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INTRODUCTION

The charactenislic magnetic propeitics of non-cubic crystals
wete anticipated by Powsson' 1 his papers on the theory of muag-
netism, as early as 1821 The actual discovery of magne-ctystallic
action was made by Plucker ®® (1847-1851) who ob-erved that n
the case of anisotiopic crystals the attractnve or repulsie force
acting upon them when placed m a strong non-unform magnetic
field was ditterent along different directions m the orystal  Such
ciystals also showed a tendency to take up a prefeired ortentation
when freely suspended m o magnetic field  Almost sinultancousty
with Plucker’'s discovery, Faraday' and and Tyndall® m a senes
of mvestigations established the generality of the phenomenon o
which the name “ magne-ciystallic action” was given  The theory
of this eftect was first developed by Thompson® (1831) based on the
earlier work of Poisson which requued only a shight extension

Following on the early work of Plucker, Faraday and Tyndall,
a large amount of expermmental work ot 4 more or less qualitative
character on the dia- and para-magnetic amsotropy ot erystals was
done by Gratlich and Lang’ (1858) But the subject did not recenve
much attention for a long tune after, and the only mpoitant
experimental work in the field until very recent times has been
that of Stenger® (1888-1888), Komig® (1887), Fmke® (1910) and
Voigt and Kimoshita™ (1907) The reason for this was thal not
only had very accmate methods of magnetic measurements been
not developed, but also precise information regarding the atonuc
and molecular structure of crystals was then unknown, and an
interpretation of the results 1elating magnetism to atomic and
crystallme structure was not posstble In recent years, due fo
great advances i physics m vanous directions, cspecially as regards
our knowledge of the nalure of magnetism and 1ts origin in the
atomic and molecular structure of matter and m view of the great
achievements mn the field of X-ray analysis of crystals, it has been
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increasingly realized thal an exact knowledge of the magnetic
properties of crystals can throw much useful light on the relation
between magnelism and crystal structure  This 1ealization has been
responstble for many developments i the subject, both theoietical angd
experimental

For icalising the wgnificance of magne-crystallic pheno-
mena 1n dia- and para-magnetic crystals, we have i the first
place to know the nature of diamagnetism and paramagnetism
Secondly, we have to investigate how in crystallme soluds, which
consist of an aggiegation of atoms and molecules m regular
array bound together by electric torces, dia- and para-magnetism
become directional properties, conditioned by crystal structure and
the electrostatic fields which act upon the atoms in the crystal
lattice  Significant pirogiess has been made mn all these duections m
recent years and this will be briefly reviewed m the following pages
in so far as it concerns the authot’s work

Diamagnetism and the Diamagnetic Anisotropy
of Crystals

The first successful altempt at an electionic theoty of
diamagnetism was made by Langevin™ (1905) The charactenstic
behaviowt of a diamagnetic 15 that when placed m a non-untfoim
magnetic field, it lends to move from the sttonger towaids the feebler
parts of the field, and Weber® (1852) had tried to explamn this by as-
suming the existence of “ electitc fluids which can be set up i mole-
cular stieaming motion”’ But since the development of the election
theory at the hands of Lorentz, a mote precise significance had fo be
attached to the slreaming Ampetean currents” According to
Langevin's theory, the electrons ate supposed to move m closed
circuits 1n each molecule or 1on giving rise to effects sumular to those
produced by curienl cucuts In diamagnetics, the molecules do
not possess any 1esultant magnetic moment due {o the elections
going 1ound m orbits, and the application of a magnelic field to the
electronic system of the molecule, i a state of equilibrum under the
action of a centre of force, s equvalent, according to a theorem by
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or, to giving 1t an angular velouty of precession  The
ssional motion of the electromic oibits gnes rse to dia-

etism  The atomuc diamagnetic suscephtibility of a substance
en by the expression
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> there are N electrons in the atom  This result obtamed from

cal considerations does not requue any modification even
ding to quantum mechancs

The problem of calculating the diamagnetic sus eptibility of
tom from its electronic structure 1educes to ¢stumating the value
®  This, however, 15 rather dihcult owmg to the complex

cter of atomic systems and, at best, theorctical computations
we only approximate values of the magmtude of the observed
stibilities  For atoms contaming several clections an estumate
e contitbution to the diamagnetic susceptibiity by any
of electrons 1s possible by introducing appropriate screening
wnts, wluch will give the effective nuclear charge  (The actual
5 of nuclear charge cannot be used m the calculations nwing to
fluence of the other electrons) Pauling® (19H27) has muade
ations for many simple atoms and 1ons  More sabisfactory ways
nputing diamagnetic susceptibilities, tioduced later, are those
ner’® (1929) based on Haitree’s selt-consistent field method and
ater’ (1930) employing approximate atomie wave functions
led computations have been recently made by Brdley™ (1931)
wngus®® (1932)

The above calculations are confined to spherically symmetric
c systems of the simplest type, each bemg cousidered to be free
m-influenced by other factors In general, external factors do
ave any great mfluence on diamagnetism, so much so that,
wcal® showed, diamagnetism 1 «ddifiee  The molecular
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susceptibifity of any compound 15 1elated to that of its constituent
atoms by the sumple 1clation

X, = 20, X, 4
k

wheie n, 7, 7, are the number of atoms of susceptibilities
Xy, X, X respectively and A 1s a correction faclor whose value
depends upon lhe nature of the chemical bonds This additinty
relation has another gieat sigmificance It imdicates thal the state of
aggregation also has got litlle influence on diamagnelism  In almost
all o1ganic crystals, the molecule preserves its characleiistic diamagne-
tism, which 1s Litle mfluenced erther by the electiic forces i the
lattice or the mutual mieraction of neighbourmg mduced magnetic
dipoles which must be eatiemely fecble Before considermng dia-
magnetism 1 1elation to ciystal stiuctuie, a bief account of the
chaiacte1isiic magnetic properiies of ciysials will be given

In the most genetal case theie are thiee mutually perpendicular
directions 1 a crystal along which the dueclion of the applied ficld
comcides with the direclion of magnelization These aie the
puncipal axes of magnetization n the ciystal and the susceptibilities
mn these dueclions ate known as the principal susceplibilities In
analogy with the optical propeilics of crystals, the magnetizalion
crystals may be 1epresented by an ellipsoid of magnetic mnduction In
uniaxial crystals the ellipsoid becomes a spherowd, and m cubic
crystals it 1s a sphere  The axes of the ellipsoid of induction aie the
directions of the principal susceptibilities of the crystal The prncipal
volume susceptibilities are generally denoted by &, &, and k, and
the corresponding mass susceptibilities by X, X, and X,

In trichnic crystals, X; X, and X, are all unequal and may
have any orientation with respect to the crystallographic axes In
monoclmic ciyslals, the thiee principal susceptibilities are all unequal,
but one of them will comcide 1 direction with the ‘o'-crystallographtc
axis In the orthothombic system, the puncipal susceptibilities
which are all unequal will, however, comcide mn direction with the
three mutually perpendicular crystallographic axes In uniax1al
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ystals two of the principal susceptiilities are equal, wlile the third,

fering 1n value from the other two, will lie m the ducction of the
tic axis of the crystal

The mean susceptibility of the wiystal 1s related n the three
ncipal susceptibilities by the equation

Xmean =3 (X1+X2 1+X)

The large diamagnetic amsotropy of henzene and other
ymatic ring-shaped molecules was first clearly pomted out by Raman
1 Krishnan™ (1927) fiom the data of Light scattermeg and magnetic
ible-refraction  This important property at once sugeested the
sibility of determming the orientation of such mwolecules m therr

stals, and approsamate determunations m the case of naphthalene

re attempted by Bhagavantam®™ (1929) Rccently, the method

been established on a sure basts by the uestigations of K 8

shnan and lis collaborators™® (1943-1955) and I onsdale and
shnan® (1936)

The essential 1dea mvolved 15 that the magnetic
sotropy of the ciystal depends entirely upon the mode of arrange-
1t of the molecules n the lattice  The principal susceptibilities ot
crystal are obtamed merely by adding tensottally the suscepiibili-
of the individual molecules which compose 1t The results of such
ition have been worked out by Lonsdale and Kushnan™ (1936)

It has been shown that the less symmetiy the civstal possesses,
greater 15 the possibility of determiming molecular orwe ntattons by
magnetic method  In general, the prnupal ury stal susceptibilities
sted by X,, X_and X, are related to the molecular susceptibilities

K, and K," (refeired to a gm mol m cach case) by the three
afions,

X = Ko+ [ K| B+ [ K7
lle = lK1|“~'2+ l1<31ﬁ22+ [Ka!'yﬁg
[X,] = 1K Jo? + K 80+ K v

re u, B, 7,are the direction cosmes of K, K, and K;w ith respect

*Accmd]?xg to the usual convention, K, K. denote the puneipal molecnln
ptibiities m the plane of flat molecules, wiale K, denotes the s cpttbility
ndicular to the plane
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to X, etc In the case of fuchme crystals, which possess the
Jeast symmetiy, the principal molecular susceplibilifies must comncide
with the directions of X; X, and X, 1espectively and since the
latter may be determmed expeumentally, we can duectly get the
values of |K,|, [K;| and |K,]

In the case of monoclinic crystals complications arise and
no complete solution of the equations i1s possible for getting the
molecular orzentations unless such simplifications as |K,| = |K,]| are
made, or m special cases when the molecule 1s plane and normal
to the (010) plane, or when K, actually hes in the (010) plane

Again, for orthorhombic crystals, it 1s not practicable to deduce
the orientations of the molecules, even 1f X, X, and X, are known
and |K,|, |K,| and |K,| can be accuralely estimated If, however,
we assume |K;| and |K,| to be equal, then m the case of a plane
molecule, we can locate the orienfation of the molecular plane with
respect to the crystallographic axes

In tetragonal, tiigonal and hexagonal systems, (uniaxial c1ystals)
if Xz and X;» are known, 1t will notl still be possible to deduce the
values of |K;|, |K,| and |K,|, unless we assume two of the
principal molecular susceptibilities to be equal  Conversely if X and
X,» are measured, and |K;| = |K,| and |K,| 15 estimaled, the
inchination of K, to the crystal axes may be oblained

In cubic crystals, which possess the highest symmetry, even
though they mught consist of amsotiopic molecules, the airangement
of the molecules will be such that their anisotiopies will cancel out
in the crystal and the crystal becomes 1sotiopic  No information 1n
such cases can be obtained 1egaiding molecular orieniations

The above constderations show how, 1n favoutable cases, the
molecular orientations m crystals can be determined by measurements
of diamagnetic amsotropy The fact that in many aiomatic com-
pounds with ring-shaped molecules, |K,| # |K,| and |K,|, and (X
=|K,| provides us with an mmpoitant method of stiucture analysis
From experimental determinations of the diamagnetic amsotiopy of
the crystal, and by estimating the value of |K,| and (K,—K,) usmng
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wscal’s additive law and the known value ot (AK) for the bensene
1g, the orientation of the plane of the molecule with respect to the
ystal axes can be calculated Recent expenmental work on the
imagnetic anisotropy of organic crystals deserving speaial mention,

¢ those of Kiishnan and bis colliborators™* (1933, 1435

ire 0);)‘ 19:;&’\) Z!Tld
msdale® (1936, 1988, 1939) This mcthod 15 applicable to other
i aromatic compounds also

For mstance, the nuientations of the
0,) and (CO.) groups, which possess consuletable diamagnetic

isotropy, in crystalline mtiates and carbonates, has been mvestgated
this method (Krishnan and Raman,*® 1927, Kishinan, Guha ond
nerjee,” 1933, Nilakantan,” 1937) Rhombic sulphur, which 15
>win to possess a molecular structure conssting of ring-shaped

lecules, has been mvestigated 1 the same manner (Nidakantan,™
6)

The large diamagnetic amsotropy found 1 bismuth and
phite has been explamed by Ehrenfest ! (1925, 1929) and Raman™
29) as bemg due to elections describing large planar orbits
losing several atoms A smmilar aigument holds good 1n the case
he aromatic ring-shaped molecules, and recently Pauling®™ (1936)

tited to calculate the diamagnetic amsofiopy of o number of
zene denvatives In the case of benzene, siv L electrons which
responsible for ‘7esonance’ m the structwie, are assumed to be
+ to move from one carbon atom tv another m a magnetic freld,
, describing large orbits comeiding with the crcumference of the
zene ring  The amsntropy
INT,ud

re r 18 the radwous of the benzene ring itself The value so
med agrees satisfactorily with the value assumed by Krishnan
lus collaborators?* m their experunents By mtroducing smtable
ections, Pauling has calculated the diamagnetic amsotropy of
ral benzene dervatives also  Calculations on sinular lines have
1 mdependently made by Lonsdale,” who has extended them to
case of metal-free phthalocyanmes More recently, London * has
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considered these molecular oibitals fiom the standpomt of quantum
mechanmics  He has ulihised a method of approximation applied by
Bloch m his theory of metals, which coitesponds to the method of
molecular orbitals m the theory of chemical hinkages, and finds that
inferatomic currents are sct up under two conditions, namely, (1) the
existence of a cyclic chamn of equivalent paus of aloms and (2) a
number of unpaued elections associated with each valence bond
Such mteratomic currents cannot occur m saturated compounds, like
cyclohexanc London’s theory has been successful in explaining the
difference betwecen the diamagnetic propeitics of 1someric molecules
like anthiacene and phenanthrene, which the semi-classical theory of
Pauling 1s unable to do

These theotetical considerations are capable of being extended
to other conjugated structures as well, such as (NO,) and (CO,) groups,
although the pi1oblem becomes very complicated mn such cases The
authol, as desciibed later, has attempted {o compute the diamagnetic
amisotiopy of the (NOg) group m a somewhat similar manner as
Pauling has done 1n the case of benzene

Although considerable work has been doune on the temperature
dependence of the diamagnetic susceptibility of ciystallme solids, the
influence of temperature on the diamagnetic anisotiopy of ciystals has
been mvestigated for a few substances only, mostly metals Faraday®
(1848 and 1855) fust observed that the difference belween the prnci-
pal susceptibilities of bismuth decreased considerably between 40°C
and 140°C, falling to less ihan half its origmmal value He could not,
however, observe any change in the diamagnetic anisotiopy of calcite
although 1t was heated upto a very high tempeiature  Recently Goetz
and Focke® (1934) and Shoenberg and Zaki Uddin® (1986) have studied
the principal susceptibilities of bismuth over a wide range of tempera-
ture  The variation of the magnetic anisotropy of bismuth from room
temperature up to the melting pomnt has been investigated by
W | John® (1939) Thallum has been studied by Rao and
Subramaniam®™ (1986) who have observed changes i the dia-
magnetic anisotropy and susceptibility of the element occurring at
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285°C  Krishnan and Ganguli! (1937) have studied the anomalous
temperature vanation of the diamagnetic ansotropy of graplute It
will be seen that all the previous work mn recent vears has been con-
fined to elements only  The author has mvestigated the temperature
variation of the duiamagnetic amsotiopy of several morganie and
organic crystals by the more delicate experimental methods now avail-
able for mvestigating feeble anwsotropies and their changes  As will
be seen later, many phenomena of the snlid state such as crystal poly-
morplusm, gradual transitions mn the lattice, disorders mn the lattice
structure caused by impurities m the wviamty of the melting
pomt, and molecular oscillations and 1otatims that set m at lagh
temperatures, can be studied by the mvestigabion of the varia-
tions of ciamagnetic anwotropy with temperature, m fayourable
cases

Polymorphism has been studied so far by X-ray analysis,
change of optical brrefringence and thermal and dilatometric methods,
It has been shown by the author (1937) that polymorphic transt-
tions are also revealed by striking changes 1 the diamagnetic
anisotropy of crystals, since, when transitions take place i crystals
containing amsotropic groups, the relative positions and orientations
of the anisotropic 1ons or molecules are also altered generally, and
as a consequence theie are cortesponding changes m the amsotropy
of the crystal These changes will obviously be very marked in
highly anisotropic crystals m which the ansutiopy 15 vssentially due
to that of the molecules or tons, as 15 the case m urystals of organic
aromatic compounds and morganw. nitrates (we do not, of course,
consider here, elements like bismuth and graphite, whose charac-
teristic magnetic properties have to be explamed on the electron
theory of metals and semi-conductors), and are essentwlly different
i character from the feebler effects observed by some authors m
several diamagnetic substances during polymorphic transitions. It 1s
possible to study many aspects of polymorphism i favourable cases,
such as, the veloaty of reaction from one phase to another, the
nfluence of temperature on the rate of reaction and the relative orien-
tations of the axes of the crystals i the two modifications.
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Just as molecular orientations m crystals may be ¢
by magne-ctystallic action, the analysis of the stiuctuie o
{allme aggiegates can also be accomplished mn a simil
Nature abounds m such subsiances, to name only a fev
varielies of shells, fibres, maible, 1vory, bone, teetlh etc
crystallites m many of these ate moie o1 less regularly
and 1t will be obvious that if the crystallites are aniso
poly-ctystalline aggregale itself will be amsotropic. Henc
latton of the amisoliopy of the crystallites with that of the
will enable the orientations of the former to be delerm
method has been successfully applied by the author n
mothei-of-pearl from molluscan shells, and egg shells, wh
of aiagonite and calcite ciystals 1espectively

An mteresting field of investigation has becn openec
author’s woik on the diamagnetic anisotiopy of crystalle n
carbonates  Although it 1s known that the crystalline ele
can produce deformation of the 1ons m crystal lattices,
influence of the fields on the diamagnelic piopetties of
radicals had nol been so far mvestigated because of
character of these effects It has been found by the authc
diamagnetic amsotropy of (NO,) and (CO,) groups 1s
mfluenced by the character of the enviionment of 1ons s
them In fact, the feeble diamagnetic atsotropy exl
all non-cubitc crystals consisting of 1ons hke Ag+, F~, Cl
Cd++, Cat+, Mg++ etc, (which may all be expectled to be
symmetrical in the fiee state), e g, crystals of AgF, Ca
CdcCl,, MgCl, etc, 1s to be attiibuted to the deformations pi
these 1ons 1n the crystal lattice by the electrostatic fields, the
of the deformations depending upon the symmetiy of
consistent with the conditions of stability of the latlice
the character of the 1onic deformations and of the crysta
may, in fact, be obtamed from a study of the feeble d
amsotiopy of these crystals,
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Paramagnetism and Paramagnetic Anisotropy

of Crystals
Accordmg to the classical theony of Langevm™ (1907%) nd
Wetse™ (1907), we get the 1elation, known as the Curte-Werss law

; C roa
Xyg= —,1:—_3!5: where C,( = 3& )
No,’p

MR’ (Stoner, “ Magnetism and Matter ", 1931)

H

and o=

expressing the variation of susceptibility with temperature  The
experimental results are, for convenience, eapressed m Boln Magneton
values, and we have

NIR e

Po= 560 V3 (T—0)

2839 A/ Xy (T—n)

and when 615 not known, the eftective magneton value 15 expressed as
Py, =2839x VT

as though the Cune law were vahd

i

]

The frst satisfactory detrvation ot the magneton values of
simple 1ons based on spectroscopic theory was wiven by Hund®
(1925) who obtamed the tormula Py=g A/ (3 1), where g s the
Lande factor This reduces to A/ 4s (s+1) when the 1ons are m
the S-state Hund's theoretical expression gives 1emarhably good
values for the susceptibility of the rare-carth ions, but for the first
transition group of elements, the agieement 15 very poor A modifi-
cation of Hund’s formula was theietore suggested by Sommerfeld
and Laporte* (1926) takmg mnto account the fact that the multiplet
mtervals m these ions are not very large Hund's expression
assumes that & Av>> AT while Somuneifeld aud Lapotte considered
the case for I Av< < AT and the followmyg expiessions were
obtained

Pp=gN1(+1) for I Av>AT
and=A\/4s (s +1) ~{ (1+1) for b Av<<AT

A similar expression was obtamed by Van Vieck™ (1932) by a
more rigorous treatment.
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The actual magneton values of the 1ons of the
ments do not fall between the two exireme values repie
above equatons Bose® (1927) suggested that cssent
spins contitbute to the magneton value of the fist tia
of elements An explanation of {he paramagnctism of {
tion gioup of elements was offered by Stone1*" (1929) w!
the mteraction eftecls between the neighbounng ions
In the rare-earth 1ons, the magnetically effective elect:
the 4 f group which 1s mcomplete, and they are effectn
from interaction effects by a complete group of lughe:
number  But it 15 the 34 group which 1s incomplete 1
the first transition series, and since they are oulerm
subject to the action of the envuonment The intera
the magneton values for these 1ons, which will lie betw
repiresented by

P,=A/4s(s+1)  and
=A 45 (s+1) +1 (1)

Recently, Van Vieck” (1932) has iried to exg
value of the susceplibilily of the wron group of elem
due {o the ‘quenching’ or ‘fieezing’ of the orbial
the asymmetric crystallne fields Van Vleck’s ticab
to many mteresting 1esults  The depaitme from the
be salisfactorily accounted for by the theory The 1ela
tions of the spin and orbital moments to the paramagne
lity can be studied and what 1s impo1 tant for our purpos
the magnetic anisoiropy of crystals 1s satisfactorily e
anmisotropic crystals of the raie-eaith salts, a crystal fiel
cular orientation and noncubic symmetty acting on the
1on, will produce a splitting of its lower levels, as a re
the magnetic moments of the levels and the suscept
different along different duections, depending on the ¢
field In salts of the iron group, the orbital moment 1s
partially quenched 1n an anisotropic mannper and the r¢
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through the spm-orbit couplipg make the spin contribution also
anisotropic,

According to quantum theory, for a free paramagnetic 1on
in any j-state, the number of possible m-states are (25+1) and
m the absence of a magnetic field, all these states are equivalent
and there 1s complete degeneracy But in a magnetw field, a redistri-
bution of the ions among the (2j+1) states tahes place, and this
spacial quantisation gives rise to a resultant magnetic moment n the
direction of the field If, however, mtially the degeneracy 15 re-
moved by, say, an asymmettic crystallime ficld such that the separation
between the various encrgy levels 1s large compared to kT, then the
application of a magnetic field cannot lead to any redistiibutun among
the diffcrent states, and the substance will have zero susceptibahty
Quch complete removal of degeneracy does not, however, take place
The orbital degeneracy may be wholly or partially 1emoved, but the
spin degeneracy 15 consctved In any case, the partial removal
of degeneiacy mmplies a lowermg of the paramagnetlic susceph-
bility

In paramagnetic crystals, the paramagnetic wons ate under
the influence of the stiong crystallme helds due to the wns suround-
ing them An asymmetric cvstalline field 15 able to produce a
Staik spliting of the eneigy levels of the ion, pattially or even
wholly removing the orbital degeneracy 1 salts of the mon group of
elements The spin moments are not, mn general, aftected and are
free to respond to the magnetic field and this explams why the
magneton value tends to approach the spn-only value The <pin
moments might mdirectly be affected duc to then couphing with the
orbital moments

The Stark splitting of the energy levels will depend on the
character of the crystal fields, and the ground states of the paramag-
netic ons A field of cubic symmetry should be expected to make
no contribution {o the amsotropy, whereas a departure from cubie
symmetry will give rise to magnetic amsotropy as well as a departure
from the Cune law and also different values for 6, the Curne
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C
temperatute m the Cutie —Wetss law XM”""“{[“;NL(}” m the directiong
of the ptincipal axes of magnetization.

The general nature of the paramagnetic anisoliopy of hydrated
double sulphates of the 1on gtoup of salls may be understood by
considenng the typical case of fetrous ammonmum sulphate, (FeSO,
(NH,),S0, 6H,0)  Although the completc X-ray analysis of ths
crystal 1s not available yet, it 1s known thal the Fe++ ion 15
surrounded by six waler molecules m an approximatcly octahedral
ariangement (Gorter”, 1982) Accoiding to Lipson and Beavers”
(1935), two types of arrangement of water molecules are possible,
{he octahedral and {lettahedral In the Tulton salts the former
type of ariangement occurs The electiic fields due to such an
arrangement of polar molecules about the ion have heen found
to be markedly asymmetiic  For instance, Kushnan and Mookhery®™
(1937) have observed a laige paramagnetic amsoliopy in 1aie-earth
salts like, Pr,(SO,), 8H,0 (mn which also there 1s an oclahedral
arrangement of walet molecules round the paramagnetic 1on)
which pomts to a ciystalline ficld depaiting largely fiom cubic
symmetry  The gioup, Fe (OH), [oims the * paramagnetic
complex,” and the antsotropy of the ciystal should be 1ieferred
to that of the ‘complex’ These complexes or clusters are 1egularly
arranged in the ciystal lattice and are onientated wn a definite manner
with respect to the crystallographic axes (the umit cell comprising
seveial such complexes) and a detalled X-1ay examination would be
very useful 1n correlating the amsotiopy of the individual complexes
with that of the crystal The amisotiopic paramagnetic complexes
like Fe(OH), persist even m the dissolved state, and this explams the
phenomena of magnetic double-refraction stiongly exhibited by many
paramagnetic salts m solulion (Chinchalkai®, 1931, Haenny™, 1937)

One of the important deductions of Van Vleck’s theory™
1s thal ciystals containung 1ons m the S slate, as for example, those
of manganous and ferric salts, should not show any apprectable
magnetic anisotiopy. Thus has been veufied by experiments of Rabi™
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(1927), Jackson® (1933) and Krishnan and his collaborators™
(1984-1936) on Manganous (Mn++) and Ferr (Fe*+4+) «alts, the
paramagnetic 1ons of which are in the S ground-states A furthus
confirmation of the theory 1s available from studies on the magnetic
double-refraction of solutions of paramagnelic salts, the salts contan-
ing 1ons in the S states exhibiting practically no double-refraction e g,
Ferric, Manganous and Gadolmmum chlonides (Clunchalkar, 1931,
Haenny, 1937)

Detailed calculations of the nfluence of crystalline electric
fields on the paramagnetism of Pr and Nd among the rare-carth wns,
and Ni, Co and Crin the Iion group, have buen made by Punney
and Schlapp® (1932) In the rarc-earths, there v no quenching of
the orbital moments by the crystallme tields, and then susceptibili-
ties are given by the Hund eapression However, a hickd of rhiombae
symmetry acting on the rare-carth 1om will produce an asvmmetri
splitting of the lower levels, and hence give use to anisotropy of
paramagnetic susceptibihity  Expeumentally o farly large anso-
tropy has been observed m the rarc-eatth salts) M (80))  8H,0,
(M=S8m, Pr, Er, Nd) by Krishnan and Moockherp™ (1937)

In the 1ons of the first transition group of elements, the
mcomplete sub-shell of elections lies outermost, and the spin-orbit
couphing 1s weak  The orbital moments are, thercfore susceptible
to the mfluence of the crystalline fields, and will be partually frozen
The 1ons are all i the F-state, with /=3, and the seven-fold de-
generacy 1s removed by the crystalline held wholly or partially,
according to the nature of the field A rhombic ficld will completely
remove the orbital degeneracy, wlule a cubic field will spht the
F-level nto one single and two triply degenerate levels Penncy and
Schlapp have assumed a field of predomumantly cubie symmetry with
a smaller thombic term  The Hamiltonian function i a magnetic
field H 1s gwven by

H=D(x*+y*+2*) +Ax"+By*
~(A+B) 2+ \(L S)+sH (1 25)
Assuming a cubic field of the same sign and magmtude for all the
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three ions, the spin o1bit mieraction together with the rhombic field
18 shown {o be able to remove the degenciacy of the lowest leye]
in Ni++ and Ci++ only m a high approximation, while, m the cage
of Co++ the degeneracy 1s 1emoved to a fust appioximation Thys
difference accounts for the isotiopy of Nit+ and Ci++ as compared
with the high anisotropy of Co++  In the case of Nit++ and Crt+
the splittng of the ground levels under the influence of the ciystal
fields 1s stmilar, the non-degenerate orbital level being lowest  The
susceptibility of Ci++ 1s lower than the spu-only value while {hat
of Ni++ 15 lugher  In the case of Cot+ theie would be an mversion
of levels, as pomnted out by Van Vleck, with respect to Nit+, the
triply degeneiate level bemg lowest, and, theicfore, a splitting of
these levels by the rhombic pait of ihe field or by the spin-oibit
interaction {akes place giving mise o deviation from the Curie law,
and lugh paramagnetic anisotropy

Fe++ and Cut+ are both i the D-state (d°5D and d°%2D
respectively) There 1s a 1eciprocal 1clationship between Fe++ and
Cut+ just as i the case of N1+ and Co++ as shown by Van Vleck,
The case of wron 18 of special interest m connection with the authors’
investigations on biotite muca, bul unfortunately, detailed compulations
are not avaiable yet The splitting of the levels takes place as
shown m figure below

[ Y
- N i’

Fig 1
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The figure will be upnight i Cu++ and mverted m e bt
The separation of the components of /. and [, 1s duc entirely to the
rhombic field The character of the ground states would ndicate
that the magnetic ansotropy of Fe++ should be much greater than
that of Cut+, but actually, this 15 not found to be the case  This
anomaly 1s explamed by Van Vieck as bemg duc to various other
causes Recently Van Viech” (1939) has also considered the crystal-
line Stark splitting for clusters of the type (XY,) i rclation to the
Jahn—Teller effect

In Van Vleck’s oniginal theory, the dipole-dipole interactions,
between neighbouring paramagnetic wns are not considered and only
salts of considerable magnetic dilution such as the hyvdrated sulphates
and double sulphates of 1on, cobalt, nickel etc, are discussed When,
however, the concentiation of the patamagnetic won 1 rased, 1t 15
natural to expect interaction eflects to nfluence the magnctic pro-
perties perceptibly Recently Van Viedh” (1937) has conadered
the effect of dipole-dipole coupling on the susceptibility, but the m-
fluence on the anisotiopy has not heen woirked out  The eastence of
such interactions i anhydious salts of the non group lhike CoCl,
CrCl,, NiCl, and FeCl, has been demonstrated by De Haas
and Schultz® (1939) from susceptibility medsurements at low temper-
atures when their eftects become marked No data, however, are
avallable 1egardmg the eftect of the mteractions on the magnetic
anisotropy at room temperatures, except the teeble cttects mentioned
by Krishnan and Bancijee (1936) m mangenous salts of consider-
able dilution  Joglekar* (1937) has studied some paramagnetic
Tutlon salts of the type, MSO, (NH,) SO, 6H_O, where M 15 a diva-
lent atom of the iron group, and he has exanuncd the citect of
partially 1eplacing the patamagnetic wons M7 by Mg~ * and Zn++
He has found that the order of magniiude ot the amsotrupy s not
matenally aftected by dilution and the observed changes were
attiibuted to shght altciations m the crystallme ficlds acting on the

patamagnclic 1on

The dithculty of mvestigating the ettect of magnetic mterdctions
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lies i discoverng a suitable substance, the concentiation of e
paramagnetic 1on m which can be varted at will  Biotite offers
suitable material for study smce different vanreties contam different
amounts of wron  The ayslal structuie of biolde 15 also farrly well
known, and a salisfactory mierpretation of the results of magnetic
measurements 1s possible It has been found by the author that
a high concentration of the paramaguetic 1on cenhances the gram
1onic anisotropy referred to Fet++, {o a considerable extent.

