-5 5. /scale division) B. It is equipped with
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a torsion head T, so that the specimen could ue rotated zbout a
vertical axis. In the lower end of the suspension the aluminum

tube is replaced by a very fine tube of nickel silver, at the end of
which is a brsss cylinder over which the brass capsules descrived in
section 1 fitted snugly. The pole pizces P of the electromagnet M
are flat faced, 10 cm. in diameter, and spaced 2 cm. apart. With
this arrangement, a field of 1000C gauss could be produced between
the polé pieces with a current of 1C amperes, the field at the lower
end cf the scspension being coractically zero.

In order to perform measurements at various temperatures
ransing from that of liquid air to room temperature, a cryostat Cr
was constructed to inclose the lower end of the suspension.

The cryostat, fig. 5, consists essentially of two conceatrié
cylindsrs, forming a vacuum jacket around the suspension. The outer
eylindsr, 2 cm. in diameter, was made of thin nickel silver sheet
{C.1a5 mmﬁ. The inner cylindsr is composed of two parts; the lower
is a trick walled (2 mm) copuer tube, 1 em. in inside diameter; the
upper is & thin walled nickel silver tube 2 mm in diameter. At the
bottom of the cryostzt can be screwed in a copper rod o, around
which is wound a coil of coprer tubing %, #nich ooens into the sovace 2
inclosed by the inner cylinder, Spacé 1 between the two cylinders
is attached to 2 high vacuum system and kept evacuate: Juring low
temperature measurements. The cryostat is suprorted by two cylind-
rical grooved brass pieces 3, cach held by three screws to permit
verticsi adjustment. The position of the pole vieces is indicated
by 8. 1In order to measure the temperature inside the cryosta:, a

non ind.ctive coprer resistance thermometer U is placed as indicated
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Arrangement of apparatus
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Figure 5

Cryostat
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in the figure, for which the leads are ftaken out throuzh tube 7.

To cool the specimen to be measured, dry air is blown
through the coil %, wnich with the copver rod 6 is immersed in liquid
air. %hen the desired temoerature, as measured with the resistance
thermometer, is reached, the sumple is weighed with the fisld off.
During the time of the weighing, the temperature of the szzple was
found to have risen by 2° - 2¥, The sample is then moled agaia to
the initial temperature, and weizhed with the field on. 1In this
wayv it was possible to make susceptibiiity measurements within a
temperature range of sooroximately 3°. It was found that during the
time réquired to make a weighing, no detectsble quantity of water
condensed on the suspension, although the air stream was completely

stopred.

5. Accurzcy of measurement

The method of measurement employed in the present investi-
zation introduces nuwerous comvlications shich may give riss to serious
errors. A careful consideration of all sources of error is therefore

essential.

a. Yeasurement of force.

Since the specimens measured were suspensions of the materisl
to be investigated in s medium of vaseline, the suscentibility must
be determined from the dif ference of the forces exerted on the medium
.and on the investigated substsnce. Because it is usnally impossible

to retair a high concentration of fine particles in susnension, the
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actual force to be measured was often guite swall, in some cases as
low as (.1 mg. The difiviculty of measuring such forces accurately
has bzsn adeguately met, however, by the use of the Sartorius micro-

balance. %ith this balanc

w

it was possible to reproduce measurements
to zp roximately five miliionths of a gram, limiting the uncertainty
in the determination of the force to less than five percent. in the

most unfavorable cases.

b. Measurement of density.

&4 reliable determination of the density of the suustancé
in suspension is just ac sssentizl as an sccurate measursment of
the force. The errors which may arise in this connection are of
gseverzl types, In the first place, the preseﬁce of air bubbles in
the samnle tube would utterly destroy the validity of any messure-
ment. The presence of such air. bubdles was eésily detacted, however,
by a comparison of the density of the suspension in the tube with the
known density. The formation of =2ir bubuzles in the process of filling
the tubes was not frequent, however, becausé of the tendency of the
oily lig:id vaseline to comnletely moisten wmetal surfaces. A more
serious problem is the danger of coagu;ation of the suspension wiith
consequent rapid settling of the particlus. In this case the sus-
ceptibility as measured would always be tbo low in value. It was
 found, however, that if a substance was once obtained compietely in
suspension in the ligquid vaseliné. there was no tendency for coagu-
lation to occur. Furthermore, at no time was the vaseline kept liguid

for more than fiftesn to twenty minutes (as in filiing the tubes or
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or during the process of directing the particles in the field). The
rate of fzll of particles less than lorlin diameter (maximum size
used in this investigation) is far too slow in the highly viscous

vaseline to permit ap: recisble settling.

