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The Mnqnet~c Ani5otropy of Iihomblc Sulphur 



INTRODUCTION 

The c h a r x t e i ~ s t ~ c  lnngnet~c p ~ o p ~ t l t \  of non-cul,ic Lr>\tals 
m l e  antlclpatecl by Po~sson' m h ~ s  ptpers on the tlltory of 111.g- 

net~sm,  as early as 1831 The actud c l ~ s ~ o t  cry of m,rglle-clj st,dllc 
act~on was made by Pluclw- " (11847-1851) wllo ob,ervctI tll,~t in 

the case of an~sot iop~c crystals the , r t t r , i~t~te  or repulslre f n r ~ t  
actmg upon them when placed ni .i strong riun-unifcmn nii~gnet~c 
field was ditferent along dlffcrent dmxt~ons  in tho Lr>"strd Stith 
clystals also showed a tenclencj to t&e up ,t prefelred ormtation 
whet1 freely buspencied in n imgnet~c  field Almobt s~tnuitnn~cmsly 
w ~ t h  Plucker's discovery, FL t~ '~d ,~y4  ,tnd mcl Ttnd,ifls 111 *t scrre5 
of lnvestlgatlons establ~shecl the gener,ility of tlie pllenonwlion to 
which the name " magne-ci yst,illic action " wds ~ I L  en T l ~ c  tllcoly 
of thls efiect was first developed by Thompson" (lS5l) b.ised or1 the 
earlier work of Po~sson whlch requi~ed only a sllglit extenuon 

Followmg on the early work of Plucker, F, t t  ad,iy ,ind 'i'yt~cl,ill, 
a lmge amount of experiment,iI work ot inore or less qu.ilit,rt~vt 
character on the dra- and pdra-magnct~c amsotropy uf crystLilb was 
done by GI a111ch and Lang7 (183) But the whject did nut recelte 
much attention for a long t m e  ,tfter, m d  the unly ~rnportnnl 
experimental work xn the field until l e ry  recent times l l ~  been 
that of Stenger"18S3-I8SS), I<an1g"lXh7), IJml;elo (1910) arid 
Voigt and Kmoshttdll (1907') The realson for tins was that not 
only had very acculate methods of mltgnetl~ measurements been 
not developed, but also precise informat~on regarding the ntom~c 
and molecular structure of crystals w,ts then unknown, and an 
mterpretation of the results ~eldtlng rnag~ietism to atomic and 
crystallme structure was not possxtde In r e ~ e n t  ye~trs, due to 
great advances In physics m vnI lous direetlons, t speciall> :is regards 
our knowledge of tile nature of n~,~gnetisrrz and ~ t s  origm In the 
atonl~c and molecular structure of matter and 11.1 mew of the greA 
achievements in the field of X-ray analysls of crystals, ~t has been 



increasingly reahzed that an exact knowledge of the magnetic 
properties of crystalc can throw llluch useful hght on the relation 
between lnagnellsln and crystal structure Thts lenllzatlon has been 
responsible for many developments xn the subject, both the01 et~cal and 
expermental 

For iealismg tllc 5lgnlficmce of magne-crystalllc pheno- 
mena In d ~ a -  and para-magnet~c crystals, we have In the first 
place to know the nature of d~ainagnetlsm and pdramagnetlsm 
Secondly, we have to i~~vestq+te how xn crystallxile solrcls, whlch 
conslst of an agglegatlon of doms  md molecules In regular 
array bound togetha by electrlc forces, dla- .md para-rnagnet~sm 
become dwectsonal properties, conditioned by crystal structure and 
the electrostatic fields wh~ch act upon the atoms In the crystal 
latt~ce S~gnificant plogxess has been made in all these dnectlons In 

recent yea1 s and thls wlll be hrleily reviewecl in the iollowzng pages 
m so far as ~t concelns the authol's wol k 

Diamagnetism and the Diamagnetic Anisotropy 

o f  Crystals 
The first successful attempt at an e l e c t ~ o n ~ c  theo~y of 

dlamagnet~sm was made by Langev1ti '~l905) The cha~actelisttc 
behaviout of a dlainagnetlc 1s t h d  wliel~ placed 111 a noti-utufolm 
magnetic field, xt tends to move ftom thc sttongex towalcls the feebler 
parts of the field, and Weber" (3852) h d  t r ~ e d  to explam tlm by as- 
summg the existence of " elect~lc flulcls which can bc set up in mole- 
cular stiealning rnotxon " But since the development of the elechon 
theory at the hands of Lorentz, a inole preclse slgtl~licance had to be 
attached to " the streaimng Ampetean currents" Accordtng to 
Langevin's theory, the electrons axe supposed to move In closed 
c ~ r c u ~ t s  In each molecule or ion gmng  rlse to effects s~milar to those 
produced by curlent ciicuits In dlarnagnetics, the molecules do 
not possess any lesultant magnet~c moment due to the electlo~ls 
gomg ~ o u n d  m orblts, and the appl~xtlon of mdgnellc held to the 
electronic system of the molecule, In a state of equ~l~brmm ~lnder the 
actton of a centre of force, 1s equivalent, accordmg to a theorem by 
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glvlng lt an angul'u vcloort> of prtLGLlblOt1 The 
i m t ~ o n  of the eIcctronlc o lb~ts  gl\es r w  to dxa- 
The a tomi~  diamagnetic susceptlblllty of a substante 

:he expression 

there are N electrons in the atom Tht5 rcsult ohtnmcd from 
:a1 considerations does not reqmte m y  rrroitlf~c,~ticm even 
31ng to quantum rnechanl~s 

The problem of c~leulntmg the cl~mugnetl~. ssu\t c.;-hbilttg of 
tom from ~ t s  electronic structure rcducelz to cst~t t l~t~xlg the xaluc 
" Thls, however, 1s rather cl~lhcult o\\111g to the complex 

ster of atomic systems and, at best, theorotlcdl computations 
lve only approximate v ~ l u e s  of the ~n~~gn~ tu r l t .  of tllr obserbed 
st~bllltles For atoms cot~tdining w ~ e t , i l  ~ l t ~ t l o n ~ l  an es t lmte  
e contt~butlon to the dtmngtiet~c .;nlzceptil~llt~ h~ m y  
of electrons is pos\lble by mtrodu~mg 3pprl)p ~ d t t  wreenmg 

mts, w l i ~ h  wdl give the r @ t ~  t l  ne nuclc,it ~h,irge (The ,tctual 
of nuclear charge cannot bc used In t l t ~  cd~u1,rtlous w m g  to 

lfluence of the other electrons) PduI~ng" ((X!127) 1135 rn'ide 
atlons for many slmple atoms and ~ o n s  Mute d r s f a t o r y  ways 
nputmg dlamagnet~c sus~ep t~b~ l i t~es ,  1nt1 O C ~ U C ~ C ~  latet , 'trc those 
1nerl6 (1929) based on Hat tree's seli-cons~\tctlt held ~nttl iod and 
aterl6 (1930) empioylng approxlmLrte 'rtorn~c wavc functtons 
led cotnputat~ons hnve beer1 reccritly m d e  by B r ~ ~ d l e y "  (1931) 
mgus18 (1932) 

The above calculat~ot~s are conf~necl to \phermIly synznetrx 
c systems of the s~mplest type, e d ~ h  being ~ o ~ ~ d t ' r e d  to be free 
m-influenced by other factors In gcnerJ, cutern,rl factors do 
ave any great influence on d ~ m u g n c t u m ,  sn much so that, 
t s c a i l ~ s h o a  ed, didmagnetism 1s d d i  t i ~ t '  Thb k ~ d e ~ u l a r  



susceptlbihty of any compound IS reldted to that of ICS constituent 
atoms by the simple relat~on 

where n ,  P ~ L ~ ,  n, are the number of atoms of ~~sceptlbi l i t~es 
X ,  X ,  X, rcspectlvely mcl X IS 3 corrcct~on faclol whose value 
depends upon Lhc mture of the cllemrcal bonds Tllrs additlvlty 
~elalion has another g~e;it  slgn~ficance It  mlicates that the state of 
aggregation also has got l~ttle influence on dlanlagnelism In alnlost 
all oiganrc c~ystals, the molecule plescrvcs ~ t s  c l~arac te~ 1 s t ~  diainagne- 
tlsm, wh~ch IS l~ttle influeilccd elthe1 by the electr~c forces In the 
lattrce or the mutual mtel action of ncigl~bourlng inclucccl magnet~c 
d~polcs whlch must be extielnely fecble Bcfole con~icler~ng c h -  
magnctlsril in I el,~tion to c iys t~ l  st1 uctui e, ,i b l~ef  xcounl  of the 
chal acter istrc m,ignetlc pl opci t ~ c s  of cl ystals wrll be given 