In many paramagnetic crystals, strong paramagnetic anusotropy
1s also associaled with a maiked pleochroism  The absorption bands
of the 1are-carth salts consist of shaip lines and the mnhomogeneous
Stark spliiting of the energy levels of the pairamagnetic ion man
asymmetric ciystalline field should produce strong pleochiosm of the
absorplion bands The dichroism of hiolite appears to be due to
the asymmeiry of the ciystalline field of the Fet+ ion, as a
consequence of which, light vibtations parallcl lo the cleavage plane
ate slrongly absorbed, whie those perpendicular {o the plane are
not absorbed to the same extent  Kushnan and Chakrabarty®
(1937) also have observed polarizalion of the absoiption bands i
some hydiated sulphates of raic-cairths, which stiongly suggests a
high asymmetry of the ciystallme fields m these salls  Since pata-
magnetism and colow are related propertics m the salls of the
transition seiies of elements, any thcory of paramagnetic susceplt
bility should also be able to explamn the characleistics of the
absorption spectra of these salls

A great deal of work on the ahsorption spectra of the rare-earth
and ron group of salts has been 1ecently done by Spedding and his
collaborators™ It has been found rather diflicult to explam quite
satisfactorily both the magnetic as well as the absorption data, on the
basis of the work of Van Vlcck, Schlapp and Penncy — This unsatisfac
tory state of affans 1s parlly due to the disciepancy m the magnetc
data obtamned by different wotkeis, and accuiale work m the field 3
needed According {o Spedding and co-woikers, the data of absorp
tion of salts Itke Neodimwum sulphate octahydiate (Ndy(SO,)s, 8H,0)
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may be explamed satisfactorily on the assumption that the crystallme
fields mn these are predominantly cubic m character But from
measurements of the paramagnetic anisotropy of these salts, Krishnan
and Mookhery” (1937) have postulated fields of considerable asym-
metry since the magnetic anisotropy of these salts 1s pronounced
The strong pleochroism of the absorption bands m these salts also
lends support to tlus view A rigorous treatment of absorption m
paramagnetic salts on the basis of the Stark splhitting of the energy
levels of the paramagnetic 1on in the crystal iields 1s hughly desirable
In the absence of any satisfactory theory of absorption and
pleochroism m iron salts, the author has attempted a qualtative
explanation of pleochroism of biotite, based on Saha’s theory of the
colour of morganic salts

The most important experimental work on the paramagnetic
ansotropy of crystals in recent years has been that of Fmke! (1910),
Jackson®" (1924-1938), Rabi® (1927), Bartlett® (1932) and Krishnan
and his collaborators®™™ (1934-1939)  Of these, the extensive
mnvestigations of Krishnan and his collaborators are note-worthy
They have studied such difterent aspects as the magmtude and
asymmeltry of the electric fields acting on the paramagnetic ion
in the crystal, the geometry of distribution of the negatively charged
atoms surrounding the ion, and hence 1ts co-nrdmation number,
the strength of coupling between the orbital and spin angular
moments of the electrons 1 the incomplete shell of the 1on, and m
those crystals in which the paiamagnetic 1ons are in the S-state, the
magnitude of separation of the S-levels, which plays an mmportant
part m determming the thermal properties of the crystal at very low
temperatures
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CHAPTER 1

EXPERIMENTAL METHODS AND DETAILS
1. The Electromagnet

The electromagnet used for the measurements was supphed
by Charles W Cook and Sons, Ashby de la Zouch, England, the pole
preces bemg made according to design submitted by the author
(Fig 2, Plate I) Smce perfecily uniform fields were necessary for the
determimation of the diamagnetic anisotropy, the pole-pieces were
made massive with a large area of pole-face (66-sq cms) For
susceptibility determiations with the torsion-balance, a par of
specially designed conical pole-pieces was employed, the semi-angle
of the cone bemg made 55° for obtaming maximum mtensity of
the field These pole-pieces could be kept with their axes mclned
to each other, producing an mhomogeneous field of the <ame type
as mn Curie’s experiments

A current of ten amperes could be passed through the magnet
for about 15 minutes without any sensible heating of the cotls  The
current was adjusted by means of a system of rheostats Before
each experimeni the iwron was brought to a cyclic state by reversing
the curienti, kept at a low value, a sufficient number of times so that
the field corresponding to any value of the current through the clectro-
magnet was always of definite strength and exactly reproducible
With the flat pole-pieces at a distance of 2 5 cms apart and a current
of 7.0 amperes thiough the electromagnet, a field ot 7710 Oersteds
was obtamned With the pole-faces 1 cm apart helds of the order of
12000 Oersteds could be easily attamed  But such lugh fields are not
necessary for the anwsotiopy measurements  The saturation value of
magnetisation was reached with a current of ¥ amperes through the
magnet For the susceptibility measurements using the comcal pole-
pieces, fields of the order of 22000 Oersteds were attainable

For determination of the diamagnetic anisottopy at high tem-
peratures, a second electromagnet designed by Dr C § Venkates-
waran and constructed m the work-shop of the Indian Institute of

Science, was employed (Fig 8, Plate II).
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2. Measurement of Field Strength

The held-stiength was measuied by means of a standard search
call made by the author and a calibrated Giaseol flunmeter  The
scatch coil consisted of 30 tutns of No 40 S W (5 double stlk-covered
puic coppet wie, wound 1ound an accur ately tuined cyhinder of hon.
magneiw marble of diameter 2 359 ums  The fluxmeler was calibrat-
ed with a campbell standard mutual mductometer  Field stiengths
up to 8000 Ocisteds were cmployed [or anisotiopy determinations on
diamagnelic crystals The values oblamed i a {ypical field delermm-
ation are given below,

Fluxmeler cahibration=14050 Maxwells pc1 division

Search coldl  diameter 2,359 ecms, Number of turns =30,
resislance=3.34 ohms

Mean fluxmeter deflection=72 0 %= 04 divisions

Tlus corresponds to a field of 7710 Ocisteds (4= 0 5%)

3. Determination of Diamagnetic Anisotropy

The duccl determmation of the prncipal magnetic suscepti-
bilities of crystals cannot give very accutale values of the anisotropy,
especially when the anisolropy i1s small A method which duectly
gives the anisobiopy 1s preferable,  Such a method was first employed
by Stenger*(1883-1888) and Konig*(1887), who used the ciystal cut and
ground 1 the formn of a spheic and suspended by means of a silk fibre
mn the magnetic field 1f X, and X, are the maximum and minimum
values (algebiraically) of the susceptibilily in the planc of oscillation,
the ciystal will tend to sel itsell with the X,—duection paiallel to the
field-direction  Let initrally the {o1sion-head, to which the fibre 1s at-
tached, be turned 10und so thal the X,~du eclion comcides with the field
direction and there 1s no {wisl m the fibre If the crystal 1s now
allowed to make small forsional oscillations about its equiltbrium
position, and T, T, ate the periods of oscillation with the field on and
with zero field respeclively, then the gram molecular anisotiopy 1s
gven by
T, -TCM

(AX)=X,~%X= T, mH?
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where m =the mass of the crystal, M its gram molecular weight, H

the field strength 1n Oersteds and C the modulous of trrann of the
fibre

Now, in the above method, strict unifornuty of the field 1
not required, since the crystal has got a spherwal shape  Krishnun
and his collaborators’ (1933) have, howcver, used the crystals m
thewr natural shape, making the field stuctly homogencous by
using large flat pole-pieces (They have also cmploved quarts
mstead of stk fibres) Theie 1s a two-fold effect when the orystal
has an arbittary shape Even if the field 15 strictly unatonm, there
will be a couple acting on 1t tending to set it astally with the hold
duection Ths effect will, however, be undetectable by ordinary
experimental methods and 1s generally neghigible  If however, there
1s any residual mhomogeneity of the field, the combined chicct ot thus
and the anisotropy of shape of the crystal may be consuierable This
may be estimated in the following manner (Stausficld?, [1938])

Consider a rectangular Jamuina of thickness t and mass m and
susceptibility X If 2@ and 20 are the sides parallel to the coordi-
nates X and Y, the potential energy of the lamma in « magnetic held

H will be given by
- +b

V=-J;:\t/fH2dX(ZY

-1 -

= — 7 mX [6H02+ﬂ (%E;))a—b (;1132)0];

mgher powers of a and b bemg neglected, and the suffix « indicating
zero value at the orign On transformation to new azesx, y, rotuted
through an angle 8 m the plane of the laming relative to the axes
X, Y, the expression becomes

2.0 [ SH- .
=—yymX { GH? 4 (a*cos®d + UPsin” ¢) S

(a* sm® 9+bCOS9BH +

9sin § cos 0 (b fl)a DJ}
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The couple C. acting on the aystal tendimg to 1otate the lamuma
about the Z ax1s 15 given by

W BP—d O, _ o*H,

{(%Ii’ )} s 20,

assummg the field to be symmelizcal about x, y and x, z planes

If a=10, this couple disappears and comparing this expression

with the expression fo1 the couple due to the crystalline amsotiopy,
C=3m (X,—X,) H’smn26,

for a crystal of mass m, 1t will be evident that the ralio of the two
couples contamns a factor mvolving the squares of the linear dimen-
sions, and i the dimensions are small, then the elfect due to
any 1esidual mhomogencily of the held can be considerably muni-
mised Hence the crystals should preierably be chosen of such
dimensions that they approxnmate to a spherical shape

We do not of course consider herc the small lateral bodily
movements of the crystal This effect will be quile unimportant in
diamagnetics, especially when ihe mmhomogeneily 15 very small, and
will not aftect the anisotiopy determinations

The method of oscillations has been adopted by the author n
some of the determinations to be desciibed hercafier  The influence
of non-uniformity of the ficld was {csted experimentally by suspending
a rod of quartz 1 mm 1n diameter and 10 mm n lengih with its axis
horizontal by means of a fine quaitz fibie m the field The expres-
sion for the couple acting on the 1od shows that the couple will be a
maximum when the rod makes an angle of 45° with the field Hence,
mnitially, the rod 1s kept at {lus mclmation with the field-duection, and
the twist produced on the fibre when the field 18 put on, m order to
restore the rod to its orignal position, was determined with a field-
strength of 7990 Oersteds We can easily calculale the “anisotropy”
L

.Lf

to which this will correspond, and 1t was found that this 1atio was
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as 1 10003 This 1s negligibly small compared to the magnitude
of the crystal anisotropies actually measmed .

Krishnan and Banerjee® have later employed a to1swonal method
This method 1s, 1n many ways, more conventent than the oscuillational
method when very small crystals are 1sed, and has been eatensn cly
used by the author The theory of the method will be dealt with mn
detail here since the original formula of Krishnan and Banerjec” (1955)
1s only an approaimation and valid only under certan conditions

[Krishnan and Banerjee®, (1938), and K Bancrjee and Bhattacharya®
(1938) ]

We have to consider the equilibrium of a crystal suspended m
a uniform magnetic field by means ot a quarts fibre, such that two of
the principal axes of magnetic susceptibility are i the horizontal planc
We shall consider the field to be stiictly uniform so that the eftect of
anisotropy of shape of the crystal need not be taken mto account

Let u, and u, be the permeabilities in the horizontal plane of
the suspended crystal (v; > p, algebrawcally) Then mn the umform
magnetic field, the crystal will tend to set itself with the y-direction
parallel to the field If, mmtally, the torsion-head 1s set i such a
position that the u,-direction comcides with the field duection, when
the field 1s on, there will be no couple acting on the crystal and no
twist 1n the fibre If now the torsion-head 1s turned round through an
angle «, the crystal also will turn round 1n the same direction throngh
a smaller angle § The couple acting on the crystal 15 then given by
the expression
_ 9(wy—p) VE?
= (i +2) (2
where V 1s the volume of the crystal and H 1s the field strength Sub-
stituting «, the volume susceptibility in the expression (v=14 1~ 1),
we have

G sin 6 cos @

G=%(K1_l\2) .\/71’1’3 sm 20

approximately, since «, and &, are very sinall compared to umtv (in
the case of diamagnetic and feebly paramagnetic I} stals)  This
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couple 15 balanced by the twist in the fibie, and we have the general

condition of equilibiium,

Clu~0)=3(c; —1c.) VH? s1n 20 )
=3(X, = X)m ¥ sin 20,

wheic C 1s the tforsional constant of the fibie, m 1s the mass of the
crystal and X; X, are the mass susceplibilitics  Ilenee,

_ _ 2«—6)C_
(AX) =X, =X, = mH* s 20 @)

This general 1elation cnables us o evaluate (AX), since « and 6 can

be measmed directly, and C, 2 and H can be accmately determmed
by the usual methods

Let the totsion-head be twined 1ound further until i 1eaches a
crilical position when the ciysial 15 m an unstable state ol equilibrium
and the slightest fuither 1olation of the {o1sion-head makes it turn
round suddenly If 6, 1s the angle which the X,~dueclion m the
crystal then makes with the magnetic field, and «, 1s the critical angle
of rotation of the torsion-head, we have from (2)

2 (w,—0,) ___C
(AX)= sin 90, mH (8)

Since at the citical position, gg 15 evidently zero we have from (1)

%«‘; _;(AX)"J%Hf cos 26,+1=0
C

C

’7['
Putling  6,=7+8  we gel sm 20= el

which 1s always posttive Hence the crilical angle 6, 1s always greater
than 45° It must be remembered however that the couple acting on
the ciystal 15 a maximum when 6=45° In some previous €iperi-
mental work il has been assumed thal 6,==45°. Thus 15 vahd as
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a close appioximation only for large values of

«, when d 15 negligihly
small This will become c| SHUSIDY

ear from the following consider ations .
Fiom (3), we have

C (4—0.) =3(AX) mH? sm 26,

a,—0,=3(AX) mH? cos 2§
Hence, since

C
sin 28::-—.______,_ s
(AX) mH?
tan 90= — L
w
Ay~ 1 —4)

(4)
In the table below, the values of § for vaiious values of «,

are calculated from relation (4) by the method of appioximations
In the approximate formula

YA
(AX)WQ(U‘O 4) n,sz (5)
T3

‘ 4
the quantily (a,— i ) replaces——m n the rigorous expression

-
(ax= 2((1,3-—1*-5) C
cos 20 mH- (b)

obtamed by substituling 6,= 7—; +dm (3) Table I cleatly mdicates

the ertor mtroduced inthe value of (AX) for various values of a
when the approximate formula 1s used

1t 1s evident thal when o, 15 small, 1 ¢, of the order of =, the
percentage ertor mtroduced by neglecting & m the expression (6) for
the magnetic amsotropy, will be considerable It will also be clear

iy
that whereas «, can never be less than 3 according to the rigorous

expression, the approximate relation appatently pernuts values of u,

down to:IT However, when a, 15 of the order of 2=, the per-
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TABLE I
d+01° fg— = —§
Yo in degrees A fo—g
cos 24
6~ 08 18 057 18 064
L 4o 12 11 771 11 775
2w 26 5175 5 495
'n' 7.1 2 302 2 355
—> —> —_>
Lt ™ Lt 45 t 05 0785
2

centage error intioduced 1if & 1s neglected 15 less than 05%  For
greater values of «, & 1s negligibly small In such cases, there-
fore the approximate formula (5) 15 quile valid. It 1s always
advaniageous from considerations of simplicity and convenience
to adjust the experimental conditions such that «, 1s at least
two rotations of the torsion-head, so that the approximate formula
1svalid  In the authoi’s experiments generally two to seven rotations
of the torsion-head have been employed to get the critical position
It sometimes happens that although a ciystal 1s lughly anisotropic in
certain duections, the amsotropy in other directions may be quite
small  In such cases the rigorous expression must be employed for
the feeble amisotiopies and ¢ should be cvaluated independenily
The critical position, however, 15 not sharply defined for values of «,
considerably less than «, and 1in such cases, the experimental condt-
tions can advantageously be aliered e g, by increasing the field
strength, by using thimner quartz fibres etc

The accurate determination of the amsotropy, 1equires the
exact measurement of the angle «, the field strength H, the mass m
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of the crystal and the torsional constant C of the fibre The wngle of
1otation of the torsion-head can easily be measwed with an .;cr;ur \C

of 1 m 1000, and the field strength H and the mass m, may be dugm?-
muined correct to 05%  Since an ordinary analytical ,billaI.ICC weighs
correct to 0 1 milligram only, the crystals selected should never weish
less than 20 m g if hugh accuracy 1s aimed at  Fo crystals of snmllbcr
mass, we have (o employ a muciobalance  For the determination of
the toisional constant of the fibre, the method of oscillating from s
end, a circular disc of glass about one of its diameters (‘Knshmm
Guha and Banerjee®, 1933) 1s unsatisfactory since the dampmg due t(;
air will be very great and a correction for this will have to be
mmfroduced  In the author's experimenis accurately-cut glass
cylinders were employed of the following masses and dimensions

(I) mass 49 5 mgm, diameter 0330 cms, (II) mass 1110 mgm,
diameter 0329 cms, (III) mass 289 4 mgm, diameter 0552 cms
For any particular fibre, any two cylinders of swtable masses could
be employed These were suspended with their axes vertical
respectively and their periods of oscillation in each case determined
by a Cooke and Kelvey stopwatch We have the usual relation

where I, and I, are the moments of mertia of the cylinders which
can be known from therwr masses and dimensions, and T, and T, are
the periods of osallation, respectively

4. Effect of Traces of Paramagnetic Impurities

In case paramagnetic impurities are present 1 a diamagnetic
crystal, when measurements are made at low field strengths (below
100 oersteds) the effect of these impurities will be considerable DBut
when strong fields are employed of the order of 5,000 to 10,000
oersteds, the effect of small traces of mmpurity becomes ncghgible,
since the couple due {o the mtimsic anisotropy ot the crystal 1s pro-
poriional to the square of the field-strength  With a crystal of calate,
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the possible effects of small {1aces of mmputtics was investigated for
field-strengths 1anging f1om 100 o 8000 Ocisteds For ficld-sirengths
1angmg from 100 to 500 Oeisteds, a consisient depattuie from the
aclual value of the diamagnetic anisoltopy could be delected But
the effect was quile negligible at ficlds of the order of 1000 Oersteds
and above The mflucnce of shight tiaces of impurities m the shellac
at 8000 Ocrsieds was estimated to affcct the values of crystal
aniostropy by less than 0 01 per cent

5. Preparation of Quartz Fibres

The quartz fibres weie prepared by the technique of Nichols.
A quartz 10d 1s drawn 1m the Oxy-coal gas flame to about 1 mm thick-
ness and broken in the nuddle  Using a powerful blast and a pomnted
flame, the two broken ends are brought {ogethct and drawn apait n
the hottest part of the flame  The blasl is sufficient {o draw oul the
fibie which 1s recewved on a black velvet scieen placed in front of
the flame, slant-wisc Iibies of any degice of fineness could be
drawn by suitably adjusting he flame

6. Mounting the Crystal and Determination of
Oventations in the Field

A torsion-head civided m degrees was employed and the
fibrte was atlached to it by means of shellac  To the lower end of the
fibie, for convemently affixing the ciystal, a shoit glass pin was
attached with its head down A tliace of pue diamagnetic shellac
1s enough to hold the crystal fumly to the glass pin-head

The ciysial axes and faces wcie identified with a small
Heibert Smith Goniometer  The mounting of the ciystal was done
with small pincers mside a wooden case, n oirder to piotecl it from
dust and impuisties  Inorganic ciystals which are msoluble 1 alcohol,
were washed thoroughly with alcohol to i1emove any dust particles
sticking lo the surface of the ciystal. The ciysial and fibre were
enclosed i a glass tube for piotection fiom draughts when measure-
ments were being made m the magnetic field (IF1g. 4)
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In order to determune the position of the crystal relative to the
magnetic field, we have to fix the direction of the field first This was
done by the following arrangement 3 glass plate, with a fine straight
line scratched on it with a diamond pomnt, 1s fixed to the lower enc{s of
the glass tube supporting the torsion-head (Fig 4) The line 15 set
mitially parallel to the field-direction A small mirror hept below a'txan
angle of 45° 1eflects the image of the line on to the telemicroscope

»

Telemienoscope

e
@Ln’nf

Fie 4

mounted on a cucular scale The zero-reading on the circular scale
corresponds to the settng of the cross wire of the telemicroscope
parallel to the lme The orientation of the crystal is observed with
reference to well-developed faces and edges of the crystal, identified
by means of a gonometer, the cross-wire bemg set parallel o any
one of these edges as found convenent With well-developed crystals
the oisentations could be determmed correct to 0 5°
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7. Experimental Determination of the Diamagnetic
Anisotropy of different classes of crystals

The determunation of the magnelic propeitics of a crystal
mvolves the deternunation of X, X, and X, the thiee principal suscep-
tibilities, and the oiientalion of the axes of the magnetic ellipsoid
with respect to the ciystallogtaphic axes  In the procedure followed
by Krishnan and lus collabotators 1n then experuments, one of the
prmcipal susceplibilities was ducctly determmed by Rabr's’ null
method, and then X, X, and X, could be determuned m magnitude
and duection fiom measurcments of the magnetic anisotiopy  Instead
of directly deletmmmg one of the principal susceplibilities, we may,
allernatively, measute the mean susceptibilitly

In the case of uaxial crystals, a single experiment 1s sufhicient
to determine the amsotiopy X, —Xz  The crystal 1s suspended with
the symmetiy-axis horizontal m the magnelic ficld and it will tend
to sel iself wilh the axis along o1 perpendicular to the held, according
as 1t 1s the duection of maximum or muumum susceplibility algebiar-

cally The amisottopy may then be casitly determuned as desciibed
before

In the case of orthothombic crystals, the crystal 15 suspended
with the ‘@', ‘D" and ‘¢’ axes veitical iespectively, so that X, —X, X,—X,
and X,—X, can be determmed Although a knowledge of two of

these quantities 1s sufficient, the thud 1s also generally determined to
check up

Foi monochmic ciystals, followmg Krishnan’s notation, X
denotes the susceptibilily along the symmetry axis and X, and X,
the principal susceptibilities n the symmetiy plane (X, > X,). ¥ 1s the
angle which the X-ax1s makes with the ‘¢’-axis of the ciysial taken
positive when measuied lowards the obluse angle 8§ The three
modes of suspension of the ciystal geneially employed are  ‘b'-axis
vertical, ‘a’-axis veitical and (001) plane hotizontal 1espectively Then
we can know

X —X,, (X sm’04X,; cos’0) —X,
and (X, cos’@-+X, sin’9)—X,
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1espectively, where 6 1s given by 8= g +¥ 48 for can be directly

determimed by obseiving the orientation of the ciystal m the field
when suspended with the ‘b’-axis vertical

8. Determination of Absolute Susceptibilities

The delerminations of absolute susceptibilities were made by
a torsion balance of the Cutie-Wilson type constructed by the author
The primnciple of the balance 1s too well-known to need any desurp-
tion here  Only the constructional details will be given hete  Fig 5
gwves a schematic diagiam of the balance The balance was (om-
pletely enclosed 1 glass as shown Most of the parts of the halance
were of glass except the torsion-head and wue, the nders for
balancing the phial and the weights for keeping the torsion-wue taut
The arms of the balance were of glass as also the catension for
holding the glass contamer The plial was made of thin glass tubing
with a close-fitting giound stopper The phial could be ngidly fixed
{o the arm of the balance by the simple device ndicated m Fig 5

The measurements were made by the null method  The
most 1mpoitant adjustment m the Curie balance 1s that of bringing
back the phial exactly {o its original posihion ielative to the field, m
evely case This was done by means of the telescope-and-scale
arrangement, the image of the scale reflected from the muirror M,
being viewed through the telescope  The advantage of this arrange-
ment lies m the fact that we can also find out easily whether the two
arms aie piopetly balanced or not If the balancing is not properly
done the image of the scale will be displaced veitically relative to
the crosswire of the telescope The correct balanced position was
defined by a horizontal line on the scale, the image of wluch comcided
with the pomnt of the mteisection of the cross-wires A murror M,
also se1ved to indicate the posttion ot the bottom of the phial relative
to the field, the reflected image bemg viewed through a telemicros-
cope

The torsion-wire could be replaced to swt both dia- and para-
magnetics, as the case may be
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In the case of diamagnetics, the standard was pure double
distilled water (susceptibility iaken as —0720x10 %)  For paia-
magnetics, a 33 8 per cent solution of MnCl, was prepaied and its
susceplibilily measured by the U-tube method at 100m temperature
It was found that Xgq= 38 30 X 107°
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The usual procedure was adopted m making the measure.
ments, first with the phial alone, then with the phial contamimng the
standard substance and finally with the phial contaming the substance
m the form of fine powder if solid The phial was always filled up
to a definite mark made on it  We have the well-known formula

X= Hli { Xum, -+ (X,m, — X“mm)%g% }
where X, m, represent the susceptibility and mass of the specimen,
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X,, M, those of air, X, m, those of the standard substance respec-
tively, the masses referring to equal volumes of substances 1n the Eon
tamer, F, denotes the force acting on the container, F, that on thcg
container with the substance whose susceptibility s t(; be dectermuwd
and F, that acting on the contamer plus the standard substance

respeclively Measurements with a few well-known substances were
made 1n order to cahbiate the apparatus

In the table below, the author’s values of the susceptibibity tor
a few cases are given along with the values obtamed by other worhers
(International Ciitwcal Tables, Vol VI, pp 354-66)

TABLE
Substance Témpo %r ature Mean Susceptibihity x 10°
Author Int Crit Tab
NaCl 25 —0494 ~0 499
Na,CO, 24 —0236 -024
KMnO, 25 0174 0175
MnCl, 24 106 0 1070
(24°C)
FeSo,(NH,),80,
6H,0 24 302 32 6
(17°C)

9. Temperature Variation of the Magnetic Properties

The abovementioned experimental artangements had to be
suitably modified for studymg the influence of temperature on the
dramagnetic properties of ciystals  The details of the modifications
and the heating airangement used are desciibed later The heating
was done electiically and special care was taken that the heating wire
had no distmbing effect on the charactel of the magnetic field In
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the anisolropy measurcments, o unform non-inductive winding of
chromel wite (which was only feebly magneti) 1ound the glass tube
within which the crystal was suspended, was found to he satslaclory
This was iested m the [lollowing mannct with a crystal of caleite
The crystal suttably mounted at the end of the quauils e, (detals
given later) was placed in the magnetic ficld and the ciitical angle of
rolation of the toision-head deteimmed at 10om lemperatuie The
crystal was now healed to vaious temperatures by passing electric
curtent thiough the healing coil from a battery andn cach case
the cittical angle of 1olation of the torsion-head was deter-
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mmed It was found that up to 800°

, the diamagnetic amsotropy
was practically unaffected by temperature In order tn hind out

whether the heating curtent produced any distmbing ettect, the
cuirent was cut off momentarily at a Ingh temperature and the
cutical angle agamn measured Tt was found fh any residual field
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due to the curient through the heating coil had practically no effect or
the values obtaned

10. Measurement of Temperature

The temperatuie was measured by means of silver-constanta)
thermocouple® (cold junclion kept 1 melting 1ce) which was cal;
biated directly with 1eference o a standad certiied {hermomete;
The E M F of the thetmocouple was ducclly measured by mean
of a polenttometer The lemperaluics could then be 1ead o
directly fiom a graph showmg E M I agamnst temperatme A typic,
temperatwe chait 1 gwven m Fig 6 for the r1ange 25°-80%
Sunilar charls were prepared for duferent 1anges of iemperatw
For the mtiates a ligher femperatuie range 1s necessary than fi
the organic crystals exammed For the 1ange 25-300°C, theim
couple was duwrectly connected 1o a sensitive moving coil galvanomet
thiough a sutable 1esistance, and the doflection corresponding
any temperatuic duectly 1cad oft by means of a lamp-and-sca
antangement  Fig 7 shows the calibration of the theimocoup
m terms of deflections of the galvanomeler  The potentiomet
was employed when higher accuiacy m any naiiow 1ange
temperatuie was requued
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CHAPTER I

DIAMAGNETIC ANISOTROPY OF NITRATES
AND CARBONATES

1. Introduction

In connection with the author's mveshigations on vannuns
aspecls of the diamagunetic anisotropy of crystallme mitrates and
carbonates 1l was found necessary to make accurate detuinunations
of the anisoliopy of these substances, since, a study of the hterature
on the subject revealed that theie are considerable disciepancies
mn the values obtammed by different experimenters The carhiest
measurements on the ratio of the prmeipal susceptibilities of calaste
weie made by Tyndall' (1851) Later Stengei” (1884 and 1888)
and Konig® (1887) determined the difterence between the prmupal
susceptibilities by the method of oscillations, employmg stk tibres
They got 1athe1 discordant values, for, whereas K,—K, accordmng
to Stenger was—085x107", Komg got the value—1 135 x 1077,
K, and K, denoting the volume susceptibilities along and perpendicnlar
to the tizgonal axis of caleite  The possibilily of this  discrepancy
arising from the presence of impuiities was considered by Stenger
although he did not mvestigate the matler further Voigt and
Kinoshita® (1907) have determwed the prmcipal susceptibihities of
calette and aragonite by a direct method but this cannot obviously
give accurate values of the amisotropy, especially m the case of
feebly amsotiopic crystals, smce there are many posstbilities of
erior 1n their method mcident on measuring the field and 1ts gradient,
the preparation of the crystal sections, the location of the crystal in
the field etc More recently Kushnan and his collaborators (1933)
have effecied an improvement m the onigmal method of Stenger and
Konig by ustng quartz fibres But no special care seems to have
heen taken m detetming the torsional constant of the fibre, which
they found by the sumple raethod of oscillatng a glass disc, by one
of its diameters, at the end of the quartz fibre, Krishnan and
his co-workets have determimed the amsotropies of calcite, arago-
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mite, stiontianite and withente among the cartbonates 1In regarc
to nirates the delctmmations of Rahi® (1927) and Krishnan an
co~worhe1s® (1933) aic available o1 sodium and polassium nitiates
There 15 some discrepancy m the values hete also

It 1s evident liom the {oicgomg, that fiesh detenminations are
highly desirable  The mproved technique described cailier by the
author has made 1t possible to delermme the feeble diamagnety
anisotiopies of catbonates and nitrates with an accuracy of 1% Th
results obtamed n the case of several carhonates and nitrates ai
presented heie and discussed m 1elalion 1o then stiucture  As wil
be seen Jater much new mformation 1egarding diamagnetic anisotiop
of (NO,) and (CO,) groups in relation {o wiystal stiuctmie has bees
obtaned

2. Experimental Details

Since the carbonates employed aie all natwially occurim
minerals, then composition varies widely according {o thewr place o
origmn Calcite, aragonite, strontianite and witherite are not always pur
CaCO, StCO, and BaCO, 1espectively It 15 very mmportant to not
that although the optical propeities, specific gravily, transpaienc
etc, are not alfected to any noticeable extent by the presence of trace
of paramagnetic mmpuiities, the magnetic properties are extiemel
sensitive to these, especially the diamagnelic anisotiopy  Hence,
18 highly essential to examne the specimens carefully belore makin,
the magnetic measuwrements Two samples of Iceland spar cry
stals were available for the experuments, besides a good ciystal o
calcite obtamed from a bioken Nicol prism Al the aystals use
were clear and colourless and optically {iec fiom defects The tw
samples of Iceland spar ciystals were chemically analysed in regar
to thewr won conlent One was found to contamn 0002% of 1o
and the other 0005%. It was also found that iron was presen
m the ferrous state  Since FeCO, 1s 1somorphous with CaCO
evidently we have here a case of 1somoiphous substitution commo
among minerals The sample obtamned fiom the Nicol prism wa
found to be practically free from won The aiagomite crystal wa
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also found to be non-free  The samples of witherite and strontianite
were shghtly opaque

The crystalline nitrates can be obtamed i a high state of
purity by recrystallising the ‘Kahlbaum’ substance from solution m
dilute mitric acid  In view of the fact that sodwm nitiate 1s easidy
crystallizable, and is available m a very pure state, it should serve as
a convenient standard for all measurements of feeble diamagnetic
amsotropies  Besides sodwm and potassuum mitrates, ammonium
and siver nitrates also have been examimed These hate not heen
studied by earhier workers The silver mitrate crystals were grown
in the dark 1n order that they might not be affected by hght

The torsional method of Krishnan was employed i mahing the
measurements  The mean susceplibihities of the carbonates in the
form of powder was also determined by the torsion balance

The values obfamed mn a typical expeniment with a sample of
Iceland spa1 are given below

Two crystals of masses 412 and 507 mgm were taken from
the selected sample and the surface of the crystals was cleaned with
dilute acid, followed by distilled water and alcohol, before they were
fixed to the end of the quartz fibre

Field strength H=7710 Oersteds  (-15)
Torstonal constant of the fibre C=2 586 x10~°4(0 3%)

Massof crystal| Mean «, (4-45°) (AX)= 2uAB)m o CM

(£ 01 mgm) (degrees 4:1°) degrees 180 mH
41 2 mgm . 780 736 270
507 mgm ... 956 911 271

Simuar determinations were made 1n all cases and 1n the table
below the results obtammed with varwous carbonates and mitrates

are given
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For calcite the three samples gave three different values
The values obtamned by other workers are Stenger, 3 1410~
Komg, 4 2x107%, Voigt and Kinoshita, 4 2x 10~ Kr;shnan Guhz;
and Banerjee, 4 09%x10™ The best sample used by the ’author
gave 389x10™ The earlier workers have not spectfied the punty
of the substances used, and as Sienger has pomnted out, there 15
likelthood of the specimens contaning paramagnetic impunties like
the 1somorphous mineral siderose (FeCO,) There 1s httle doubt

that the disciepancies between the results of Stenger and Konig are
due to this

The author’s 1esults for nitiates are seen to be hgher than
those of earlier workers In general, the diamagnetic anisotropy of
the NO, 1on 1s found to be considerably higher than that of the CO 3

ton, 1n their 1espective crystals  The significance of this difterence
1s discussed later

3. Diamagnetic Anisotropy in relation to Crystal Structure

in Carbonates and Nitrates

The magnetic amsotropy of crystalline mitrates and carbonates
mn relation to their crystal structure and the pioperties of the
mmdividual 1ons constituting them, was first mvestigated by Krishnan
and Raman’ (1927) They weie able to demonstrate that the magne-
tic anisotropy of the crystal 1s due to the intrmsic anisotropy of the
individual carbonate and nitrate groups, these groups being arranged
regulaily parallel to each other m the crystal lattice with their planes
perpendiculat to the optic axisn calcite and sodium mtiate, and per-
pendicula to the c-axis in aragomte and potassrum nitrate respectively
They were led to this conclusion fiom a consideration of the data
of light scattering and magnetic double tefraction of mitric acid,
which mdicated considerable diamagnetic amsotiopy for the (NO,)
group The value of the diamagnetic amsotropy of the (NO,) group
thus deduced agreed satisfactorily with the experimental values found
for c1ystalline mitiates, thus clearly indicating that the ciystal aniso-
tropy 15 essentially due to the (NOg) group The correlation of the
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crystal amsotropy with that of the mndividual (NO)) and (CO,) groups
m a number of caibonates and miirales has also been discussed by
Krishnan, Guhaand Banerjee® (1933)

The essential fealures 1 the relation  between  crystal
anisotropy and that of the (NO,) and (CO;) gioups, m the case of
sodmuim and potassum miliates, calate, aragonte, witheule and
strontianite ate now well-known In all these {he (CO)) and (NO,) .
groups ate arranged in layers patallel to each other m the crystal
lattice, mterspaced by layeis of metfallic 1ons The problem is
thercfore very simple, and neglecling any mutual inieraction of
neighbouring 1ons, the amsotropy of the mdwvidual gioup 1s cleaily
that of the ciystal itself, to a firsl apptoximation

In the case of thombic ammonium mitiate, the results clearly
show that lhe (NO,) groups ae all orientaded with then planes per-
pendiculat to the ‘d'—ciystallogiaphic axis,  X-1ay analysis of this
crystal has been 1ecently done by C D West (1932) and Hendricks,
Posnjak and Kracek (1932)  The 1esulls of the magnelic analysis
are in complete agicement with X-1ay analysts  As C D West has
pownted out, the difference between polassium nitrale and ammonum
nitiate lies 1 the absence of the separation wmto alteinate layeis of
metal 1ons and mitiate groups (which lic patallel {o the nitrale planes)
mn the latter Il 1s noticeable that the magnelic antsotropy 1 the a ¢
plane 15 considerable, This may be atlubuled to a large distortion
of the (NO,) gioup by the neighbomimg ions, producing asymmetry
of electionic configuration of the gioup 1 1ts own plane

The complete structure deternunation of silver nitrate has not
yet been made, although Zachariasen (1928) has allempted to fix
the space-gioup and ihe number of molecules in umt cell  He has
found that theie are eight molecules in the unit cell  The complete
structure analysis, evidently, 1s nol casy The orienlations of the
(NO,) groups mn the laitice may, however, be calculated fiom the
magnetic data, assuming K;=K,"

We have fiist of all to eluninate the contiibution due to the
silver 1ons, which may be assumed to be equal m all directions. From
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)';?1’16:;’ ;nedhia;/ex,ﬁe ean eblaum the quantities, X"“Noa)- Xy {h0g) and N, inog)
Xowoy =K+ (K, —K,) cos®y,
Xowog =K+ (K;—K,) cos®v,
Kooy = Ky + (K, —K)) cos?y,
c0s™; +08™, + cos ¥, =1
where, K; and K, are the principal gram molecular susceptibihties of
the (NO,) group along and perpendicular to its plane, and v, v_ v, are
the angles made by the normal to the plane of the ion with the ‘a, ‘b,
‘¢’ axes of the crystal respectively Any two of these equations are
sufficient to determine the angles