6. Supplementary measurements

‘&. Determination of field streagth.

With the experimental arrangement used, it was more con-
venient to calibrate the magnet by means of a standard substance than
to make a direct measurement of the {ield strength. For this purrose
water, of susceptibility ~0.72 x 10-6 was used. One of the brass
tubes was filled with water and the suscentibility 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

Lalibration of magnet

. I FC ﬁﬁﬂga_! - H& Hmax
amp grams _ 2g gauss
1.00 -0.000213 1296 1730
2.00 . -0.000797 1107 3350
3.00 -0.G0lo30 2265 4200
4,00 =0. 002566 3565 6000
5.03 -G.GU3530 U910 7070
0.50 -0, 00463 ou30 8080
7.53 -0. 00522 7250 8580
%.50 -G. 00572 1950 8950
9.52 -0.00615 8540 9320

I - current in amperes
Fe ~ force corrected for effect of sample tube

Hmax -maximum field, calculated, in gauss
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b. Determination of susceptibility of petroleum jelly.

The susceptibility of the suspending medium was determined
over the whole range of field strengths used. No variation of sus~—

ceptibility with field strength was found.

Table b

Susceptibility of pet roleum jelly

T=20° C

I H F 6
(] -%X 107e
1.00 1730 ~0.000213 0.718
2.00 3250 ~0,000797 0.720
3.00 4860 ~0.001630 0.721
4,00 6000 -0.002568 0.719
5.00 7050 -0.003523 0.720
6.00 7800 —-0.004334 0.720
7.00 8360 -0.00u922 0.718
8.00 8800 -0.005k448 0.718
9.00 9130 ~0.005917 0.719
Average susceptibility f =-0.7192 x 10“6

, T = 1h0° K
6.50 8100 -0.00L6k1 0.720

T = 105° K
6.50 8100 -0.00kL6U3 0.721

“uncorrected for susceptibility of air.

¢. Correction for brass sample't.ubes.

The correction to be apclied for the force exerted on the
brasssample tubes was determined for each tube before filling with
the sample. The correction to be apolied did not vary greatly with
the different tubes, and amounted on the averaze 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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d. Yeasurement of temperature.

The temperature was measured with a Diesselhorst type
potentiometer according to the standard procedure of the Cryogenic
laboratory of this Institute. The resistance thermometer was cali-
brated by measurements at 0° C,95° K (acetone—coz). 77° X (boiling

point of nitrogen), and 20° X (bciling point of hydrogen).
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iV. Experimental Results

1. Symbols used in tabulation of data.

B maximum field strength in gauss.

d diameter of particles in F.

¥ force acting on specimen in field in grams.

P »density of material in suspension in grams/cm3.

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

X* svecific susceptibility oervendicular to (0001) axis
in graphite.

f" specific susceptibility parzllel to (0CO1l) axis in

graphite,
T°K absolute temperature.

- Centigrade temperature.

2. Measurements in graphite.

The graphite used in this investigation was the commercial
"aquadag", a highly concentrated aqueous susopension of finely divided
graphite, manufactured by the Acheson Colloids Co. A magnetic analysis
of the product showed a considerable guantity of iron to be present,
which had to be removed by a thorough nroce:s of purification. 1In
order to dissolve any silica which might inclose minute quantities
of iron, the graghite wa: first treated for several days with cold
hydrofluoric acid. The suspension, which meanwhile had coagulated
from the action of the strong electrolyte, was then washed and treated
with hot hydrochloric acid in a Soxhlet extraction apcaratus until

the washings no longer showed the presence of iron as tested by
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potas.ium thiocyanate. The graphite was then washed, dried, znd again
suspended as described in section III, 1.

In connection with the preparation of "artificial single
crystals® of graphite, a method has been devised whereby 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 gelatine solidified.
Fig. 6 shows a microphotograph of a slide prepared in this manner,

The particle sizes represented iﬁ this figure range from O.u'l to

hF . In judging this vhotograph, it must be borne in mind that the
thickness of the object is greater than the depth of focus of the
microscope objective, so that ohly those particles which are in

focus should be considered.