I11 the most gcxm '11 c,ise the1 e ar c t h  ce  mutually pel pcndlcular 
dlrectlons In n crystcd along whlch the c l ~  ettlon of the ,ippllecl ficld 
coln~ldes wlth the direclloll of magnetimtion Thcse are the 
p mc~pal axes of nlagnetrz,it~on in the ci ystal and the susceptrbilities 
m these d~reclions are know~l as the pr~ncipal susceptlb~l~lles In 
analogy with the optleal propel t ~ c s  of crystals, thc magnetldion in 

crystals may bc represented by an elhpsoid of rn,~gnetlc incluct~on In 
unlaxtcil crystals the ellrpsoid becomes a spheio~d, and in  cub^ 
crystals ~t is a sphere The axes of the ell~psoicl of ~nduct~on ale the 
dlrect~ons of the plmcrpal susceptlbxl~tles of the crystal The pllnclpal 
volume susceptib~lit~es are genelally denoted by k,, K,  and K ,  and 
the correspondmg mass susceptlbllltles by X,, X, and X, 

In tr lcl~n~c crystals, X,, X, and X, are all unequal and may 
have any orlentatlon wlth respect to the crystallographlc axes In 
monoclinrc CI yslals, the thi ee principal susceptlbd~tles are all unequal, 
but one of them wlll cornclde In direction with the 'b'-crystallographic 
axls In the or tho1 hombic system, the pllnclpdl susceptlbil~tles 
wl11~11 are all unequal wlll, however, comcide m dtrection w ~ t h  the 
three mutually perpondlcular crystallographlc axes In uniaxial 



ystals two of the principal susceptlh~l~t~es are e ~ p l l ,  filr~lc thc third, 
Tering in value from the other two, iwI1 lie 111 the (111 cctltjn uf the 
tic axis of the crystal 

The mean susceptibil~ty of the ~ ~ y s t d  1% rt1;ttw.l 111 the three 
nc~pal  suscept~b~hties by the equntron 

The large d~aningnet~c atiisotropy of hen;.cne a1lc1 other 
m a t ~ c  rmg-shaped ~nolecules was first clertrlp pcrntted c)ut hy I?,im,in 
1 ~ r l s h r ~ a n " ~  (1937) f ~ o m  the data of l~glit s ~ d t e r  m g  ,LIKI t t lxgr~t~c 
zble-ref1 act1011 Thls mportant property .tt orice sugqe\tccl the 
sibllity of determinmg the onentntrnn of such r~iuleculc\ 111 tImr 
stals, ancl appro~irn~dx determm'ttions m the c , i w  of n,rphttldcne 
re atteinpted by Bliag~w~ntam" (1!)2I)) Irlccentl~ , tile mttl~otl  

been established on ~1 sure h s lh  by t l ~ t  1111 t i ~ t ~ g d u m  ot I< S 
s l~naa  and 111s ~ol lnbor~i to~ s2' '3 (I9:;3-I 935) ,11111 I OIISIMC and 
shnanZ4 ((1936) The essential ~ d e a  rnvo1xt.d 15 t l ~ t  the magnet~c 
,otropy of the crystal clependb entirely upon the nlucle ot m,itigc- 
l t  of the moleculei, In the lnttrce The p r m ~ q u l  su\~eptthill t~c\ ot 
crystal are obt,uned merely hy ,dding tcrtsarrdlv the w ~ c e p t t i ~ r l ~ -  
of the mdivrdual ~nolecules which Lolnpose rt Thc re\ult\ of wch  
it1011 have been worked out by T,onscl,de ,mtl IG 14nati" (19.2;) 

It  has been shown that the lesh \y rnmut l j  the c l \ \ t ; ~ l  poses\es, 
greater 1s the possib~l~ty of dutc~ruming molccu1,ir o r~ tn t~~t ior l s  hy 
magnetic method In gcner'll, the p~ in~ipnl Lrj st,rl s u w q ~ t i t ~ ~ l ~ t m  
Aed by XI, X- ancl X, are rclated to the n l o l e ~ u l ~ i ~  su\~~ptihi l t t ies  
K, and K,* (refelred to a gm niol 111 tLdi u s e )  h?; the three 

re u ,  pi yl are the dlrectlon comes  of K, I<? .ind lid a ith r e ~ p e c t  



to X ,  etc In the case of t ~ i c l ~ m c  crystals, which possess the 
]east symnietiy, the princ~pal inolecul;lr suxeptlbllit~es must coincide 
with the directions of X,, X?, , ~nd  X ,  ~ C S ~ C C ~ Z V C I Y  dild sinc,e the 
ldttei may be determxned expei~mcntally, wc can clliectly get the 
values of 1 K1 1 ,  I I& 1 and I K, 1 

In the case oi monoclmic crystdls complications arise and 
no cornplete solutron of the equat~ons is possiblt: for getting the 
molecular 01 ientatlons ~uifess such sxmp1ific;itions as K, I = 1 K, 1 are 
made, or in special cases when the molecule is plme and normal 
to the (010) plane, or when K, actually lies in the (010) plane 

Again, for orthorhomb~c crystals, ~t is not practicable to deduce 
the or~entatlons of the molecules, even if X, X,,, ;1iic1 X, are known 
and IKl 1, [I<,I and I K,j can be accuiately est~mated If, however, 
we assume [ K l  1 and I IC,I to be e q ~ d ,  thcn in the c~kse of a plane 
molecule, we can locate the ollentrttlon of the molecular plane w~th 
respect to the crystallog1 aphic axes 

In tetragonal, Ii~gonal and hexagonal systems, (un~dxial ciystals) 
d XI+ c ~ n d  X,? are known, lt wdl iioi st111 be posstble to deduce the 
values of (K,I ,  IK,[ and I K,I,  unlcss we assume two of the 
principal moleculal susceptlbil~t~es to be equal Conveisely if X,,I and 
X , ,  are i n e w m d ,  and 1 Kl[ -- I K.1 and 1 I(, I t s  estimated, the 
inclination of K, to the c~ystal  axes may be obtnmed 

In c u b ~ c  crystals, which possess the highest symmetry, even 
though they might conslst of anisotl oplc molecules, the airangement 
of the molecules will be such that their an~sotloples will cancel out 
In the crystal and the crystal becomes xsotr oplc No info~matlon in 
such cases can be obtained iegaldl~lg molecular orrentat~ons 

The above cons~deratxons show how, in favoulable cases, the 
molecular or ~entatlons m crystals can be deterinined by measurements 
of diamagnetic anlsotropy The fact that in many axomatx com- 
pounds with ring-shaped molecules, ( K,I # 1 K,I and ( I<, 1 ,  and 1 K I ~  
" I Kz 1 prov~des us w ~ t h  an impoi tant method of stiucture analysis 
From experimental determmations of the diamagnetic anisoti opy of 
the crystal, and by estimating the value of JK,I and (K,- K,) usln% 



The large dlanlagnetic anihotropv fout~ci In I~smtitlz and 
phlte has been explamed by Ehrenfest ' (1925, 1929) ,tnd Raman" 
29) as bemg due to elechons clescrlbtng I a ~ g c  pl:in,ir orbits 
losing several atoms A smilar aigument holds good In the case 
he aromatic rmg-shaped molecule\, dnd recently P n u i ~ n g ~ ~  (1 tb3Ci) 

tiled to ~alculate the di,m,~gnetic m~sutiopy of .i number of 
,zene ~ C I I V ~ E ~ I V C S  In the Lase of bcn~ene,  &I\ L eltctrom xhlch 
respoimble for ' 1 eso?zcr?tt e ' in the structui c ,  'ire ,tbwtnecl to be 
to move from one a i b o n  atom to :mother 111 n ~ n a g n e t l ~  f~e ld ,  

, descr~blng large 01 b ~ t s  coincidmg with the circu~rlfc~ e n r e  of the 
zene rmg The an~sotropy 

re r IS the radlo~zs of the ben~ene  rmg itself The value so 
med agrees satlsfactordy with the value assumed by Krrshnan 
111s coll aborators2"'* 111 t h e ~ r  expermen ts By ~ntroclucmg suitable 
ect~ons, Paulmg has calculated the dlnmdlg~letlc :tnisotropy of 
rdl benzene derivatives &o CalcuI~tions on slnlllar lrnes haw 
1 independently made by Lonsddle," wlm ha& extc~~clerl thmn to 
case of metal-free phthalocyamnes More recently, Londm ' has 



these moleculnr oibitals from the standpornt of quantum 
m e c h , l n i ~ ~  He has util~sed a method of a p p  oximaiion applied by 
Bloch ,111 his tl leo~y of inetds, wl~icll col I esponcls to the nlethod of 
moleculal orbltals in thc tl~eoiy of c l~e~~l ica l  linkages, m d  finds illat 
inlei atomlc curreiits are sct up under two cond~tions, namely, (I)  the 
existence of a cycllc cham of equivalent p u r s  of atoms and (2) a 
nuinber of nnpaii ed elect] ons associated with each valence bond 
Such inter atonuc curl ents cannot occui in saturdted compo~~ncls, Ilke 
cyclohexanc London's theoxy hcis been successful 111 explaining the 
diff el ence betwecn the cl~m,ignetic propel tics of isonleric ~nolecules 
like anthi ~icene and phenanthrene, whlch the semi-classiccd the01 y of 
Pauling is unable to do 

These thcoiet~cal consideratloils are capable of being extended 
to otl~er conjugated structtlres as well, such as (NO,) and (CO,,) groups, 
although the pioblein becomes very complicated 111 such u s e s  The 
authoi, as desciibed later, has atteniptecl to compute the dianlagnet~c 
anlsotiopy of the (NO,) group in a somewhat simlar manner as 
Pauling has clone 111 the case of benzene 