According to Kido¥, the susceptibility of the (NO)) group
1s —201x107", and combmmng this with the diamagnetic aniso-
tropy of the (NO,) 1on, 6 15x10~", as determmed experimentally
in the case of sodmm nitrate, we get

|K;| = -18 05x10~®
lel = ""2‘4:.2 Xlo_-s
If the susceptibility of the siver ion 1s assumed to be
~26 2% 10~ (Klemm™ 1936, from Kido’s data), we have,
Xamoy = —20 8X107°
Xb(NOB)"——' "’21 7)( 10%'3
Xopwop = — 18 81077
Yy, Vs, 7V, are then found to be
48° 80", 40° 6’ and 79° 36’ 1espectively

This indicates that the K, axis of the 1on 1s neaily perpendi-
cular to the ‘c’-axis of the ciystal and explans why the diamagnetic
susceptibility 1n the direction of the ‘c’-axs 1s a mmmum

The above calculations are only approaimate since the iome
susceptibilities derived from Kido's data are not very accurate But
the calculations should prove very helpful whena complete X-ray
analysts of the structure of silver mirate 15 attempted



4. Magnetic Anisotropy of Calcile

For a puwe specimen of calcite the author has obtamed the
value X,r—Xp=389x10""+ 04 This 15 m close agicement with
ihe values obtamed by Konig, Voigt and Kmoshita and also Krishnan
and his collaborators A lhigher accuracy of measw ements can be
clamed heie m wview of the improved cxperimental methods
employed, along with caicful determmations of all the quantities 1n-

volved, such as the ficld-strength and the torsional constant of the
fibre

It 15 very sigmficant that the diamagnetic anisotropy of spect-
mens contarnmng non (presumably as IFeCO,) 15 less than that
of pme calate  On examnmg the data of Dupouy' (1931) for the
magnetic anisotiopy of siderose (FeCO)) i becomes quute clear why
this should be so  Siderose has gol a stiucture similar to calate
each Fe++ 1on bemg stiounded by six (CO)) groups m an approxi-
mately oclahedral  arrangement  As  powmted oul before, the
patamagnetic anmsotiopy of the aystal v due to the influence of
the aystalline fields on the Fe++ won producing an asymmetuc Slak
splitting  Expenimentally il has been found that the paramagnetic
ansotiopy 1s maximum along the oplic axis and least perpendicular
to the axis  Dupouy gels a value tor Xy—N =47 9x 10" at
17°C (iefeiredto 1 gm ) with o speumen contaming 35 6 per cent
wron If Fet+ replaces Cat+ m calate by 1somorphous subslitution,
it 1s evident that tlus will mbioduce o paramagnetic amsolropy
superposed on the diamagnetic anisotropy of the crystal, and opposed
to 1t in character We may, theicfore, expect a dimmution of the
diamagnetic anisotropy In faci, the results cleatly show that when the
peircentage of non 1s higher, the diamagnclic anisotropy decieases i a
correspondmg manner With a higher peicentage of non, the paramag-
netic anisottopy may predommate over the diamagnetic anisotiopy of
calcite  The sumple calculation shown below will indicate how differ-
ences of the obseived order can anse fiom traces of won  If the
specimen ot calute contains 0 005 per cent. of 1on, the amount of iron
present as Fe++ in one giam molecule of CaCO, will be 0 005 gms



0356 gnis of Fe++ willgive rise to g paramagnetic anisotropy of
479x10™° Hence 0005 gms will contribufe 0 00'5><4C7 9><10ﬂ““==

-

- 0365
07x107% which will be opposite 1n character to the dramagnetic

anisotropy of calaite The gram molecular diamagnetic anisotropy of
calcite will therefore, be dimmshed by this amount In fact, the
observed changes of anisotiopy aie of this order The presence of
the other 1somorphous carbonates such as MgCO, 1n calcite may also
have a little mfluence on the ciystal amisotropy, since, when Mg++
replaces Ca* ¥, the environment of the (CO;) group changes to some
extent owing to the different 1onic sizes of Mg++ and Cat+

It should be pointed out that the piesence of tron 1s not suffici-
ent to account for the dummution of the amisotropy completely As
Stenget has pomnled out, it 1s possible that even pure specimens of
calcite may show slight deviations of diamagnetic anisotropy due to
peculiatities of individual cryslals Therefoie calcite seems to be
unsuitable for use as a standard substance n ansotropy determuna-
tions

5. Diamagnetic Anisotropy and Crystal Structure

The next important point to be noted 1s that the diamagnetic
anisoliopy of aragonile 1s definitely higher than that of caleite  The
significance of tlus difference has not been so far discussed at all
although Voigl and Kinoshita have noticed this difference exper-
mentally It 15 now known that the powerful electrostatic fields i
crystals produce considerable deformations m the 1ons, and as a result,
the electronic configuration of the ton m the crystal lattice might
differ considerably fiom that of the 1on1n the jfree state  The defor-
mation will depend on a numbes of factors, such as the nature of the
surtounding 10ns, the charges they carry, and theu relative positions
governed by the chaiacter of the crystal lattice Goldschnudt™ (1926)
has pomnted out how the distances belween the atoms m polyatomtc
1ons 1m c1ystals will depend on the nature of the other 1ons m the
lattice For mstance, small differences m the N-O distances of the
NOj 10n 1n sodmm mitiate and hithmum mitiate may be expected due
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to the stionge: polatisng cffect ol the Lition, These effects arg,
howevei, found to be too small to be detecled experimentally by
X-ray analysts  Bul the ionic deformations may be eapected to affect
thewr amsotiopy, whether magnetic o1 oplical, matkedly

Although deformations of the 1ons m crystal latlices exast, they
do not appear to have any profound mlluence on the onge
diamagnetic susceptibelolees 1L has been found that m the case
of most simple 10ons having electionic configurations of the iare-gas
type, the calculated and experumental values obtamned for solid salts
do not differ from each othe1 to any greal ealent, thus mdicating that
the additive law 15 approximalely valid  Careful measurements of
the diamagnetic susceplibilities have Deen made by Bumdley and
Hoare (1935) and Kido™ (1932) [o1 the alkalt halides, and by com-
paring the experimental values of wonic diamagnetic susceplibilities,
with the theoretical values deduced by vatous woikers, it has been
found that laige devialions occur only m one o1 two cases

But although the mfluence of neighbourmg 1ons, m crystals, on
1onic diamagnetic susceptibilely may be of the order of a few per cent
only at the most, the mfluence on diamagnetic anisotopy can be con-
siderable Considenmng the case of the (CO,) group, we note m
the first place thal the amsoliopy 15 only aboul one tenth of the
mean susceplibilily In calcide, the (CO) group 1s swiounded by
six Cat+ 1ons, arranged aboul it 1 an approxmmalely octahedal
fashion, The mfuence of these six calions will produce a deforma-
tion of a ceitain character dependmng upon the symmetry of thewr
arrangement  Now, if the arrangement ol the cations relative to the
anton 1s changed, the cBaracter of the delormation of the amon also
undergoes a correspondng change, Such a change may be expected
to produce no appieciable change m the tolal susceplibilily of the
group, but if the change of deloimation 1» of a lughly anssoliopic
character, a significant dulference of diamagnetic amsoliopy may be
expected Compated {o the lolal susceptibilily, the change may be
small, bul compaied to the fecble anwsotiopy, 1t will be quie large
In fact, by the delicate methods now available for determming feeble
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diamagnetic anisotropies, we can easily detecl these difte
study the mfluence of envionment on the diamagneti
of (CO,) and similar groups °

rences and
ansotiopy

In aragonite, theie 1s a staggering of the (CO

side m the (100) plane (Bragg™, 1987), fs a Iesul(t ofdzvlirc(;upt;etc()ccgli
groups are neater to one set of calcrum atoms than anotiler Tll;S
should ptoduce a deformation of the (CO,) group suffictent to alter its
diamagnelic anisotiopy considerably ~ Experimentally, we find that
the amsotiopy 1s mcreased The asymmetric characler of the nex\;
arrangement of the cations also, presumably, accounts for the shight
anisotropy of the crystal i (001) plane which, m fact, 15 to be attibu-
ted to the (CO,) group itself losing its trigonal symmetry owing to
change of environment Evidence forsuch distortion i1s available
from mfra-ted analysis of molecular structure also (Rawlms and
Rideal®®, 1927) where the doubling of the reflection maxima due fo
(CO,) group has been attitbuted to a distortion of the group mn 1ts own
plane

Thus the altered character of the environment of the (CO))
group 1n atagonite, n the first place, affects the anisotropy (K—K,) of
the 1on and secondly mtroduces a slight amisotropy n its own plane
such that K;2K, (K, K, bemng as usual, susceptibihities mn the plane,
and K, that perpendiculai to the plane of the 1on) A similar beha-
viour of the (NO,) group 1s observed m sodmum and potassium nitrates,
respectively  In general, we see thal the anisotropy of the (CO,) and
(NO,) groups 1n the atagonite type of structure 1s gieater than that m

the calcite type

6. Comparison between the Diamagnetic Anisotropy
of (NO,)) and (CO,) Groups
The remaikable difference m the diamagnetic anisotropy of
nitiate and carbonate groups 1s noteworthy. The (NO, )~ and (COy )™~
jons are very simiai in structure, each consistng of 24 valence
clectrons The C~O distance of (COy), 1n calcite, 18 181 A®, whereas
the N-O distance of (NO,)1s 1,21 A° i sodum mitrate, Thus the
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(NO,) group, m sodmm nilratc, 1s actually smallet than the (CO,
gioup m calete  On the other hand, the duumagnetic anisotropy o
(NO,)) 15 seen to be neatly one and half ttmes that of (CO})  The
reason for this has lo be sought (or, either m the mtrmsic stiuctuie o
the 1on iself o1 1n the mfluence of the envionment

The structure of (NO,) and (CO)) groups are now fauly wel
established (Biagg™, 1937)  Each group consists of a central nitioger
or caibon atom as the case may he, with thice oaygen aloms at th
corners of an equilaleral tuiangle, all the aloms lymg in the sam.
plane  The natwic of the bonds m such structuics has been th
subjecl of much discussion by Slaier, Pauling and others It 15 noy
generally accepled that these 1ons belong lo the class of conjugates
stiuctuies like the atomatic rig-shaped organic molecules i whic
there 15 ‘resonance’ (Sidgwick?, 1987) Fig 8 shows the (NO.
stiucture as unde1stood at present

.—0 o
(Ihe COp structure 15 obluncd by subsbitoling € for N+ the above sehome)
e b

There 1s resonance hetween I, IT and II1, and the diamagnet;
amsotropy 1s due 1o the conjugalion of these stiuctuies (Lonsdale’
1938) The only difference that we can notice m the stiuctuies
that, wheieas thete 1s one co-ordmate bond mn (NO,)~, the bonds
(CO,)~ ~ are all of the covalent type It 1s not immediately obviot
how this can give rise to the obseived enhanced diamagnetic anisc
tropy Biagg” (1924) has explamed the grealer birefrimgence of th
(NO,)™ 10n as compated to that of the (CO,)~~ 10n, as being due to th
closer proxumity of the oxygen atoms in the former, due to whch, th



55

mulual actions of the induced electrie dipoles are stronger A symilar
argument does not seem to hold good n the magnetic case since the
induced magnetisation 1s extremely feeble 1n dumagnetics N Elfjot®
(1937) has pointed out that the smaller N~O distance 1 (NO,) 1s most
probably due to the fact that the centia] mirogen atom 1s positively
charged and hence, owing 1o the stiong attraction between the positive
and negative changes, the atoms are drawn closer together It 1s
possible that the electronic configuration of the (NO,) 10n, has a flatter
shape than in (CO,), on account of the presence of the positive charge
This can partly account for the enhanced diamagnetic amisotropy since,
if the electionic configuration assumes a flatter shape, the difterence
between its projected mean square radis on two planes, parallel and
prependicular to the plane of the 1on respectively, will be greater, and
hence the diamagnetic anisotropy also will be correspondingly great

There 15 possibly also the mnfluence of the environment as a
contuibuting factor  The sodwm 10ns suriounding the (NO,) group 1n
sodium nitrate aic singly charged, whereas the calcium ons surtound-
mng (CO,) w calcite are doubly chaiged The deformations produced on
the 1ons may, theiefore, be expected to be quile ditferent m the two
cases The distortion produced on the (CO,) gioup should be suffici-
ently gieat to deciease its anisotiopy considerably  But although thus
effect might be a countribuling factor, the character of the valency
bonds m (NO,) being different to some exient from those m (COy),
it 15 most likely that the ntrinsic diamagnetic amisotropy of the
(NO,) group 1s gher than that of the (CO,) group

7. Calculation of Diamagnetic Anisotropy of the
(NO;) Group

So far, no quantitate theoretical computations of the dia-
magnetic amsotropy of carbonate and mirate groups have been
attempted, 1n view of the complexity of the problem

The large molecular diamagnetic anisotropy of the aromabtic
ring-shaped organic compounds hke benzene and napthalene, to
which attention was first drawn from mvestigations on hight scattering
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and magnetic double-1¢fraction by Raman and Kirshnan® (1927) have
been quanistatively explamed 1ecently by Paulmg™ (1936), Lonsdale®
(1987) and London® (1937) mdependently  Pauling’s theory s
based on semi-classical considerations, while the more complete
theory of London 1s developed from the standpomnt of quantum
mechamcs  Accotding {o Pauling, the diamagnetic anisotiopy of
benzene 15 due 1o s1x L-clections which desciibe large oibits along
the cncumfeience of the 1ng in a magnetic field  These clections
ate assumed to contuibute to the diamagnetic susceplibilidy perpend:-
cular to the plane of the molecule only, and make no contubution
parallel to the plane Hence the large anisoliopy  The author has
here attempted 1o calculale the diamagnetic amwsoltopy of the
(NO,) group on similar lines

The problem m the case ol the nilrale 10n 15 moie comple-
cated Of the 24 valence elections m the 1on (the K elections bemng
left out of account since then conlithubion to the susceptibility,
1s comparatively negligible) a ceilamm number may be assumed
to make a notmal conlutbution fo the susceptibility, (corres-
ponding o orbital wave funchions symmetical with 1espect to
reflections 1 the plane of the 1on) and the 1est to contubute to
the susceptibilily perpendicular to the plance of the 1on only, having
antisymmetiic orbital wave functions,  The latter may be 1cgarded
as bemng common to the whole 1on just as six L-clectrons m benzene
can be regaided as being common to the whole molecule  In order
to understand the chaiacler of the oibils wlich these elections
describe 1 a magnetic field, 1t 1s necessary o know theu probability
distuibution function It may be postulated fo1 puiposes of calcu-
lation that the piobabilily distribution function has got a large
value only m iwo 1egions, moie or less disc-shaped, one above
and one below the plane of the 1on In these regions the
potential function representing the imteraction of an electron with
the rest of the 1on, should be such that the election can easily and
fieely pass fiom the field of onc atom 1o that of another Assuming
an electronic configuration for the (NO,) 1on described above, the
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strons responsible for the amisotropy may be regarded as bung
ead over two disc-shaped regions of radu equal to the N-O
tance  If » 1s the number of these electrons, then accordmg tu the
il expiession we have,

Xe]ec = —

a
Hence (AX)no,= *riﬁe /Qwapsdp

sre ‘a’ 15 the distance fiom N-O and ¢ 15 the density of electron
tribution 1n the disc-shaped region such that ra’r=r¢, assuming a
form distribution  On mtegiating, we get
nNe? a’
(AX)wog= Timet T
1en n =2, we get (AX)no,=6 24 x10~*, on substituting the numerical
ues of the various constants in the expression (¢ =121 A°U) This
:ms to agree very well with the experumental value 6 153107 per
um ton of (NO,)  That the probable value of » should be 2 15 also
sgested by the structure of the 1on shown mn Fig 8 as well as by
alogy with the case of benzene, in which there aie three double
nds whereas theie 1s only one m the nitrate 1on

The above calculations are only tentative, but they are mstruc-
e mn so far as they gwe an 1deaof the probable number of
sonance’ electrons 1 the (NO,) group and the general character of
air distribution
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CHAPTER III

MAGNETIC ANISOTROPY OF NATURALLY
OCCURRING SUBSTANCES

Introduction

We have seen that magne-crystallic action provides a useful
method of determining the orientations of the molecules m ciamag-
netic crystals, especially 1n crystals of organic atomatic benzene
derwvatives  Jusl as a crystal 1s an aggiegate of 1ons o1 molecules
1egulaily airanged 1n the crystal lattice, there are naturally occu ring
substances which aie known to be aggregates of minute crystals m a
more or less regular sorl of airangement If the mdwulual crystals
are themselves anisotropic, one should also expect the aggregate to
show magnetic anisotiopy, the magnitude of which will depend upon
the otientation of the crystallites in the substance In a seites of
mvestigations, the author has studied the magnetic amsotropy of
several naturally occuiring substances, with a view to ‘establish a
method of finding ciystallite onentations by magnecrystallic action
Mother-of-peai]l, was examimned first, and the ouentations of the
aragonite ciystals could be determined very easily, and the results
were found o agiee quite satisfactorily with those of X-ray and optical
mvestigations  Several molluscan shells, egg-shells, and wood, have
been next exammed and interesting results have been obtamed as
will be seen later, 1egaiding then structural peculiarities

Diamagnetic Anisotropy of naturally occurring

substances in relation to their structure

If, i a naturally occurring substance, there 15 perfect arrange-
ment of the ciystallites just as the umts m a crystal lattice, the
magnetic anisotropy of the substance will exactly correspond to that
of the individual crystals (Here we can ignore the mutual mterac-
tions of induced magnetic moments, since, m diamagnetics, these will
be negligibly small) Many mimeral crystals have got a mosalc
structure, as has been nferred from X-ray analysis, and the approach
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to a petfect arangement 15 altamed only m such  The dumagnetie
amsotiopy of the mosaic will, i general, be mdistmgushable from
that of the single crysial — Such adeal perfection 15, as o tule, never
found 1 bull-up aggregates ike mother-ol-peatl; bone, teeth, wood
or egg-shells, produced by ltving organisms, and theie 1s consider-
able ertor of otzentalion  The eflect of this will be to munimise the
diamagnetic amsotiopy of the substance  Usually, the crystallites
may be arranged n any one of the following ways —

(a) Regular antangement, with only a slhight etior of otientation
of the three crystallographic axes  The magnetic ansoliopy of the
substance here approximates {o that of the single crystal.

(b) One of the ciystallogiaphic axes of the ciystallites more
or less parallel, the other two having 1andom oiienlalions  For
mstance, the ‘¢’~axes of the crystalliles mught have a defimde paiallel
otientation, while the ‘@’ and ‘0’ axcs may have random orientabions
m the aggiegate  As aresull, there will be no diamagnetic aniso-
tropy of the subslance in the plane perpendicular o the ‘c™~axs of
the crystallites

(c) Completely 1andom oinentation of all the axes of the
crysialliles  In thus case, the substance will be sotiopic, although
the mdividual crystallites may be highly amsoliope magnetically

(d) There aic special cases of cossed alignment of the
crystals 1n alternale layeis Thus 1s found in some shells  In one
layer, the crystal mught be pointing all m one ducction, while in the
next, the crystals may have a dilfcient onrenlation.  Such cases can
be mvestigated only with the help of the polarising muicioscope,
although the magnetic data might give a general 1dea of the chaiacter
of the crystal orientations

Smce the shells of molluscs alforded a convenient mateial
for study to tesl the validity of the magnelic method, they were
exammned first The measurements have been later extended to
egg-shells The magnetic data obtamned fiom wood and wood-
cellulose have then been employed to determme the directional
magnetic properties of cellulose,
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1. MOTHER OF PEARL

Mother of pear] 1s the nacreous substance which forms the
ade layer of the iridescent shells of molluscs It consists essen-
lly of aragonite (calcrum carbonate) crystals which are held together
an organic substance known as conchyoln, and whxchb form
1odic stratifications giving rise to the chaiacteristic property of
descence  Optical and X-ray mvestigations have mdicated that the
ystals of aragonite aie arranged more or less regularly so as to
dd up the lamunaled structure A detarled exammation of the
cre of wridescent shells under the polatising mictoscope has been
cried out by Schoudt’ (1924)  The stiuctural peculiarities of shells
ve also been desciibed n detail by Boggild” (1930) m hus mportant
smoir on the structuie and optical properties of molluscan shells

The nacreous layer in the shell 1s found i the three prmupal
wses of molluscs, namely, the Bivalves, the Gastropods and the
sphalopods  The magnetic studies have been carried out on the
creous layer of the shells of some typical members of these
1SS€S

Fiom among the Bivalves, the nacte of the shells of Awicule-
2, Pimnide, Vulselhde, and Mytilide have been taken up for
amination The famuly of Adwviculide mcludes the Pearl-oyster
[argaratifera) and the Hammei-oystet The Pearl-oyster 1s common
the seas near Ceylon, where peail fisheries are carried on  In
dian waters, Piunna bicolor, belongmg to the family of Pumdea,
also very common Vulsella 11gosa, an oblong shell without ears,
the most common member of Vulsellide 1n the Indian ocean
ytlus Verudes 15 also abundantly found m the Indian coast and 1s
cognised by 1ts stitking nidescence

The Gastropods compuise the following fanuhes, which yield
other-of-pearl  Pleurotomas ude, Holohde, Stomatide, Turbi-
de, Délplmulide, Trochide, Umbonnde Of these, Halwtis,
u1bo and Thochus were available for exammation  These are com-
on 1 India, especially, Haliots rama  The Californian specunen
Jown as Abalone 1s 1emarkable for its vivid mdescence,  The Turbo
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wnd Trochus ate somc of ihe commonest shells io be met within
South India and the coastline abounds m these

Of the Cephalopods, Nautilus pompelius 1s very well-known
The nacie of the shell 1 rather thin and brittle but lughly uidescent
t contamns a higher percentage of conchyolin than the nacie of other
hells

A detailed structural examination of the shells under the polais-
ng mictoscope has been made by W [ Schnudt' (1924) and by
3oggild® (1930), and a summary of Schmdt’s work 15 avalable 1 the
500k by F Haas’ (1931) on the Bivalves  According to Boggild, the
wacteous structure 15 only onc ol a vanely of other forms, such as
the homogeneous ’, ‘the pusmatic ', and ‘ the crossed lamellar’ The
oliated stiuctuic characlenstic of Placuna placenta o1 the window
ane Oyster, consists of caleile mstead of aragonite crystals

The molluscan shell consisls essentially of three layers, the
uter-most bewng the periostiacum, consisting of conchyolmm  The
econd layer 1s m most shells * prsmatic’ and i Haleoles * gramed’
fhe thud and final layetr 1s mother-of-peail, which may be easily
epataled from the others by either mechanical means ot by using
wdrochloite acid to dissolve off the ouler layers

As Schmudi has shown, mother-of-peail consists of micioscopt-
ally small, tablet-shaped cystals of aragomde which ae iegularly
rianged m layers patallel {o the sutlace of the shell, and arc cement-
d together by conchyolin  The platelets, so held together, form
lementary lamune and these ate supeiposed on one another  The
ndividual platelets of aragoniie ate about 10 x m diameler and about

w thick  They are somctuncs 1ounded n shape and sometimes
vounded by stiaight edges The atagomile ctystals aic generally
rientated with the ‘¢’-axes noimal to the elementary lammee

Recenily from a study of the optical propeities of nacte,
Raman' (1935) has drawn atlention to the structural diufciences n the
hells of the thice classes of molluses S Ramaswamy® (1935) has
150 mace an X-1ay analysts of nacre m order {o determine crystal-
te otientations
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Nacken and Jager® (1926) and Michel and Riedl (1996) |
ved the diamagnetic amsotiopy of nacre quahtatxvely“ m :;m
n with the study of the differences hetween real and "cu}turzrcli-’
s The latter contan a small sperical mner core of mother-of-

(F Haas®, 1931) and as a consequence, take up a definite

tation 1n a magnetic field unlike real pearls which do not show

preferied orenlation  The mdividual aragontte crystals of

ar-of-pearl are themselves amisotropic, as shown by Voigl and
shila® (1907), and since X-ay and optical 1nvest1gat1onz have
led regulaiily of airangement of the crystallites m nacre, the
vations of Nacken and Jager may be readily undeistood ’

‘ermuinalion of the Diamagnetic Anisotropy of Nacre

“his was donc by the method of oscillations The detals have
gwven carlier  For puiposes of investigation, the nacre of the

was carefully rtemoved and some good speumens free from

ts and discolourations were selected  The pieces were further

ically tested and [ound to be free from paramagnetic impurities

wetre also cleaned befoichand with didute acid to remove
e 1mpuiilies

The mmpoitant dureclions m nacie are (1) the direction of the
»f growth and (2) the normal lo the lamimar plane  When pre-
3 the specunens of 1ectangular shape, the planes of the pieces
ground parallel to the lammar plane, and the length of the
igle made parallel to the lmes of giowth In this way the
ation of the ciystalliles with respect to the lines of growth and
mmai plane could be determined

nitrally, the naci eous substance was tested i the magnetic held
ound to be diamagnetic 1 all cases Further, the duection
ximum ciamagnetic susceptibility was found to be peipends-
to the plane of the laminze

Evidently, this direction comcides with one of the principal
stibilities of dhe substance, the other two bemg 10 the lamnar
The anisotropy was determimed for three modes of suspension
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Fust of all, the plane of the lamine was kept hotizontal and the
onentation of the specimen as well as the magnitude of the aniso-
tropy detetmmed  The direction of greatest diamagnetic suscepty-
biliy m the plane will set wsell perpendicular Lo the field and that of
lcast, will be parallel {o the ficld  These two mutually perpendicular
directions weie noted and the specimen was suspended with these
directions veilical 1espectively

The absolule susceptibililics weie deleimined by Rabr's
(1927) null method, using a satwated solalion of polassium odide
Although the diamagnetic susceptibilily of pure aragonute 1s too high
to be determined 1n this way, m the case¢ of the shells, the diamag-
netic susceplibilitics were found to be sulficiently low  The volume
susceplibilities of the solulions were found by Qumcke's U-tube
method in each case  The’concentiations of the palassium 1odide
solutions weie also mcidentally deleinuned m order to find out
whether saturation point was 1eached 1 any case

Results

The followmg nolation has been adopted X, X,/ denote
the prmerpal susceptibilities m the lammar plane (X," > X, algebrar-
cally) and X,' denotes that perpendicular to the lammar plane  The
orzentation of the plane of the nactcous layer m the magnetic ficld 1s
wilh respect to the duection of the lines of growlh  In Table 1, the
observed values for the nacte of Maigaialifera mai gas atifera, Turbo,
Halwbs, Mytulus vindes, Nawlilus pombivus, Pmna becolor, and
Vulsella 1ugosa are given The values tepresent the mean of
several determmations with different specimens
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TABLE II

Absolute Susceptrbilitres of nacre

X,/ X, X,
Shell — x 10° — x 10 — x 1(
(observed) | (calculated) |(caleulat
Turbo 029 0.29, 035
Halwolus 028 0.28, 0 34
M Margaiabfera 029 029, 035
Mytelus virides 029 0 29, 0 35
Punna bucolor 0.28 0 28, 0 35
Vulsella 1ugosa 0.30 0 30, 0.37
Naubilus pomplyus 026 0 26, 032

Shell

Turbo
Halrotrs

Density of Nacre

M Margaralifera

Mybilus voredas
Punna bicolor

Vulsella rigosa

Nautilus pomgnlous

Density 1n
gm/cm®

277
2.73
278
2 80
2.82
275
2.62
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Discussion

The 1esults defimtely show that wn all cases the ‘¢ o ves of the
aragomite crystallites are orientated per pendicular to the elementary
lamwne  Fo1, we know that the direction of maximum diamagnetic
susceptibility for aragonite 1s along the ‘c’~axis, which 1s also an axis
of approximate magnetic symmetry But although the orientation of
the ‘c’ axis 1s easily inferred, the orientations of the ‘g’ and ‘' axes
are dufficult to determine, smce XX, 1 aragonite 1s small Bestdes
theie aie a few complications such as (1) differences 1 the curvai
tures of the elementary lamana i different cirections, (2) the
possibility of the lamiat plane beimg not exactly parallel to the plane
of the specimens and (3) natural wregularities 1 the elementary
laminee such as pits and elevations  We can, however, tentatively
diaw the following conclusions

In T'wrbo and Halwots, the ‘a’ and ‘b’ axes are orientated more
or less at 1andom in the laminai plane, so that the anisotropy 1s
neghgible  This result 1s veufied by the X-ay analysis made by
Ramaswamy (1935) The pieferred orientation which he has found
for Haliolis could not, however, be detected by the magnetic method,
owing to the very large error in the ortentations of the ‘a’ and ‘b’ axis
which he has repotted In M mar garatifera and Mytilus vorides, we
find that, when the lammar plane 1s horizontal, the lmes of growth
are nearly peipendicular to the field This should correspond to an
alignment of the ‘a’ axis of the aragonite crysials paralle]l to the lines
of growth In the case of Punna bicolor, however, the ‘a’ axes of the
crystalliles are orientated perpendicular to the lmes of growth The
diamagnetic anisotropy of the nacre of Nautilus pompiluus, m the
laminar plane, 1s comparatively large Thus may be due to a pre-
ferred tilting of the ‘c’~axis of the aragomte crystals i the direction
of the Imes of growth

It will be noticed that the diamagnelic anisotropy of nacre s,
i geneial, larger than that of pure aragomte. This may be due to an
mtrinsic anisotropy of conchyoln itself Conchyolin belongs to the
class of sklero-protemns with empirical formula CyuHN,Oy. Recent
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work on the ring structurc of protemns by Langmuit and others (1939)
suggests that the conchyolin molecule may have a large diamagnetc
amsotropy, just like bensenc and 1ils denwvalives  The 1egular
arrangement of conchyolm molecules, m helween aragonte crystals,
m a quasi-crystallime manner, mught well give 1ise {o diamagnetic
amsotropy.  This hypothests could not be tested out cxpeumentally
since, 1t was found to be very difheull to 1solafe conchyolin f1om nacre
without disturbing 1ts structure

2, MOLLUSCAN SHELLS

The success of the previous experiments with mother-of-pearl
encouraged the author to investigate further the general stiucture of
molluscan shells The magnetic measuiements weie extended to the
shells of Placuna placenta, Pwna bicolor, Merebrvr casta, Mactra
lurida, Mactra hebbalensis, Vulsella rugosa and Turbinella puum,
some of which are purcly calautic, while others consist of both caleitic
and aragonitic layers

Placuna placenta 1s the well known species of window-pane
oyster found 1 the Indian occan  The shell possesses a peatly lustre,
is fanily iridescent, and consists of calcile only It has got a
‘foliated’ structure and cleaves mto thin plates like mica  When
examined under the microscope, numerous fine lines (streyfen) can be
seen on the foliae, paiallel to one another, the suiface resembling a
fibre-mat The leaves easily break inlo small stips parallel {o these
lmes By examunation under the polarismg micioscope, W | Schmudt!
(1924) has found that the thin lammne show extinction m the duec-
tion of the fine lines. Conoscopically examned, they always gave a
negative uniaxial eccentric mterference pattern  Tlus mdicates that
the optic axes of the elementary crystals ate mclined to the plane of
the lamma  Schmudt has also found that the smuallest clements of
the shell are exiremely thmn leaf-like structures, about 1u thick, 5u
wide and 100u long  They are arianged with their lengths parallel
to the fine lines on the lamma Their accmate caysiallographic
determination was not, however, found to be possible Boggild® also
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is mentioned the mchination of the optic axes of the crystals to the
minar plane

The shell of Punna bucolor consists of two layers, an upper
ismatic calcitic layer and a lower aragonite nacreous one The
wcreous layer, which shows bight wridescent colours, can be easily
upped off, and 1s usually very thin, Schmudt has 1solated the tmy
1sms of calcite m the upper layer and has found that the optic axis
nncides with the prism axis  Each prism 15 a smgle crystal of
dctte arranged 1n the shell with its axis normal to the shell surface.
has also been found that there 1s very little difference in optical
raracteristics among the different species of Pinna,

The common feature of the shells of the Mactra species
scording to Boggild, 1s the crossed lamellar concentric layer  This
, however, in many cases uregular Macha lunda 15 a white
ragonite shell with a violet coloured patch i the muddle The lowest
orcellanous layer was taken for examination, from both the white as
rell as the coloured poitions The shell of Mactia hebbalensis is
ark i colour and veiy brittle.