The measurements on the suscectibility of graphite sus~
pensions, both directed and undirected, at various temperatures, are
tabulated velow. The resulis are summarized in graphical form in

figures 7 and 8.



Figure 6

Graphite particles, directed in magnetic field
0il imm, £ 2mm, N.A, 1,32
1000X _
Seale: 1 mm, = 1 mieron



Table 5

Graphite, undirected particles

1

0.0153
C.0178
C.0264
0.0295
0.0287

T =20 ¢
B

8100
8100
8100
8100
8100

Table 6

F

~0. 004739
-0.00k4531
-(.005318
-0.005515
-6.005509

28.

f mean

1.03
2.52
3.96
.55
4. 70

Graphite, directed; (0001) axis parallel to field.

d (p)

0.1-0.2
0.3-0.6
0.7-1.0
1,8-2.2
2.8-3.3

P

0.01l45
0.0183
0.0217
0.0175
0.C1S3

T=20°¢C
H

8100
8100
8100
8100
8100

Tzble 7

F

-0.004872
~0. 005441
~0.006178
-0.005035
-0.000398

Gravhite, directed; (QCUl) axis perpendicular

to

-fu

2.5
6.77
11.01
12.31
13.35

field.

d(p

Gel70.2
0.3-0.6
0.7-1.0
1.8-2.2
2.8-%3.5

-3.

TGQ

P

810045
0.0183
0.0217
0.017%
0.0193

T=20°¢C

H

8100
8100
8100
8100
8100

F

-0.00U4678
-0.00k4691
-0.00k691
~0.004703
-0.004691

#¥calculated from ( f,.- f‘).

“H¥

0.37
0.W1
0.39
0.51
o b

°Ia every case the dismeter represents that cerpendicular
to the {QCULl) axis.
te measured on the smaller varticles.

The

thicknesy of

the flakes

czanot



Table &
Graphite, uvndirected. Seme specimens ss in table §.
T = 140° ¥
< p o F Fa
0.3-0.6 0.0178 8100 -0.00503 3.5
G.7-1.0 0.07o4 8100 -0.00557 - 5.5
1.8-2.2 0.0295 8100 -0.00585 b.k
2.8-3.5 0.0287 8100 ~-0.00586 6.6
Table §
Graphite, directed. Same svecimens as in table 6
T s 140° B
dfy) P B ' F - ¥u
0.3~0.6 0.0183 8100 -0.0057h 9.4
0.7-1.0 0.0217 810C -0.00681 15.5
1.8-2.2 0.0175 8100 -0.00653 16.8
2.8-3.5 0.01383 8100 -0.000694 18.5
Table 10
Graphite, directed. Semes specimens as in table 7
T = 1k0°® ¥
a(p) p H F - ¥
0.3-0.6 0.0183 8100 ~-0.00468 o.b
0. 7-1.0 0.0217 8100 -o.oohzo C.4
1.8-2.2 0.0175 8100 ~0.00Ubd 0.4
2.8-3.%5 0.C193 8100 =0.CoUT1 0.l
°calculated from Yu- X-;.
Table 11
Graphite, undirected
T = 105° K
a (W ® H F ~Ymean
0.3-C.6 0.0178 8100 -0.00509 b0
8.7-1.0 0.0264 8100 -0. 00508 6.k
1.8-2.2 0.0295 8100 -3, 00598 7.1
2.8~3.5 0.0287 8100 -0.00601 7.4
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Table 12

Variation of /';— fL with size

d () 0.1-0.2 G.3-0.0 0. 7-1.0 1.8-2.2 2.8~%.5

o= b ) i i i ‘
T = 200¢) 208 6.36 10.62  -11.80  -~12.91
heY ) i
7 Lo -9.0 -15.1 -16.% -18.1
Table 13

Variation of magnetic ratio f“/'fx with size

a (® 0.1-0.2 0.3=0.6  0.7-1.0 1.8-2.2 2.8-3.5

My, ™20 6 16 26 29 31
)% T=Iq0"X 20 35 5 L5
18

From relation (G) of section III, %, it may be seen that
the susceptibility of grannite cshould vary as the 0032 of the angle

between the hexagonal axis and the field, i.e.,
2
f’e = %1. + (%u— h)cos e

Fig. § gives curves plotted by means of this relation from the vazlues
of x“ snd ¥y .iven in tzbles ©& T s for the largest and smellest
varticle sizes investigated. The circeles represent intermediste
points as actually measured. The azreement of the evperimental

points with the calculated curve gives an indication of the reliability

of the anisotropy measurements.®

©°It should also be noted that the determination of the guantity l,-L.
is independent of the susceptibility of the suspending medium; )
this cuantity is therefore more accurately determined than f'.;-
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3. Measuremenls on manganese dioxide, ;\-‘-nO2