Although considelable work has been dolie on the temperature 
dependence of the diainagneti~ susceptlb~ldy of c~ystalline solids, the 
influence of tempel atui e on the d ia lnagnct~~ cmisott opy of ci ystals has 
been Investigated for a few substances only, inostly metnls Fdradays" 
(1848 and 1855) fiist observed that Ihe cllffeience between the plincl- 
pal susceptibilltles of bisinuth decreased coiis~del ably between 40°C 
and 140°C, fallmg to less than half rts or~ginal value He could not, 
however, observe any change in the diamagnetic m ~ s o t l  opy of calcite 
although ~t was heated up to a very high tenlpe~ ature Recently Goetz 
and FockeS7 (1934) and Shoenberg and Zakl Uddina8 (1 $36) have studled 
the princrpal susceptlbilitles of ,bismuth over a wxde range of tempera- 
ture The vanation of the inagnet~c anisotropy of blsmutl~ from room 
temperature up to the ineltxng point has been investlgdted by 
W T Johnds (1939) Thall~um has bcen studied by Hao and 
S~brarnaniarn'~ (1936) who have observed changes m the dia- 
m a g n e t ~ ~  anisotropy and susceptibility of the element occurring at 



235°C Krlshnan and Gangul~*l (2437) Ii,ive stud~tcl the anomalorn 
temperature varlntlon of the dmmrgrle ~ I L  misutropq of p .tphtu It  
~ l l  be see11 t l ld  all the prevlorts work in r e ~ t n t  y~ ,\r\ iw, been con- 
bed to elements only The 'mtllur h,ts ~nvc,\hg,rtttI th t  teliiper,~ture 
varlat~on of the di,lmagnetlc, anisotropy of wvtr,tl mtrrg,tnlL ,uld 

orgatllc crystals by the more dellc,itc euperitncntd n~cthuch nun avul- 
able for lnvestlgatlng feeble anisotrop~es and thelr ch,~nges .A\ wli  
be seen later, many phenolnena of the sol~rl st,itc w h  ,IS ~r>st, iI  poly- 
morp11lsn1, gradual transitions In the I,ittice, dlsorclers in the lirt ttcc 
structure ~ m ~ d  by ilnpurltles in the v ~ c ~ t i ~ t p  of the mcltmg 
p o i ~ ~ t ,  and molecular oscillat~ons and I ot,\trcm t l ld  sct 1x1 at high 
ten~peratures, can be stt~dtcd bl thc ~twestig,lt~on of the v~irl,t- 

tlons of dlalnagnetlc anisotropy w ~ t h  tenqm ,rture, In fan 0t11 . i b l~  
cases 

Polymorph~sm has been studled so f'rr by X-r,ry analysis, 
change of optlcal blrefrmgence and thermal 2nd dll:itonietr~c rnethocls, 
I t  has been shown by the author (1937) that polymorph~c tr,ln+ 
tlons are also revealed by striking changes in the d ~ m a g n e t i ~  
anisotropy of crystals, since, wlxn t r~n \ i t~uns  t A e  p l , u  111 ~rys ta l s  
contammg anisotroplc g~ oups, the relatn i: posit~ons m d  or~cnt,&an\ 
of the anisotroplc ions or mole~ules ';re ,dso nl te~ed gencr,rlly, dnd 
as a consequence the1 e are Lori esponding c i~mges  in the .:misotropy 
of the crystal These clinnges wtll obvlouclly he w r y  mlrked in 
h~ghly  anisotrop~c ~rystals  In svll~cll the , in~sut~opj  essentlttlty cluc 
to that of the molecules or ions, '~4 is the cdse ln ~ryst,d\ of OT&lIltC 
aron-iatlc compounds and inorgmlL .nitr,rtes (we do not, of tourse, 
consider here, elements like b~srnutll md, graph~te, whose charac- 
teristic magnetic propertm have to be exp1,uned on the e le~t ron  
theory of nletals and semi-conductcsrs), and ,ire essent~~llly different 
in character from the feebler effects observed by smlc ,mtliur~ 111 

several diamagnetic substnnce\ during polymorphic trarzs~trons, It 1s 

posslble to study many aspects of polymorphwi 111 fnvour~ble cases, 
such as, the velocity of react~on froin one phase to anather, the 

of temperature on the rntt of I eltctlon and the r c l A w  anen- 
tatlons of the axes of the crystals 111 the ~ W Q  rnodtfi~rttiolls. 



Just as molecular orieiltntxoils 111 crystals in'iy be c 
by magne-~t ystalllc actlon, the analys~s of the stluctule a 
talline agglegdes cnn also be accomplished 1x1 a ~111111 

Nature abounds 111 such ~ ~ ~ b s t ~ u ~ c e s ,  to name only a fev 
varletles of shells, f~brcs, 111,u bIe, ivory, bone, teeth etc 
crystalfites 111 many of Ihese die inor e 01 less r egularl: 
and it will be obvious lllat if  the cryst,lllxtes are amso 
poly-clystallme aggregate ~tself will be anlsotroplc, Henc 
latlon of the anisolr opy of the crystallite\ wlth that of the 
wrll enable the orrcntatlot~s of the former to bc dclerm 
method has been successfully applied by tllc ,mthor m 
inothei-of-pearl from molluscan shells, and egg shells, wh 
of aiagonite and calclte cl ystals iespectlvely 

An lntel esting fielcl of investlgat~on has been opener 
author's woil: on the dmnagiletic aillsotlopy of LI yslallme 11 

carbonates Although it is known that the crystalline elt 
can ploduce defoi mation of the Ions in LI ystal lattxces, 
influence of the fields on the dlCimagnelic p~oyeit les  oj 
radicals 11ad not been so far mvestigated because of 
cha~actel of these effects It  has been found by the ,~uthc 
dlalnagnetic anlsotropy of (NO,) and (CO,) groups is T 

influenced by the chctracte~ of the e n w  oninent of Ions si 
them In fact, the feeble d~amagnetlc amotropy ex1 
all non-cubxc crystals col~s~sting of ions like Ag+, F-, C1 
Cd++, Cal-f, Mgf + etc , (which may all be expected to be 
syinrnetrlcal in the flee state), e g , crystals of Ag,F, Ca 
CdCI,, MgCl, etc , IS to be attllbuted to the deformations p~ 
tllese Ions In the crystal lattlce by the electrastatlc fields, tht 
of the deformations depending upon the synmeti y of 
consistent with the conditions of stability oi the latttce 1 

the charactel of the ionxc cleforinations and of the crysta 
may, in fact, be obtained from a study of the feeble cl 
an~sotr opy of these crystals, 



Paramagnetism and Paramagnetic 
of Crystals 

ALCOI c h g  to the cl~sslcal t h ~ w  y of 1,,ulgevmL ((I 90 ~ n d  
We1s5*" (190 i ) ,  we get the I cl.~twn, ksoa 11 .ir tilt Guri~-'l\.ei.b la*, 

expresslng the variation of sus~eptihilitj w t h  tctnpe~ 'tturc The 
exper~rnental results a1 e, fol convenience, c x p  ewxl  m 1J,ol11 Xtglictun 
values, and we have 

and when 8 is not known, the eftect~ve m,rqncton v,tlnt. ir erprevxrl as 
-- 

P,', = 2 (469 x I/ X,T 
as  tho~zgh the Curie law were valid 

The first \at~sfactory de~ivatum ot thc ~ n q n t t o r l  1,rlut r of 
slrnple Ions based on t~pwtrow.qx  theory w,ls q ~ v t ~ l  1 1 ~  H111id'~ 
(1 925) ~ 1 1 0  obtnmd thc iol lnul't I?,-g 1V 1 1 3 1- 1 ), n liert g 1s t h ~  
Lande factor T h s  r e d u ~ e s  to i,< ( s  -\-I) n l ~ t n  tllc mns ,ire 111 

the 8-state Hund's theoret~c~il cxprcasion glt e s  i e m u  Lthly good 
values for the susceptibility of ttic r,ri e-e,lrili ~ons ,  lwt for the fil st 
tran5it1on gt oup of elements, the a g ~  e e m t ~ ~ t  1% C I J  puol h nrotlifl- 

cat1011 of Hund's formuh was thcieiorc suggt4w-l ht Son~nierfcld 
and Laporte4"1Y26) taking into ca count tilt f,tc_t that tlic ~nultipltt 
~ntervals 111 these ions are not verj I,lrge Huarf'r exprtwon 
~ s s u n i e s  that 1, A w > > XT wliile S o ~ u ~ n c l  feld m d  I A ~ C ) I  t t  ~ ( m i d e r e d  
the case for ?L A v< < AT and tlie follos, my: expi csstons \t t r c  



The actual magneton values of the xons of the 
rnents do not fall between the two extreme values r e p e  
above equations Bose" (1 (1927) suggested tlzd cssent, 
s p m  contx~bute io the magneton value of the fir st tt a 
of elements An explanatton of the par amagncllsin ol t 
tion group of e l en ie~~ts  was oflered by Stone1 "' (1929) wl 
the ~nteractxon efiects between the netghboulmg lolls 
In the rare-earth ions, the magnet~cdly effectlvc electi 
the 4 f group whtch IS mcompletc, dncl they dre effectn 
from mteraction effects by a complete group of htghcr 
numbel But ~t 1s the 3d group wlmh 1s 111coinpletc 1 

the first t rans~t~on series, and since they are outcrm 
subject to the action of the envt~oninent ' h e  intera 
the  nagn net on v h e s  for these xons, whzch tvdl he betw 
rep1 esented by 