Vulsella 1ugosa has got a very thin and fragile shell It
onststs of an upper prismatic calettic layer and an extremely thin
acreous layer below The shell of Meretra casta 1s hard and
orcellanous m appearance The “Chank” 1s very well known m
jouth India® The shell 1s white and chalky i appearance, and
onsists of several calcitic layers  These were found to break easily
long a particular direction m a somewhat similar manner as the
leaving of crystals Only the lowest layer which appeared ta be
ranslucent was taken up for examination

Determination of the Diamagnetic Anisotropy

The shell specimens were prepared exactly as 10 the case of
mother-of .pearl, similar precautions being taken By employing fine
quartz fibres, very small bits of the shell a few milligrams weight

could be used,
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The amsotropy was deternuned as usual for thiee modes of
suspension  First wilh the plane houzontal, and then with the
X/~ and X'~ duections vertical 1espectively

Case of Inclined Orientation

An unusnal fealtine was exlubited by the shell of Placuna
placenta  Here we have a ¢ase of melmed orenlation, the {iigonal
axes of the calute crystals making a definute angle with the plane of
the folrae The angle of orentation may be casily deduced fiom the
magnetic measurements, as the followmg considerations will indicate

Fig 9

Let ABCD (Fig 9) represent the planc of the foliac and let
OO’ be the direction of the tigonal axis of the caleite ciystals m-
clned at an angle 6 to the plane, Let a 1ectangular co-o1dmate
system be chosen such that the duection of the projection of OO’ on
the plane 1s the X-axis  OY mn the plane represents the Y-axis  1f
K, and K, are the magnetic susceptibilities along and perpendicular
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to the trigonal axis of calcite respectively* and  ON 1 any
direction 1 the plane, making an angle ¢ with OX
Xox =K, cos® 8 cos’p+K, (s10°0 cos? ¢+ sin’y)

dx
—J(/:=(K2~K1) sin 2¢ cos’0

arbitrary

This will be zero when ¢=0 or 90°
Il 18 maximum numerically when ¢=0
and 1s equal to K; cos’ 6+K, sin0

The mummum value of X=K,

when ¢=90°,

OX and OY aie thus the directions of maximum and mmimum
diamagnelic susceptibility i the plane The magnetic anisotropy
m the plane

(AX)=(K,—K)) cos*¢

The directions OX and OY can be eastly located by suspend-
ing the shell with the plane hoiizontal 1n a unform magnetic field
and observing the onientation  When the piece of shell 1s suspended
with the OX.duection vertical, the ortentation will be with the plane
parallel to the field

and (AX)=(K,—K,) sin’0

When, howevet, il 15 suspended with the OY direction verti-

cal, the plane will make an angle (90°—6) with the field

Hence, 6 can be known
and (AX) wil be = (K, —K,) m tlis case

The duections of OX, OY will correspond to X" and X' m
our notation Hence, when the specimen 1s suspended with the
X/-direction vertical, the diamagnetic amsotropy will correspond to
that of a single ciystal of calcite

The 1esults ate shown i Table I

All the shells weie found to be diamagnetic

*Ky > Ky 1 calcite, numerically



74

Py

ge=,Y-"x% 943 03 [of[ered ouelg [e013381 stae-y (D)
oug[d [foys o3 pRYy | _ |
031 1EjOOIpTad 1e=,X-~X sy 01 oqered ouelg [eonea sixe-'y (g):
-12d 2710123 JO _
sojr{1e1sirn oyl ) . [EIHOZIIOY BITO] B vsps
jo srxe [euodii], Vo=,%X-/'Y . CIPys ey jo urid ) m A143943 0
prou ) |
ge=/X~/X °y3 03 pereted ouely [eon19s stxe~2y () !
Pen i
g¢e=S"y-jx sq1 o) [oered ourlg 1Bo1330a stve-,Y (g) m
sued [jays 213 _
o3 Wm@ﬂuﬁcom | [eJU0ZII0Y BI[0] | ¥ (19dp] 211371120)
-rod sixe ondQp Vo=7X~"X |ymyepuy  [eys oy jo suelg (V) M 40703tq vHruig
1uaf W f
~12.435 suy 9y} preg ¢ i
IO uonoaIIp 9F=,%X~.X oy} 03 ferered oue[g [eon194 sixe-~2y (0) m
9y} dr pauIR | f
-ut  o1e pue Doy o3 WIN 497 W
suerd xeurme] 7e="9~-"y J0 515UR UE 9pPEBW SuElJ . [eo1104 sixe~'Y {d)
SUI OITW oF9 30 _
s[8ue ue eyew plog omy :
STEISATO 973 JO 03 ag[notpuadisd sewyp | [BJUOZLIOY BI[O] viuarvygd
soxe ondo agy, g 0="X—/¥ oSuy 3y} JO U0V | -[1vus 3y 30 sueid () M SATEATT vunvig
i
OWH HIX s
SIIeWDY Adoxnostur ogadg _ UOQBUSLI() m uoisuadsns Jo apoyy % SSEB[D EER

80 19aF Y < <X

I H719dvVL



75

[Bd13104 st stxe- 'Y oy} uayn

sueid pejuwozrroy 9yy ur (Aqreoreigelie) Anpqndeosns wmutunm PUT WNWIXEW JO SUOHOIIP SY3 0) 10501 Y *,*X

o0 jnoqe
£q uorjrULLIo
oy pue %GI

uesy Sxowr AQ
poIgmgip suotd
-toods jua1ay
~JIp 107 sonyel
9yl os[e 213N

ouerd
IPUs o3 o
aernorpuadasd
s[e3sdis oy
3O sixe [euodrij,

ayemmixoad
-de Ajuo oie
TOATIS  9sOg,
-A[qeIopISUOD
paIogIp suaw
~1oods JuaiegIp
YyIw  pourg]
~qo s9mer oI,

suerd ay3 0
ae[notpuedied
sajifress{Io oYy
Jo sixe jeuoSiij,

|

f

§
t

i

L=y~
ge="x-.%X
¥ O“WXIM.X.
FO9=7X-,%
14 ”.m.x.lm«x
I O“~NX:I~,~K
ee= -
29="¥ -2
=
LI=%-%
N..WHNFXI;.M.X
NWW“N\KI\FK
0 0=/ ~-7X

PIeY 2Y3
03 1o1rered Ljiesu suerg

PIeT W3ta 407 Jnoqe
Jo 918ur U® spewr SUB[J

Ploy 913 03
[elered a8eaeoo jo aury

PI°Y 243 03 [o[fered suelg

P[Py 93 03 jo[[eied sug[g

pIaty a1y}
03 Preied Lawou suelg

PIPT 3iv o¢ Jnoge

* JO 93U UR 9pYW SUE[J
!

PIeY 243 o3 [oqeied
A]1B30 114018 IO SUIY

1

pIegou; 03 [sqreied sue(g
PIaY Y3 03 [oqjeied suelg

1eo13104 s1XE-"X (D)

jeonyIeA sixe— Y {g)

[B3UO0Z110Y BI[D}
ieys sy3 jo sueld (V)

1Eonroa sixe-."x (D)
[eoryroa sixe—,"x (g}
{BIIO0ZIION BI[O]

eys oy jo oueld (V)
[eonrey sixe- Sy (D)

[eonasa srge-y (g)

[BIUOZIICY BI[OT
[Us 9yy 30 sueid (V)

[eorj3aa sixe-Fy (D)
Jeonrsy sme-y (g)

{B1T0ZII0Y BI[O]
11°ys oy jo sueld (V)

podoajsen

sarevqg

oATeATT

_m
*
|
J

ui g
vHouLgLng

(za{eg

91J10TED)

vSOSHLA
v1125] 4

SiSuzpqqaYy
DAIDET

pprisyg
AP Iy



76

4. Discussion

It 1s evident fiom the 1esults that the shell elements are crys.
talline and regularly atranged to a greatetr or less extent,

In the case of Placuna placenta signilicant conclusions can be
drawn smce consistent results were obtamed with several specunens,
The oplic axes of the small crystals are inchined to the lammar plane
al an angle of 64° and the mclmations i the direction of the fine lines
seen on the thin folie A simple calculation shows that the luigonal
axis m 2 smgle aystal of calute makes almost the same angle (63°,
48" with faces of the form [110] This cwidently means that the
long leaf-like elementary crystals of calcile have the dueclion of one
of the thiee crysial axes, (which may he denoted as ‘ay, ‘e, and ‘a/-
axes) lying along theu lengths, the (110) planes being patallel to the
laminar plane  These crystals themselves are awnranged with therr
lengths paiallel to the duection of the fme Imes on the folie

It 15 very likely, m view of the extieme thinness of the
elements, that the (110) and (110) faces are well-developedmn them
and this peculiar crystal Zabit then accounts {or the fohated stiucture
of the shell also

We know that the prisms of caleite ate otentaled m the upper
layer of Punna with the prism-axis noumal to the shell sutface  The
anwsolropy determmations show that the tiigonal axes of the crystals
are normal to the shell surface whuch means, that the optic-axes of
the puisms coincide with the pusm axes This agrees with the
observations of Boggild

With Mactra hebbalensis, no consistent 1esults could be obtam-
ed This 15 most probably due 1o considerable uiegulaity of
structiie  The ‘c’~axes of the aragomte crystals, m 1lus case, seem
to be inclined fo the shell surface In Mactra lurida, the probable
orientation of the aragonite ciystals 15 with the ‘¢’~axes normal to the
shell smface No great dificience was found m the anisotropies of
the white and coloured portions of this shell.



44

In the calcttic layers of the shells of Meotriz casta and Vul

sella rugosa, the crystals are evidently onentated with the optic-a
more or less mormal to the shell plane e

In ‘Chank’ how
ever
inchned orientation 1s present 40

It may be noted that 1 the case of the calcitic layers of all the
shells nvestigated, the values of the magnetic amsotropy are nearl
the same as that of calcite  But m view of the irregulanty thz
arrangement of the ciystals, which we should expect, the values ought
to be lower, but actually they are some 20% higher It 1s probable
that here also, the cementing medm makes a contribution to the
anusotropy due lo a quast-ctystalline structure, as suggested earlier

3. EGG SHELLS

The common egg-shell 1s a crystallne aggregate, consisting
mostly of calcite prisms and the wystals m this case also are more or
less 1egularly auanged, just as m the casc of molluscan shells
Hence, 1t offeis a substance well-suited for an mvestigation of its
structure by magnetic methods

Structure of Egg Shells

According to Stewart" egg-shell consists essentially of (1) a
thin outer layer made of protem, (2) muddle layer which constitutes
809 of the thickness of the shell of calcite crystals, with protemn m the
form of inteitlacing fibies, and of a small quantty of crystalline
caletum phosphate, and (3) small knob-like formations of calcite and
calctum phosphate constituting the iner ‘mamillary’ layer Lang-
woithy® gives the percentage composition of the shell as follows —

Oiganic Magnestum| Calcum
ngtttm Calctte |'corhonate phosphate

Hen's egg v | 42 937 13 08
Duck’s egg R 944 05 08
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Magnetic Anisotropy

Only the muddle layer consiolmg almost entucly of calete we
taken up for examination The speamens were ceaned wilh ver
dilute HCI followed by distilled water and aleohol  The 1esult
representing the mean of several determinations carnted out with for
specimens of hen’s cgg and two of duck’s, are given i table I Th
spectfic amsotropy 1efers to the difference m the susceplibilitie
paralle] and perpendicular fo the shell suface m the case of eg
shells, and parallel and perpendicular {o the oplic axis 1 the case «
caleile  The mean susceplibilities were measured by means of th
torsion balance

I 1s seen that wlile the susceptibilities of the shells are almo:
ihe same as that of calcite, the values of the magnetic antsotropy ar
found to be much lower These resulls are significant m the light ¢
ithe optical examination of egg shells under the polansing micios
cope® It has been found that calede 15 present m the form ¢
columnair pusms m the muddle layer, and exammation unde
convergent polarised Light of a tangential sechion of the shell, ha
revealed thal the oplic axes of the prisms are mehned to the she
sutface  Fuither, with parallel polatised light it has been found tha
the extmcltion directions for the dillerent prisms ate differen
mdcating a 1andom orentalion m ezemudl of the oplic axe
of the prisms 1elative 1o the shell-suiface  The magnelic measure
ments fit i very well with these findings

If the tugonal axes of the calute crystals arce mclmed to th
shell surface, and at the same tune randomly orientated m azemut,
relative 1o the shell suiface, we should, m the fust place, expect
comparatively smaller amsotiopy n cegg-shells relative to that o
calute, and bestdes, due to the 1andomness of otientation 1 aztmutl
theie should also be no amsotropy m the shell-plane The exper:
mental facts ate m full accord with these considerations At
micresiing feature of the 1esults 1s that the anwotropy of hen’s egg v
definticly lower than that of duck’s egg Tlus would’ mndicate tha
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TABLE 1
Units—c g s E M

Specific Magnetic Susl\(/:[ :;Ebl
Specimen ansotropy i Remarks
Xpr— Xy X 10° _Iif}iob
-—
Hen's egg ... 12 035 The amsotropy m  the
(1 0-14) plane of the shells
15 practically neg.
higible
Duck’s egg 16
(14-19) 036
Calcite 389 0 358

e calaite ciystals in the latter are orientated with their optic axes
more neaily normal to the shell surface than in the former

4. WOOD AND ITS CONSTITUENTS

In the light of the knowledge that we already possess con-
cerming its structure and constitution, an extension of the magnetic
studies to the casc of wood should be expected to give results of consi-
derable mierest A knowledge of the magnetic propeities of a universal
substance Iike cellulose 1s still lacking, although many of its other
physical properties such as double-refraction, fluorescence, specific
heat, hygroscopicity, thermal conductivity, elasticity, etc, have been
mvestigated m greater or less detal  Wood-cellulose, i view of the
fact that 1t can be 1solated from wood without serious damage to its
mtrinsic structure, 15 particulaily suttable for the study of magnetic
amsotropy  The author has studied the absolute dramagnetic suscep-
tibility and amsotropy of wood and its major constituents, with a
view lo gamn additional mnformation regarding thew physical structure,
and to find out then directional magnetic properties
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The Structure and Constitution of Wood

A knowledge of the structme of wood and 1ts chemical consts-
tution 15 essential for the mteipretation of the magnetic data  The
relevant facts are briefly mentioned m the following pages'

The major constituents of wood aie cellulose, hignin and the
hemicelluloses It 1s now known that cellulose 15 an ortho-glucosan,
1c, glucose aphydride Its empuical [ormula 15 (CHOy), The
molecule 158 made up of a chamn of glucosc 1eswdues hnked by prumary
valence forces accordmg lo the [ollowing scheme (IFig 10)

1 o1l LIIJOII lI
)1 11

OH H / OH
| ()Il II

Q l
CH4011 13 on CIH,OH
Trragment of Cellnlose Chan

s 10

Actually, the unit m the cellulose-cham 15 the cellobiose residue, as
will be scen fiom the arrangement of the glucose residues m the
chain It has been shown that all plant celluloses, 1egardless of their
sowice, are idenfical  The cellulose m wood 18 found 1 {he cell-wall
of the tracheid, and 1s ‘crystalline’  With the fibie-axis placed per-
pendicular {o a beam of monochiomatic X-1ays, wood gives a fibre
patiein characleiislic of cellulose An cxamuation of {eakwood by
X-rays has been made by the author™ (1937) and 1eporied m a com-
municalion m which detals regarding the character of the patteins,
and the mformation they yield about the stiudimie of wood.cellulose
are given The ‘cystal stiucluze’ of plant cellulose has been the
subject of extensive mvestigations by Polanyi, Heizog, Sponslet and
Dote, Astbury, Andress, Meyer and Maik, E Saute1, Meye1 and Misch
and Clark™, There 1s st1ll considerable diflerence of opimion as regaids
the dumensions of the umt cell and atomuc postions, although the
1ecent work of Gross and Clark® scems to support the origmal struc-
ture proposed by Meyer and Mark. Bul iheie 15 general agreement
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tegardmg the parallel otientation of the long chan molecules more or
less m the direction of the fibre-axis Whithout laying special emphasis,
mn the present uncettan chaiacter of the X-ray analysis, on the cel{
dimensions ot the crystal parameters, we can definitely say that the
lenglh of the cellulose chain 1s paralle] {o the ‘3’ axis of the *crystal-
lites’ which possess monoclinic symmetry and are arranged splrally
on the cell-wall (the spirals being steep enough to be almost straight
n fibres like 1amue and comparatively flat in cotton, wood, etc) with
then ‘b’-crystallographic axes orientated more or less along the
spral

The chatacler of the submicroscopic crystalline elements
cellulosc 1s still i the course of being elucidated Meyer and Mark
al first came lo the conclusion from a critical examnation of the
available X-ray dala, thal these were discrete micelles of dimensions
600x 50 A° approximately  But 1t was shown later on that X-ray
analysis can give no decisive answer to the question On the basis
of theu physico-chemical mnvestigations, Staudinger and his collabora-
tors' have [avoured the view that the submicroscopic umt 1s the
macio-molecule and not the micelle A parallel arrangement of the
macio-molecules, bound logether by secondary valence forces to form
a bundle, constitules the cellulose lattice The actual difference
between the macio-molecular and micellar schemes, 15 brought out m
the figwe shown below (Fig. 11)

Molecular Lattice Macio-molecular Lattice
Fie 11
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But neither the macro-molecular nor the mucellar theory hag
been able to account for the vartous physical and physicochemical
properties of cellulose salisfactonily, Recently, Frey-Wysshing®
Sauter”, Kratky and Mark™ and others have altempted to arrwve at a
more rational hypothests ~ Without entermg mto a detaled discussion
of the various theories, it may be said thal the following, mcorporating
the ideas of Frey-Wyssling 15 a fauly satisfaclory piclure of
the nternal archulectwre of the cell-wall i1 cellulose fibres  In the
firsl place, we have ihe fibuls, 1unnuing more o1 less along the fibre-
axss, which can be made vistble under the mucioscope™  These
constst of a parallel arrangement of the long-cham molecules of
cellulose so placed, thal there are localised 1egons of perfect ouenta.
tion, (Kiatky and Maik, 1937) wlich may be said to correspond to
the crystalline nucelles of the old theory, the forces between the
molecules being of the Van der Vaals {ype m these regions  The
dimenstons of these mucellu 1egions may be varable over a wide
range, sometumes compiising the whole fibul, These ‘erystallised’
tegions ate mlerspaced by cither an cavilies o1 by ceinenting matter
like the pectins and the hemucelluloses,  The wmportant fact to be
notwced s that the vegulardy of aviangemenl of the celluluse chams
wn the fibre with thew lengths parallel to the fibre-aris, should give
1use b magnebie anwsoliopy of the indicidual molecules are themselves
amsotiome and vice veisa, the study of the magnetic anwotropy of
wood-cellulose should lead lv a knwwledge of he dereclional magnetic
propertees of the cellulose molecule I should be powmnted out,
however, thal from a study of the diamagnetic anisoliopy ot wood, as
such, 1l will not be possible to determune the two puncipal suscepti-
bilities of the cellulose molecule perpendicular to 1ls length, since,
there 1s a 1andom ortentation of these m azimuth m the wood fibre.

Lignin 15 present mostly in the primary layer of the cell-wall of
the wood-fibre known as the muddle lamella  The conslitution and
the moiphology of lignin have been the subjects of extensive mvesti-
gations®  Examination by physical methods hike microscopy, X-ray
analysis and polatsation-optics, suggests that hignin 15 amorphous
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truckure  Vattous hypotheses have been put forward regarding the
1anner of combimation of cellulose and lignm  One view 15 thyt they
re chemically combmed with cach other, but the 1dea that lignm 15
dsorbed on cellulose seems to be mote plansible i the light of the
vesligations by the physical methods mentioned above

The hemi-celluloses™ arc the anhydrides of hexose and pen-
ose sugars xylan, ataban, mannan and galactan give on hydrolysis
ylose, atabimose, mannose and galactose 1espectively Not much
s known concerning then physical structure and manner of combina-
on with cellulose and lignin,

Experitmental Details

The Expermments were all confined to teakwood, the stiucture
f which had bcen picviously exammed by the author by X.ray
nalysts  The wood specimens were subjected to extractions with
rarious solvents and subscquent chemucal treatment, m order to
solate the major constituents  The X.ray analysis was made incr-
lentally lo discover whether any 1adical structural changes had
sceurted durmg the ealiactions and chlormation It was found that
pecimens laken fiom the less compact layers were subject to
hanges, while those fiom the most compact layers wete practically
maffected  The amsotiopy measuiements weie, therefore, made on
pecimens oblamed [tom the most compact dark-brown layer of the
wmnual 1ngs  The specunens weie prepared for examimation as
lesciabed below —

(1) Raw wood —Washed clean with 5 per cent HCl and warm
vater 1o 1emove sutface mmpuithes, and dried at 102-104° C for 6
08 )

(2) Exbiracted with alcohol-benzene muxture for 24 hours and
hen with boiling water for 6 hours and finally dried for 12 hours
it 102-104°C

(3) Wood extracled as m (2) was treated with 5 per cent
solution of NaOH m the cold for 48 hours Washed several times
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with didute acclic acrd and then warm waler and fnally dried for
192 houts &t 102-104°C

(1) Trealed with 72 per cent sulphuie acd m the usual way
fo1 36 houts to obtam hignm, which retamed the shape and contmuous
sttucture of the orggmal sample of wood

(%) Wood, alter extraction with alcohol-benzene was chlon-
nated by the Cross-and-Bevan method to obtan wood-cellulose  The
appatatus employed was stilar to the one used by Sieher and Walter
with & few mmor modificalions  The procedure described by Dote®
(1920) was adopled with all the necessary precantions  Pailicular
cate was Ltaken to see that the samples did not get distorted m shape
dutmg chlotmalion The prepared samples were also subjected to
Xoray aalysts  Two samples of wood-celfulose were prepated, one
by partial, and the olher by complete chlotmation  The specimens
were died m the oven for 12 hows ot 102-1017C

(6)  Wood-cellilose was treated with 17 5 per went NaOH m
order to gel wcellulose accordmg to the procedure described by
Schorger™

Sampling of wood for magnelic measui ements —The wood
samples were faken m the fotm of shavings about 05 mm thck,
from whuch preces 5 x 3 mm weie cul out for the ansoliopy measure-
ments  For measutements of absolule  susceplibility, the samples
weie taken m the form of powdet.

Proximate Analysis of Wood

The wood samples, prepated as desciibed before, were all
analysed {o1 the delermmation of their cellulose and lignin contents
The hemi-celluloses and the rest were only mdueclly estimaled

It must be stated beforchand thal, of all the varous methods
wluch have been suggested for the deteinmunation of the major con-
stituents and groupmgs m wood, there 1s scarcely one which can be
satd 1o be entirely satisfactory — This, no doubt, 1s due 1o the mherent
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difficulties mvolved in dealing with a hughly complicated subst
Iike wood ~ The older methods for the determmations of Cenu?nc:e
lignm and the hemu-celluloses have been continually 1efined. mod (;sed,
and standarcised  However, for puiposes of the magnet,ic mv:set
gation a high order of accuracy n analysis 15 not necessary espeua”l.
in view of the fact thal the samples have to be taken n t,he form 03;
shavings about 05 mm thick for the amsotropy measurements
whercas the standard procedure m wood analysis 1sto start wm;
saw-dust which passes through 80 but not 100 mesh  Therefore the
recent refinements and improvements in the estimation of hgnm,’ iy
have not been adopted  The analytical procedure 15 outhned belo“;
and the results should be sufficiently accurate for mterpreting the
magnetic data

Lugnan —The lignin content m the various samples was esti-
mated by treatment with 72 per cent sulphuric acid m the usual
way™

Cellulose —Cellulose 1n wood was determined according to
the analytical procedw e described by Dore and already referred to
earher '

«-Cellulose 1 wood-cellulose was also determined by treat-
ment with cold 17 5 per cent NaOH as described by Schorger

Hema-Celluloses —A direct deleimination of the hemi-cellulose
content was not atlempted These were grouped with small quantities
of the other mnuscellaneous substances present and the whole

mdirectly estimated

Determination of Magnetic Anisotropy

The amsotiopy of wood 1s comparatwvely feeble and the
technique has {o be made specally sensitive. The torsional
method was employed using very fine and fauly long (20-30 cm)
quarlz fibtes  Only X -—Xy was tound, smce, n the case of wood,
the anisotropy n the plane ot the cioss-section of the fibre, 15

neghgible 1 all cascs and of no spectal significance (X 1s the
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diamagnetic susceplibilily along the fibre-axis, and X 15 that per-
pendicular to the fibic axis)

The avetage dimensions of {he specimens employed were
5x3x05 mm

Absolute Susceptibilities

The absolule mass susceptibilitics were determmed by the
{orston balance  The wood samples were all used m the form of
fine powder dred at 102 104° C for 12 Ins, and the susceplibilities
compared with that of pure waler

Results

Raw wood gave somewhal mconsisient values of anisotiopy
probably due {o vccluded umprtties  After extiaction with aleohol-
benzene and boiling water, consistent values were oblamed, the
maximum discrepancy noticed bemg 11 per cent  Inall cases, at
least 10 mndependent delerminations were made and the mean value
taken The 1csulls of the magnelic ansoliopy measmements are
given in Table I Table IT gives the values of absolule susceplibi-
ities and Table TII the resulfs of the proximate analysts A sum.
mary of 1esults 15 given m Table IV

Discussion of Results

An exammation of Table IV shows thal the anwotropy 1s
more or less proportional to the cellulose content of the specimens
It apparently does not depend on the amount of lignin presenl o
Cellulose has the maxmmum specific anwotiopy wheieas lignin 1solated
by treatment with 72 per cent sulphutic acid does not show any.
The ‘crystalline’ element i1csponsible for the magnetic ansolropy
appears 1o be cellulose only

The magnetic measutements, however, do not rule out the
possthility of lignin bewng present as ciystallites which are ran-
domly orientated But X-1ay analysis shows that 1solated ignin gives
only a ‘hqud’ pattern charactersstic of an amorphous substance.”
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There 1s also nothing mdicative of ‘crystallme’ lignin 1 the X.ray
sntterns of wood oblamed  Examunation of lignin under the
nicroscope has not revealed any property characteristic of crystals
Taken together, the X-ray, optical and magnetic mvestigations lead
o the conclusion that lignm mn 1ts natural state has an amorphous
structure

Ordinaty wood-cellulose obtamed by chloumation, 1s really
a complex substance, and consists of what are known as the q
B and v celluloses, distingmshed from one another by therr solu.
bility 175 per cent NaOH solution From Table IV we can
see that the magnelic amsotiopy of wood 1s essentually due to the
a~cellulose m 1t It 1s also seen that treatment with 5 per cent
NaOH, which 1emoves a good pait of the hemscelluloses, leads to an

(AX) x 100
mcrease m the value of % of tofal cellulose
hemi-celluloses naturally means a decrease 1n the total cellulose, for
wood-cellulose (prepaied without pre-treatment with NaOH) contans
as much as 20 per cent of the hemi-celluloses We may conclude
from thus that the hemr-celluloses like Iigam do not contribute to the
magneti. amsolropy In view of ther gummy texture it 15 most
probable that they are amorphous in structure
(AX) x100

We also notice that the value ofm
cellulose than for Cross and Bevan cellulose This will mean that
(AX) 1s greater [or Cross and Bevan cellulose than can be accounted
for by the presence of a—cellulose alone m 1t The mnference 1s that
the 8 and ¥ celluloses are also anisotropic just Itke «—cellulose and

most probably possess the same ‘crystallme ’ structure.
Magnetre Properties of the cellulose molecule—The diamag-
netic anisotropy of cellulose 1 wood leads to important conclusions

regaiding the directional magnetic properties of the cellulose molecule

The diamagnetic susceptibihity n the direction of the fibre axzst;s :;en
to be maxunum Since the cellulose chams are orientated with their

lengths more or less parallel to the fibre-axis it follows that the

The 1mtial removal of the

1s less for u—
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dircclion maximum ddiamagactic susceplibihty 15 along the cham-
lengih  The values of Xy and X» can be casdy caleulated from X
and (AX) We have, Xp— ~0.514x 10 % and X;»---~0505x 10,
for u-cellulose

Now, 1t 15 known [rom the dala of 1efrackion of cellulose™ that
the direction of maxumum optical polarsabilily ot the  cellulose
molecule 15 also along the lenglh of the chain The directions of
maxtmum oplical polaisability and diamagnetic susceplibility, there-
fore, comeide  This property 15 m fact suggested by the mveshigations
of Ramanadham® and Schercr®™ on the magnetic double-1cfraction of
saturated long-chamn aliphatic hydio-cathons of the type CH,.,,
These compounds have been found {o exhibit negalive magnetic
double-refraction and accordmg {o the orrenlation theoty of Langevin
and Born, this property unplies thal the duections of maxunum optical
polarisabilily and diamagnetic susceplibility comcwde 1 the molecule
By analogy, the conclusion may be drawn that a solution of native
cellulose m ncubial solvenl will exhibil negative magnelic double-
refiaction  From available experimental evidence, we may also draw
the geneial mference, that the dueclion of maxinum diamagnetic
susceptibilily m satmaled long-chamn aliphatic compounds (m which

there are no double bonds m the chaun) wil be along the Iength of
the chain

Smce the above mvestigation was catried out by the author
(1987), Lonsdale® has delermined the diamagnetic amsotiopy of
crystals of seveial long-chamn aliphatic compounds  She has found
that in C,H,, and seveiral fatty aculs, the duection of maximum
diamagnelic susceptibility 1s neaily parallel o the ‘¢’-crystallographe
axis  This dnection 15, 1n fact, also that of lagest refractivty  The
molecules i all these c1ystals are arranged mote ate less paallel o
the ‘c™-axis  These 1esults indicale that the duections of maximum
diamagnetic susceptibility and maxunum oplical polarisability com-
cide m the long.cham compounds as suggested alieady by the
experunents of Ramanadham on magnelic double-tefiachion and are
mn agreement with the conclusions of the author  The aulhot’s work
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on cellulose s the fist direct experimental mveshigation of the

chatacter of the diamagnetic propetties of aliphatic long-cham com-
pounds

* Note added |

Recently H Kiessig® has made a ctitical exammation of ali the
avatlable liletatuie on the structure determmation of native cellulose
by X-1ay analysts  He has pomted out (hat while the model suggested
by Sauter 15 far from satisfactory, that of Meyer and Mark has afso got
its diaw-backs  Fuither experimental work m the field appears to be

necessary and the actual cryslal stiucture of cellulose has yet to be
discovered
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CHAPTER 1V
THE MAGNETIC ANISOTROPY OF RHOMBIC SULPHUR

1. Introduction

The stiuctute of thombice sulphur has been recently mvestigat.
ed by Warren and Burwell' by the method of X-ray analysis  They
found that their resulls could be satisfactorily mterpreted by assum-
ing a symmetrical puckeied ring-shaped molecule, consisting of eight
atoms with a bond angle of 105° and an S-S distance of 9 12 A° From
mtensity considerations, they deduced the orentation of the molecules
i the ciystal, and found that the plane of the ring 1s parallel to the

‘¢’ crystallographic axis and makes an angle of about 50° with the ‘@’
ax1s

The magnetic antsoliopy of rhombic sulphur has been studied
by Krishnan, Guha and Banerjee®, At the tume of their mvestigation,
however, the necessary data concerning the molecular stiucture and
artangement wetc not available for any nterpretation of the results
to be possible (I'or chemical evidence, see Ephraim, “ Anorganische
Chemue ”, Dresden and Leipag, 1934) But m the hght of the
recently proposed model, the magne-crystallic data assume consider-
able mmporlance We can lest the general validity of the X-ray
analysts by examining whether the results obtamed from the magnetic
experiments fit m with the suggested scheme of molecular arrange-
ment and sttucture.  And if so, we should also be in a position to get
valuable information 1egaiding the magnetic properties of the §,
molecule

2. Experumental

The magnetic ansolropy of the crystal was determined by the
torstonal method  Since the crystal system 1s orthorhombic, the
ortentation m the field could be conveniently observed by noting the
setting of the crysial edges Fme quartz fibres were used 1n view of
the compatatively fecble amsotiopy of sulphur Employmng a field
of 8000 Oc1sleds and crystals weighimng 20 to 30 mulligrams, the critical
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angle of rolation of the torsion-head was found to be lLuge enough
™ CM
4" mH?

Special care was Laken to prepare sulphur crystals free fiom
mmpurittes A salurated solubion of 1tecrystallised sulphur m Kahl-
baum’s pute cabon dwsulphude was allowed {o evaporate slowly
mside alarge bell-jar  Beauldful crystals with well developed (111)
faces were oblamed  Expeuments were petformed on six different
cryslals

{o justify the use of the approxunate tormula (AX) -3 (4~

3. Results

The resulls atc shown i Table I below  The miean values of
the specific antsoliopy, as well as the gram molecular amsolropy for
the S, molecule are given  The usual nofalion has been adopted
Xo, X3, X, standing for the specaific susceplibililics along the 1especlive
axes. The susceplibilifics along the didlerent axes have heen
computed from a knowledge of the mean susceplibility of 1hombic
sulphur with the help of the anwsotiopy data The caleulated values
a1e presenied m Table 11

TABLI 1

Gram
Mode of suspension Ortentation :ﬂt:g‘;;\;’dg X}ﬁﬁiﬁ?y
S (5% 10"
‘@’ axis vertical ‘¢’ axis along the field| Xg~ X, == 0.31 =0,79
Vo, ‘¢, , X~X,=92 56 | =657
‘@, v, ; X~ Xo =227 | =582
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TABLE 11
—_—

Gram molecular susceptibility (Sg) x 10

P o

Specific susceplibility x 10°

e D

‘M__._______”
Xa=0 500 198 9
Xy =0 477 1224
Xo=0474 1216

mu::eptﬂ;{hty of I‘TlOlﬁblC billphm P= 0484 x 10~

4. Discussion

The 1esults obtamed aie found {o disagiee with those of
Kushnan, Guha and Baneijee  According to them, %, -X,=0299,
X—X=078 and X,—X,=094 (umt 107 which gives X,>x,>X,
numertcally  But adtually we find that X, >X,>X, The author’s
results have been confumed later by Prof K 8, Krishnan (private
communuication)

The fecble anwsoliopy of the sulphur crystal mdicates that
presumably, 1he indvidual molecules are themselves only shghtly
antsotioprc  [Ieremn, sulphut differs from the atomatic ring-shaped
molecules which possess o veiy large anisotiopy  The shape of the
molecule suggests thal we may reasonably assume the prmcipal
susceptibilitics parallel {o the plane of the molecule to be the same
Hence if I, K, K, ate the puncipal molecular susceptibilities (refer-
red to o gram molecule), |K, | =|K,| and K, peipendicular to the
plane, will be cither gicater or less than K, o1 K,  According to the
X-ray analysis of Warten and Burwell, the plane of the S; molecule
comcdes with the ‘o’ cystallographic axis and makes an angle of
50° 53" with the ‘@’ axis, We have the followmg relations between
the prncipal susceptibilitics of the crystal and those of the Sy molecule

XOM = K1 (1)
Xy, = K, sm’ 6 + K, cos’ 6 (2)
%o, = K, cos’ 8 + Kysm’ ®

whete 0 15 the angle wlich the plane of the molecule makes with the
‘a’ axs.
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Now cqualions (1) and (2) we sullivent to determme K| and
K, pulting 0- 50" 538" as gven by X-ray analysts  These values can
be checked up by applymg them m equaltion (3)  Ifrom (1) and (2)
we gel
K, K,= -1216x]10°"
K= 123 7% 10"

Applying this value m (3), we gel Xy -~ - 1228 < 10" Thys
value differs constderably fiom the eapeumentally determined value
—128,2%x10""

If on the other hand, we caleulate the value of the angle from {he
known values of X, and X, 1t comes oul to be about 717 nstead of
50°-58"  'We thus find thal theie 15 no exact agicement hetween the
values obtamed by X-1ay analysis and by the magnetic method

An apparently approxumate agreement s found i the general
characler of the results, if wmstead of 30°-5%, we use 71° m the
formulee (2) and (3), but then it s found to be mpossible to explain
the X-1ay miensilies according to the scheme adopted (Private com-
munication from Dr B E Wairen).