The manganese dioxide used in the investigations was &
erystzlline cogrse grained powdsr, of {.P. grade, furnished by
¥. ®. Braun Co. 4 chemical analysis showed no trace of iron. Honda

and Sonéls} give the following values for the susceptibility of

%,ﬁnO2
3 ) 87°K 167°k 270°% 204°K 38U°K
Ex10° 749 59.9 39.9  38.4 33.7

A preliminary measurement of the susceptibility of the

powder in bulk save the value %%,8 x 10—0 ¢c.&.8. The results obtained

for various sizes are given in tazbles 14 and 15.

Table 1b
MnO2
g = 20°0
dp) P H F {
0.6+0.7 ¢ 0.00273 8100 ~0.003952 3%.8
1.¢-1.2 0.00615 81C0 ~0.0031k5 38.7
1.5-1.7 £.0304 8100 4G, 002983 33.8
2.5~3.0 0.03%62 8100 40.001105 23.5
5.0-0.0 G, 1830 8100 +0.0336 23.7
Yo dependence on field strength observed.
Table 15
¥nOg
T = 140°K
d(p) P H F ¥
0.5-0.7 0.0062T3 810C ~-0.00364 57.2
1.06-1.2 0.0ubls 8100 ~C.oi2u5 55.3
1.5-1.2 0.030k 8100 +0. 0C640 56.2
5.0-0.0 G.1530 2100 +0. 04072 55.9
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Thus no change in suscentibility with decreasing particle
size is observed.

The suspensions were then agsin melted, and allowed to
solidify in a magnetic field. They remained comgletelyv isotropic,
from which one may conclude that if any masznetic anisotrony is present

in ¥n0,, it is at least very small.

>

4, MWeasursments on chromium sesquioxide, Cr,0,

8

The chromic oxide was & voluminous fine grained green powder

o

f C.P. grade, sup.lied by the Powers Weightman Rosengarten Cherical
Un. A chemical analysis showed no trace of iron. Honda gives the

following values for the suscaptibility of Grzo

3
T BI°K  209°K  270°F  @91°K  337°K  390°K
%wa 20.1  22.2 24.6  25.5 26.0  25.6

A preliwinar; measurement of the susceptibility of the
powder‘in bulk gave the enormously nigh value of acproximately
250110.6. which was strongly field dependent (no remsnence). Since
this high value could .not pos:ibly be due to impurities. it seemd
that the eily explanation was the presence of chromium trioxide
(Croj} in solid solution in the Craes; since it is well known that

such solutions with the definite composition 2Gr202-0r03 (Cr509)

-

and Cr202*28r03 (crh09) are ferromagnetic. The powder was conse—

quently heatctreated for 12 hours to reduce the higher oxide.
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To ensure that the product be crystslline, the temperature
in the heat trestment wszs meintzined at 1000° O, since at 800°
amorphous Cr203 is transformed into the crystalline modification.
However, after the hsat treatment, the range of varticle sizes wzs
too srali for & thorough investigation of the dependence of sus-
ceptibility on particle size. 7To obiain larger varticles, a small
amount of ihq powder was fusad in a'magnesia crucible by means of an
oxygen torch, and then ground up to smaller sizes. It unld be
desirable to perform the whole investigation on the fused substance,
but uafortunately no furnace w-s available to melt the gquantity
of Cr203° necessary to obtain a sufficient amount of véry small
particles (0.5 - 2M) for measurement. Thé results obtained are

given in table 10.

Tsole 16
Cr203
Treatment d (F)- P e F X
ngjg;i::; 5-7  G.0545 8100 40.00510 27.7
.2:?;Oég§§ted 1.c-1.5  0.0501 100 +0.00287 23.5
?iaioggggt?d €.5-1.0  0.0208 8100 ~0.00161 22.5%

‘Thus. the suscepﬁibility decreases with decreasing particle
size. The data ar@ toco incomplete, however, in order to make the

eristence of the effect sure.