-- 
P, = 2/ 4s (s -I- 1) and 

Recently, V m  Vleck4" (1932) has tried to ex1 
value of ihe susccpixbrl~ty of thc roll  gloup of elexn 
due to the ' quench~ng ' or ' f i e e m g  ' of the orb~tnl 
the asymmetric crystalline fields Van Vleck's tr cat1 
to tnany interesting ies~ilts The d e p a ~  tul e from the 
be satlsfactorxly accounted for by the theory The le1'1 
t~ons  of the spxn and orbxtal nlonlenls to the paramagnc- 
hty can be studled and what IS mipol tant for our purpos 
the magnetlc anisotropy of crystals is sclt~sfactortly e 
anisotropic crystals of the rate-ea~th salts, a crystal fie1 
cular or~entatron and noncub~c s y m ~ n e t ~ y  actlng on the 
Ion, wdl procluce a splittmg of ~ t s  lower levels, as a re 
the magnet~c moments of the levels and the suscept 
different along different dn ectlons, depenclmg on the c 
field In salts of the tron group, the orbital moment IS 

partially quenched m an an~sotropic manner and the rr 



Accordlllg to qonntum theory, for n free paraniagnetlc Ion 
In any j-state, the number of posslbk m - ~ t d t t ; ~  ;ire ( 21 f 1 ) , m i  
1n the absence of a magnetlc field, all these a , ~ t e s  are equlv,ilcnt 
and there 1s complete degenera~y But in a magnct i~  f d d ,  r rcdistn- 
bution of the ions among the ( 2 j i l )  states t,tbw pl.tct, :lnd thls 
spacial quantlsatlon gltes rlse to a rewltmt imgntzt~c manlent tn the 
dlrect~on of the field If, ho.rtcver, mlttnlly tlic cich = 1ene1 'tcy 1s re- 
moved by, say, an asyrnmctric cry\t,dl~ne ficld c u ~ h  t11d thc sop,ir,ttiun 
between the various energy levels 1s 1,lrgc ~r~my-rdrecl to kT, tlwl thc 
application of a magnet~c f~eld c,mnot Ic,d tu ,u l j  rcilhsir ~ l ~ u t ~ o n  mumg 
the dlffc~ cnt states, ,md tht  s~tbct,inw ti 111 l m  c t c ~  u ~111wq)tihllf~ 
Such complete removdl of degcner,~cj dues not, ltowevcr, t A e  yrlIrce 
The orb~tal degenerxy ma) be n holly ur pni t idlj  I enicn ctl, but the 
spln degeneracy is c,onsci\ed In m y  LAW, the pn~ti,tl removLd 
of degenel acy 1mp11es ,i Ion el ing cif the p't~ ,im,tgnt tit w \ c  tptl- 
billty 

In  paramagnetic crj  stals, the pir.umgnt*ti~ ions ,ue tznckr 
the infhence of the st1 ong c l~s td t l~ne  f~t lch clut tu tlic icms sul r ound- 
lng them An asymmetric ~ ~ > s t a l I i n e  fitld is h l c  to pruclu~u rt 
Stalk spliltmg of the eneigy levels of the ion, p,irt~dly ol esen 
wholly remoblng the orbltal degenerdc] in s,tlts of tllt 11011 g o u p  of 
elements The spln rnonlents are not, in gentr,rl, afieeted arlcl are 
free to respond to the magnet~c field and thls txpla~rls why the 
magneton value tends to apploach the spin-only value The <pin 
moments inlght ind~rectly be affected duc ta then ~oupling with the 
orbital moments 

The Stark splitting of the energy lcvels ~ 1 1 1  depend an the 
character of the crystal fields, and the ground states of Ithe pnrarnag- 
r~etlc Ions A field of cub~c symmetry shotild he txpected to makc 

no contribution to the anisotrapy, whereas J c l ~ p t r t ~ r e  froln cuhic 
symmetry wlll give rlse to magnetrc antsotropy as weil ds n dcpartttre 
from the Curie law and also different vdlucs for 8, the Curie 



C M  tempel atuie in the Cuiie - W e ~ s s  law xh,--;.i-----~ 111 the directions 1 - 8  

of the p1 i~~clpal  axes of indgnetization, 

The general nature of the pcridmagnetic anlsotiopy of hydrated 
double sulphates of the 11on group of salts mdy be understood by 
consideixng the typical case of felrous dmmonmm sulplmte, (FeSO,, 
(NH,),SO, 613,O) Although the coinplete X-r ay analysxs of this 
crystal 1s not avaxlable yet, xt is known that the Fe++ ion is 
surrounded by SIX water inoleculcs in an cq~proxin~atcly octahedral 
ari angement (Go1 terbo, 1932) Accoi ding to L~pson and Beavers61 
(1935)) two types of a1 r dngement of watei molecules ,ue possible, 
the octahedral and tetxahedral In the Tutton salts the former 
type of ar~angement occurs The electllc fields due to such an 
arrangement of poLu iilolecules dbout ihe roll hCive Ixen found 
to be markedly asyii~metiic FOI i n s t m x ,  I<I ishnan and MookherjP 
(1937) have observed a la1 ge pal ~n i l~gne t i c  anlsotlopy in I die-earth 
salts like, Pr,(SO,), 8H,O (in wllich d s o  there is an octahedral 
arrangement of water nlolecules I ound the pni anz,gnetic ion) 
which points to a, crystalline field clepaiting 1;lrgely fiom cubic 
symnictry The gi oup, e ( 0 - 1 )  lo1 ins the " paramagnetic 
cornpiex," and the anlsotropy of the clystal should be ~eferred 
to that of the ' complex ' These conlplexes or clusters are legularly 
arranged m the ci ystal l a t h e  and are olieiltated In a defiiute manner 
with respect to the crystallograph~c axes (the unlt cell comprising 

s e v e ~  a1 such complexes) and a detarled X-I ay exanmat~on would be 
very useful in correlatmg the anisotxopy of the ~ndividual complexes 
wlth that of the crystal The anlsotlopic pdramagnetic complexes 
llke Fe(0I-I),, pers~st even in the dissolved state, ancl thls explalns the 
phenomena of niagnetlc double-ref~act~on stiongly exhlblted by many 
parainagnetic salts in solutlon (Chinchalkai6', 1931 , Haennye4, 1937) 

One of the Important deductions of Van Vleck's theoryGG 
IS that ciystals contamng ions ln the S state, as  fol example, those 
of nianganous and ferrlc salts, should not show any appreciable 
magnetic anisot~opy, T lm has been vellfied by experiments of Rab16" 



( 1 9 )  Jackson" (1033) and Eirld~n~rn and h14 ~dl.~hc~ratnrs"" 
(1934-1936) on hIanganous (hlnf C )  and 3i;errl~ (Fe "4 " \salt<, tlne 
paramagnet~c ions of nluch are 111 the 15' grour1d-4,1tes ,I f t i r th~l  
confirmation of the theory is avallahle from \ ~ I K ~ I C S  (111 t t x  nlr i j i~t~ ' t l~ 
double-refraction of solutions of paramagnetic salts, the u l t \  corit,un- 
ing Ions In the 8 states exh~biting p r ,~c t~c ,d l~  no d o ~ h l t - r e f r , i ~ t i ~ ~ ~ ~  c g , 
Fernc, Manganous and G a d o l ~ n ~ u n ~  ~ l i l o ~ ~ d c s  ( C l ~ ~ ~ l ~ l l ~ l k ~ i r ,  I!):jl , 
Haenny, 1937) 

Detaded calculations of the ~nfiuenttr ot c rq ~ t , i l ln~c  electric 
fields on the pnram,tgnetis~u of X'r and Nd ,~ruong the r,il t.-eLrr t11 ion\, 
and NI, Co m d  Cr 111 the Ilon group, 11.~1~ Iwm I U A ~ U  1q Ihcnriey 
and Sshlapp" (1932) I11 the r ,m-exths,  t l~e r t  i k  no yuenc1)11q tof 

the orbital momentc; by the cryctdl~ne heltl5, ,ind t11t11 w\( cpt~luli- 
ties are p e n  by the Hund txpr~sslon H(mev~1 ,  , r  1 1 ~ 1 ~ 1  of rl~nrnhic. 
symmetry actlng on the r:u e-c,u th  lor^ tv111 p o c l u c ~  c r s y r m ~ t t r ~ ~  
spl~tting of the lower levels, .md hcnce give 1 1 s ~  to rtnrsotrc~pp of 
paramagnetic suscept~bdltj Expclment,rllq ,r f ~ i r l y  1 srge  mu^ 

tropy has b ~ e n  observed in the rarc-e,u th wlt\, hf (SO,) XH,O, 
(M= Sm, Pr, Er, Nd) by I<r~slinm ,ind MoobhtrjiS2 (1937) 