Now the magnelic method would be a very good test of any
structuie proposed by X-ray analysts  In the first place, the amso-
tropies can be determimned easily wilh o lugh degiee of accuracy,
especially the ratio of X,—X, X=X, X,—X, Now these 1atios
are the most mmportant quantitics m structure deternunation by the
magnetic method, and cven if the accuracy of determination of the
absolute values of X,—X, etc, 18 not high, 1f their relative values are
found correctlly, the onentations can be obtamned accurately  With
switably fine quariz fibies we can find oul the ratios with an accuracy
of 03 per cent. and the experimenis with six different crystals gave
identical values  Since all the assumptions made 1 the calculations
ate quile justifiable and the specific diamagnetic anisotiopy of 1thombic
sulphuz, although fceblc, 1s more than half that of calute, the magnetic
melhod should be a deusive check on any stiucture suggested by
X-ray analysis.
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It would, thetelote, appear that the structure proposed by
Warten and Burwdl) 15 mneed of 1evision 11 can be easly under-
stood that {the stiuctute detetmmation ot a complicated crystal ke
sulphut 15 estreuely citficult, contuning as it does, 198 atoms m the
wat cell, and @ complete X-1ay exammation of the crystals on the
lnes of ] M Robetlson's analysis of orgamc cystals (recent papers
n Proceedings of the Royal Souely, London) 1s desrable

REFERENCES
1 Warten wd Burwell, Jow Chem Phys, §, 6, 1935

9 RKushuan, Gl and Baneyjee, Phif Trans Roy Soc, A 231, 235, 1933
g Mathw and Nevey, Zat [ Phys, 9-10, 617, 1936



CIHAPTER V
TEMPERATURE VARIATION OF THE DIAMAGNETIC
ANISOTROPY OF CRYSTALS

No scrious altempt has been made so fai to study the temperature
vatiation of the diamagnetic ansotiopy of morgamc and organic
compounds The temperature dependence of diamagnetism obscrved
in metals and semi-conductors 1s essenlially connecled with problems
of the metallic state and the propeities of the conduction elections
In crystals of organic and morganic compounds, although no profound
changes of the mean diamagnetic susceplibihity are lo be expected
with rise of temperature, the anisoliopy may be capected fo exhibt
ver1y signtficant vartations  The author has, m  this  connection,
exanmuned several morganic crystals and organie crystals df wromaltic
ung-shaped compounds wlich ate known lo ealubit mathed diamag-
netic ansotiopy  The resulls of these mvestigalions are presented m
this chapter .

In general, we may distingursh belween two types of changes
occuiring 1 caystals when the temperafuwie 1 tased  Considerng
only ciystals contamng anisotropie groups as bemg of mieiest i our
mvestigations, changes of aystal ansoliopy may be caused by the
intumnsic change of ansottopy of the molecules o1 1ons 1 the crystal,
secondly, theie will be the changes due to allerations 1n the
characler of the lattice due to polymorphisim, presence of impuitlies
and 1otations o1 oscillations of molecules o1 1ons n the laltice

In organic crystals of low melting pomt, we may safely regard
the mtiinsic molecular antsotiopy to 1eman unatfecled by cither the
duect mfluence of temperatute, ot by any stiuctutal changes within
the crystal  But in the case of morgane crystals like carbonates and
nit1ates, we have seen thal the diamagnetic anisolropy of the (CO)
and (NO,) groups, which 1s comparatively {eeble, 1s sensibly affected
by the character of the enviionment Hence, a change of stincture
in these crystals will atfect the aystalline amsotropy mn two ways
Furstly due to alteration of the wmirinsic amsotiopy of the groups and
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secondly by the change of thewr 1elative pogt
tho lattice positions and orientations yp

The present mvestigation cleatly shows that 4 careful st

the tempeiatuie vaitation of the diamagnetic anisotropy of lcrS I;dly of
able to 1ceveal varous aspects of the transformations takin S;S als 15
solids m a graphic manner  In view of the delicacy of th§ ?ai; n
developed cven feeble changes can be detected methods

Among morganic crystals
for the var 1ct§r of pl:’mmnenz they S;{?ullnlllttr;:eze? Ielmry rekable
well-known that as a class they ate subject to e s vary
¢ polymorphic mversions
Ammonum mtrate s unique m that 1t exists m six different forms
and the changes occutting to the substance when it 1s heated up or
cooled down arc very strikmg  Sodmm nitiate 1s remarkable for a
gradual transition that it exhibits m the temperature 1ange 185°-275°
and this change has been studied by vaious physical methods b;
many cxperimenters  The corresponding changes of the magnetic
properties of the crystal should be very useful in understanding these
changes better  Faraday, as eatly as 1855, had exammed the effect
of temperature on calcite and observed that there was practically no
change of anmsoliopy, even when the ciystal was 1aised to the
temperature of red-heat  The author has studied the temperature
variatton of diamagnetic ansotiopy of caleite by the more delicate
methods now avatlable  Rhombic sulphur 1s subject to a polymorphic
transformation at 95 5” mio the monochnic form and the corresponding
change of diamagnetic ansotiopy should be of mterest

Among organic uystale some typical aromatic ring-shaped
compounds have been chosen—e g, tesorcinol, azobenzene, benzo-
phenone and naphthalene  The behaviour of other organic crystals
may be expected to be sumilar to one or the other among these

1. SODIUM NITRATE

Experiments with sodm nitrate at various temperatures have
revealed changes of diamagnetic amstropy which appear to be of
significance 1 the understanding of the nature of the solid state. In
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the present mvesligation, the tempetatute vartation of both magnetie
as well as optical propetlies have heen otudied  In this connection
the work of Kiacck and his co-wo keis!” (1931) on gradual transition
n sodmm nitrate 18 of greal mferest and an attempt has been made
to correlate the varous phenomena  Although the magnetic prope:-
ties have heen the mam consideration, the varation of the buefrin-
gence of the aystal with temperatare was also exammed quantitatively
for a cleaict understanding of the changes lakg place  As has
been pouted oul by Bragg® (1924), the buclimgence of the ciystal 1s
also due to the mirmsic oplical ansoliopy of the (NO)) groups, the
polarisability patallel {o the planc of the 1on bemg greater than that
perpendiculat to the planc  Hence o Jose cotrespondence may be
expected to exist between the magnetie and oplical changes

CRYSIAL DAL

Sodwm mirate NaNO,, Gm Mol Wi =85 01, density=
9965 Gm /cc , meling pomt—309 5°C, lngonal 1hombohedial,
space group DYy, Z=2, dumensions of the unit cell, a--632 A° U
and a=47°-15" (Biagg’)
Refiactive mndex m sodwm Iight
n,=1.5852
n,= 13348
(From Groth's—Chemische Kiistallographie)

Temperature Variation of Magnetic Properties

Magnetre Amsobropy * Kushnan'’s torsional method has been
adopted to determme the diamagnelu amsolvopy  The experumental
conditions weie so adjusted that the sumple tormula,

x CM
TIA)MH"
could be employed, several 1otalions of ihe toi1sion-head being neces-
sary to reach the critical position  The crystals were piepared with
great care fo eltminate inputtties which mught vitwate the resulls  In
fact, the presence of unpuritics has « marked miluence on the

(AX) =2(u,—
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temperatui ¢ vartation of diamagnetic anisotiopy near abouts th
g pomt, as the authot’s ivestigations on aZObenZenel s the melt-
different gtades of puidy (descibed Tater) have dearly b‘rlZiStl?:s of
The cxperiments weie done on three crystals of ght out
989, 395 and HH 8 m gms respechively A modified te:;lss:;es
was adopted m order to detetmme the temperature vanatxo;%e;
fhe magnetic ansoliopy  One of the chief difficulties Was?
suspending the crystal - We cannot use shellac or canada balsanli
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for fixing the crystal to the end of the fibre smce they would
mell at the lugher temperatures Hence, a crystal holder of deli-
cate pyrex glass fibre was made, m which the uysial could be
fixed 1n the desired manner The ciystal holder was fused on to a
straight glass fibre about 20 cm long, {o the other end of which was
attached the quaitz fibre by means of shellac far above the heating
oven (Fig 12) It s unportant fo level the suspended system so that
it 1otates freely when the loision-head 1s 1olated Thus could be
accomplished by soficning the straight glass fibre at various points
carefully by means of a suby Hame until the ciystal showed no
tendency to take up any piefeired orientation Inilally the crystal
holder alone was tested i the magnetic field in order to make sure
that no spurious effects were caused by it It should 10late fieely 1n
the magnetic field and should exhibil no iendency for pieferred
orientation  The couple acting on the holder in any position was
asceitamed to be neghgible Fig 12 shows the heating ariangement
The heating was done electrically by passing steady current from a
ballery, thiough chromel wue (which was found 1o be only feebly
magnetic) uniformly wound non-inductively round the pytex tube Itis
umportant that the mtioduction of the heating artangement should not
produce spurious magnetic effects  This was caiefully tested 1n some
preliminary expermments and the observed changes were found to be
lessthan 05% A copper cylinder mside the pyrex tube ensured uni-
foimity of temperaluie m the 1egion surrounding the crystal The
temperatuie was measwed by means of a silver-constantan thermo-
couple, the hot junction being placed very ncar the crystal The
calibiation was done directly with 1eference to a standard thermometer
whose bulb was placed in the posilion usually occupied by the crystal
The temperature could be kept at various values by adjusting the
heating curient by a system of rheostats Measuiements weie taken
after the temperature had attamned a steady value m each case For
avording fluctuations of temperalure, a further precaution was taken
by constantly mamtaming a steady current of water at room tempera-
ture 1n the coil tubing wound round the oven outside The tempera-
ture could be maintamed steady correct to 1°C It was found that
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t higher temperatures convechion currents were sel e mads e
wen and for ehmmating these, o thin uicneanp vvcebp g,
flaced just below the crystal fo act as ascreen and st e T gy
he distuthing effects conld he satisfactonty elummaded - The gy
sas lumnated from the side by medans of o fanp, e bt eubering
hough a hole 1 the copper fube (T 120, aned the oo ap gy,
ystal relative to the hield could be obverved by nieans ot the gy,
A kept at an mchmation of 457 and the tlonucrosnpe wontod gy
ircular scale

The varation of the magncln amsotiopy ob e Qv gl wagl,
emperalue was defermmed by observag the vadne of the v )
wgle of 1otation of the torsion-head al the varus fempuyatig o

TABLIC T

(The values vefer tua g nol )

Dhiamaguelic Mean w"hwpmulx(y
Substance Ansotropy {Kclo)
(X,r ‘XN.’> b4 ]0" e x l()l]
Sodinm Nitrate 615 26 6
NaNQ,
Tcm;ﬁ:(z;:ziur ¢ Susceptibulily — x 10"
o0 Xy=-29.7
Xlr’:"'z 3-55

e Xy=29.8
X..L" = 24.2

v
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The quartz fibre was throughout at 100m temperature and hence, C
remains unchanged In oider to avoid any possibility of the shellac
at S from softening, a copper spiral was wound 1ound the pyrex glass
tube surrounding the region and a current of cold water passed
through 1t constantly (Fig 12)

Absolute Susceptiblaties A modified form of magnetic
balance of the Curie-Wilson type, constructed by the author
(Fig 13), was employed fo1 deteimining the temperature vaiation
of the absolute susceptibility of sodum mnitiate both n the form
of powder as well as single ciystal The balance beam and
arms were of diamagnetic glass and glass parts were used
wheiever possible Measuiements weie made by the null method
The experiment essentially consisted i measuiing the vanation
of the force acting on the specimen placed in a non-uniform
field, when the temperature was raised from 25°C to 300°C No
absolute measw ements weie made, smce, only relative values are
required  The followmng piocedure was adopted  Two phials
(F1g. 13,) were made out of extremely thin-walled glass tubing of
uniform bore such that the dimensions of the phials were exactly the
same After careful cleaning, one of the tubes was evacuated com.-
pletely and sealed off at the constriclion Q A glass rod P of thick
ness 1 mm and length 20 cm was fused on to the plial at Q, the othe:
end of the rod being ground to a conical shape and made to fit correctly
into a ground socket at S (Fig 13) In this way the phial could be
ngdly fixed to the arm of the balance  Dry, finely powdered sodiun
nmirate was introduced into the other phial and compressed up to
switable maik on the phial  The second phial was also cvacuated ans
sealed off in the same manner and the glass rod attached to 1t sumularly
Under 1dentical experimental conditions, the variations of the force
acting on the phials respectively when the temperature was raise
from 25°-800°C were measured by means of the magnetic balanc
using the null method The zcio-position of the phial m the fiel
could be accurately fixed with the help of mirior M and a telescop
and-scale arrangement, and the phial was brought back always to tl
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same position by suitably rotatng the torsion-head The heating
arrangement was sumilar to the one described before and the tem
perature was measwed by means of a silver-constantan thermo
couple The angle of rotation of the torsion-head was accurately
measuied correct to a minute of arc by attaching to 1t a long bras
rod, to the end of which was fixed a brass shder which moved over ;
brass scale bent mto an arc of radws of about 50 cm (Fig 13)

’ ! l
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The determmation of the actual variation of the susceptibility
of the specimen with temperatuie involves the elumnation of the
effects due to the heating of the contamer and the surrounding
arr, besides the complications mtroduced by change of volume
of the substance on heating The readings taken with the empty
phial (Fig 14) enable us to get rid of the first two, since, the phial.
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are of the same matersal and dimensions Small differences
mn the dimensions of the phials will not affect the results, since,
we are concerned only with the changes of susceptibility and
not the absolute values Since sodmum nitrate expands by about 59
between 25° and 800°C, 1t 15 necessary to get an 1dea of the order of
magnitude of the effect of this expansion on the measurements This
was estimated as follows —A phial with a stopper was prepared out
of the same thin-walled glass tubing and a mark made on 1t at the
same distance from the bottom asin the case of the other phuals,
mentioned before A second mark was made just above this, so that
the distance between the marks was one twentieth of the distance of
the lower mark from the bottom of the tube Just enough sodium
mtrate powder was iniroduced such that, when partially compressed,
it came up to the upper mark The force acting on the phial in the
magnetic field was now determined i the usual way by suspendmg
it from the aim of the balance The phial was now 1emoved and the
powder fully compressed until it came up to the lower mark  The
force 1n the magnetic field was agam measured under identical
conditions  The diffetence mn the forces in the two cases was
0 3%, which 1s comparatively less than the observed temperature
variations and a correction for this was made mn the observed values

The experiments were also 1epeated with a single crystal ®
of sodmum nitrate prepared from the melt in exactly the same way as
n the case of the powder, using sumlar glass phials By preparing
the single crystal m a contamer of exactly the same dimensions as
the phials employed m the magnetic balance, it was possible to get it
of such shape and length that it occupied the same volume imn the
phial as i the experiments with the powder It was found that the
optic axis of the crystal comcided with the axis of the cyvhinder to
within 5°, and hence, the results gave practically, the variation of the
susceptibility perpendicular to the hugonal aws of the crystal, The
experimental conditions were kept the same as m the experiments

*My thanks are due to Mi T M K Nedungadi for hindly preparing the

single ctystal for me
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with the powder  The ciystal was not altogether free fiom flaws, an
there were slight cracks which showed a tendency to widen on ben
heated But the damage was nol sertous as could be checked y
experunentally  The observed changes weie quile small but fe
definitely outside the lmuis of expernmental error It will be obviou
however, that mm view of some unavoidable sources of eiror an
complications, a lugh percentage of accuracy cannot be claimed ,
such determinations but the results mdicate cleaily the direction an
order of magnitude of the changes mvolved

Results

Fig 15 shows the variation of X »—Xy: with rise of temper,
ture graphically The crosses mdicate the course of the curve :
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e crystal 1s heated From 25% to 300°C, wiule the dots represent {}

ie
alues as the ciyslal 15 cooled down Tt 15 seen that the mmbial value

f {he anisotiopy 1s practically restored, and hence, the changes are
ot due to any accidental causes  The experiment was 1epeated with
pree crystals to conmfirm the resulls The cowse of the aniso-
opy-temperature cu1ve 1s veiy sigmficant  Up to about 185°C , the
iamagnetic amsotropy dimmushes but very shighily with rise of
smperature Firom 185°C onwards, the decrease of amsotropy 15
ery pronounced At 280°C a shght nflexion m the curve can be
oticed, corresponding to a diminished rate of change of anisotiopy
ith temperature  The changes occuriing above 300°C were difficult
 follow, although a rapid dimmution was observed a few degrees
slow the melting point

Fig 16 shows the variation of the susceptibility of the powder
1d that of the single ciyslal, respectively, with rise of temperature

he changes are scen to be comparatively very small The diamag-
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nctic susceptibility 1s scen to mcrease with rise of temperature 1n
cases

The mciease 1 the diamagnetic susceptibility of the crystal,
direction perpendicular {o the trigonal axs, 15 found to be
greater than the mncrease in the mean susceptibility of the powde
stmple calculation shows that this would imply o dimimnution of
diamagnelic susceplibility patallel to the trigonal axis of the crs
From the data mn table II, we have, Xy= —29 7x10~% and »
—238 551075, refeired to a gram molecule of sodmum nitrate, at
temperature At 292°C, the values are, Xy= —293 x 107",
X r=—242 x 107 These figurtes would indicale that the ch
n the magnetic properties of the (NO,) group takes place both
perpendicular to its plane, assuming that these changes of suscey
lity are enlirely due to the (NO,) gioup The diamagnetic suscej
ity 1in a direction perpendicular to the plane of the 1on decr
while the susceptibility parallel to the plane mueases

Optical Properties

The mfluence of temperatuie on the buefringence of so
nitrate has been qualitatively mvestigated by Kracek' (1931)
found that there 1s no sudden change of bucfringence on heating
dicating that theie 15 no sudden change of phase during the gr.
transition observed by hum m the crystal from 185°-275°C
uniaxial character of the crystal persists up to its melting point

The temperature vanation of the birefringence of so
nittate cirystal has been quantitalively studied by the autho
measuiements made on the buefringence patlern obtained whe
crystal 1s examuned under monochiomatic convergent polarised
between crossed nicols, the ciystal plate bemg cut with the optic
perpendicular to its plane

The arrangement for obtaming the buefringence patte
rings and brushes with monochuiomatic convergent light transm
through a plane parallel plate of a double-1efracting crystal p
between crossed nicols 1s too well-known to need any descr
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ere Bul the heating device employed by the author. emb 4

ome new tcatures, will be described briefly A crystal,holdeo %mgf
rass (Fig 17) m which the crystal plate could be fixed convenje tlo
s exaclly mnto 4 hole bored m a copper rod A of diameter aboztg’

N
&

-\

\\

O-—Microscope objective
Q—TFlal cell thiough which cold water

1s circulated
pp~Pyiex end plates

C—Cuystal plate
BB-—Crystal holde

A —Coppet 1od

S-~Asbesios

W—THeating Wie

M --Mica sheel

I'~-Dyiex holder tube

1-—"Thetimometel

Fre 17
1 The coppet 1od 15 covered with a thm layer of asbestos over
nch chromel wite » wound for electrically heating the rod The
wole 10d 15 then covered with asbestos for msulating t, leaving only
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two openings for hight {o pass thiough the crystal A thermomet
readmg up to 300°C fils mio a hole al the top of the copper rod, t
bulb bemg kepl quile near the crystal  The wrtangement w
supported 1 a wide pyrex tube which could be clamped vertically
a stand Imtially the crystal m the holder was kept iside
desiccator for 24 hours m order that it may be quile dty  The e
plates p.p weie fixed to the crystal holder so thal no mosture fic
outside mught allect the crystal m the course of the experiment

The miet{cience patlern thiown on a ground-glass sereen v
found {o remam mote o1 Iess unchanged m chatacter on healing fiy
25°-300°C mdicating that no sudden changes take place when
temperatwie 1s raised  The diameter of the fusl datk 1ing oblaw
with 5461 A U 1adiation of the mercury arc was measued by me,
of a Zess glass scale  The change m the dimensions of the ring
also 1ecorded photographically with 4016 A U 1acdiation (Fig
Plate III) The ung was found {o have muicased m diameter
36% 1n the range of lemperalme 25°-292°C  The table be
giwes the mean diameters of the 1mg at the various temperatw

measured on the photogiaphic plate by means of the tiavell
microscope

TABILE III

s . Diameter of 1ing m Cm
Temperatuie °C X=d046 AU

25 165
100 165
185 165
220 166
250 167
275 169

292 171




Temperatuy,
s/

&1

&Ny

& 220

200
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The theoiy of the method 15 developed below

Lel a monochromalic plane~polarised waye be incident ob]
 on the plate of sodium nitrate crystal (Fig 19) op denC:)t .
trection of the mcidenl wave-normal and PQ, PR, the chrectxoe:
» ordinary and ex{y aordmary rays within the crystzil The phaze

ence of {he emeigent rays 1s then given by the expression
zels, “ Krstalloptik ', Leipzig, 1906)

R

P &%r—gg -

s o des

Fie 10

. d d d (tan 7,—tan 7, sin ¢
Am‘“{;\2 Sos7, icos AT Ao }

COS 7 ?
==27r(l{ 08 7y CO8 1}
Ay A

s (9,-7)
SN 7, SIN7,

=%wd s1m 2

3 A, Ay A, represent the wavelengths m vacuum and withm the
d 1espectively.

If we put
7, SN b

s r, =0
" V mn,

e 7, denoles the mean angle of tefraction and n, ny, 7,
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A
the refractive indices coriesponding to A, A, A, (n,= Xf’ Ny = %9,,

n,=1) we get by substilution, h

A Qwd(n,—ny)

A COS 7'
This relation 1s strictly applicable only in the case of weakly
birefringent crystals but 1s approxmmately valid m the present
case when r, and +, ate very small If n, and n, are the principal
refractive ndices of the crystal, we have
Ty — Ty = (Mg — M) SI0%

and therefore, .

A= %{ﬁl -(—73‘1%01»———%&:);:1] "= approxumately
From this we get for the first dark 11ng, belween ciossed nicols, the
following relation, on equating the phase diffcience to 2+

SI0 94 = Ag €05 Ty, t
"1 d (1, —mn,)

Since the angles of 1efraction are small, ~/ cos Vo, INAY be {aken as

umty, and 7, can be evaluated from the known values of A, d, n,

and n,, This was found 1o be 28° i the aclual experiment when

d=0580 mm and )\,=4046 AU It 15 evident that simnce Tm, 15

very small, we are quile justified i assuming ~/ cos 7, = 1 nearly

rd (n,—m,) sin’ry,
Aq COS 7y

corresponding to the first dark 1ing  Hence, for any variation in the

2
d sin’s,,

L
€05 7, with temperatuie, there must be a corresponding

change mn the value of n,—mn, 1n the opposite direction The change
n the value of 4 1s known from the data of thermal expansion of the
crystal and that of sin'r, can also be calculated from measurements
of the diameter of the first dark 1mg as follows

Now 1s constant, bemg the phase difference

value of

Let the 1adws of the ring change by 8p If p1s the radws
and d the thuckness of the plate mitially, then,

tan Tuy = gl and sumularly tan Ty 1y = ,;Z—:j;: g Where t, and t, are the
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dand final temperatures and §g 15 the change 1 the 4 K
nck-

cof d at i,
(3“0 :
tanra | 1T s,
tan% , TN T
Lh 14 %Z Sin Ty
anl%}lres being small, Hence since cos Ta, M2y be assumed to
mity,
2 2 (1-{—8—’:' ’
@it e,
COS 7, 4, COS 7, 4 1+ %d
8d
Sn’o—'ne)tz 1+ d
[ S0 \2
C ()

Thus from the dala of thermal expansion of the crystal and
surements of the diameter of the rings at various temperatures,
posstble to get an estimate of the corresponding change of
fringence  Sodwum mitrate expands by 47% along the trigonal
when heated up to 290°C  Hence

1.8
Ty
3pN\* (1 0B6)F —

p

the birefringence decreases by 2.4% when the crystal 1s heated
125°-290°C

Now temperature can affect the refractive mdex of an aniso-
1c crystal m two ways = (1) the thermal expansion of the crystal
bring about a variation of the principal refractive mdices which
be, in general, difierent for the three directions, (2) there will be
ntrmsic change 1n the value of the refractive mndices due to rise
emperature  Hence the experxmentaily-observed values of the
nge of refractive mdex will gssentially consst of two parts  If n,
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denotes one of the principal refractive indices (h=1, 2, 3) and ¢ the
temperature, we have the following relation
dny,_ ((_7_@) o,
i = \ae) T

J
where (%%l’) 15 the pail due to thermal expansion and -—5;“ the true

temperature  coelficient  of tefractive mdex The birefrigence

1

Anh[ (;z'l—wzz), (n,~n,) and (n,—n,) ] will thus depend upon tem-

perature 1n a complicated way, and to establish the tiue varation of
the bucfungence of the crystal as distinel f1om that due to the thermal
expansion only, it 1s necessary to know the data of thermal expansion
of the cryslal as also iis clasto-optical conslants (Pockels, Kiistalloptik,
1906) Unfortunately, the elasto-oplical data for sodiim nitrate are

not known at presenl Sumple considerations mdicate that (%?—")
due 1o the thermal expansion of the crystal will be posilive, since {he
expanston patallel to the trigonal axts 15 large while that perpend:-

aA,
cular to the axis 1s comparatively very smuall i the observed

oA,
change, 1s negalive, and therclore, -y will also be negalive, 1.e, the

mtrimsic  birefringence due {o the (NO)) group deceases with
temperature

Discussion

The observed decrease i the diamagnetic anwsotropy of sodium
nitrate with 11se of temperature can be due to any of the f{ollowing
causes —(1) change m the iclative orientations of the (NO,) 1ons 1n
the crystal latlice, (2) large ampltude swingmg oscillations of the
(NO,) groups perpendicular to then planes which are excited at hugher
temperatures, (3) change mn the intunsic amusotiopy of the (NO,) ion
with rise of temperatue due io deformations produced on 1t or othe:
causes

X-ray analysis has shown that thcie 15 no change of crystal
stiucture up to 300°C  The (NO,) 1ons continue to 1eman wilh thewr
planes paiallel {o cach other and peipendicular to the trigonal axis of
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aystal and thetefote, the change of anisotropy cannot be attribut-
to change m the 1elative orientations of the (NO

) groups  Swing-
oscillations of large 8 p g

amplitude also do not appear to be the cause
he change of amwsoliopy  Although 1t 15 evident that if t

he 1ons
m to swing with large ampldudes about theyr plane, a dimmution

he dramagnetic ansoliopy will occur, a simple calculation mdicates
to account for the obscived magmtude of the effect, amphtudes
he order of 20° on cither side of the equilibrym position will be
essary I the amplitude of oscillation 15 denoled by 6, at any
ant, the angular postlion 6 of the plane of the 1on with respect to

equiltbrium position will be gwen by =6, sin (2,-}: t) The con-
ution of the ion 1o the susceplibilities of the crystal parallel and

pencicular o the tiigonal axis, are then gven by the following
tions (eferied o gm 10n)

Xpp=K, cos*0+XK, sin’s
A=K, sm*0+K, cosd
Xy —Xp=(K,—K,) cos 26
valuc of (K,—K,) 1s, theielore, diminished by a factor Now 6
wally vates {rom—0, to-6, and we have to take the tune aver-

of the eticct  The mean value of 6 1s gven by
m

G)mw,=,2f f 8, sin (2% t)dt

~20,=0.636 6,
a

For values of 8,=4° 10° 15° and 20°, we have C0S 2fue
4=0975 0944 and 0848, iespectvely Calculations of the
Shitude of swimngmg oscillations based on the data of ight scattering
cate that ths 1s comparaively small ~ Using the relation,

2 h_
b =31
wed by Raman and Nedungadi (1939), the amplitude of the tilting
dlation for »—185 cm ™ comes out to be 58 This can produce
ecrease of magnelic amsotropy of the order of 1% only on the
rage.
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The work of Kracck and his collabotators on the gradual
transthion 1n sodium nitrate when the ciystal 15 heated up to 800° has
an intimate bearing on the change of diamagnetic anwsoliopy observed
by the author, for 1t 1s only natural that all these phenomena should
be mter-telated ‘These authors have studied the heal capacity,
thermal expansion, solubility etc, of sodmm uilrale from room tem-
peratute up to about 800°C and have obscived o gradual transition 1n
these properties, whose chaiacteristis were found to diifer fiom
those of noimal polymorphic mversion 1in that there 1s no fimte dis-
continmity duting the transiion  To explan the obseived changes,
they have posiulated that the (NO)) groups begm lo iotate frecly wn
thew plane at hgh femperatmies  The transition {iom oscillation
to rolation of the 1ons commences al about 185°C and as the
temperalure 1s increased further, morc and moie of the 1ons begin
to rotate until at 275°C all of them atc 1olating  The anomalous
increase 1 the specific heal of the substance i the lemperature
range 185°-275°C has been expluncd by them on this hypothesis
Austin and Prerce® (1933) have studicd the Iinear thermal expansion
of sodium mitrate in great detail and they have also observed an
anomalous mncrease 1 the coefficient of thermal expanston parallel to
the trigonal axis of the crystal between 1507 and 280°C  They have
tried to explamn thewr obscivations also with the help of the rotation
hypothesis, although m this case some powmts are nol quite clear
They assume that the mcreasmng amplitudes of oscillation ol the (NO)
1ons 9 Lhewr own plane cause 4 muked separation of the planes of
the mitrate 1ons and metal 10ns without any abnoimal mciease of
dimenstons i the plane of the group, or 1 other words, the mter-
molecular forces which are affected by such oscillations and rotations
are assumed to be those acting between alternale layers of nitrate
and melal 1ons It 15 not immediately obvious why thus should be so
If on the other hand, we assume rotations to exist side by side with
lateral swinging oscillations of the (NO,) wons peirpendicular to thewr
planes the large thermal expansion i the ducction of the trigonal
axis may be qualitatively explamed,
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The rotations of the (NO,)~ 10ns wm {hes own plane cannot
unt for the change of diamagnetic amsotropy  If we regard
(NO,) group as & ugud shucture, whether 1t g stationary

statng m its own plane, its contubution {o the angs
¥ otr
tal will he the same opy of the

Fiom the above considerations we are led to conclude that
e 15 most probably an mbimsic change of the dramagnetic amiso-
y of the (NO,) group with 11s¢ of temperatuie

The recent woik of Frenkel and Saveliev® (1937) on the
seralute vatlation of the diamagnetic anisotropy of ring-shaped
scules 15 noteworthy in this connection They have been able to
v that the diamagnetic susceptibiity of electrons m rings should
msh with 1se ol temperalute, as for mstance, m the case of
hite (Kiishnan and Gangult’, 1987)  They differentiate between
cases, the case of inferacting and non-interacting electrons A
serature-dependence of diamagnelic susceptibility and anssotropy
be expecled only m the laller case, as m graphite In the case
snzene and  stmular conjugated stiuctures, they have pomnted out
whether the ‘1esonance cleclions’ are of the interacting type or
interacting type can only be dewuded by expeniment  The fact
the diamagnetic susceptibilily of sodmm nilrate actually imcreases
itly with lemperature would mdicate that the ‘resonance elec-
o’ are of the micracting type m the (NO,) group, and therefore
tically unaffected by temperature m the manner considered by
el and Savehev and the theory as apphed to graphite does not
n to be valid here

The obsetved changes can be satisfactorly explamned as bemng
to the change of structuice of the sodwm nitrate lattice caused by
madual {ranstion  In fact, this mference 1s suggested by the
3 correspondence belween the spectfic heat and thermal expan-
changes, and the change of diamagnetic amsotropy  The maim
wes 1 the obscived changes ate, a comparatively small decrease
o aboul 180°C, a pronounced variation between 180° and 280°C‘
a less pronounced deciease belween 980° and 300°C. Schulze



122

(1988) has mvestigated the change of diamagnetic susceptibility wath
change of temperatuic of several morganic crystals and has obseived
changes of susceptibility of the order of 2-49 when polymorphic
{ransttions took place  These changes were atlubuted to deforma-
tions produced on the 10ns due the altered character of then environ-
ment with change of crystal stiucture A smmular behaviour may be
eapected m sodmun mbale due to ils anisoliopie eapansion, and
although there 15 no polymoiphic mvession, the telalive positions of
the 1ons are altered {o 4 considerable eatent by the expansion at high
temperatures  This may be suthicient to biing aboul a change n the
diamagnetic anisolropy ol the (NO,) gioup, of the obscrved order of
magniiude Smce the diamagnelic amsoliopy of sodmum nitrale 1s
comparatively small 1t will be easly seen that a change mn the punci-
pal suscephibilities of the order of 8% can cause a large percentage
change of the amsotropy  The sodium 1ons wie arranged about the
(NO,) gioup in an appiroxunately octahedial fashion, and when the
crystals expands the layers of oxygen atoms move farther apart  The
crystalline ficlds acting on the (NO,) groups, therefore, also change m
character, and ultimately the deformation of the (NO,) 1on will
depend upon the nature of these fields  The problem of 1igorously
calculating the mfluence of the lattice on diamagnetic anisotiopy 1s
being considered

The optical studies clearly indicate that the uniaxial character
of the crystal 1emains unchanged on mcreasmg the {emperatme The
birefimgence decreases by ahout 24 per cent of its room tempera-
ture wvalue al 292°C We have secn that tlus corresponds to a
decrease 1n the mtrmnsic optical anisotropy of the (NO,) group itself
Since the obscrved changes are quite small, the method adopted for
studying the changes m the chaiacter of the birefringence pattern
cannot be very accurale, especially since the 1ings are rather diffuse,
and an actual determimation of the changes m the 1efractive mdices
n, and 7, 15 necessary for stict quantitative determmation  This s
being atiempted employmng a prism of sodium mibiate cul wilh s
optic axis parallel to the edge of the prism, measurements being made
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N gpectlometm But the fact that the optical amsotropy of the

) group eelf decieases at lugh tem
, peratures
{s of the magnelic measmements Fupports the

The 1esults of thus mvestigs

sed  We  find that theletiﬁio nciei::;’s:ow o, iy sum-

¢ m the diamagnetc
stopy of sodm nihate which commences at about 185°C  An
son m the AX—"T carve 1s also observed at about 980°C  The
rved changes of diamagnetic amsotropy are found to be intimately
ected wilh the anomalous changes of spectfic heat and thermal
nsion obscived 1 the substance between 185°-275°C  The
ge 1 the mean susceptibility of sodium nitrate powder and that
1e susceptibility perpendiculat to the trigonal axs of a single
al with 11s¢ of temperatuie (2510 300°C) has been determmed
observed changes are comparatively small It has been deduced
the susceplibilily parallel o the trgonal axis dimimishes with
serature while that peipendicular to the axis wcreases with tem-
tme The changes in the magnetic properties of the substance
becn atttihbuted to o change i the deformation of the (NO))
p brought about by the ansotropic cxpansion of the lattice with
»f temperature, as 4 consequence of which, the 1elative positions
e 10ns arc allered  The optical anisotropy of the (NOy) group 15
found to have decieased slghtly The results lead to the
lusion thal the anisotropy of radicals like the (NO,) group s
ted to a considerable extent by changes m the relative posttions
e tons m the crystal lattice and that the disposition of the
yunding 1015 16 an 1mpot tant factor governmg the magnitude of
nisottopy of the gioup, and hence that of the crystal as a whole

2. CALCITE

As mentioned eatlier, Faraday® could not find any difference
¢ diamagnetic ansotiopy of caleite even when 1t was raised o
wat  Smee the diamagnetic amsotropy of calcite 1s compara-
y feeble, with the methods at s disposal at that tme Faraday

1 not have detected small changes,
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The author employed a ciystal weighmg 492 mgm  which
was suspended as usual at the end of the quarts fibie with the tigo-
nal axis honizontal The same iechnmique as m the case of sodum
mtiale was followed It was found that the anwolropy X,,—x,
rtemamed practically unchanged fiom 25%300°C  The observed
changes (dectrease of the amwsolropy) did nol exceed 2 per cent A
feeble change of {lus order may be expected on account of the amiso
tropic expansion of calaite, the cocfhicienl of thermal expansion
1s much greater parallel to the trigonal axis than thal of perpendicular
to the axis DBut theie 1 no anomalous expansion as m the
case of sodum nitrate m which the lattice eapands by about 5% along
the trigonal axis m the range 25°-300°C The change m the
dramagnetic anwsotiopy of the (COp) group due to these small
stiuctural changes may he eapecied {o be very small, as observed
expenmentally

3. AMMONIUM NITRATE

The behaviour of ammonmum wtrate 1s typical of many othes
nitrates which undergo polymorphic tiansiions with change of
temperature  Ammonmum miiate has five low pressure modifications
and one high pressure modification, and the polymorphic mversions
have been extensively studied by oplical, thermal and dilatometric
methods, and recently by X-t1ay analysis also, by many woikers®.