“The melting point of Grao is 2000° ¢.

3



37.

The original substance of high susceptibility was also
investigated with respect to variation of susceptibility on particle

size. (Table 17)

Table 17
T =20°C
a (M) Y H F x
0.5-0.7 0.0079 8100 -0.0030956 30.3
0.8-1.2 0.0588 8100 4+0.02415 - 51.7
le2-1.5 0.1754 8100 +0.0868 93.8
l1.5-2.0 52.5

0.0735 8100 +0.0770 1

The susceptibility decreases raﬁidly with decreasing particle
size. Unfortunatel& no larger particles were present in the powder,
8o the measuréments are limited to the range of diameters below er
Invthis caée, the decrease might easily be explained if one assumed
that a greater proportion of the morg or less uﬁst&bie Cr';O3 had de~
ocomposed in the smaller particles. In view of the rapidity of the
.decrease, it seems likely that a process of this nature is not entirely
responsible for the decrease.. ‘

A chemiocal analysis which might decide the question is
aktremely difficult in the case of chromium present in different
stage; of oxidation. /

\ : It must be noted that becaugé the susceptibility is de-
pendeﬁt on the fielé, the Gouy mefhod‘no longer gives a definite

velue of the susceptibility, but rather some sort of average value

over the entire range of field strengths from O to the meximum used.



38.

5. Measurements con nickelic oxide.

The nickelic oxide wus a olack coarse grdned crystaliline
powder supslied by the Powers—Yeightman-Rosengarten Chemicsl Co.
Its chemical formula was stated to be §1203, but asccording to the
chemical literature, such oxides are assumed to be solid solutions
of ¥iC and ﬁiOe. Since the oxiie sesemed to be stable, i.e. lost no
oxXy:zen on heating'and since no other pure,oxide of nickel was avail-
avle, it was prepared for measurement. Yo reference in the literature

G

js made to susceptivility msasurements on nickel oxides other than

§i0.
Table 18
¥ickelic oxide

T = 20°C
a (W) p H F x
0.5~0.7 Q.00 8100 -G. 00430 19.8
1.2-1.5 G.0154 810G 0. 00253 20.9
2.2-2.5 ¢.0527 810G +0.00781 23.0
2.0-U4.0 0. 540 8106 10,2067 30.6

These values were dependeﬁt on the field strength. They
represent, therefore, some sort of average value of the susceptibility
over the range O to 8000 gauss. The sus;eptibility of the bulk
msterial over the same range of field strengths was 50.3x10‘6. Thus
a gradual decrease of susceptibility with particle size is observed.
Here again the lack of any knowledee of the effect of division into

smail particles on the chewicsl constitution makes it imoos:zisle to

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

A discussion of the results presented in the preceding
section is exceedingly difficult in view of our meagre knowledge
of magnetic properties of the s0lid state, particulariy from the
theoretical point of view. However, a brief presentation of
their possible significance in connection with certain vhases of
our knowledge of the solid state may be given. First, however,
it should bhe emphasized that the effects observed may be due to
disturbing circumstances of which we have no knowledge, although
the shape of the curves for vure graphite and hismuth indicates
that surface effects of oxidation and adsorption are not responsible.
The effect of disturbine influrmces must be considered
very carefully, however, since all conceivable phenomsna which
may disguise the trus state of affuirs operate in the same direc-
tion, l.e. to decrease the susceptibility. As mentioned in
section 1, the effect of various disturbin: factors of chemical
nature was investigated carefully by Rao®) 1n the case of bismuth.
The lower of the two Bi-curves in Fig. 2 was measured on bismuth
powders which before measurement had been treated with tartaric acid
to remove oxide, washed, then oul gassed under high vacuum and
sealéd off in small zlass bulbs. Sfurther treatments of this nature

had no further effect on the susceptibilitys On the basis of this



evidence, Rao concluded that a true dependence of subceptibility
on practicle size was present. Hvidence of an entirely different
nature tending to confirm this view is furnished by our measure-
ments on the principal suscentibilities of graphite (Fig. 8).
According to these measurements, the entire decreass in sus-
geptibility must be attributed to a decrsase in )(" « This
would mean, of course, that the phenomenon is characteristie