In the lolls of the first tranut~on group uf e l t~n tn t s ,  the 
incomplete sub-shell of eltctlons 11es outelmost, ,itid the \pm-tuhlt 
coupllng IS tvt 'lk The orbit,ll mcmen t\ ,\re, tliert f~ )re ~1~14~eptlblf: 
to the influence of the crystdlllne field\, and w~l l  he partially frwen 
The ions are all 111 the F-state, nlth 1- 3, ,m i  t l ~ c  w~en-fcrld de- 
generacy IS removed by the crystnlline field uholly or p,irtl,tlly, 
accordmg to the ndture of the field A rhomblc f ~ l d  w ~ l l  conqdctely 
remove the orb~tal degeneracy, nl i~le  n cubic field 1vd1 ~ p h t  the 
F-level into one single and ttt u triply degenerate Icvels Pcnnc y and 
Schlapp have m m n e d  a field of prtdomin,rntij ~ u h c  s j ~ n m c t r j  nltb 
a smaller ~ h o m b ~ c  term The Ham~ltonldn functlcm In d ni'rgnetlc 
field H is glven by 

Z = D ( X ~ + ~ ' + Z ' )  + - A X ~ + B ~ '  
- ( A +  B) 2" +(LS)i- / iH (1 b25)  

Assunmg a cubic field of the s m e  sign and nugn~tutle fur ,dl the 



three ions, the spm 01 Bit x n h  ;lchon iogctlier w ~ l h  the rhombic field 
1s shown to be able to remove tllc clegencxacy of the lowest level 
In N1++ and Ci++ only xn '1 high appioximatlon, while, In the case 
of Co++ the degeneracy is x eiiiovccl to '1 ill si appi oximatlon TIlls 
difference accounts for the isotiopy of Nl-l-4- and C I - ~ +  as colnparecl 
w ~ t h  the high anisotropy of Cod-+ In thc casc of N1++ and C r t t ,  
the splitting of the ground levels unclcl ihc mflucnce of the clystal 
fields xs stmilar, the non-degenei d c  01 bitd lcvcl bcii~g lowed The 
susceptibility of Ci-1-4- IS lower than the S ~ L ? L - O ? ~ I J  value while that 
of Nl++ 1s higher In the case oi Col--1- tllere would be an mversm 
of levels, as polntecl old by Van Vleck, with 1-cspect to NifS, the 
tr~ply degeneiate level being lowcst, and, the1 efol c, a splitting of 
these levels by the 1-lionibic pal t ol the field or by the spm-o~bit 
interaction takes place gvmg rlsc to deviation from the Curie law, 
and high paramagnet~c anisotropy 

Fe++ and Cu++ are both 111 the D-state (d"5D and d02D 
respectively) Theie is a reciptocnl iclationsh~p bctween Fe++ and 
Cut+ just as  xn the case of NI-t-+ and Co-I-+ as shown by Van Vle~k, 
The case of iron is of specid inteiest in coilncct~on with the authors' 
investigations on b~otlte mica, bul unioi tunaiely, cletadecl computations 
are not available yet The splittmg of the levels takes place as 
shown in figure below 



The figure nifi be upright in O u H  ,uid ~ t n ~ ~ t t d  in I;( t f 

The s e p ~ r ~ t l o n  of the components of ,':and 1: 13 t l l ~ ,  tntiruly to the 
rhomblc field The character of the ground st,ttc\ \ar,~~ld ~ntlic,rte 
that the magnetic a~lisotrapy of 1Jci-i- should. l ~ c  nlu~lt grc,lttr t11m 
that of Cu+f, but actually, t l u  15 not fwnd to hc  the c, i \ t  This 
anomaly IS explamed by Van Vlecli 2s he~ng  d u ~  to \,rrlou, u t l w  
causes Recently Van Vlccb" (19:W) h,is ,ifw comlciercd the cr j  5taI- 
ltne Stark spl~ttlng for clusters of the type (XYJ 111 rtl,itmn to the 
Jahn-Teller effect 

In Van Vleck's original tlleorq, the cllpnlc-dlpolt inter;lctlon.;, 
between neghbouting p , ~ r a m a g ~ e t ~ c  runs are riot ~ o r l w k r e d  nncl on14 
salts of considerable m,tgnet~c cl~lutlon s u ~ h  'is the h~ctr~ltctl  ~u1pli:des 
and double sulphates of ilon, cobalt, l u~he l  ctc  , ,ire d t s~u \ s t ( l  'CVllt'r~~ 
however, the concent~nt~on of the pa~~itnitgt~eflc ion 1% r,tlscd, l t  li 

natural to expect i n t e rx t ru~~  effects to 1nf1ucnt.e tht. rlzngllctic pru- 
pertles perceptibly Recently Van V l t ~ b " '  (1937) l u s  ~on\idered 
the effect of chpole-dipole ~oup11ng 011 the suscepthil~t>, but: the 1x1- 
fluence on the anisotlopy l ~ i s  not heen woibed mtt Thc cx~s tmce  of 
such 1nteraction5 in anhyd~ous salt.; of tile  on group like CoCI , 
CrCI,, NlCl, and FeCl, has been d e n ~ o n \ t ~ ~ l t t d  bq Dc Hnns 
and Schultz" (1939) from susc;eptlhdit> ~ne, isur tmcnt  ,it low temper- 
atures when their efiec ts become rnarkcci No tIat,t, Iiua e~ er, 'ire 
avalldble i e g a  ding the efkct uf thc mtei ,tctiuns on the xn,~gntt~c 
anisotropy 'it room temperature\, except tlic iecble t fkc ts  mtntioncd 
by I<rishnan m d  B;lncijcc (1036) in In,ulqmrm\ \,lit5 of cunsrcler- 
able dtlutlon Joglekar" (1937) h , i ~  \tudlecl sonle pram,qpet ic  
Tutlon salts of the type, hISO, (NH,)- SO, 6EI-0, whcre h i  1s rt dlvn- 
lent aton1 of the rron group, a~lcf he has cix,rnrrnccf the eftcct of 
partially 1 eplacing the pa1 t ~ r n c ~ g ~ ~ c t i c  ~cms MT 7 13) h l g ~  L. m i l  25113 + 

He has found that the orclc~ of rn,lgn~iutlt of. the ,tm\cctropg 1s not 

lllatellally aflected b j  dllutmi XICI the o1m.n td c.l~,u~gus \r erc 

attl1buted to sllgkt , i l t~iat~ons in t'ht cr) st,dlnic f l t l t l \  ~ ~ t l n g  on the 
pal anlagrlc tic ion 



In Inany paramagnellc CI yblal5, st1 ong pal amagnetic amsotropy 
IS also associated with a malkecl plcochroisnl The absorpt~on bands 
of the rare-earth salts consxst of simp h e s  and the ~nhomogeneo~~ 
Stark spiriting of the energy levels of the pal amagnetlc 1011 in an 
asymmetric ci ystalline held sh0dd pi oduce strong plcochi olsm of the 
absorptioiz bancls The cl~cl~rorsm of blotltc Zkppears to be due to 
the asymiiietry of the c~ysid lme field of the Fe++ ion, as a 
consequence of whlcl~, light vlbr atlons p i t  cillcl to the cleavage plane 
ale strongly absorbed, wide those perpcncl~culu to the plane are 
not absorhecl to the smlc extent Ktlshnan and Chalrrabartys' 
(1937) also have observed polm~allon of the absolptlon bands ln 

some h y d ~  atecl sulphatcs of ral c-cai ills, w h d ~  st1 osgly suggests a 
lugh asymmetry of the clystdlllne fieldtr In these sdls  Slnce pala- 
magnet~sln and coloul are rclc~tccI propertlcs ~n the salts of the 
trans~tlon sei les of elements, any tllcol y of pcu amagnetic suscepti 
billty sho~tld also be able to explan1 the cl~uactex~stics of the 
absorption spectra of these salts 

A great deal of work on the absorptmn spectra of the rale-earth 
and xron group of salts has been xecently clone by Spedding and hts 
collaborators"" It has been found rathcl clrfhcult to explain quite 
satxsfactordy both the ~ n a p e t l c  as  well as the abso~pt~on data, on the 
baas  of the work of Van Vlcck, Schlapp and Ir)cnncy T h ~ s  unsatlsfac 
tory state of affau s IS partly due to the clisci cpalicy in the magnetic 
data obtamed by different w o ~  l r e ~  s, and accu1:lte work In the field 1s 

needed Accol ding to Spedding ,lnd co-WOI kel S, the data of absorP 
tlon of salts 11ke Neodi~niunl solphate oetahyd~ ate (Nd,(SO,),, aH@) 



may b e  explained satisfactorily on the assumption that the cr)\tnlllne 
fields in these are predominantly cuhlc in char,~cter But from 
measurements of the paramagnetic anisotropy of t l~ese mlts, Knshnan 
and ~ o o k h e r ~ l ~ ~  (1937) have postulated fields of consderablc nsgm- 
metry smce the inagnetlc anisotropy of these stilts 1s pronounced 
The strong pleochrolsm of the absorption bands in these stilt(: also 
lends support to tlus view A rigorous treatment of absorption ln 
paramagnetlc salts on the basis of the Stark spllttlng of the energy 
levels of the paramagnetlc Ion m the crystal fields is hiqldy cicwahle 
In the absence of any satisfactory theory of ,ibsarpt~on and 
pleochrolsm m Iron salts, the author h ~ s  attempted '1 quditativc 
explanation of pleochrolsm of biotlte, b ,md on Sah,rts ttleory of the 
colour of morganlc salts 