When the mollen salt freezes al aboul 168°C, it forms, first
cubic cryslals of I-ammonmum mtiate Al aboul 125°C, we get the
tetragonal foim fust discovered by Wallerant, IT-ammonum mitrate
At 84°C agam, III-ammonium nittate 15 formed, which 1s now knowr
to be orthoihombie, although monochnic syminetry was at first assignec
to this form  The best representalive value of this transttion tempera
ture 1s given by Eatly and Lowiy as 84 2°C At about 32°C, there
18 a third transtion to IV-ammomum nidiate, which 1s the usua
rhombic 10om-temperature modification  Below 18°C, a tetragona
or pseudo-hexagonal form has been found to be stable,
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The most probable values of the temperature
sof t
nariscd 1n the table below ransition are

Phase Temp °C
I = 1 125.9
N = 1 849
m = 1v 323
v = Vv ~180

The X-ray analyss of Hendricks, Posnjak and Kracek shows
sach of these ltansitions, as may be naturally expected, 1s charac-
»d by allered 1clalive posilions and ortentations of the (NO,y~
(NH )+ 10ns m the lattice  In the cubic form, evidence has been
1 for the existence of aclual rotations of the (NO,) groups in the
e The stiuclural characterslics of the other moddications found
\em are

Telragonal (LI-ammonwun mirate) (1252°-842°C), g=b=
\°U, ¢=500A , 2 NHNO, mn the unit cell Plane of the (NO,)
ps parallel to the ‘c’-axis and mclined at 45° to the ‘o’ and ‘b'-axes

Oithor hombie (ITI-ammomwum mirate) (84 2°-32 3°C) a=
\°, b=766A° ¢=580A° 4 NHNO, mthe umt of structure
es of the (NO,) groups paiallel to the ‘¢ -axis and mclined at an
» of nearly 26° to the ‘b ’-axis of the crystal

Orthorhombie (IV-ammonwum mirate) (32 3° to -18°C) Sp
p Ve, @=5.T5A% b="545A° ¢=4 96A°, (the ‘a’ and ‘¢’ crystal-
phic axes have been imnteichanged m the X-ray measurements)
9 NH,NO, m the unit cell  Planes of the (NO,) groups perpend-
{o the ¢ b "-urystallographic axis

V-ammonwum nitrate. stable below -18°C  Hexagonal, =
\° =15 9A°, wilh 6NHNO, m the unitcell. The true lattice
be pseudo-hexagonal

C D Wesi" m lus X-1ay analysis of the room temperature
fication retams the ciystallographic axial 1atios @ b ¢=0909"
10553, whereas Hendiicks, Posnjak and Kracek have found i
ssary to infeichange ‘a’ and ‘¢, so that theyget ¢ b @ 38
). 1. 1.0558.
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Magnetic Anisotropy and Crystal Polymorphism

Crystal polymoplism has so far been studied mamly 1
oplical, thermal and dilatometie methods, taking advantage of 1l
fact that polymorphic mversions are charactenised by more or e
abrupt changes m the physical propertics of crystals such as 1efracty
mdex and hirelungence, specthc heal, volume, thermal expansio
weflicient ele  Since the advent of X-1ay analysis the actual change
ol stiucture can now be studied m close detal, as has been accor
plished 1 the case of ammonmum nilrtate  Now, when a cryst.
like ammonmum mitrate changes s structure, we have seen that 1
each tiansiion the relative orrentations of the (NO,) groups ar
alterted We have already seen thal the (NOg) group possesse
diamagnetic anwotropy and that the diamagnetic amsotiopy of nor
wolropic  aystallme nidiates 15 cssentially  due to the ntrins
anisotiopy of the (NO) 1wns The magmiude of the cryst
anisottopy  will thus depend upon ihe oientation of the (NO
ions m the lattice It may be easly mferied that the absolute valu
of the dramagnetic ansotiopy of the lugh temperature modification
of ammonmum niliate will be all different  Hence, the polymorphs
changes are capable of bemg studwed by magne-crystallic actior
The prescent mvestigation was undeitaken to eaploie the possibil
ties and the hinutalions of this new method of detecling and studyin
crystal polymorplusm  The expermments on sodwum mitrate, des
cribed before, scem to mdicate that the diamagnetic anisotiopy of th
(NO,) group isclf mughl undeigo a change when the characte
of the envuonment of the gioup also changes Hence, over anc
above the change of crystallme diamagnetic anisoliopy due to the
altered posttions and orientations of the 1ons 1n o polymorphic change
there 1s also the additional effect of a small minnsic change of dia
magnetic anisotropy of the on which, however, may be comparatively
small

The fact that the magnetic studies requue single crystals,
leads {o many complications which should not be ovetlooked
Although we slart with a single crystal at 1oom temperature, 1t 15
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y that the crystud temams ntact over the w
ure sluchied and transforms to g
one Ammonium nitiate itsel

ole range of fem-
imgle crystals of the other modi-

F1s a typral cag
aspeet When the room temperatu)lqe) mogji;:atig; i:m}ljtiigg
aally heyond 327 il transforms to Hl-ammonwm nitrate (The
i mechanism of the change seems to be the formation of centres
ansformation all over the ciystal at first the transformation
ading out ftom cach cenire m all direchions We have to consider
sfore, & number of important pomts when carrymg out the magi
studics namely, (1) the exact nafure of the crystal-sttucture-
sformation , whetlier a mosatc ciystal or 2 polycrystalline aggre-
has been formed, and m the latter case, the character of the
dations of the ciysialldes formed, (2) the duration of the
norphic change , whether it 1s sudden or gradual, and the optimum
swons at which the change takes place with maumum speed
»¢ powits will he discussed i detadl later

When making a general smvey of the various transformations
he method of magne-ctystallic action, it s sufficient to choose a
convemtent temperatures and determune in each case the diamag-

ansoliopy of the uystal when it has reached a steady value
:n the fempeiatwie s well above a transiton pont, 1n general,
transition takes place quickly m most substances, except a few,
vhich several days are required for the complete reaction to take
3, as {01 mstance the {ransibion, monochmic > Rhombic sulphur
1¢ case of ammonwm nitiale, the tune-lag 1s very hitle, except
e casc of IV = 111 mversion where the temperature has to be
:d well beyond the {ransition point for the transihon to take place
kly At temperatwes onc or two degrees above the transition
setature (32 8%, the 1eaction 1s comparatively slow, takmg a few
s Ealy and Lowty (1919) have shown that m contrast to the
silion at 34 57, the veloaities of the transitons al higher tempera-
s arc tast enough to give sharply defined breaks in the heating and
mg carves  If 15 mmporfant to note, however, that the actnal tem-
wure of the ¢1ystal 15 the most important factor governimng the velo-
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- city of {ransition, and the rale of transformation mercases m mog
o1 less duccl ptoportion to the difleience between the {emperatu
al which tiansition takes place and the true transttion temperatue

Experimental

Single ciystals freef1iom streaks and defects could be ps epare
from aqueous solulion of recrystallised ‘ Kahlbaum " ammonmim nitrat
which had been carefully fillered beforchand  The ayslals wer
giown by slow evaporation mside a desweator  They were furthe
kept in a perfectly diy state for several days before the expeinmen
i a desiccator conlammmg PO,  Ammomum nitrale 1s very hygro:
copic and {he polymorphic changes are very sensitive to the presenc
of moisture which can cause anomalous 1esulls  Theicfore, mostur
has to be carefully excluded  Coating the crystal with a thin layer ¢
diamagnetic shellac mght prolect the cuystal from moistuie, bul i we
found that theie was always a fendency of the arystal to break up du
to polycrysial formation, if this was done Ilence, it was foun
advaniageous 1o keep the tube m wluch the crystal 15 suspende
perfectly dry by means of P,0,

The techmque adopled for Iugh temperatuie measuiemen
was exdclly the same as desaibed betore m the case of soduu
mtrate A suitable crystal holder of suffictently tluck glass fibie wa
made to hold the ammonmum mitrale aystal ugidly  Expenment
were made with the ‘¢~ axis of the arystal kepl vertical  The suspend
ed ciystal was kept mside the eaperumental tube for a day m th
presence of PO so that no trace of mowsture might be present

The experimental proceduie was as follows  the critical angl
of rotation of the lorwion-head was found af 100m temperatute witl
ihe field on  Now ihe temperatuie was gradually rased by a fev
degiees, and when equilibtium conditions had been attamed, the
critical angle of 1otation of the torsion-head was agamn found  Tht
was done for a few temperatures up to the list {ransition pomt of the
aystal e, 323°C  The next range ol temperatuie employed war
between 32 3°C and 842°C  The diamagnelic antsotiopy of the
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al at temperatutes 47°, 59° and 78°C, 1 ths rag ge was found
mvestigated the range 84 9°-1259°C angd finally 125 2°
> The 1eoulls oblamed m an experiment with a crystal 2

of mass
mgm arc shown graphically m Fig 90
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There arc complications during the lugh temperature transe-
»due to the sublimation and breaking up of the crystal Owing
us and vaiious other causcs nhetent 1 polymorphic changes, the
e could not be 1eliaced on coolng  But il was found that the
tal iegamed a large part of ils ansotiopy on cooling down to room
perature, although it was no longer a smgle crystal When heat-
above 81 9°C, the crystals usually developed opacity and were
ently polyciystalline aggregates
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The transition al 32 3°C was studied m some detail and the
changes aie 1epresenied graphically m g 21 Tt1s found that the
changes commence only alter the transition pomt 1s passed The
curve shows defmitely that at temperatures just above the {iansition
pomt, the velocity of 1eaction 15 slow and mercases as the temper ature
1s 1ased further  The crystal was allowed o 1eman at each tem
peratwie for about fiflcen mmutes  In fact, the tome taken {o measure
the ciitrcal angle of 1olation of the {orsion-head thice limes atl eact
temperature was fiftcen mmutes on the average A cuive of {hg
character gives only a gencial idea of the veloaty of 1caction a
varwous temperalures  For more accurate determunation we have te
keep dilferent caystals at varous tempetaturces just above the trans
tion pomt and study the change of diamagnetic anisotiopy with time
in each case  This was done for tluee temperatures, 32 8°C, 34 2°C
and 36 0°C At 86°C, 1t was found that the veloaty of 1caction 1s hugl
enough to be considered abrupl  Ifig 29 shows the curves obtained
AX bemng plotted agamst lune
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Experiments with a Crystal which was heated and

ooled about the transition point 32.3° seperq] fimes

In such a case, 1t was found that there 15 practically no re
ation of the polymorphic tiansition  If the temperature 1 kept
tle hagher than 32 3°C, the diamagnetic anisotiopy falls to a Jow
e and does not change  preceplibly with time If, however, the
tal 15 brought to a temperatuie lower than the transition tem’pera.
, the anwsotiopy assumes a higher value It was noticed that

alternate heating and cooling destroyed the homogeneity of th(’:
{al and there were considerable variations m the actual values of
dlamagnetic antsoliopy oblamed  The origmal room temperatue
e of the smgle crystal could not be 1eached m any case although
es very near to il were oblamned mn one or two mstances

When a crystal of IV-ammonum nitrate, after transformation
J-ammonum nitiate by being kept at a temperature of 60°C  for
w houts, was gradually cooled down to 10om temperature, it was
rved that al about 27°C the diamagnetic anisotropy did not show

peteeplible mercase  The veloaty of reachion ITI->IV was
d to be tather very slow under the conditions of the experiment
wthet cooling to 20°C the diamagnetic amsotiopy was found to

mncteased conswderably to very nearly the origmal value for IV-
jontum nulrate crystal mndicating 1econversion to IV-ammonium
le

The transtion at 84 2°C  was observed to be comparatively
k bul was not mvesligated m great detail

Diamagnetic Anisotropy in relation to Polymorphism

in Ammonium Nirate

The most significant feature of the results i the more or less
ipt changes of the values of the diamagnetic amsotropy of the
tal corresponding to the occurrence of the various polymorphic
tfications It 1s quuite clear that m {ayourable cases as m ammo-
1mtrate, we can castly detect polymorphism by magne-crystallic
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action It is also evident ihat o defaded study of a polymorphic
transition 1s possible by this method and considerable mformation
may be gained regarding the velocily of transition al vaious tem.
peratures

Now 1t must be emphasised thal there are hmutations to this
method Recent X.ray work by ILeonhardl and Borchert and
Tiemeyet™ indicates that, i general, during o polymor phic transition
the smgle crystal of one modification gets transformed mio a poly-
crystalline aggregate of the second modification  Tiemeyer has
exammed the various transittons m ammonwum nittate by X-1ay
analysis  He finds that III-ammonmum nitiate formed from IV
consists of munute crystals which, however, ate not very markedly
separated {rom each other so that it approximates {o a mosaic
crystal  The orenlations of these ciystallilies aie more or less
of a regular character, allhough theie 1s some depattuie from
perfect regularity of arrangement  Cooling the ITI-ammonium mtrate

thus formed below 32 3°C, produced polyciysiallme IV.ammonium
nitrate

The magnetic measurements also indicate that theie 1s regu
larity m the arrangement of the aystalliles 1 ITI-ammonmum nilrate
formed from IV, It 1s found that the diamagnetic amsotiopy of IIT
ammonium nitrate (Fig 20) 1sapproxunately what should be expected
if the ‘¢ "-axis of the origmal room temperature modification cortes
ponds to the ‘¢ -axis of the IlI-ammonmum nitrate crysial (from the
standpomnt of the magnetic measurcments, 1t makes little difference
whether the III-form 15 a single crystal or a polyur ystallme aggregale
the crystallites of which are airanged reguladly with sumilar axe.
pomting mn the same direction) According to the X-ray analysis of
Hendricks and others the planes of the nitiate 1ons aie mchined te
the crystallographic ‘& ’-axis al an angle of 96° and they are alsc
parallel tothe ‘¢’-axis  The mdwmation of the planes of the ont
accounts for the lower value of the diamagnetic amsolropy of the 111
modification, expettmentally obscived  If we tenlalively assume thal
the ‘c’-axis of the T1I-form 15 m the same direction as the ‘¢’-ax of the
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n tempet atwre modification, and caleulate the angle of melmat
1e plane of the (NOy)™1on from the observed diamagnetic amsoticion
¢ crystal, it comes out {o be 25° nearly  From this it appears Ii}’
ustrable 1o draw the 1mpottant conclusion that when a poly;r)nor hxz
witton {akes place ma single aystal, thete 1s ustally a deﬁgnte
pion between the otentation of the ctystallographic axes 1 the
forms Several mdependent experments gave more or less

dar values for the change of diamagnetic anisotropy mdicating
¢by that the comcidence 18 nol pmely forturtous

As 1egards transitions at 84 2°C and 125 2°C, there 1s consider-
difficully on account of the lack of homogeneity of the crystal
ugh tempetaluies  Beyond about 100°C the crystal becomes
te and opaque, evidently due {o its polycrystalline character But
ertheless, the changes of diamagnetic anisotropy are very charac-
stic Above 81 9°C {he ansotiopy falls to a low but definite value
mmoniwm mirale has a tetiagonal form according to X-ray
tysis and it will have no anisotropy 1 a plane perpendicular to the
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tetragonal axis  Bul there will be ansotiopy 1 other planes  The
results clealy show that ihe tctiagonal axes of the crystallites
formed ate probably mchned {o the vertical, thus accounting for the
small anisotiopy observed in the crystal

The cubic form will natmally exhibit no magnetic ansotiopy
on account of its symmelry In {his patlicular case, as suggested
by Hendicks and others {rom X-1ay analysss, the mitrate ions
are actually f{ieely rotatng the lattice The diamagnetic amiso-
tropy of the ciystal will cdisappear m the case of fiee rotation
of the (NO,) gtoup Cubic symmetiy m o crystal 1s achieved exther
by a swtable airangement of amsotropic wns ot molecules i the unit
cell, o1 1n case there 15 only one amsotropic group 1 the unit cell, by
a frec rotation of tlus group which will mtroduce sphertcal symmetry
for the group, Cubic ammonmum nitiate 15 rematkable m belonging
to the latler class of crystals

Fig 22 shows that the rale of the reaction IV-SIIT 1s
greater if the temperature of the crystal 1 much higher than the
transition temperature  The obscivation that the rate of 1eaction
IV->III 1s accelerated when the femperature at which the transition
takes place 1s much hugher than the transilion pomnt, 15 1 agieement
with the obseivations of Peishhe and Popov!  The fact that alternate
heating and cooling accelerates the change at the transition pomnt
32 3°C may be duc lo the presence of botlh modifications together
simultaneously Cohen and Lieshout have noticed that if the substance
15 alternately heated and cooled scveral times about the transition
temperatute there 1s practically no lag m the transformation  If on
the other hand, IlI-ammonmum nitrate 15 hept for a long tune well
above the tiansttion temperature 32 3°C, we have seen thal on cool-
mg down the crystal there 1s hystercsis i the III-IV  trans-
formation

4. POTASSIUM NITRATE

Just like ammonum mitrate, potasstum nitrate also exhibits
polymorphism  But only two forms aic known M I. Frankenhemm®
first discovered the existence of the two forms The transition
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petature was latet mvestigated by B Maffay g

ut 300°C Bul G Fousseroyt who fixed it at

Was able to arr

o ve at the more

atate value of 130°C by experments on the electrical condnctvit
¢ Y

b s e 3 ol o
nges occurimg al 129°C on hcft(t)xllml able la§ n the transtion,
reclvely ]*‘?()111 opitieal mvcsugf‘c;i: n\igf 15;2:113 01“116coolmg down
omewhal sumilar conclusions  The change of &;Z bclould S
> found to take place at 129 5°C The experiments ocf)l;? i;efractlon
allerant™
wcale thal the transition {akes place at 126°C  Op cooling, however,
dicrant did not obscrve any tiansition till at about 114°C, when a
iden merease of bucefltmgence was observed due to the occurrence
vihad “ngonal’ modificabion  This on further cooling became
nodmue later  The last tiansbion has not been confirmed by later
tkers  The ellect of pressuie on the polymoiphic transformation
KNO, has been extenswvely mvestigated by P W Bridgman®
Cohen and IT 1. Biedee® also repott the occurrence of a ‘third
dification’ below 127°C which, however, soon transforms to the
al form,  More 1ecently W Boichert® has mvestigated the poly-
rplusm of polassium mirate i gieat detal by means of X-rays,
finds {hat the rhombie low-lemperature modification (8) of the
gontie type 1o transformed 1o the hugh-temperature modification of
calute type (o) al 128°C  The change «=> 8 occurs i a com-
aled way  On cooling, the tugonal modification assumes a mosaic
tacter al 193°C  This has been called the o*-modification by
wchert  The «* ystal changes to g at 113°C, the S-modification
formed constsling of very hine crystallies (Fig 23)
« (T1igonal form prepared from melt)

—— 198°C \L > 128°C
(L%

1oom lemperalure S 118°C,
modification) \L
B

Scheme of Pojymorphie transitions tn Potassmum Nitrate
Fie 23
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Now the trigonal modification called «, obtained by the trans-
formaton of the B~form at 128°C  has been found to differ fiom the
a cryslal prepared from the mell, m that on cooling down the g-
modification occuts at 128°C withoul any lag  The B-modification
thus obtamned 1etams more o1 less the chatacter of 4 single crystal, in
general, but 1t was found that the mdividual “ Gatter blocke ” exhibit
an error of onentation of the ‘¢ '-axis

If, however, the «,~modificalion 15 kept at a high lemperature,
(about 195°C) then, on coolmg, it behaves hike the w-modification
prepared from the melt, the transition to the A-form occuiring at
113°C only

It will be ewident from the above {hat the observed changes
are rather complicated The author has mvestigated the coriespond-
ing changes of the diamagnelic anisotropy of the crystal under various
experimental conditions and the 1esults obtamed aic presented and
discussed 1n relation to the carlier X-1ay work,

The crystals of potassium nilrate were prepated from a saturated
solution of the substance (Kahlbaum’s purcst) i dilule nitric acid.
The ciystal was suspended {iom the quarlz fibie with the ‘¢’-axis
horizonial and the ‘a’-axis veitical The value of XX, determined
at room temperature, has been given eatlier (X,—~X,=6 98 x 10~%)
and the changes m this quantily with nse of temperature were
mvestigated

It wasfound that the diamagnetic anisotiopy changed at 127°C
more or less abiuplly (Fig 24), and no lag m ihe tiansition could be
found, as far as could be made out friom the magnetic measurements
The measurements were taken after the tempeiature had reached a
steady value 1n each case  The obscived change apparently corres-
ponds {o the transition of the ciystal from the aragonite type of
structure to the calcite type Healing of the crystal above 127°C had
practically no further cfiect on {he diamagnetic anisolropy

The changes on cooling down the crystal {rom 150°C were not
equally striking At 124°C. an mcrease mn the diamagnetic ansotropy
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could be observed (Fyg 24)  Thus should ey
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{o the f-modifivation spond o the change
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The remarhable fact m these experiments s that the orien-
tation of the ‘«’-axts of the ciystals relative to the field 18 not affected
to any greal extent durmg the hansttion  The maximum deviatton
found was only aboul 1 This would indicate that when the polymor-
phic transition takes place, the tugonal axs of the o-madification
cortesponds more ot less 1o the ‘e-axis of the ongmal f-modification
The planes of the (NO) groups are perpendicular to the ‘crystallo-
graphic axis 1 the A-modification and pependrcular to the trigonal axis
m he w-modificaion”™  Ilence, when polymorphic changes take
place there appeares o he a dehmte geometrical relation between the
erystallographic ases of the two modifications mvolved w the change
@ the cast of oure cryslals,  Atfention has beea drawn fo this aspect
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of crystal polymoiphism by Boichert also as mentioned cailier  The
author has pomnted out before that m the case of wmmonmum mitrate
also such a telalionship scems to exist, the wystallographic axes of
the two forms having definte otienlations relalive 1o each olher A
detaled mwvestigation of these relalionshups 15 possible by X-1ay ana-
lysis only

In one expeument the B-modiication was heated up to 200°C
and then cooled down m order to discover whether thete 15 alag m
the «=> B fiansilion It was observed thal the mcrease m the
dramagnetic amsoliopy occurred considerably below 127°C - A gradual
mcrease was noticed at 110°C. but the ongwmal value of the aniso-
tiopy of the B ciystal was nol attaned The crysial was definilely
found to have a polycrystalline stiucture and had become opaque,
The resulls mdicate considerable hysieresis m the «=>B trans-
{ormation

5. SULPHUR

The diamagnetic anisoliopy of rhombic sulphur at room tem-
peratuic has been studied by the author as desciibed carlier  Above
aboul 96°C rhombic sulphur («) transforms mio a monoclmic {form
(B) Tlus transformation was observed by Mitcherlich i 1828 and
has been eatenswvely studied by vaious workeis*® P Duhem™ has
found that the rale of reaction depends upon the proportion of soluble
to mnsoluble sulphur present, besides varous other physical condilions
Gernes™ has found that the 1ate of transformation 15 very much depen.
danl upon the temperalure  The lugher the temperature of the crystal
above {he hransilion {emperatme the quucker s the transition «->8
The 1eaction B>« has been shown by I Duhem® and H R
Kruyt® to be very slow  The actual temperatuie of transilion =8
has now been accepted as 95 5°C*

Employmg the techmque previously described, the author
has tried to investigate the coutse of the 1eaction, rhombic to
monochnic sulphur A big regular crystal of 1hombic sulphur
grown from a solution in carbon disulplude was suspended m
the magnetic field with the ‘c¢’-crystallographic axs vertical — The
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change of diamagnetic anisotropy Xy~ X, Was vestigated. af
temperalur ¢, takmg measurements at mntervalg of half an}? various
the range 25 L07°C Practically no sudden change of d1a?r§1 s
amsotropy could be obscrved even af the lemperatures, 9g° 18?:1 ctie
107°C  The crystal was then kept at 100°C for two 1,1 Ours’ Avanc%
slight decrease m the duamagnetic anisotropy could be ohseryved whigl
was less than & per cent of ihe tolal ansotropy  After three hours
the decrease ol dramagnetic anisotropy amounted to ahout 7 per cent»
of the mitial anmsoliopy It was evident that the changes are not of a
striking chatacter They seem o dicate, however, a slow rate of
reacion  There was no sciious loss of weght of the crystal due to
volathvation  In view of the {acl that the crystal structure of sulphur
18 not definitely hnown still fuither mvestigations were not contmued,

General Remarks on the Temperature Variation of the
Dramagnetic Anisotropy of Inorganic Crystals

The most stiihing changes of diamagnetic anisotropy are
observed n the case of polymorphic mversions At fanly low tem.
peratures 1t 15 possible Lo study polymor phism 1n delail by the method
of magne-crystallic action  We note that much valuable mformation
regudmg the vdloe tly of polymorphic wveiston, the dependence of
this veloaty on the adtual temperature at wlich the change takes
place, hysteresis phenomena, and the relative orientations of the
erystallographic axes of the various modifications as they are formed
one from the other, can be obltumed  Changes of a different nature
ate observed m a crystal Iike sodum nitrale  Here, the decrease of
diamagnetic anisoliopy of the crystal 18 associated with the anomalous
expansion of the lattice and consequent change of the mtrmsic
diamagnetic  ansotropy  of the (NO,) group When rotations or
oseillations of amsotiopie groups i crystals set m at high temperatures,
they can also be casily detecled by magne-crystallic action, A freely
rotating group ceven i 1t 1 ansotropic will acquire spherical
symmetry, and 1t will nol contubute to the anisotropy of the crystal
In cubt anuoonmum witate the (NO,) groups are supposed to be
freely rolatmg, and thal 15 the reason why the crystal 15 150tropic
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although thete 15 only one (NO)) group 1n the unit cell  The
measurements cannot prove that any rotation exists m cul
since, rolation o1 no rotation, a cubtc crystal will not usually
anwsotiopy  Bulif i a non-cubie crystal 1olation ol antsotiop
were 1o sct 1, it can be caaly detected by deternmunals
change of diamagnctic antsotiopy

In gencral, we notice that i magne-crystallic action
useful method of investigating various dynanuce phenomen.
m the sold slale, and m favourable cases much new u
regarding various aspects of these changes may be oblamed

ORGANIC CRYSTALS

Cabiera and Fahlenbrach® lave shown that the d
susceptibilities of orgamce aromatic compounds are not sensik
by a risc of temperatuie of the order of 100°C  Smce ih
temperatutes employed by the author mn the case of orgar
mnvestigated here, did not eacced ths, we may justifiably
any change of diamagnetic amsotiopy obseived in the
changes taking place m the lattice, and nol fo any mtrinsic
of molecular anwsotropy. ®

Several methods weie tried to pievent volalthzat
crystals  Coating the crystal with some heavy wviscous «
boiling point was not found to be very satisfactory  Immer
crystals m liquuids of hugh boiling pomnt was also not possible
account of the lightness of orgame crystals torsional mea
could nol be made accuralely  Besides, convection cuiie
Liquids are set up al hugh lemperalutes which serously mnte
the measurements  llence, the method adopled was
allowance for the sublunation of the wystal, weighing 1t 1
after the experiment, and also al various stages as {found ¢
All the mantpulations were also carried out as quickly as
oider to minumise losses due to sublunation, allowing time
for the crystal 1o 1each the temperature of the surioundng
case of azobenzene and benzophenone, on account of
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meltmg ponts, :»uhhm.ttum was very slight and led 4o g

diffcutties  The cuef ceffects studied were, polylnmphlsmoaszrxous
effect of imputity-molecules on the stabulity of the lathice at ,ten e
tures nearabouls the melting pomt.  Crystals of resorcinol :;P]:ra,-
gene, benzophenone and naphthalene were nvestigated e

1. RESORCINOL

The catly expeniments weie made on tesorcinol, and the prel-
mmaty 1esults obluned have been 1cported m a note to ‘Nature’
Kahlbaum’s putest subslance was used and good c1ystals could be
easily grown from aqueous solulion by slow evaporation  Crystals
weighing 15-30 mgm  were used m the experments Resorcmol
aystals have a tendency to become coloured on exposuie to light
The melting pomt of the crystals used was 109°-110°C

CRYSTAL DATA

Resoranol - CIL,0, 5 melling pomt 110°C, gm  molecular
wesght 11005,, ¢ 6 ¢ 09105 1.05404, Orthorhombic, space
group C',,, Four molecules m the unit cell®

The technique adopled for determmmg the diamagnetic ami-
sotropy was the same as described in {he case of soduum mitrate
The crystal was suspended with the ‘¢’-axis vertical and changes m
the quantidy (X,—X,) were observed

The actual experimental procedure was as follows  The oven
was rased fo the desued temperature fust of all The crystal
suspended from ihe quarls fibie was then mtroduced and when it
had taken up the tempetature of the surtoundmgs (this did not take
more than five minutes) the critical angle of rotation of the torsion-
head «, was measw ed after the preliminary adjustment of the crystal
with the ants of greatest (algebraw) suscephibility 1 the horizontal
plane (¢, with the ‘@’-axts paraliel fo the field direction After two
measurements of o, to chedk up the accuracy, the crystal was quickly
cooled down {0 room temperalure and the diamagnetic anisotropy
at room {emperature agan measured  This process was repeated up
o 105°C. Duinng cach delermmnation, the erystal was not allowed to



142

remain at the high temperature for more than f{ifteen r
was found thal mn every case, the imbial room temper
of the diamagnclic anisotiopy was almost restored, eac
later stages of the expeniment al lugher {emperatures
crystal had been alternately healed and cooled several t
loss due to sublimation was estimated by weighing
at cach stage of the expenment It was found thal
developed considerable opacity on being healed  repeatec
polycrystal formation

Fig 25 shows the nature of cuive obfamed m
nary expermments With rise of temperature there 1s
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no change of anwsoltopy up 1o about 80°C  From &(
temperatures near the meling pomi, the ansotiopy
raptdly Near the mclung pomi the fall of anisotrop:
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matked At lugher temperatures the otientation of thy

the field was obscrved {o have changed by several deer;:rystai n
change was rather arbitrary grees  This

The explanation of the changes prese

The obscived change did not resem&e t;fdc;fnzf d;ﬁig;flesl
polymorpluc mversion m view of the fact that 1t appeared tomse
gradual ~ A polymorphic mversion with considerable hysteresis my ht
gwve rise 1o a gradual change m the amsotropy, but m this case %he
restoration of the rooni-temperature value of the anisotropy on co (’J ing
requires eaplanation  Winle these aspects were bemng considered
Ubbelohde and Robertson™ showed that ordmary resorcimol (u) under.,
goes a transformation into a denser crystallne modification called 8-
resorcinol at about 74°C of the following characleristics

p-resoranol  GHO,, M=110 05, meltmg pomt 109°~110°C,
calculated density 1327 gm/cc , Orthorhombic bipyratudal space
group C§,, Four molccules mn the unit cell”

The change from the « to the B-form does not take place at
once Considerable hysteresis mn the phenomenon has been observed
The velocity of transformation will be greater the ugher the tempera-
ture of the crystal above the tiansiion pomt 74°C Robertson and
Ubbelohde (loc cit) have found that it takes nearly an hour for the
e-form to get converled nto the B-form at 100°C. In the actual
experimental techmque adopled by the author, there 1s evidently
partial conversion of the u-form to the f-form, which takes place pro-
gressively as the «ystal s tepeatedly heated further and further It
s obvious {hat s should lead to a change of dramagnetic anssotropy.
Smce, however, the liansition from the B to the a-form takes days,
one should 1 fact expect no restoration of the amisotropy to nearly its
mital value on coolmg down the crystal agam to room temperature as
was experumentally observed  This was 1ather puzzling but could be
satisfactorly accounted for m the hight of further wvestigations on
aobenzene crystals,  The detaled account of these studies will be
gven later, but we shall here antiupate some of the mapoitant results
obtamed wlhich arc 1celevant here  The azobenzene molecule has two
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forms, the cus and {rans  Solutons of (rans-azobenzene «
hght will contamn the s~ form also and crystals ob frans-
grown undetr ordmary condiions are Itkely Lo contam 4 sma
age of the ews- form molecules which will evidently cor
impuity n the lattice