of the graphite erystal, since disturbing factors of the tyre
desceribed above should have no directional effect if the pos-
8ibility of an anisotropy of the_affinity of Og is neslecgted.
However, another disturbing factor peculisr to these measurements
may destroy the conclusiveness of these date, since the same ef-
feet could be produced by an incomplete alighment of the smaller
particles in the fisld durinz the preparation of the specimens*
in combination with a spurious decrease in susceptibility due to
adsorption of oxygen. Unfortunately, this guestion cunnot be
decided from visual evidence as oresented in Fig. 6, because just
in the case of the smaller naridicle sizes, the limltation in the

regciving nower of the microscope nakes it impossible to determine

o e DG 00 e 720 S B ST S i 4 Bk S o iy

* The Brownian movements might easily be the cause of such an effect,
egpecially sincee their influence would increass with decreasing
particle size.
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whether complets alighment'haa talken place. A comparison of

the denendence of the mean suscentibility on varticle size

(Figs 7) with the two Bi-curves of Rao in Fis. 2 would indicate
that the spurious effects described above are partially but not
wholly responsible for the results obtained, since the curves of
Fig., 7 are intermediate in shaﬁe between the two Bi-curves of
Fiz. 2, but resenble more closely the curve of the purified
material than that of the vartislly oxidized substance.

In the case of graphite and bismuth, no exvlanation
of the effect may be given until the abnormal diamasmetic sus-
ceptibilities of these substsnces arc satisfactorily explained.
It is certain, however, that thess onomalous diammgnetics owe
their vroperties to the cooperative action of the atoms in the
erystal lattice. The results of the experiments on size de-
pendeney wonld indicate that the number of stowms cooperating to
give the magnetic propsrties is large compared to the coordination
number of the lattice.

Ehrenfestle) has proposed the idea that the large dia-
magnetic suscepntibilities of bigauth graphite and antimony might
erise from electron orbits shared by two or three ntoms in the
lattice. However, as suggested by Ramanlﬁ), the actual values of
the susceptibilities would require much larger electron orbits,

shared by as many as 50 to 100 atoms. There is no conclusive



42,

evidence thet electron orbits of such large extent exist. The
best evidence of the existence of such orbits is furnished by
the work of Goetz and Fockela) on the effect of minimal amounts
of impurity on the magnetic vroperties of bigmuth, These
authors were able to explain gualitatively the nature of their
on_ the pasrs this A /pol‘hes 5

resultss They proposed in addltion the suspestion that the
diemagnetism is due to a few (1:10° ) very large clectron orbits
(up to -.5" in diameter) instead of many orbits shared by about
50 atomss On the basis of the values of critical concentrations
of impurities, these suthors deduced a critical size charac-
toristie of the diamegnetism of 0.4-‘0.5" parallel to (111) in B4,
This value may be compared to the critical size sugszested by
Pips. 7 and 8, namely 0.8-0.9’4 .

Rao has attempted $to draw conclusions of a gquantitative
nature tendinm to support the hypothesis of large electron orbits
by plotsing the suscentibillity against the reciprocal diameter

(%). In the case of ¢in, graphite, and purified bismuth, he

obtains a linear velation between these two quantities.®

" A gimilar curve for the present investlgation on graphilte does
not zive & linecar relationship; the disacsreanent is undoubtedly
due to the A sturbing influences described above, whieh should
not negessarily be the same in both cases, in view of the
different source and manner of preparation of the graphite.



from this, Rao concludes that the susceptibility decreases pro-
portionately with increasing ratio of surface to mass.* He sugsests
that the incressin. surface would destroy a proportionately

larger number of the above mentiohed orbits, causing the sus=-
ceptibility to decreass. Althouszh such a conclusion may be jus-
tified in the case of tin, whose particles may very rouzhly be
agsumed to approximate spheres, it 1s certainly unwarrsnted in

the case of layer-lattices Ibke Bl and graphite, whose particles
are of flake-like shane (ef. Piz. 6)s. In this case one might
approximate the shape of the particles by assuming them to be
eylinders (discs), in which case the cylindrical surface, not

the total surface; is proportional to the reciprocal diameter.