The most ~mportant experimental work on the pLtrm~qnetilc 
anlsotropy of crystals m recent y e u s  has been tIi,~t of Finkc" (I!) 1 (l), 
Jackson" ((1934-1 9%)) Rabi6"l'337), Bartlett" (1932) and Rrrslinan 
and hls collaborators" l3 (1931-1939) Of these, the extensive 
~nvestigatlons of I<r~shnan and 111s collaborators are note-worthy 
They have studled such dlfiercnt aspects as the rnngn~tude arid 
asymmetry of the electrlc iields actlng 011 the pnramcigtietlc Ian 
in the crystal, the geometry of dlstrlbutlon of the negitively charged 
atoms surrounding the Ion, and llence 1t5 LO-orclinat~on numher, 
the strength of couplmg bctween the orh~tal and spin angular 
moments of the electrons 111 the ~ncomplcte hell of the urn, and 111 

those crystals ln wh~ch the pal amapet ic  1011% nre in the S-state, the 
magnitude of separation of the 8-levels, nhich plays an Important 
part in determmng the thermal properties ot the ~ rys t a l  at  very low 
temperatures 
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C H A P T E R  I 

EXPERIMENTAL METHODS AND DETAILS 

I .  The Electromagnet 
The electromagnet used for the measurements wds suppl~ed 

by Charles W Cook and Sons, Ashby de la Zouch, England, the pole 
preces being made accord~ng to cleslgn subnl~ttecl by the author 
(Fig 2, Plate I) Srnce perfectly nmform fields were r~ecessary for the 
determmatron of the diamagnetrc anisotropy, the pole-pleces nere 
made masswe w ~ t h  a large are'l of pole-face (66-sq c n ~ s )  For 
s~~sceptrbrlity determrnatlons with the tors~on-balance, a pm- of 
spec~ally des~gned conlcal pole-p~eces was employed, the sernl-angle 
of the cone berng made 55" for obtaining maxmunl ~nterls~ty of 
the field These pole-pieces could be kept m~th t11e1r .lxes rncllned 
to each other, p~oduclng an ~nhomogeneous field of the same type 
as rn Curie's experiments 

A current of ten amperes could be pnssed through the magnet 
for about 15 nlinutes without any sensible lleatlng of the cods The 
current was adjusted by means of system of rheostats Before 
each expenmenl. the iron was brought to a cycl~c state by revcrmg 
the cur1 ent, kept at a low value, a suffic~erit number of tlmcs so that 
the field correspondmg to any value of the current through the elc~tro- 
magnet was always of defin~te strength md exactly reproducible 
W ~ t h  the flat pole-p~eces at a drstmce of 2 5 cnls apart and a current 
of 7,O amperes thiough the electromagnet, a field of 77l0 Oer5teds 
was obtarned W ~ t h  the pole-faces 1 cm aput  held& of the o rdu  of 
12000 Oersteds could be easily attallled But such li~gh flelds 'rre not 
necessary for the anisotiopy measurements The sntt~ratron mluo of 
rnagnetisatron was reached w ~ t h  a current of 7' amperes thra~rgh the 
magnet For the suscept~bllity n~easurements using the cot~lcal pole- 
p~eces, fields of the order of 22000 Oersteds were attamable 

For determinat~on of the diamagnet~c an~sotlopy at high twm- 
peratures, a second electromagnet desxgnecl b j  Dr C S Venkatcs- 
waran and constructed m the work-shop of the Irich~n Ir~stltute of 
Sclence, was employed (Fg 3, Plate 11) 



Fluxmcler callbi atloll- 24050 M,txwclls PCI ddzvlslon 
Search cod clisincter 2,351) cms, Numbel of turns-30, 

r e s ~ s t ~ l ~ c c -  3,34 ahins 
Mean fluxmeter clcflecl~on- 72 0 & 0 4 cdiv~siozls 
T h s  corresponds ta a field of 7710 Oc~stccils (zk 0 5 % )  

3, Determination o f  Diamagnetic Anisofrapy 
The dl1 cct clctet mxnatmi of the 131 mclpal magnctlc suwxpti- 

bll~tles of crystds cannot give veiy ,~cc~i l  ,ltc v,ducs of the amsotropy, 
especialIy when the anisotropy 1s small A method which dnectly 
glves tbc snlsotlopy is prelerable, Such a mcthocl was first employed 
by Stengerl(l 883-1888) and I<dn1g"(1887), who ~zsecl the cx ystal cut and 
ground 111 thc form of a sphei c aid suspended by xl~eans of a sllk fibre 
xn the magnet~c f~eld If X, ancl X, LEI e the maxtrnum ancl miniinurn 
values (algeb~ a~cally) of the susceptlbilr.ly In the planc of oscillation, 
the ciystal will texzcl to set itsell w ~ t h  thc XI-dnection palallel to the 
field-dlreci~orr Let inltrally the lo1 slon-head, to which the fibre IS at- 
tacllecl, be turllecl I O L I ~ ~  SO thr~t tlie XL-dxl ectlon colncrdes wlth the field 
cllrect~on and there is no t w d  in the fibre If the clystal xs now 
allowed to make small tors~onal oscillat~ons about xts equillbrrum 
poslt~on, and T,, 
wlth zero field 
given by 

T, ale the peliods of oscilI,ttion wdh the field on and 
rcspwimely, then the gram molcctdar anisot~opy 1s 

(AX)=XI--Xz= T," TT,CM 
T,2 '6d-P 





where WL =the illass of the crystnl, h.l itr grnm t n o l e i ~ d , ~ ~  melght, H 
the field strength in Oersteds and C the modulou\ uf tnr\lc,~~ c t f  tile 
fibre 

Now, in the above method, str~ct unlfnrnutp of thc  ik ld  1s 

not requ~red,  smce the crystal has got a ~pl ierral  41,tpt K r ~ h ~ , t x ~  
and h ~ s  collaborators3 (1953)  hare, homvcr, used tilt. r In 

thelr natural slzape, making the field stilctl? I iomo~t.ncr~us t y  
using large flat pole-peces (They lint e xlw ~ inp l t~ \  t d i p u  t, 
instead of slIk fibres) Thele 1s 21 two-fold effwt ~ 1 ~ 1 1  the c r ~  l i td 
has an arbltl ary shape Even if the field 1s strictly ~ x ~ ~ t t ~ i ~ r l ,  t h t r  c 
wdl be a couple actlng on ~t tending to set ~t ~.z~,tl lv n lttt. the f111d 

duection This effect tvill, however, be undctt.ct,hle h> nrtiin,ir.i 
expel~mentdl methods and is general11 neglrgible Xf, hf \i chcr, tllcrtb 

1s any r e s ~ d ~ l a l  mhomogenelty of the field, tllc coinb~nccl tafl LL t OL t h  
and the anlsotropy of shape of the crystal may be ~ o n w l e ~ . ~ h l c  'Till\ 

may be estimated in the follotv~ng manner ( S t a i ~ ~ f ~ ~ I d ~ ,  [103S]) 

Conslder a rectangular lamina of thtcknes? t and mn\s m am1 
suscept~bility X If 2a and 221 are the sides patalld to tlic coordl- 
nates X and Y, the potentla1 energy of the I,tm~n,r 111 '1 magnet~c f d d  
H will be glven by 

+ a  + b  

V =  - - * ~ A / / H ~ ~ X  d~ 

higher powers of a and b bemg neglected, and the suffix. mdlc.ttmg 
zero value at the origm On transformat~on to new axes x, 5 ,  rotded 
through an angle 13 m the plane of the Iarnln,~ relatrvc to the axes 
X ,  Y, the expression becomes 

2 sin 6 cos 0 (I? -i?) 3.c 3y 



The couple C, acting on the crystal icncllIlg ttc-) 10tdtc the ]dmlna 
about the %  XI\ 15 glveii by 

assuming the field to be syrnmet~lcal about x, y a n d  x, z plmes 

If a= b, this couple clmppcnrs, and c o m p m l g  1111s expression 

w ~ t h  the expression fot the couple due to the ~rys1,dline auisotiopy, 
C = $nb (x, - X,) H"sm28, 

for a crystal of mass na, ~t will be evident that the ratlo of the two 
couples contams a f,xtoi mvolvmg the scluues oi the lmear dxmen- 
sions, and if the dimens~ons x c  sinall, ihcn tlic eITcct due to 
any resldud ~nhomogenc~ty of the I~elcl c m  bc cons~clerably rnm- 
rn~sed Hence the crystLlls should preierahly be  chosen of such 
d~rnens~ons that they appl oxmate to a splicl ml s l i q ~  

W e  do not of course cons~del here the small lateral bod~ly 
movements of the crystal T h ~ s  cffcct will be clu~tc unmpor tmt in 

d~arnagnetlcs, espec~ally when the ~nllon~ogene~ly is vcly c;md, and 
wxll not afkect the anisot~opy delermin~tlions 