The {emperatuie varation of the diamagnetic amsotrog
azobenzenc ciystals conlamnmng a small percentage of the
molecules was studied and a remarkable dimunution of d
ansotiopy of the crystal was observed wilh rise of {emper
side1ably below the meltmg pomt  Provided the manipulation
quickly enough, on coolng down the crystal, there was
complete 1estoration of the otigmal value of the amsotiopy u
stages Bulif onthe other hand, the crystal was kept atl a te
of about 60°C for a few hours, {hese anomalous changes
disappeared and theie was practically no temperature depe
the diamagnetic ansotropy except al the vicindy of the me
(regardmg which more will be saud later)  The 1cason fo
discoveicd to bhe the conversion of the cis molecules to
form completely at the Ingher temperatuies  The anomalot
were all found to be due to the prescence of mmpuriy
These bing aboul an anomalous deciease of diamagnetic
of the crystals If the amount of impuridy 15 small, the
observed only nearabouts the meling pomt, and the g
amount of impunty the more stuking 1s the decrease of i
anisolropy and the Jower the temperature below the mel
al which it commences

In 1esorcmol, the changes taking place are now eas
standable. At temperatures above 71°C conversion of «
to B-1esoicmol takes place, bul owing 1o the shoit durat
experment and the hysterests of the transformation, ot
fraction of the ciystal 1s converled The transformution {
at various powmnts i the crystal lallice, and cach nunutc
formed constitutes, therefore, a defect m the lathice of the
The natural effect of the simultancous eastence of two pha
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pe cause an anomalous deuicase of diamagnetic —
the crystal sunlar to what 15 obseived when impurities arfy of the
The anomalous change due 1o umpurities 1s also more I:)res;mt
reversible s found eapetientally o the cage of azober ess
and other mgante crystals - The exact mechanism of the Chraliene
brought about by nnputities will be discussed later, but 1t 15 enOge}sl
for the present prrpose Lo pomt out how the formation of the cr)’stfl-
Jites of B-1esoreinol nueht account for the observed magnetic behaviour
of -resorcnol at lugh temperatures

When complete transtormation to S-resorcinol has taken place
we should not eapect any abnormal changes of ansotropy excep”c
perhaps very e the mellng poml, when the presence of the usual
mput thies found m oreamc aystals will cause atapid duminubion of
the amsotropy  This could be tested oul by keeping a crystal of
eresorunol for one how at 98°C and then studyimg the temperature
vartation of the anwsotropy m the 1ange 25-105°C It was found that
there was practically no change of amsotropy of the crystal with
femperature, exoepl what could be eaplamed by the volatihization of
the crystal  Tu the followmg table are given the values of o, at varous

stages
TABLE
w1 degees Temperature °C
1085 w~ resoranol 25°
Vv ( After bemng kept
965 f3- " 98°—g for one hour at
N4 98°C
955 , 25°
950 " 90°
N4
943 ) 105°
\/
932 ’ 25°
——

10
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The polymorphism of «-resorcinol was nexi examined
to the volatthity of the crystal accurate determmation of {he
taking place was not possible In Iig 26 we shown th
curves obtamed with two crystals of «-resorcinol  The proc
this case was as follows. first of all determmed the diamagne
{ropy at room temperature and at several higher temperatu
74°C., then kept the crystal al 78°C  jfor one hour and meas
diamagnetic anisoliopy agam , cooled the crystal to 1oom ten
and agamn measured the diamagnetic susceptibility , finally
the crystal and determued the extent of volalilization, the
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gated the change of diamagnetic amsotiopy of the aggrega
obtamned fiom 78°C up to the meltmg poml It was foun
change at the transition temperatuie 74°C  fiom the « {o th
did not always proceed m any defimite manner which could b
ed as the ponts m Fig 26 mdwate In one case the dia
ansotropy of the B-—polycrystal 15 seen {o be lugher than th
crystal ougmally taken  The orientation of the transformed
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the magnetic ficld had also no defimite relationship with that of th
ongmal a—crystal of the

It 15 ewident, therefore, that the orientation of

the -
jtes m the f form obtamed from the e-single crysta crystal

. I does not
occut o deternmnale manner, and the case hege 1S more com

phcatcd than m an ome cystal Iike KNO,, n which it was found
that the ‘¢’-axts of the orthothombic form comeaded more or less
wih the tugonal axis of the thombohed;al high-temperature mody-
ficalton  Transiion from the B-to the o-form has been studied
by Robe1tson and Ubbelohde (loe cit) by X-ray analysis, and they
have found {hat crystallites of the « form are most probably orientated
preferentially m certamn directions with respect to the ongmnal -
crystal -~ Apparently no conclusive evidence for preferential orsenta-
ton 16 nchicated by the magnetic expetiments  But 1t 1s reasonable to
expect the ‘¢’-axis ol the B-crystalldes to comerde with the ‘c-axs of
the u-crystal, sice, the length of the ‘c’-axis of the umit cell m both
crystals 15 neatly the same  The dimensions of the unit cell are,
Bresorcol; @ - 791, b- 12587, ¢=550, aresorcmnol, a=1053
b=953 and ¢ 566 A"

We have seen thal i the one case, on undergomg polymorphic
transformation, the dramagnetic amsotropy of the crystal suspended
with the ‘¢’-ax1s verlical has merceased wihile 1n the other case it has
decreased  This 15 cvidently due to the peculianties of orientation of
the B-crystals formed.  Assuming a preferred orientation of the
cystals with respeet {o the ‘¢’-axis of the ongmal crystal, we can
explam this anomaly m the [ollowing manner

Since the planes of the rings are nearly parallel to the b-axism
presorcinol unlthe 1 w-1esorcmol, where the melmation of the plane
of the molecule to the ‘@’ and 9 axes 15 more or less equal, the
amsotropy X, X, 1 A-resorcmol will be much larger than XX,
m e-resorcinol.  Ilence, 4 preferied orentabon of the p-crystallites,
with their ‘c-axes verlical and the ‘@’ and 9 axes having definite
directions may lead acdually to an nciease 1 the anwotropy of the
werystal on undergomyg polymorphic mversion fo the f-form In the
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other case wheic a dunmulion m  the anwsotiopy 1s observ.
polymor phie mversion, there 15 probably o partial randomne
arrangement of the B-crystals mregard fo theu ‘@’ and ‘07 ases
Room-temperature expeniments were made on @ simgle o

of w-resorcnol  The values obtamned were

X, - X,= 813%107°

Xe—X,=18 80 x 10 °

X,—X,= 522x10 ° '
Assuming Pascal’s value, 67 2 x 10 % for the mean sus

bility, we get
Xy=—661x10"

Xy=—"74 3% 107"
X,=—610x10""

The angles, «, 8 and ¥ made by the notmal to the plane ¢
ring with the ‘e’, ‘0, ‘¢’ axes can be calculated assuming | K, | =
m ibe plane of the rng  Then «u==559° B=-17 0° and ¥=t¢
These 1esults agtee withihose of Lonsdale™  More recently Bane
lias also obtained values which agree wilh those of the author

2. TRANS-AZOBENZENE

We have seen that m the case of resorcnol complication,
mtroduced by ihe tendency of the crystal o sublime al high temy
tures  The polymorphic mveision also makes it ditheult to study -
aspects such as the mfluence of mmpurtlies  Z7ans-azobenzene
conventent substance for studyng various phenomena assoctated
the vanation of driamagnetic ansotropy with temperature It ha
a low mellmg pomt, does not decompose, it 15 only slightly volatile
it aystallises casily from alcohol  There 15, however, a cis— for
azobenzene™ which may occur as an impurity i Z2ans-azobenzene
tar from bemng a source of trouble, the existence of the cis— form I
us to understand beller some mteresting aspects ot the temper.
vartation of diamagnetic anisotropy of crystals

The c1s—~ form 1s present m solutions of {2ans-azoben
exposed to light In the ciystalline state, the ¢is— form can be
indefindely in the dark  On healing ¢es-azobensene at ordmary
sure, 1t 1s converted mto & ans~azobenzene,
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( [\)}'t.'ldlll 1)4!1A1

Trans-a ohen cur CJLN M 182, melting point 67 8-

68.0°C, cemsify T2 i por e, monochni prismatic, a=199
b=577 and ¢ a1 [I‘ A ”1'401 space group Cih FOllIJ‘
molecules m umt cell™ \

Cuo-.oben ene CoILNL M= 182 ) melting pornt 71 4° orths-
dhombie ;@ =737, b 1271 ¢ 1030 m AU Four molecules n
the umt eell”

The crystals wore prepared from Kahlbaum's frans-azobenzene
reerystallisced from alvohol In solutions exposed to light there 15
the ces- form also prosent, as pomted out by Hartley Trans-azo-
henzene crystals propared from aleoholie solution exposed to light
will, therefore, confanasmall purcentage of ess-azobenzene malecules
as mpurtties w the Lathee  To obtun pure trans-azobenzene, cry-
slallisation has to be donc i the dwk - Laige crystals weighing from
15 to 23 mgm could he ey obtamed by slow evaporation of the
olution matde o hedl

The diangne be ansoliopy of the crystal at room temperature
was measurc anel the vahe v oblamed were
\, O\ a0
\, \, 1O98<i0-
e B3
These asiec sabisd wtondy wilh the values 1ecently reported by
Lonsdale ® aned Doy
The duunagnelc amsotropy of the o~ fom  accordmg to

Lonsdale*
N, N\, TR0
N\, B8
AR R R TV
The cryalals of Zrans aobenzene weie suspended with the
Beaxis verti o 1or e e asireinnts 4l vanous {emperatures The
055 e 10 volatidey dem w e estanated mall cases by fmally wesghing

he erystal
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Effect of temperature on the Diamagnetic Anisotr
of Crystals grown from Alcoholic solution
exposed to light

Some rematkable changes were obseived in the -
crystals grown from alcohol m the ordinary way

Fig 27 shows the influence of temperature on the dian
anisotropy, (X,—X,) There 1s a marked decieasc in the an
with rise of temperature on gradually heating the crystal
changes are observed to begin considerably below the meltin
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al about 54°C  The changes weie also found lo be 1ever
diammagnelic ansotropy bemg more or less restored to the
value on cooling A moie detaded eaxamination, however
thal the phenomena are more complicated  Anolher o1y
heated up to 60°C and 1its diamagnelic amsotropy measurc
temperature. The crystal was agam cooled down to room
ture immediately and ils anisotiopy agamn measured, Al 60
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was a remdatkable dimmution of amsotropy, but the origimal value was
practically restored on cooling down However, 1t was discovered
that on repeatedly heating and cooling the crystal several tumes 1n the
above manncr, the diamagnetic anisotropy assumed a constant value
which was afterwards unaffected by temperature, 1n the range studied,
The crystal was not only not damaged by ths process of alternate
heating and cooling, but actually became clearer and more transparent

The results are given n the table below

a, 10 degrees a, 10 degrees
(Inital) (Fmal)
Tempeorature Temperature
(25°C) (60°C)
2520 —_— 2340
e//

2500 —_— 2376

2460 —> 2398
e/

2412 —> 2406
e/

2400

The progiessive dimmution m the room-temperature value of
the anisotropy was mostly accounted for by the shght volatrhzation of
the crystal

These changes at first appeared fo be difficu
the fact thal in pure frans-azobenzene crystals no anoma

it to explamn  But
lous changes
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hetween 23°-60°C werce obscrved at once suggested that they a,
to the presence of the cus— form molecules 1 the  {rans-azobe
On prolonged heating, the  cis-azobencene  molecules b
converled to the (rans- form and the disappearance of the ano
ate evidently an mdication of the complete transformation

It now remamed Lo clucidate further why the presence
azobenzene molecules should cause anomalous changes of diam.
anisotiopy and for this the mfluence of umpuily molecules
lattice was studied in detal

Three samples of crystals of different grades of purty
prepared from the sample of frams-azobenzene available, by re
crystallization [rom alcohol. The purest sample (piepared b
sublimation) had a melting pomt 67 868 0°C, wlule m the
melting was obsetved to commence at 67 5°-67 7°C  and
67 2°C  The mfluence of temperature on the diamagnetic ams
(X, —=X,) of these crystals was stucied after they had all been sul
to pre-heating at 60"C {o1r one hout, to converl any cis-azoben,
them to the {7 ans- form

Fig 28 shows the natuie of the curves obtamed  In al
there 1s a rapid decrease of drunagnetic ansotropy m the vianity
melting point  But the change of dumagnelic ansotropy
at a lower temperatuie for the most nnpure sample than f
purer samples The shaipest curve 15 oblaned m the case
purest sample  The results cleatly demonstiate that the presc
impurilies 13 capable of producmng stihing changes of diam.
anisotiopy necar the melling pomt and m a very mmpue !
a large decrcase 1n the amsotiopy may occur far below ther
pomnt  The observed changes due to the presence of cis
molecules cannow be readily understood, smce these a
constitute an impurily m the # ans-azobenzene lattice

It 1s well-known that the more 1mpuie a substance 1s, t!
sharp 1s its melting pomt”  Bestdes, the melting pomt 15 also Ic
by the presence of mpunties  The determination of the :
pomt mn fact provides a test for the punly of any sample of an ¢
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compound  Many physical properties of substances are affected by
the presence of mmpurilies as the meling pownt 15 approached
Le Blanc and Molws" have determined the heat capacities of diffe-
rent samples of henzene having mmpunties 29x107%, 58x10™ and
47% 1077 molecules per gram  al varous temperatures between
0°C and 5 5°C  They found that the heat capanty curve did not give
a shaip hicak al the mellng pomt as should be expected i an ideally
pqne sabstance A smooth curve was obtamed m each case, indicat-
g a rapid metease of the heat capacity of the solid as the melting
- point was approached, the purest sample giving the sharpest curve
The phenomenon 1s umveisal, and 15 exhbited by almost all organic
aystals s shown by the wvestigations of Andrews, Lynn and
Johnston* and Parks and hus collaborators® (Papers i “Journal of the
American Chenucal Society”) on specific heats of organic compounds
Fig 29 shows a typical heat capacity curve of an organic compound
JObtamed hy Andiews, Lynn and Johnston  1tis quite ewmident, how 1n
an impure sample, the heal capacity begms to merease at a fower
temperatur¢ helow the melting poml than w the pure sample  The
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rapid increase n the speafic heat of the solid as the melling |
approached has been attiibuled by Parks o premelling cau
impurities  The changes of diamagnetic anisotiopy and specy
are mbimately connected and anse from the same cause, viz ,
conversion from solut to hiqud state nearabouts the melting por

n
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The magne-crystallic dala reveal clearly the mechan
these changes We actually see that due to the impuriti
sent a partial amoiplucization of the lathice develops progre
very ncar the melting pomt of the crystal, causmg a fall in the d
netic amsotiopy Thp changes would correspond to a transitior
crystal m small localised regions surroundmyg the umpurity mol
from the solid o the iquid stale, ¢ven belore the true melting |
the crystal 15 reached  Thus naturally accounts also for the ano
merease m the specilic heat just below the melting pomt
mmpuiily molecule m the crystal introduces a discontinuty mn the
and acts as a centre for the ‘premelting’ of the substance mn the
localised 1¢gion swrounding it.  Due to the presence of the ux
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molecule the surroundmg molecules of the substance are 1 ap
anstable position and at tugh temperatures due to the thermal agitation
are no longer able o occupy any fixed equilibrium position m the
lattice and are conscquently thrown mto a state of dis-array  Theyr
state, therefore, corresponds to dhat of iquds The greater the number
of mmpuntly molecules, the greater will be the number of centres of
premelting, and theiefore the greater the anomalies m the magne-
crystallic and spectfic heat results  Due to the partal amorphicization
of the crystal as the melling pomt 1s approached, while the heat
capacily will unerease, the diamagnetic amsotropy will naturally
dvmanash,

It will be scen {rom the above that the study diamagnetic
amsotropy of orgamc ciystals at temperatures near the melting point
1s able to thiow light on some aspects of fusion of solids The state
of purtty of a substance 1s also meidently revealed by the character of
the AX—T curves, In andeally pure crystal a sharp disappearance
of the diamagnetic ansotiopy at the melting pomt may be expected

3. a-BENZOPHENONE
Crystal Data —DBenzophenone (C,H,), CO, M=183, Density
1924 grams per cc , meltng pomt 49 0°C ; Orthorhombic bisphe-
noidal, Four molecules m the umt cell, a=1017, b=1206 and
¢=798 A°U*® Mecasurements of the diamagnetic amsotropy of the
crystal al room temperature gave
Xp—Xo=T12%x107*
Xo—Xo=71.7 x 107°
Xp— X, =053 x 10~°
The recent data of Lonsdale* are in good agreement with these
1esults
Big aystals could be easily grown out of alcohol (Melting point,
48-49°C)  The lemper aluie variabon of the diamagnetic amsotropy of
the crystal was very sumilar to that of pure & ans-azobenzene Near the
mellng pomt X,- %, was found to decrease rapdly (Fig 30) This
decrease 15 cvidenlly due to the presence of 3 small amount of
mpuiity 1 the crystal
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4. NAPHTHALENE

Crystal data —Naphthalene , C 11, Melting pant 81°C
sity, 1.152, monochinte prisutibic, o 829, 6 597, ¢ 868 A

B-=122 77 Space group CF,, Two molecules m the unit
According {o Lonsdale and Kishoan®
X~ X, 04 K100
X, 206 10°
- 1
In the case of naphthalene, there 15 considerable volatil
of the crystal espeaally ab Ingh temperatmies The accur,
measurements s therefore much less  Two samples were av
for the expeuments, Kahlbaum's analytical reagent (M P8
and also crude naphthalene (M P 78 80 C)  Large crystals
grown out of alcohol  These were  suspended with the
vertical  Making an allowance tor the sublimation of the ayst
results clearly showed thal &y X, the case of the mpure
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gan o dewrease ab o much lower temperature than i the pure
mple (I1g 31)

The room temperadure value of (X,~X,) was found to be
9x 107 for the pure crystal, and 87 5 % 10~ for the impure one
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General Remarks Regarding the Temperature Variation
of the Diamagnelic Anisotropy of Aromatic
Organic Crystals

Although the mvestigation of the temperature variation of the
diamagnetic ansotropy ol orgae crystals 15 comphcated by various
faclors, we see that, m gencral, much usetul information may be
ganed m regard {o the followmng phenomena (1) crystal polymor-
plism , (2) the eltect of puputiles on the meltmg of crystals and their
nfluence on the lattice at femperatures neatabouts the melng point
Polymor phic transihions at faut ly low temperatures, at which compli-
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cations due 1o volatiization of the ciystals do not arise, can be stud
conveniently by magne-crystallic action and the geucial procedure
been outhned mn the authot’s typical experiments It should be no
that the changes of diamagnetic anisoliopy accompanymg polymory
transitions m organic ciystals, appear to be rather whitrary owing
polycrystalline formation of mdefmite onrentation, and the observat
can be of a qualitative natuic only  In tomc crystals ke the mitra
there seems to be evidenily a geometinc relation belween the axe
the crystalliles formed durmg polymorpluc transiion and the orig
room temperature modification  Hence the changes occurring mn
latter are more or less reproducible while m organie crystals the chan
of diamagnetic anisotropy on {ransition are not always predictable
regards the study of the influence of impuiities, the magnetic meas:
ments offer a conventent mcthod of mvestigation which 1s at the s,
time simple It would not be easy fo study the phenomena que
tatively by X-rays which will mvolve caieful mtensily measuieme
The specific heat determinations give a gencrad 1dea of the anoma
behaviour of impure substances al the melling pomt but do not sug
clearly the mechamsm of the changes occurimng n the latlice of
crystal The rapid deciease n the diamagnefic amsotropy of 1myj
crysials shows sirikingly the gradual breaking up of the laltice ;
the melting point. Incidently the closc connection betlween the cha
n the specific heat and diamagnetic amwsoliopy as the melting ¢
1s approached 1s also revealed The rapid deciease of diamag
ansotropy of an impure crystal as the meltmg pomt 1s approache
evidently a universal phenomenon wluch will be exlubited b
mmpure substances, and the state of purity of the substance
determune the temperature at which the anomalous change:
diamagnetic anisotropy will become prominent
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CHAPTER VI

MAGNETIC ANISOTROPY AND
PLEOCHROISM OF MICA

1. Introduction

The micas constitute a highly mieresting class of mmnerals on
account of theiwr charactersstic ctystallne structute and optical proper-
tes  Most varieties contan won to 3 greater or less extent m the
combined state as well as m the form of wmclusions, and as a result
they are generally paramagnetic Biolite s distinguished by the
presence i it of comparatively large amounts of ron, and its charac-
teristic optical property 15 a strong pleochioism 1 the vistble region of
hght  Light vibrations paralle]l to the cleavage plane are strongly
absorbed, whereas vibrations normal to the plane are more or less
frecly {ransmutted It 1s also well-known that pleochroism 1 most
marked i varieties rich m won The present mvestigation was
undertaken m the hope that a study of the paramagnetic amsotropy,
susceptibility and pleochiosm of biotites of known composttion might
lead to interesting results regarding the nature and origin of these
propetties, while seiving to throw light on the probable connection
between pleochrorsm and magnetic amsotropy 1 paramagnehic solids

The magnetic amsotropy of a large number of vareties
of mica has been studied by E Wilson' He examined both
spotted as well as clear varieties, and 1 all cases found that
the paramagnetic susceptibiity parallel to the cleavage planc was

4

much greater than that perpendicular to it The ratio %’J‘; was \Very
much greater n the spotted varieties It was not clearly stutedf to
wlich group the specimens belonged Presumably only muscovite
was exammed It was tentatively suggested that the ansotropy might
be due to erther an orderly arrangement of the inclusons ot nmgml:;xtc
present, or an actual difference i the behaviour of the mi 1&:6 luz
different directions relative 1o the crystallogiaphic azes. No at e’r; };:
was made, however, to decde between the two hypotheses mw‘:
posttion has now altered considerably Clear mcluston-tree spec

11
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of mica containmg 1ron which forms an mtegral pait of the lathce (as
m pholgopite and biotite) may well show a genume crystalline magnetic
anisotropy  In the light of the X-ray aystallographic data now
available? and recent devclopments i the theory of the magnetic
antsotropy of paramagnetic solids duc to Van Vieck, and Penney and
Schlapp® a salisfactory mterpretation of the magnetic data 15 now
posstble In the present mvestigation the author has cdeternuned the
susceptibility and magnetic amsotiopy of thice varieties of holite and
one each of muscovite and phlogopite,  The ferrous and ferric 1ron
contents of the specimens were deternmuned by chemical analysis and
the pleochrosm of the spectmens also estunated quantdatively

2. Crystal Structure and Chemical Constitution
of the Micas

According to the recent theory developed by Van Vieck and
Penney and Sclapp, the asymmetry of the stiong wystalline clectric
ficlds acting on the paramagnetic on 15 prmanly tesponsible for
magnetic amsol1opy 1 paramagnetic solids  These cleddiie fields are
due to the environment of amwons or dipole molecules which ate
grouped around the cation  The symmetry and naduie of the groupng
determines the character of the crystal ficlds and lence the magnetic
amsotropy 1 the case of any particular paramagnetic wn A know-
ledge of the exact disposition of the atoms m the crystal lattice 1s thus
necessary for the mteipretation ol the magnetie data m the light of
theory

The general scheme of the atomuc stiuclure of the micas was
fust elucidated by Pauling® and the full mvestigation m the case of
muscovite has been made by Jackson and West" It has been
shown that all the mucas arc built more ot less accordmng to the same
plan  The peculiar flaky structuie and casy cleavage have been ex-
plained as bemng due to the formation ot sheets of linked sthicon-oaygen
tetrahedra A sheel 15 fonmed by lnking the oxygen atoms at the
corners of the tetrahedra so that they are all mn the same plane and the
result 15 a hexagonal networtk Two such sheels placed with the
vertices of the tetrahedra pomting mwards form a double sheet, the
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ixygen atoms at the vertices being cross-linked by aluminmm atoms 1
nuscovite, and magnestum and iron atoms m phlogopite and biotite
Hydroxyl gioups are mcorporated, linked to a Al, Mg or Fe alone We
have thus a firmly bound double-sheet and the mica structure 1sa
succession of such double-sheets mterspaced alternately by sheets of
potasstum atoms The won atoms accupy posttions of stx co-ordination
and are surrounded by an octahedral grouping of oxygen atoms and
hydroxyl groups  X-ray evidence has shown that such a grouping 1s
present in the hydrated sulphates and double-sulphates of 1ron, cobalt,
nickel, the waler molecules m these salts constituting the octahedral
envionment  The crystalline electric fields due to such an arrange-
menl are presumably of a highly asymmetric character as has been

ponted out by Kiishnan recently

‘The chemucal composttion of the micas 1s variable withn wide
hmils  Smce the magnetic propeities are determmed by the 1ron

content, as will be seen later, 1t 1s essential to know accurately the

amount of non present In fact many properties of mica show a

direct dependence on chemical composition Kumtz’ has made a
detalled study combining optical and density determinations with
chemical analysis He eslablished three sertes of 1somorphous
replacements and showed that the change in ophical properties within
one scries depended mamly on the iron content  Sumilar classifi-
cations have been made by Hallimond, Winchell and Jakobs, and
recently Niggl’ while discussing a recent paper by J Holener
on the crystal structure of biotite, has summarised the evidence
from rehable chemical analysis and has pomnted out the variability
of the three types, 1e, the muscovie type, the hthia fm:é:
type and the phlogopite-biotite type A consideration  ©

tion to chemical
physical properties n rela ;
that we cg.nnot speak of a conbmuous transition trom one group

t the properfies
robably due to the fact tha
oot o the st Isz besides chemcal composition, and

constitution  shows

depend on the structure a X
differences among the three types exist alt ehhe
their architecture 1s sumilat. G Nagelschmat® by

ough the general plan ot
recently tound
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from an exammnabion of the X-ray powder diagiams of e
ditferent micas of known composition, density and optical propert
that they belong to at least two distinct types, the musco
type and the phlogopiie-biolite type.  The hthia mica type o
not, however, he distmguished

The punaples governmg 1somor phous substitution m the m
were established by the wotk of Maugun® who measured the din
sions of the umit cell m varteties of known density and composif
Ideal formulee have been assigned based on such mcasurements
follows .

Muscovite K Al, (AlS1,0,,) (OH),
Phlogopite . K Mg, (AlS1,0,, (OH),
Biotite K (Mg, Fe), (AlS1,0,) (OH),

3. Determination of Magnetic Anisotropy

The magnetic amsotiopy has been measured by the {ors:
method  The mucas crystallise on the monoclmie system and t
are three punapal susceptibiities of which two Ire m the symn
plane and the thnd along the symmetry asis - We have to deten
the quantitics (X, ~X.), (X,—=X,) and the relalive onentation of
axes of the magnetic ellipsord with respecl {o the crystallogi:
axcs X, and X, are the prinapal suscephibabitics m the b {
plane, X, bemg necaier the ‘a’-axis and X, 1 the pim
susceplibilty 1n the duection of the ‘0" aaxrs The mica spec
was suspended in the wuform magnetic ficld as follows —(1)
the cleavage plance horizontal, (2) with the ‘0'-axis  vertial
(8) with the “W-axis houzonlal and lhe deavage plane ver
We thus doceddly delernune  the quantities (X, —X,), (X;—X,)
(X,—Xy) where X, 15 the susceplibility along the ‘o’ axts and
that peipendiculu to the cleavage plane,  From (2) we can dir
get the angle which the X, axts makes with ‘@’ -axts  This «
can also he calculated from the known values of X,—Xy
Xq—X, for

Xy= X=X = O\ sm"0 4 N\, cos"0)
Xy—=Xa = X, — (X, cus'0 41X, tin')
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Solving the simultaneous equation we get both 6 and (x,~x,)
In the case of the micas malters are very much simplihied, since
the Xy~dwrection was found to comeide with the direction of the
‘a’-ax1s

4. Experimental Precautions and Sampling of Specimens
for the Anisotropy Measurements

A careful selection of specmens for the magnetic determma-
tions 1s absolutely essential, since nclusions and stams m mica are the
rule rather than the exception  Another serious difficulty m the case
of rock mineials 1s that not only 1s the composition variable for
varieties obtammed from different localities but it mught difter over
different parts of the same spectmen The mmerals are seldom
perfectly homogeneous For instance, mclusions may be very
prommnent mm some regons of the same ‘book’ of mica, whereas
other parls are clear and transparent  Otten these nclusions consiot
of magnetite in dendrite-like torms The presence ot even small
quantiies of magnetite may be sufficent to cause considerable
anomalies m the results Other nclusions are, genetally, flattencd
crystals of garnet, tourmalne, and quartz m thin plates, found
between the sheets

The micas were obtamed 10 the form of small plates and of
these the best were selected  These were further examned under a
high power microscope and the portions contaming mcluded particles
rejected  Satisfactory samples practically free from inclusions would
be obtamed Inclusions n biotite are often assoctated with pleothroi
haloes and afforded another test for theiwr absence or presence Phio-
gopite often shows asterism and thus has been attributed to sy mmem;
cally arranged inclusions of rutle or tommatme  Plates showmg
asterism were thetefore rejected In all cases, however, minute
traces of mclusions mostly of submicroscopic dimensions were pro-

bably present
The optical characteristics of the specime exa
under the polarising nuLroscope With convergent polarsed hght the

ns were also exammed
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muscovite specimens gave the sl bratal mterference hgure, where.
as the phlogoprie and the hotite samples were sensibly untaxial - N
evidence of twmning was Lownd m the plates taken up lor examunation
The optic axtal plane 15 perpe ncicdar to the 6 (010) plane m muscovite
and parallel 1o the b (010) w phiogopite and hofite

Only freshly ¢leaved plales were employed  These were
further cleaned with dilute sulphure acud, distilled water and alcohol

In ihe case of mua which was available m the form of thin
plates only we cannof neglect the cffect due fo the ansotiopy of shape
of the speumen Ko, the paramagnetic susceplibility s farly high,
espeaally m the case of the bolites, and 1 some cases the magnetic
amsotropy also 15 comparatively small The possible errots on ths
account were chmmated by adopting the device of Kiushnan of
immersing the crystal m o hquud bath of the sae mean susceptibility,
for phlogopite and muscovile  An agueous solubion of manganese
chlotde was cmployed  For defernmmmng the ansotiopy m- the clea-
vage plane, which was found {o he very feeble, dises ol the materal
55 mm. mn drameter were prepaed  Intlns case no correction for
anotropy of shape v necessary

In the vase of the botdes the paramagnetic susceplibility was
too hugh for a hiquud-hath 1o be employed convennently  Small plates
Iem by 4 mm were cul out, Jdeancd with didute acd and distilled
water and placed one above the other o form a block [0x4 x4
mm  using traces of danagnetie shellae for altachmg them  Parti-
culu care was taken 1o see that the crystallograplne ducclions of the
plaes  comerded  when  cullng them oul  The long edges were
catelully 1ounded oft so that a cylmder, 10 nmim height and 4 mm
diameter, was obtamed A sk thiead was further wound round the
cylinder so that the preces mught not fall it It was hnally cleaned
with difule sulphuiie acd and distdled water For  determinmg  the
magnetic ansotropy w the ceavage plane, dises 35 nun m diameter
wete used  Only {he value of Ny -X,» 15 gwven far biotite and
phlogopile smee the ansotiopy m the cleavage plane was neghgibly
small,
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The absolute susceptibilities wete deter mmed by the torsion
ance made by author

5. Determination of Ferrous and Ferric Iron
in the Specimens

The percentage of total 1on and ferrons 1ron 1n the micas were
stermined by the following methods

Total Iron —The sample was ground to a fine powder m an
ale mortar, and about 03 g of the powder weighed m platimum
uctble and then fused with fuston muxture (two parts of Na CO, and
e part of K,CO,) The fused mass after coolng was dissolved m
late HCI 1n a silica dish, evaporated to dryness over a water-bth,
dissolved mn ditute HCI, and the silica filtered off, washed on the
ter, and weighed after igmtion The filtrate was heated up to
tling point and a httle concentrated nitric acid added followed by
' g of ammonium chlortde  Ammonta was then slowly added to the
whng solution until all the alummum and won were preciptated as
droxide and the solulion became shightly alkahne  The preuptate
1s then filtered off, washed on the filter with a warm solutvm of
nmonmuum nitrate and gmted m a platinum cruuble and werghed
1e 1igmited mass was then fused with sodmm bisulphate and after
oling dissolved 1n dilute sulphuric acid The solution was then run
rough a Jones’' reductor (an tmproved form of which has heen
svised by the author and reported elsewhere) m an atmosphtre ul
srbon dioside and finally titrated aganst standard permanganate

Ferrous I1on—The accurate determumation of ferrous on i
Lcate rocks 18 a matter of considerable difficulty. The moditied
catt method recommended by Hillebrand was adopted A werghod
1antity of mica was carefully ground 1 an agate mortar under pure
cohol for about an hour A thorough grinding s necessary slic
yarse particles take a very long time to get dissolved i HF The
ound mass was carefully washed down mto 4 platinum cruathle with
r-free water and 10 cc of cold dilute sulphuric acid added The
ucible was supported over water-bath and surrounded by an
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aimosphere of CO, by the artangement shown n Fig 32, 6 cc of
40% hydrofluonic actd (Kahlbaum’s analytical reagent) were quickly
introduced into the crucible which was then covered with the Lid and

the water-bath heated, caibon dioxude bemng passed all the tume  The
reaction was allowed to go on for 8 hours. Mecanwhie a solution