I+t seema 3o the writer, however, that to draw conclusions from

such manipulations of the data is unwise in the vresent stage

of the imvestigetions. In addition to the effect of the disturbing
fsctors mentioned sbove, the effect of plastic deformation in the
nroduction of the particles must be taken into cccount. Furthere
more, it is guestionable whether the measurement of particle size
is accurate enough to fix the shape of the curve. Yith blue

licht ( A = 4600 A) and a numerleal aperture of objective of 1.4,

the resolving nower of the microscope is O.Z—Oﬁir « Thus measure-

* Tf a number of uniform spheres have a ;iven total mss, it is
easily shown that the surface is proportional to the reciproeal
dinmeter.



ments on particles smaller than 035'4 in diemeter are subject
to large uncertainties which inersase with deecreasine particle
sizee In this range, the uncertalnty will emount to more than
25% in the most favorable cases., The error is increased by the
fact that one has to deal not with one narticular size, but with
a ranze of sizes, and further by the fact that the particles

are usually very irregular in shape,

The experiments performed at low temperatures show
no variation of the eritical size with temperature. The range
of temperature is limited, however, to the region between 100°K
and 300C0K, The writer feels that conclusions regarding the effect
of temperature on the phenomenqn of the eritical size should be
reserved until the hohaviour has also been studied at higher
temperatures. In particulsr the range in the neighborhood of the”
melting point should be sisnificant,

The results obtained on paremasgnetic substances, as menw
tioned in section IV, are too uncertain to permit any definite
conclusions to be drawn. The results have been presented because
it is believed that they are of sufficient interest to demdnd
further investigation, particularly because the mechanism with which
the forces of atomie intsraction operate in paramagnetic solids is
known. The mechanism of interaction is provided in quantum mechanics

by the so-called "Austausch™ or exchang: effect, first discovered



by Hsiaenberglg), whioch is concerned with the degeneracy as-
gociated with the possibility of two electrons (not necessarily
in the same atom)} trading places. Yithout going into detéil,
it may be stated that this exechange effect between electrons,
becausge of restraints imposed by the Pauli exelusion princinle,
is very sensitive to the alignment of the electron snins, This
hag the same effect as & strong magnetiec coupling bhetween the
various spin moments, and thus replaces the hypothesis of the

o ferromggnetism
stronz inner masmetic field in the theory of Wels 0)‘ Because

of this effect, large regions of the material (usually assumed

to be grains) act as unit magnets snd their moments are aligned
under the influence of an anplied feld, The experiments of Raog)
on nickel colloids mentioned in sec. 1, would indicate, if cor-
rect, that the regions in which the exchange forces act may be
limited by a characteristic size rather than bj grain boundaries.
In this conncetion the experiments of Bittergl) should he men-
tioned. Bitter found that magnetic Fpp03 particles were deposited
from suspension on magnetized iron, nickel and cobalt in dofinite
patterns, which indicated periodic inhomogeneiiiea in the 1nténsity
of magnetisation. The cause of this phenomenon is not yet entirely

clear, but is easily capsble of interpretation on the basis of the

"charadteristic lenceth" of Zwicky.



Although only in special cases do the exehsnge forees
bring about the phenomenon of ferromegnetism, they have much to
do with the propsrties of ordinary naramagnetic solids which do
not obey Curle's law, or which in addition to this exhibit
properties usuvally associzated with ferromagnetism, such as the
dependence of suvgeepbibility on field strensth. It is interesting
to note that the suseceptibility of manganese dioxide, which while
not following Curie's law, nevarthelcss shows ﬁhe genexral behavior
with terperature to be expected from Curie's iéw, exhibits no
dopendence on erystal size, The suscentibility of chromic oxide,
on the other hand, is nearly independeant of tesmperature; here a
varistion of susceptibility with crystal size is obaerved; The
same is true of the nickel oxide and Crglz «Crl0y compound lnves-
tigated, which exhibit, besides a high value of susceptibility,
dependence of this guantity on field streasth, although no remsnence
was observed. While the effect may be entirely due to other eir
cunstances, it is not in conflict with our present views on the
action of the exchange forces that a true size effect should also

be nrasent.
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From the discussion given, it will be evident that
Turther experiments on the dependence of suscentibility on size
are necessary. In the case of the dlamagnetic substances,
‘here the genuineness of the effect seems to be definite, experi-
ments ghould be performed (a) at hisher temperatures, so that the
question ol the devpendence or indenendence of tenpsrature may be
decided, and (b) with narticles free from vlastic deformation
(e.g. growm from the vavor or from solution). In the case of
paramagneticep,more cxtensive and careful experiments should decide

the cueation as o the oxistence of the effect in various substances.
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