The method of oscilla.tions has been adopted by the author in 
some of thc detcrminat~ons to be clesc~ ~ b c d  he1 c<~f  lcr The xnfluence , 
of non-un~foim~ty of the held w,ts tcslecl cxpci~rnentally by suspending 
a rod of quartz 1 mm in clla~nete~ and 1 0  mm 111 length w ~ t h  ~ t s  axls 
horizontal by means of a fine qu,irtz hble 111 thc field The expres- 
sion for the couple actmg on the rocl shows that thc couple will be a 
maxxmum when the rocl makes an angle of 45" w ~ t h  thc field Hence, 
xn~t~ally, the rod IS kept at this inclination with the field-d~iection, and 
the twist produced on the fibre when the field i s  put on, 1x1 order to 
restore the rod to its orxgmal position, was de te~mmed with a f d d -  
strength of 7990 Oersteds We can easily calculate thc "an~sotropy" 

%!- Lo wlmh tlus wdl  orr respond, and it was found that this ~ a i ~ o  was 
X V  



as 1 1 0003 This 1s negltglbly small compared to tile magoltullc 
of the crystal anisotrop~es actually measmed 

Krlshnan and Banerjee"1ave IAel emplol ed a to1 slon,ll nlctlv,d 
T h ~ s  method IS, ti1 many ways, more co~iventent th't11 the o~~~ll, t t~on:rl  
method when very small crystals ale L sed, and h.ts been exteri\lrc]~ 
used by the author The theory of the method will be tle'dt ~vltlt In 
detad here since the or~gtnal formula of Kr~sh~lan arid ~ a n e r ] t t r J  (1935) 
1s only an approx~matton and vald only under cei tam contlitrons 
[Krrshnan and Banerjeeb, (1938), and I< Uancrjee and Uhat ta~hnsja~ 

(1938) I 
W e  have to conslde~ the equ~ltbrlunl of a crystal suspentltcl In 

a unlform magnettc field by ineails of a quark fibre, such t h t  two of 
the prlnc~pal axes of magnetic susceptib~llty are 111 the hormnt,tl p l m ~  
W e  shall cons~der the field to be s t ~ ~ c t l y  unifo~m so t h d  the eftect of 
anlsotropy of shape of the crystal need not be taken tnto ac~otmt 

Let 1-4, and ,u, be the permeabilitles in the horitoni,d pl'uie of 
the suspended crystal (,M, > P,  algebralcdly) Then 111 the untform 
magnet~c field, the crystal wtll tend to set xtself 151th the rc,-dlre~tio~i 
parallel to the field If, mttlally, the tors~on-he,d 1s set in such ,i 
posit~on that the pl-d~rect~on colnctdes ntth the field d~~ect lon ,  wlien 
the field 1s on, there w11l be no couple acting on the crqst:d and no 
twlst m the fibre If now the totston-head is turned round through an 
angle u, the crystal also wdl turn round 111 the same dir~"~t1011 tlirtwgh 
a smaller angle 0 The couple acttng on the cryst'rl is then gitcrl bq 
the expression 

G= 9 ( ~ ,  -PJ VH2 sin 0 cos B 
4a(,ul + 3) (,u2 + 2) 

where V 1s the volume of the crystal and H is the field strength Suh- 
stltuting K, the volume susceptlb~ltty ~n the expression (11 - 1 + L- *), 
we have 

G = ~ ( K , - ~ J  VH' sln 26 

approx~mately, slnce K, and h2 are very stnall comparccl tn unitv (m 
the case of diamagnetic and feebly paralnagnet~c ~ r j  $tala) Th15 



couple is balmced by the twist zn the L h e ,  and we llavc the genela1 
conclltlon of equdibilu~n, 

whelc C IS the torq~onal constant of the hbl e, m 1s the nuss of the 
crystal and X,, X, ;tr e the m , w  susccptlblhtlcs IIcncc, 

Tim general ~elatlon cnables ~4 to ev:~luate (AX), m c e  (( ancl 0 can 
be measui ecl d ~ r c ~ t l y ,  mcl C, 1112 and 1-1 can bc :~ccutately cletellnmed 
by the usual lnethocls 

Let the tot slon-head be tutned iou~lcl ful tllei unt11 11 reaches a 
critlcal position when the c~ystal  1s in ,tn unst,tble state 01 cqudlb~lun~ 
and the slightest fux Clm I otation of .the to1 slon-hex1 makes ~t turn 
round suddenly If 8, IS the angle w l ~ ~ c h  the XI-cluecl~on In the 
crystal illen makes w ~ t h  the magnetic, field, ,lucZ u, is the crll~cal angle 
of rotation of the torsxon-head, we have from (2) 

3 n Since at the cilt~cal position, s 1s ev~clently m o  we have from (1 ) 

7r 
Puttmg 8, = - -[- 8 we get sin 28 = 

C 
4 (AX) I I Z H ~  ' 

which 1s always posltlve I-Ience the cr~tlcal angle 0, is always greater 
than 45" It must be remembered however that the couple acting on 
the cl ysial IS a maximum when 8=45" In some previous experx- 
mental work ~t has been assumed that 8,-45", Thxs 1s valid as 



sm 28=- C 
(AX) vzH2  ' 

tan 28 = 1 
7i  

2(u , -  4 -6) 

In the table below, the values of ;5 for vallous values of , I ,  

are calculated fiom relation (4) by the method 01 applvx~rnations 
In the approxlmate foi lnula 

7r 
u,- - - 8  

IT the quantdy (a ,  - - ) replaces- 4 
4 cos 2s In the rlgorous expression 

7r 
2 (uo- - 8 )  

( A X) = C 
cos 28 nt-H- 

T obtained by subsl~tu[mg 0, = - + 8 m (3) T'lble I c le~r  ly iacllc,lte\ 
4 

the erlor ~ n t ~ o d u c e d  In the vdue of ( A X )  for various values of a, 

when the approxlmate forrnula 1s used 

It IS ev~den t  that when U, IS small, i e , of the order of T ,  the 
percentage erlor mtroduced by neglecting S ~n the expresslon (6) for 
the magnetlc an~sotropy, wdl be cons~derable It wlll .ilso be clerr 

n- 
that whereas a, can never be less than - 2 accordmg to the I I ~ O I O U S  

expresslon, the approxlmate relatlon appal ently pernllts value 5 of a. 
T 

down to However, when a, is of the order of 2 7  , the per- 



df 0 1" 
In degrees 

lr 
, l o -  - - J  

4 
--A - 
cos 2J-  

centage error xntloducecl if 8 1s neglected is less than 0 5% For 
greater values of CL, (Y IS negllgxldy smdl In such cases, there- 
lore the approxxinate formula (5) IS qurle vdid,  It is always 
advantageous from consrderatlons of \xmplxclty and convexlxence 
to adjust the experimental conditxons such that ( t o  xs at least 
two rotations of the torsion-head, so that tlzc approxxrnate formula 
IS valid In the authoi's experlrnenlr generally two to seven rotatxons 
of the torsion-head have been employed to get the crxtxcal posxtxon 
It sometimes happens that although a crystal is hxghly anisotropxc xn 
certain d i ~  ectxons, the anxsotropy xn other dxrections may be quite 
small In such cases the rigorous expr esslon must be  employed for 
the feeble anxsoti opxes and d should be evaluated ~ndependently 
The crxtical posit~on, however, is not sharply defined f o ~  values of a. 

considerably Iess than T, and In such cases, the experxmental condl- 
tions can advantageously be dtered e g , by increasing the field 
strenglh, by usmg thinner  quart^ filbrcs etc 

The accut ate determination of the anxsotropy, I equires the 
exact nxxwmrnent of the angle U ,  the field strength H, the mass m 



of the crystal and the tolslonal constant C of the fibre TIle of 
lotatlo11 of the tors~on-head can easdy be lneasulcd \\1ti1 a11 .sctlr.s) 
of 1 In 1000, and the field s h ' @ h  H and the Inass rrr, m.i) be diter- 
rnlned correct to 0 5% Smce an ordinary analyt~cal b:tlnlse n elgils 

to 0 1 mllhgram only, the crystals selected shoulcl nercr a tlgh 

less than 20 m g ~f hlgh accuracy IS amled at Fol crystals of smaller 
mass, we have to employ a mlciobalance For the determtnaticl~l of 
the to1 sional constant of the fibre, the method of o~ci l l~i t~ng from ~ t s  
end, a circular disc of glass about one of its dlameters (Iinshn,r11, 
Guha and Banerjee', 1933) 1s unsat~sfactory smce the danlpmg due to 
air wdl be very great and a correct~on for t h ~ s  ~ 1 1 1  hmc to be 
lntloduced In the author's exper11neni.s accurately-cut glass 
cylinders were employed of the follow~ng masses and dtmenmns 
(I) mass 49 5 mgin , diameter 0 330 cnls , (11) mass 111 U rngm , 
diameter 0 329 cms , (111) mass 289 4 mgm , diameter 0 553 cmc 
For any particular fibre, any two cyl~nders of su~table masses could 
be employed These were suspended wlth tlmr ayes \erticaI 
respectively and t h e ~ r  perlods of oscdlation In each case determmed 
by a Cooke and Kelvey stopwatch W e  have the usrial relation 

where I, and I? are the moments of inertla of the cylmciers w h d l  
can be known from t h e r  masses and d~mensions, dncl TI dnd T, are 
the pe r~ods  of osc~llation, respectively 