4’.[»""15(,11*]«11

I --Beaker
—DPlatinum Ciuaible
- Walcr-bath

I, 32

contamnmng 50 g of boric acid and 20 c ¢ of sulphutic aud m 800 cc
of air-free water was prepared and {he cruable and confents, after the
reaction was over, were quickly transferied mnto the cold boric acid
solution and titraled mmmediatcly agamst standard permanganate
until a pink colour lasting for 4 mumute o1 two was obtaned,
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blank experment was performed under sumjar conditions
Jus dmmonmum  sulphate  About 05 g was weighed and
m 300 cc, of dilute sulphuric acid and immediately titrated
crmanganate  Another 05 g was weighed 1 a platinum
and the feirous iron determmned by the modihed Pratt
as described above, usmg 6cc of HF The necessary
n was found to be+ 098 cc of permanganate

Measurement of the Pleochroism of the Micas

comparative measure of the pleochroism of the micas was
by the following expenmental arrangement based on the
: of Cornu’s method for determimmg the percentage of polars-
(Fig 33)
s/

rs
Lorp ”
N
>

oty - -

D I P—Double Image prism
N—Nicol mounted on circn
la1 scale

S—Source of light
T S —Tianslucent Scieen

Sp—S8pecimen
Sl—Rectangular Slit T-—~Telemicioscope

Fie 83
The specimens were used 1 the form of thin plates freshly
1, and of the same thickness 005 mm, selected from 4 very
jumber of cleaved plates The mica plates were mounted
i the sht al an angle of 45° with the '&’ axs horizontal  The
amage prism was placed with the vibration duections vertial
orizontal, and the distance from the shf was adjusted untdd the
nages, as seen through the telemicroscope, just touched one

sy The horizontal vibrations are absorbed much more than the
By swtably rotating

al and the 1mages are of unequal mtensity
1s the angle between

1col, the mtensities can be equalised If 26
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two positions of the Nicol on either side of the vertical, for wluch the

1
intensities a1e equalised, then 1" fan 0 A correction has to be migo-
h

duced m the value of 0 o chmate crrors due fo reflection ete ) at
the faces of the plates, For this a blanl exparnnent was performed
with a glass mictoscope covershp of neardy the same refractive mdex
of the muca plates and the necessary cotrechion applied {o the value
as6  The results are approxmmate ouly bul aford o good compara-
tive measure of the pleochiomm of the muwas

The cortected values of tan®® ate gven m Table I

7. Results
The 1esults arc presented m the tables shown below
TABLIS 1
Specific Magnelic Anwsoliopy of Phlogopite and Buolile
CGS EM Umls Temperature 25°C

Specil
Specimen A\:usotfupy Rematks
Ayl '\l'
% 10"
Phlogoptte ‘e 158 The magnetic ansotropy
m the deavage plane
Biotite (Canada) ... 695 was nedhgibly  small
m all cases and, there-
»  (Ural Mis) ., 103 fore, only the values
ol Xy \j» die given
y  (Bihat) v 12 4

Xy =Susceptibility 1 {o the ceavage plane, Ny that 17 to
the cleavage plane
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Bpecific Magnetic Amsotropy of Muscorite,

1

Mode of ,
Sus(;efxs?on Orientation AX;&?@P © Remarhy

—— ] |

‘avage plane | ‘0-Axis perpendi| X,—X,=011
horizontal cular to the field

Axis vertical | Cleavage plane | X,—X,=0T70 [Fhe-directon
parallel to the comeules with
field the ‘a’-ax1s

Axis horizontal i
1d  cleavage Do X,—X, =081 |
{fane vertical 1}

TABLE 11
Mean Susceptibility of the Micas at 25

UG ——

Specimen ;AX 10*
—
Muscovite . . 3 S Ul
Phlogopite .. . bTNd
Biotite (Canada) . E SN
. (Ural Mts) A i

I

|
s ;'. ‘%
(Bihar) . ~ l ’
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TABLE 111

Pleochr s of the Micas

Specimens of thickness
0 05 nun

Muscovile . 103
Phlogopite . . | 109
Buotite (Canada) . . : 158
" (Ural Mts) . * 189
y (Bihar) o . } 197

e e — - -

TABLIS IV
CG8S BM Unts  Temperaluwre 25'¢

g | & | .
e oo | " N P
a am™ | f - £ ¢
Descuption of Speci- § 2o f 2% |« R 5 g
men (Colows of the | &= | &7 S A B
Thotates 1efels to very ‘g:; G . '11 - )
thin plales) ‘g al - 2 g 5
o i et o
8 e ] f -
bl et
~t e ‘
7 !
Muscowvile , Clear,
tinge of green BOLLOGH [ 823|708 :t CICRE RN R VY
Phlogopite , Brownish [
yellow, Submetallie j
lushie LTI T AR N N g0 o w181 a6
f
Biotile (Canada) Dark !
greemshy brown MO8 FH oy o s 1y 2 a1 212
{
i
Biotite (Ural Mis) '
Dath brown A0 6 10N b e 2T R o 22
|
Brotite (Bthat) Dk |
reddish biown LS | R VA R T I B O
H

Magnetic Anisotropy :

|

referred to a gm ion
of Fe++ % 10°

i
H

2420

2670

2980

3120
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8. Discussion of Resulis

Both the susceptibihty and the magnetic anisotropy are seen
{o depend upon the amount of iron present  The biwohites exlubit o
fairly large magnetic anisotropy and the paramagnetic susceptibility is
also correspondmngly high The values for muscovite and phingopite
are comparatively small  In the case of the biotites the mean suscep-

tibildy 15 seen to mnciease with the percentage of won almost huearly
(Fig 34)

The total susceptibility of mica may he considered to cunsist
of thice paits, namely (1) that due to the ferrous won, (2) that due to
the ferric iron and (8) the contribulion due to the other atoms The
first two are evidently paiamagnetic terms while the last 15 diamagne -
tic. 'When the percentage of uon 1s laige, as obtams i the vase of
the biotites, the diamagnetic tetm will be neghgiblv small as com-
pared with the paramagnetic {eims But it will be constderable
muscovite and phlogopite which contam only about 45, of tron

It will be of mterest to calculate m a rough way the approxi-
mate Bohr magneton values for the biotites The susceptibility of the
biotiles 15 amenable to theoietical considerations for the follwimng
reasons (1) The percentage of iron 1s very high and we mav neglect
the dramagnelic term i the suscephibihty, (2) Most of the won 15
prescnt m the ferrous state , (3) The disturbing effects due to possilsde
minute traces of mclusions can be safely ignored  (In fact, the buotite
samples were particularly free from defects) Considermg only the
total wron present, the effective Bohr ﬁit_gneton value 15 obtamed
according to the formula Py =2 84A/ Xy T.

Py,
Biotite (Canada) =32
Biotite (Ural Mts )=50
Biotite (Bthar) =50
The values are seen to be much lower than the theoretwal

values to be expected m the case of the free paramagnetic on, ;a;si ;;
in the case of other solid salts of won They are found to approach
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ho

45

40

[
[T

N

b
XD

~I7

13
wn

o)
>

Mean Susceplibiliéy %z0°

15

10

—

0 Muscouwte
- A p/l/ﬂu(}()/)lé@*'bl.aéléem

10

15

/{')(')"("cJ n (N(/"Q ()F Lron

I e

28

spn-only value of Fe b+, which v equal to 192 Bol magnetons The
significance of this fact n the hght of Van Viedk's theory of the
quenching of the orbital moments by the crystallme cledue fields m
patamagnetic sohids will be discussed later,
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It 1s mmportant fo consider the effect of mucroscopic and sub-
mucroscopic mclusions on the magnetic amsotrops, especalls m {he
case of muscovite which, according to the 1deal tormula KAlL
(AlS1,0,) (OH), cannol take i ferrous iron i the positions ot «ix
co-ordination replacing the alummmm atoms We have {o see 1t the
magnetic anmisotropy of muscovite 1s merely due to symmitrically
arranged imclusions or if it can be of crystalline origm o5 m biotite, at
least in part  If according to the ideal formula, the ferrous iron
cannot form an integial part of the lattice, then apparently wi are led
to conclude that only the mclusions, nucroscopic or submiroscopie,
are 1esponstble for the amsotropy  But chemical analysts shows that
very often the amount of ferrous tron present 15 much larger than
can be accounted for by any of the common inclusions  For mstance,
n the muscovite sample examined by the author which contamned
inclusions of magnetite, the percentage of FeO 15 much larger than
should be expected The ferrous iron, therefore, 15 most probably
present 1 the muca lattice itself in the positions of six co-ordiation
The 1ron atoms should be present i groups to satisfy the rules vt wo-
ordination and as such, they really constitute a discontinmty m the
latice =~ We may regard them as bemng of the nature of mcluvons of
extremely small dimensions  This view gams support from the tact
that biotile inclusions n muscovite ate often met with, and from what
we know of the crystal stiucture of the micas, a biotite mtlusion can
really be regarded as a disconbinuity of the above character owiurnng
over an extended region, magnesium also bemg present along with the
iron, 1 the positions of six co-ordmation Thus the amwtr x‘;w
measw ements throw an mteresting side-light on the nature of 1nciu-
sions and seem to provide evidence for the presence of discontintuties
1n {he lattice which cannot be detected by the microscope The etiedt
of wnclusions on the magnetic anisotropy of the hiotites wall bo vone-
paratively negligible since, on one hand they are much Juss prommit
and on the other, the iron, forming part ot the lattice, 15 presunt Hi Vodd

large amounts

The close correspondence between the magneti propurtics 0
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the mucas and thew siructure, 15 very stikmg  In muscovite, as i g
be expected from its pseudo-hexagonal structure, two of the principal
susceptibilitics lie m the cleavage plane and e nealy equal, while
the susceptibilily perpendiculu to the plane 15 much less than either of
the other two  In biolife and phlogopite two ol the prinapal suscepti-
hiltties not only lie n the cleavage plane but are also of the same
value It must be emphasised, however, that the detetmmation of {he
magnetic anwsotropy the cleavage plane was comphicated by two
factors namely, (1) strams and dislorhions set up when colting oul the
specunens 1 lhe shape of discs and (2) the presence of miC105copie
inclastons.  The spurtous effects due Lo the fust cause could be elemt-
nated by excercismg proper care m the preparation of the dises  The
effect due to the second cause was studied by defermining  the
magnetic amsotropy m the cleavage plane of @ luge number of spotted
and stamed samples of muscovite  The heavily spotled vaiieties
always showed cnormous ansottopy mn the cleavage plane while those
with pcrcephb)e traces of mclusions (magnetite) were anisotropie to the
exlent lo which they contamed the mcluasions aud this was considerable,

From the results b could he mterred that the contubution due
to the munute traces of melusions should be much less than the obser v-
ed ansoliopy m the cleavage plane m muscovite and that at least part
of the observed amsotiopy m the dleavage plane 15 genune  The
defintte ovtentation of the ‘4" axis i the magnetic field, m all cases,
also leads {o the same conclusion  In thes connection the volropy of
phlogopite and the bwotites m the cleavage plane 15 signifieant It
proves that the disturbmg efteels duc {0 any mclusions present are
neghgible  Samples of phlogopite which ealubited marked ‘ asterism’
showed considerable anisotropy m the deavage plane There 1s a
close sumdarity between the oplical and magnetic properties also, when
we remember that the muscovite showed 4 buaal mteiference figure
wheicas the phlogopile and the hotiles were sensibly untaxial

9. Magnetic Anisotropy and Chenmuical Constitution

The speuthe magnetic amsotropy is plotted as  function of the
ferrous mon and ferric wron respectively m kg 85 Smee phlogopite
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biotite belong to the same group, we can study the charactenstics
us group from the results obtamed In the first place, there seems
e no obvious connechion between the ferric wron-content and the
olropy On the other hand, the magnetic amsotropy mcredses
othy with the percentage of ferrous 1ron  But the relabionship s
linear and for large percentages of irom, the curve becumes
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eper In table IV, the gram omc amsotropy for Fet+ 1 gnen
1s shows a remarkable mcrease with the percentage of ferrous jron
the biotites (Fig 36) It 15 Iikely that this mcrease 15 due fo
eraction between neighbouring won atoms the sheet The
ture of this mteraction will be discussed later.
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The 1csults obtamned are signifiant o the hght of fecent
theoretical developments due to Van Vieck and Penney and Schlapp,
which have been summaiised i the mtroductory chapter

The object of the theory 1s to account tor the following features
m the magnetic behaviouwr of paramagnelic solids, namely (1) the
departuie from the Curie law and the appearance of cryomagnetic
anomalies at low tempendtures, (2) the relative  contitbutions of
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the spin and orbital moments to the susceplibiity and (8) the
magnelic ansoliopy  of the crystals It 15 based on the earler
work of Bethe and Kramers on the Statk splitting ot the cnergy level
ot atoms and 10ns under the mfluence of crystallme eleclric fields, and
the salient features of the theory have been already deall wath, earler
The mam results for the salts of the 1won group are as follows: Since
the magnetically effective 3d elections are i the outermost shell, due
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to the mfluence of the crystalline electric fields of the neighbouring
atoms, the orhital moment makes practically no contrihution to the
susceptibility  The orbital moment s then said to be quenched The
spms,‘however, are not directly affected by the crystalline fields and
hence contribute tully to the susceptibility  An asymmetric erystallme
field produces asymmetric partial freezing of the orbital moments and
due to the coupling between orbit and spm, since the remnants of the
orbital moment aie amsotropic, the freedom of the spins to orientate
themselves along different directions will be different Hence the
crystal exhibits magnetic amsotiopy  Due to the partial quenching of
the orbital moments the susceptibility hies between the himits given by
Pyp=A/45(S+1) and Py=N4SSF)FLIL+1) In fact we have
ponted out earher that m the biotites this 1s the case, the Bohr
magneton values approaching the spin-only value One important
consequence of Van Vleck's theory 1s that manganous and fernic salts
should not exhibit any marked amsotropy, smce Mn'+and Fe+*+*
tons are n the S-state and therefore, have no orhital moment to be
quenched The present mvestigation also shows how the magnetic
amsotiopy of biotite 15 not dependent on the amount of ferric run m

the specimens

In many hydrated paramagnetic crystals which exhibit farge
magnetic anisotropy, there 1s evidence from X-ray analysis that we
have an octahedral arrangement of water molecules round the para-
magnetic ion Recent experimental work shows that the crystallme
electric fields due to such an arrangement deviates widelv from cubi
symmetry and most probably possesses only hexagonal symmetry
Usually n such paramagnetic crystals there are a number of these
complexes (formed by the paramagnetic 1on and its environment of
six water molecules) m the umt cell, differently orented with respect
to each other, such that crystalline magnetic properties may have only
the lower rhombic symmetry Butin the mucas tfle vase s much
simpler Here the octahedral group around the Fet* on consists
of four oxygen atoms and two hydroxyl groups and all the ‘grouiis dre
arranged parallel fo each other, m layers, m the crystal luttice ence
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the amsotropy of the crystal actually corresponds {o that of the mndiv;-
dual paramagnelic complenes  The hexagonal symmctsy of phlogopue
and botde, as regards the magnetie properlics, lends suppotl 1o the
view that the crystallme elecliie fields due to the octahedral grouping
possess the same symmelry In the case of muscovite, however, the
departure from gwxcxgoual symunelry may he atlubuted to the stagger-
g of the sheets relative to cach other whidh 15 responsible for the
monochnic angle of 95", and whicl pr obably wtroduces slight depaitures
from the oclahedral symmetry of the envionment round the Fe++
ton  Smee the 8d elections occupy the ouler shell) thcy”?ﬁc very
susceplible to slght changes m the posttions ol the surroundmg aloms,
which can cause constderable varation n the character of {he crystal-
Line fields miluenang these outer Yeclions  The magnolic angsotropy
of the paramagnetic complex Fe (O1I), refened o a gram on, 15 most
probably the value oblamed {or phlogopite simce, hiere, the magnehc
dilulion 18 Jarge enough for the mieraction due to nesghbounng para-
magnetic atoms to be 1gnored

The 1apid merease m ihe magnelic ansoliopy of the biohites
with the percentage of mon 18 4 new featwre and grves an wsight mio
the effect of the concentration of the paraugne e on on the magnetie
ansotropy  The eaplanation m {his case seems o be that af 15 due to
mieractions hetween neghbounng won atoms  "Thie pecalia structure
of muca 15 very favourable for such micraction to take place, sinee, the
mwon atoms e all m the same plane and thou population s sufficiently
hugh 1n {he biotiles for most of them to oce upy neghbourmg posttions
of six vo-otdmation  Interactions of this character are not taken mto
account by Van Vieck’s ongmal theory wihucliis stictly applicable only
m the case of salts of considerable magnutn dilubion, ¢ g, the hydiated
sulphates and double sulphates of the  tranbion Wements The
“exchange effects ') whueh are formally equivalond (o o strong couplng
belween the spms of mteractng elections mght also exst, but these
cannol give nise to any amsoliopy as has been pomted out by Van
Vieck.

It 15 very hkely that the mteractions are putely magneti mter-
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actions between the spins of neighbouring paramagnetic 1ons.  There
appears to be no theoretical treatment of the effect of suchinteractions
on the magnetic amsotropy, although Van Viech" has recently -
vestigated the effect of dipole-dipole coupling on the suscephibihity of
paramagnetic salts The dipole mteraction 1s represented in the

Lorentz method by a local field H'=H + él;j this being the held act-

mg on the mdividual ;on  This average field 1s derved by assuming
that the mtroduction of the spherical Lorentz cavity 15 without influence
on the magnetwzation of the material outside the cavity In the
unmagnetized state, the Lorentz field becomes zero  Hence according
to this there will be no mteraction of the magnetic dipules when there
15 no external field, unless the temperature 1s below the Curie powt,
when the crystal gets permanently magnetized  Onsager™ has taken
mto account the influence of the cavity and its contents on the sur-
1ounding medium, and has obtamed a modified expression for the local
fleld His method predicts no Cutie pomt and further mdicates that
there can be coupling between the magnetic dipoles even when the
external field 1s zero  As pomted out by Van Vieck, the local fields
are of the Onsager type rather than the simple Lorentz tspe  Van
Vieck’s treatment of the mfluence of dipole-cipole nteractivn consists
m calculating the partition function for an assemblage of dipoles as 4
power series 1n the ratio of ¢/T where ¢ 1 the temperatur¢ chardcteris-
ng the energy of couplng of two dipoles and T 1 the ahsolute
temperature  The effect on the paramagnetic susceptibility of the
substance has been considered, with a view to discover whether
magnetic interactions of thus character can lead to ferromagnetic
behaviour The results wele meonclusive regarding this pomt The
effect of dipole-dipole nteractions m salts of considerable magnelic
dilution may become perceptible only at Jow temperatures whereas im
the case of salts having a high concentration of the paramagnetic fon,
even at ordmary temperatures the mAuence on the paramagnelic
susceptibihity and anisotropy may be expected to be constler ihle, and
although no conclusive theoretical evidence 15 avatlable as ety we may
even expect ferromagnetic hehaviour to occar due to such mterachions,
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as distinel from feiromagnelism drsimy from exchange mteractions 1t
1s not unlkely that the ferromagnelism obscrved by Werss™ i pyrihe.
tite 1n the hasal plane only may be due to mteractions of this chaacter
and, not duc to exchange nteractionsy leadimg 1o domam fonmation,
sice, if there 15 domam formatwon m thes crystal as m ordmary feno-
magnetics, we should expect a ferronayne bie biehetereninr triespects g of
durechion wm the ¢ ystel  On the other hand, dipole-dipole mtcractions
may posstbly procuce dw ectional ferromagnetism There appears to
be no theoretical treatment of the ferromagnetism occuring sude by
side wilh paramagnetism m a crystal hilke pyrhotile

In the absence of any rgurous theoretical treatment of the
mnfluence of magnetic mteractions on the paramagnetic ansotropy, it
18 not possible to verify the expermmental resulls quantitatively m the
case of buotite, It 1s not, however, dithcult to seo why the magnetc
amsotropy should be enhanced by mieractions  In the case mn which
the applied field 15 parallel to the ceavage plane, the mutual action of
the dipoles will be fo mcrease the magutude of the Jocal field
acting on the paramagnetic ons which are arranged m monatomic
layers, and hence the susceptibibity 1s enhanced T the other case
m which the held s perpencdicular to the cleavage plane, the
ntual action of the neighbourmg dipoles wil actually tend to
decrease the magmtude of the Jocal ficld  The magnetic ansotropy
as a consequence will he enhanced  In shodd, the merease of antso-
tropy due to magnelic mieractions may be ascnibod to anisotropy of
the local field acling on the paramagnetic 1on

For dipole~dipole mteraction {o take place, the paramagnetic
1ons should he adjacent to each other  When the percentage of iron
in biotite 15 small this condition 15 obviously nol readised and m the
layer of (Fe, Mg) atoms, the Fo afoms are mostly surrounded by Mg
atoms  But when the percentage of wonas Iugh and  that of
magnesmm correspondmgly less, mnost of the Iee atoms are neyghbours
mn the positions of six-coordmation and the coudiions are favourable
for magnetic mteractions to take place  In other words, when the
neighbouring 1ons are dumagneti, the Jocal field acting on the
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paramagnetic 1on s practically the same as the applied field inside the
material But when the nearest neighbours are paramagnetic and
asymmetrically arranged around s, the local field will duffer considerably
from the average field mside the material and will also be asymmetric,

its character and magmtude depending upon the direction of the
apphed field

10. Pleochroism of the Biotites

There 18, as yet, no satisfactory explanation of the pleochroism
of the biotites  The mtimate relationship between colour of morganic
salts and paramagnetism 1s well-known, for salts of the tranwition
elements which are coloured are also paramagnetic Saha' has put
forward a theory of the origin of colour mn morganic salts according to
which absorption m the visible region of light 15 due to transitions
mnvolving the reversal of the spm-vector of the one of the 34 electrons
of the paramagnetic 1on  Such transitions although forbidden for the
free paramagnetic 1on are assumed to be possible m solds and mn
solutions

The connection between colour and paramagnetism at once
suggests a corresponding relationship between pleochroism and para-
magnetic anisotropy and the examination hy the author of the available
data on the pleochroism and paramagnetic anwsotropy of salts of the
iron group of elements has revealed that strong paramagnetic amso-
tropy 15 generally associated with marked pleochroism  This enquury
proved to be fiwtful in another way ~ The author could not find any
reference to the pleochroic properties of FeSO, (NH,),S0, 6H,0 m
the hterature on the subject This substance 1s known to be hghly
amsotropic magnetically and we should expect a marhed plenchroism
also A large crystal was exammed m the (110) plane and 1t was
found that the colour 1s pale green for light vibrations m the v-direc-
tion and yellow when the vibrations are the «direction

The bearing of the above on the pleochroism of the bwtites 15
obvious, for we have seen that pleochrotsm 15 most pronounced m the
varielies rich m ferrous iron, and the magnetic anisotropt also
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mcreases with the ion conlent  The two phenomeni we evidenily
closely related  If the mechamsm of absorplion of hight m hiotite by
the won atom 1s the same as suggested by Sahe, the pleochiomsm
mmplies that the reversal of the spm vector can take place only when
the light vibrations are parallel to the cleavage plane and not when
{hey are perpendicular  This restriction v the otientation of the
spins 15 evidently due fo the mfluence of the asymmctie crystalline
fields which, according to Van Vleck, acl mdueclly on the spins
through the spwn-02bil couplng and which are responsible for the
large magnelic amisotiopy

The close correspondence between the ease of magnetisation
parallel to the cleavage plane (the paramagnetic susceptibility  pazallel
lo the cleavage plane 1s much greater than thal perpendicular o 1t) and
the 1eadmess with which the spms 1espond to the electiie hield of the
hght wave when this 1s parallel {o the cleavage plane, 15 very striking
and 15 strongly suggestive of the fact that the polarisation of absorption
m the biotites 15 cluefly due to the influence of the asymmetnic aystal-
Ime fields acting on the paramagnetic 1on, enhanced, however, by the
magnetic mteraclions  The recent work ol Krishuan and Chakia-
barty’® on the polatisation of the absoiption lmes of smgle crystals of
the hydiated sulphates or Pr and Nd 1s inleresting wn this connection
They find that “many of the absorption lines are stiongsly polaiised,
some of them being confmed almost wholly {o vibralions along
one or another of the prmcapal ascs of the oplical ellipsoid of
the crystal and thal these variations m the duection of polarsation
occur even among the hnes of the same group, n other words,
ammong the Stark components which ongimate from the same absorp-
tion lme of the fiee 1on, some arc polarsed strongly m one duection
and some strongly m anofher ” These crystals also show strong
magnetic amsotiopy  From these {acts Kishunan concludes that the
cystallne clectue fields which produce the Stark splittng are also
highly anisotropic

The natwte and disposition of the magnetic cartiers m hotite
may now be understood from the following picture  We  consider
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first of all the simple case where magnetic teractions do not
occur  We assume that the magnetic carriers are onentated with the
magnetic axes more nearly parallel to the cleavage plane due to the
couplng between orbit and spm, randomness of orientation existing
m azimuth  Under the influence of a magnetic field parallel to the
cleavage plane, we get the usual paramagnetism, although con-
siderably dimnished mn magmitude But when the field 15 normal to
the cleavage plane, the resolved part of the spin moments perpends-
cular to the cleavage plane 1s much less on account of the restrictive
action of the crystal fields, and we get a much Jower susceptibihity
Thus the high magnetic anisotropy may be explaned OQur picture
also reveals how the reversals of the spm vector can take place n the
cleavage plane but not perpendicular to it, since, the spins are directed
mo1e nearly parallel to the cleavage plane and can freely orentate
themselves in azimuth  The pleochroism also 15 thus explamed
This phystcal picture although somewhat native 1s sufficient to explun
both phenomena A rigorous treatment of pleochroism taking ntu
account the Stark splitting of the energy levels in the crystal fields 1s
very desirable

It seems very likely that the mutual interaction of nelghbou;mg
paramagnetic ions to which we ascribed the enhanced amisotropy in the
varieties rich m iron plays a signihcant part i intensitying the pleo-
chroism  When the percentage of ferrous won exceeds a certamn
value, the effect due to the interaction of the iron atoms may presum-
ably become enormous as compared with the usual Van Vieck ettect of
the asymmetric fields and both the magnetic amsotropy and the
pleochroism become exceedingly large

Although the connection between pleochroism and paramagnetic
ansotropy seems to be obvious n the biohtes, some sxgmh‘cfmt features
relating to the two phenomena have to be explamed Por‘ mst:x-meﬂ
Mutmann and Rotter have observed pleochroivm in MnSO, (NHy,
S0,, 6H.0, although this crystalis almost wotropic magnetically  Agam

i 5 rose-coloured variety of tournialine contaimng 4 conse

case 0
o ed promunced

de1able percentage of manganese the author has ubserv
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pleochiowsm, the absorpiion band m the bluc-green bemng very strongly
polarised  while  the magnetic  amsotropy 1 very feeble The
crystal s paramagnetic, X = 031 <10 % X~ Xp* =0 008 x 107,
EM umis Now the ground state of the Mn*+t 15 an S-state and,
therefore, thete 1s no orbital moment to be quenched  The feeble
anisotiopy actually observed 15 duc to the small splitting of the
S-levels under the mfluence of the crystalline clectiwe fields, But
the Mgher levels, transitions to which give tse to the absorption
bands, not bemng S-levels wil naturally eaperience a large Staik
separation in the ciystal fields and as 4 1¢sull of asymmetric sphtting a
sirong pleochiotsm occurs — The mmportant facl has o be recognised
that wheieas the patamagnetic amsolropy of a crystal 15 determined
manly by the nature of the ground statc of the 1on and how 1t 15 mn-
fluenced by wystal fields, pleochroism depends essentially on how the
two energy slales mvolved m absorption are cach allected by these
fields In hoth cases the naturc of the crystal fields determines the
character of the phenomenon It will also be seen that whatever be
the natute of the paramagnetic 1on m the aystal, if there 15 strong pleo-
chiosm of the absoiption hands which form a group and which are the
Stark components of the same absoiption Iine of the free 1on, we can
conclude thal the crystallme fields acting on the 1on should be
asymmetric

Although, m general, pleochrolsm in minerals has been known
to be associated with « large won content, the ntensity mereas-
mg with percenlage of non, mstances have been quoted in which
anomalies bave been noled For mstance, Ienry" remarks from
optical obsetvations made on some non-11¢h vartety of hypersthenes,
that the runle thal pleochiolsm moucases wilh mcrease m  iron-
content, docs nol hold for the senes as a whole, as some of those
rich m npon are only weakly pleodirore  The pleochroism m this
case was judged by wvisual obseivation only, and it will be obvious
that the apparent magnitude of the pleochroism will depend upon the

Xy =5usceptibility patallel to the hexagonal ants
Kyr== " peipendicular " "
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position of the absorption maximum m the visible
If the absorption maximum falls i the

will appear to be much more pronouncgc?“;?;nreﬁl?tl’ ltshinpl:;:?hrmsm
region  Ilence visual observations of pleochroism are hkele tv loift
misleading and the 1elation between 1ron content and pleoc,hr);m:) X
munctals will have to be nvestigated by quantitative measurcmnrltn
on the polarisation of the absorption bands Theoretically, 1t be:t;z
to be justifiable to assume that provided all other factors r,emam the
same, the mcrease n the number of absorption centres will naturally
gwe rise to greater absorphion as well as enhanced pleochrosm
If the absorption centie 1s the Fet* ion, the larger the number of
ions present m unid volume of the mineral, the more intense will be

the absorption and also more pronounced the polarsation of the
absorption bands

part of the spectrum
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SUMMARY

In the present memornt T have given an account of my ouginal
mvestigalions on several aspecds of the dia- and  paramagnetic
anwsotiopy of crystals  Recent theotetical and expermental woik on
the subject which has gol a bearmg on my woirk 15 briefly described
m the mitoduclory chapter  In Chaptet I, the eapermuential methods
adopted by me m my mvestigations and the modifications and
improvements m iechmque that 1 have mbioduced wie described
The {heory of the torsional method of determining magnelic aniso-
fropy developed by Krishnan, 15 also discussed m detal

In connection with my mvestigations on crystalline ntltates and
caibonales, accutate values of diamagnelic ansoliopy were requued
and an exammation of the previous hteratuie on the subject showed
that theie 15 considerable disciepancy m the values obtumed by
earlier wotkers I have made careful measurements, espeaally with
a view to undetstand the wfluence of crystal stiuctuue on  the
mtupsic amsolropy of the (CO,) and (NO) gtoups The results
are presented i Chapler I It has been found that the character
of the cnvuonment miluences the amsotropy of the nilrate and
carbonate 1ons 1 then  respeclve  cayslals to o considerable
extent I have, fwlher, diawn attention to the remarkable dilference
n the diamagnelic amusotropy of the carbonate and mitrate groups, and
I have also suggested an explanation of this dilterence  The magnetic
anwsottopy of ammonmum and silver niliafes has been determuned by
me for the fitsl tune and the orientations of the nitrate 1ons 1 these
crystals have been deduced from the magnetic data 1 have also
attempted a theoretical computation of the diamagnelic ansotropy of
the nitrate group from semu-classical considerations,

In chapter I1I, T have shown how the coriclation of the diamag-
netic amsotropy of {he dwidual crystallites m o polycrystalline
aggregale with the ansotiopy of the aggregate itself, enables us to
determine the orientations of these crystallites mn the latler  This s a
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new apphication of magne-crystallic action and 1 have successfully
apphed 1t m the case of the nacre of indescent shells and the . g
layer of egg-shells The orsentations of the tmy crystallites of Aragonite
n the former, and of the calcite crystals m the latter, have been
deduced putely from the magnetic measurements I have also studied
mn detail the diamagnetic ansotropy of wood and 1ts varimgs Cunsty
tuents with a view to determme the directional magnets. properties of
cellulose and Lignin  The fibre structure of wood and cellulose have
been extensively mnvestigated by the method of X-ray analysis by
vartous workers and the general dispostion of the cellulose molecules
mn the fibre are now well-known The magne-crystallic data clearly
show that the direction of maximum diamagnetic susceptihility of the
cellulose molecule 15 along the length of the cham, and that hgmn
makes no contribution to the amisotropy  This 15 the first direut
determination of the molecular diamagnetic amsotropy of a long-chan
aliphatic compound and 1t has been pomted out that the hehaviour of
saturated long-chamn aliphatic compounds n general should be qutte
similar

The magnetic method of structure analvsis, developed ’by
Krishnan and his collaborators and Lonsdale and Krishnan, has been
applied by me to the case of thombic sulphur and the results are
given i Chapter [V The agreement with Xaay analysis i only
approxunate and I have pomted out that a revision of the structure 1s
highly desirable

The temperature var@tion of the diamagnetic amsotropy of
several organic and norganic crystals has been studied by me by the
techmque [ have developed n this connectton Varwus phenumena
like ciystal polymorphism and the effect of impunties on the direc
tional magnetic properties of the crystal as the mulung pomt
approached, have been mveshigated m some detal  For mst“sm’::
polymorphic transitions in ammonium and potassum mtrates LUL: d‘( e
distinguished by the more or less abrupt changes i the dmmj;jn; m}
anisotropies of these crystals at the fransifion tewperatures A s,rj; ua
decrease of diamagunetic amsotropy has been observed n sodmm
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mitrate which has been found to be mtimately connected with the
anomalous changes of specific heatl and thermal (xpansion of the ciystal
which occur between (8537 and 275°C [ have also shown how it 15
possible to gel an msight into the mechanism by wluch the presence
of mpurittes lowets the melling pomt m organic crystals  The rapid
decrease of the diamagnetic anwsotropy nearabouls the meltng pormt,
due to “premeltng ” m mpurc crystals, 15 stikng  The 1esults,
m general, demonstrate how magne-ciystalhic action may have a
wide application for studymng a variely of phenomena

In the final chapter, I have described my experiments on the
magnetic properties of biotite mica n relation o s pleochiorsm and
chemical composition. IL has been found thal the paramagnetic
ansotropy mcreases with the percentage of ferious uon m hiotite
At high concentrations of Fe+F, il has been found that the magnetic
anisotiopy increases rapudly, evidently duc to mierachion effects
between neighbouring paramagnetic wus  The  pleochtosm  also
becomes very miense with mcreasmg won content A snuple picture
of the mechanism of light absorption in brobite has been offered on
th@?basw of Saha's theory of colour m wmorganic salts

i My smcere thanks are due to Sr C V Raman, FR S, for
his contmnued mterest and encouragement mn the comse of the work,
for helpful suggestions and cnticism and for placimg ol lacihities at
my disposal for carrymg oul the experunental work wn the Depariment
of Physics, Indian Institute of Science, Bangalore
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