4. Effec t  o f  Traces o f  Paramagnetzc hpurr t i e s  

In case paramagnetic impur~ties are present In '1 clian~,rgnet~c 
crystal, when measurements are made at low held strength5 (bclow 
100 oersteds) the effect of these ~rnpurtt~es w~ll  be con~ide~ablc But 

when strong fields are employed of the ordei of 5,OOU to 10,OUU 
oerateds, the effect of small traces of impurity becomcs n ~ g l ~ g ~ h l ~ ,  
since the couple doe to the tntilnsic antsotrupy oi the ~r)\t . l l  p10- 

portlotla1 to the square of the field-strength Wtth a crystal of ~ d c ~ t e ,  



tilc posnblc effects of small tiacc5 of ~ r n p u i ~ t x c ~ ~  W L L ~  invcshgnted for 
field-strengths iangmg fxom 100 to 8000 Ocl stcck 170r ficlcl-strengths 
I ailglng from 100 to 500 Oei steds, a co~lsistent ctcpal tui e from the 
actual value of thc cl~amagnet~c amotiopy coulcl bc cletected But 
the effect was qurtc negligible at f~clds of the O I C ~ C I  of 1000 Oersteds 
and above The influence of sl~gllt tl aces of lmpul h e s  111 the shellac 
at 8000 Oersteds wns est~matcd to affect t l ~ c  values of crystal 
an~ostropy by less than 0 01 pel cent 

5 .  Preparation of Quartz Fibres 
The quartz fibres wex e prepared by the techn~que of Nlchols. 

A quartz locl IS drawn 111 the Oxy-coal gas Aaine to about 1 mrn th~ck- 
ness dncl broken xn the imclclle Usxng a poweiful blast and a pomted 
flame, the two brolren ends axe b~ougllt togetlm ancl drawn apart In 
the hottest part of the flame Thc blast is sufficient to draw out the 
fible whlch is rece~vecl on a bldclr velvct sclecn placed 111 front of 
the flame, slmt-wirc Fxbles of any cleglce of fineness could be 
drawn by s~~xt~d.~ly acljust~ng ihc flame 

6. kfounting the Crystal and Determination of:  

Or lentations zn the Field A 

A torslon-head cl~v~clecl 111 degrees was employed and the 
f i b ~ e  was attached to ~t by means of shell,~c To the lowei em1 of the 
fibre, for conven~ently afixxng the crystd, cl s h o ~  t glass pin was 
a t txhed wdh ~ t s  head down A t ~ x e  of pule diainagnet~c shellac 
IS enough to hold the crystal fiimly to the gl,iss pxn-head 

The cxystal axes cil~d faces wcie ~clentxfiecl with a small 
Hex bert Srnlth Gomonletc~ The n~ountxng of thc cx ystnl was done 
w~tlz s~nall pincers lns~de a wooclen c'tse, in o~clcr to p~otect  IC from 
dust and ~nlpui~t ies  Inoxgaixc cxystals whlc;h are ~nsoluhlc in alcohol, 
were washed thoroughly w ~ t h  alcollol to I enlove any dust part~cles 
sticking to the surface of the c~ystal,  The clystal and fibre were 
enclosed In a glass tube for plotectlon f ~ o m  clraughts when measure- 
ments were belng made ln the magnetic; field (Fig, 4) 



In order to determme the position of the ~rystal rehtn 2 to Hie 
rnagnetlc field, we have to fix the direction of the field first Thlr was 
done by the following arrangement a glass plate, w~ th  a fine stralght 
h e  scratched on lt with a dlamond pomt, 1s fixed to tile lower end of 
the glass tube supportmg the tors~on-head (Fig 4) The hne 1s set 
lnltially parallel to the field-dlrect~on A small mrrror hept below at an 
angle of 45" I eflects the Image of the lme on to the telemicro~cape 

mounted on a cllcutar scale The zero-readmg on the clrcular scale 

corresponds to the sett~ng of the cross wire of the telemlcroscope 
parallel to the h e  The or~entat~on of the crystal n obsened wth 
reference to well-developed faces and edges of the crystal, ~dcntlfied 
by means of a goniometer, the cross-wlre bemg set parallel to any 
one of these edges as found conven~ent W ~ t h  well-developed crystals 
the ol~entatlons could be determined correct to 0 So+ 



7 .  Experirnen~al Determination o f  the Diamagnetic 
Anisotropy o f  different classes o f  crystals 

The determmation of the 111dgnei.i~ pl ope1 trcs of a crystal 
lnvolvcs illc de tel mlnat~on of X,, X, r~nd X,,, tllc thl cc  principal suscep- 
t l b ~ l ~ t ~ e s ,  dncl the oilcntdllon of the axes of the 111,tgnctlc ellipsold 
with 1 espect to the w yst,illogt q l w  ~ixcs  In tllc p~ occdure followed 
by Kr~shnan L ~ ~ ~ d  111s ~ o l l d l m ~ t t o 1 ~  111 theit ~ x p e ~ ~ ~ n ~ n t s ,  one of the 
pilncipal susceptibll~t~es was c111 c ~ t l y  d c l e ~  rniiled by Rabl'sl null 
method, m d  t11en XI X2 ancl X ,  ~ou l t l  be clctcl m~nccl ~n magmtude 
and c111 ect~on f~ om nleasu~ cmcnts of the m,ignct~c. m ~ s o t l  opy Instead 
of dlrectly cletc~rnrnmg one of thc- p r ~ i l ~ ~ p l  suscepl~bll~tles,  we may, 
alternatively, measule the m e m  suscepthhty 

I11 the ~ a s e  of uluax~al cl ys t&, n sungle expel ~ m e n t  1s srz&cient 
to dete~lnme the an~sot~opy X,, -X I I~  Tllc c ~ y s l J  1s suspended w ~ t h  
the symmetly-ax~s h o r ~ z o n t ~ ~ l  111 the imignct l~ hcld mcl ~t will tend 
to set ~tself w ~ t h  the axis along 01 pcrpcnc11~11Iar to the l~c ld ,  a c c o ~ d ~ n g  
as  11 1s the cli~ ectlon of illaxmmn 01 I ~ I I E ~ ~ I - I ~ L I ~  s ~ s ~ e p l ~ b i l ~ l y  ,~lgeb~al-  
cally The ail~sot~opy may tllcn br: c ,~sdy  determmcd CIS clesc~lbed 
befoi e 

111 the case of 01 tho1 lloinb~c CI yst,ils, the cl ystal 1s suspended 
w ~ t h  the 'a', 'b' ancl 'c' axes vcit~cal icspccl~vely, so that X,-X, X,-X, 
ancl X,-X, can be cleterlninecl Allliough a lmowledge of two of 
these quantlt~es is suficient, the thud 1s also gcnei ally cletel miled to 
check up 

Fol rnonocl~nlc CI yslals, follow~ilg I<r~shnan's ~ ~ o t ~ ~ t ~ o n ,  X, 
denotes the susceptibility along the syminetry axls and X, and X ,  
the plmclpal s~zscept~blllties 111 the symmetty plane (XI > X,), '4'r 1s the 
angle whlcl~ the XI-axis makes wlth the 'cl-ax~s of the c~ys ta l  taken 
pos~t~ve  when lneasul ecl towa~ds  thc obtuse mgle  p T l x  three 
modes of suspension of the CI ystal gene1 LkHy employed are 'bl-8x1s 
vert~cal, 'nJ-axis v e ~  t u l  and (001) plane 1101 lzontal 1 espect~vely Then 
we can Itnow 

X, - X ,  (x, s1llae + X, COS~B) - xy 
and (X, cos28 -b X, sm%) - x, 



deterinmed by obselving the or~entat~on of the c~ystal In the field 
when suspended with the 'b'-ax~s vertical 

8 .  Deferrnznafron o f  Absolute Suscepflbrlities 

The determmnat~ons of absolute susceptib~l~tre~ rverc made by 
a tors~on balance of the Cui~e-Wilson type constructed by the 'iutlll-lr 
The prmclple of the balance 1s too well-lcnown to need any clci~rip- 
tion here Only the construct~onal deta~ls wdl be given heie Fig 
gives a schemat~c d ~ a g i a ~ n  of the balance The bedance n7,ir, cum- 
pletely enclosed m glass as shown Most of the parts of the hnlan~e 
were of glass except the to~slon-head and w11e, the riders for 
balancing the ph~a l  and the weights for keeping the tw slon-wile taut 
The arms of the balance were of glass as also the txtension for 
holding the glass contamer The plml was made of thm glns5 tuhlng 
wlth a close-fitting g~ound  stopper The pll~dl could be rlgldly f i x d  
to the a rm oi: the balance by the simple device ~nd~cated  in I;lg 5 

The  measurements were m d e  by the ntdl method The 
most mpoitant  adjustment in the Cur~e balance IS that of brmging 
back the p h ~ a l  exactly io its original poshon ~ e l d t ~ t e  to the flelcl, in 
eveiy case This was done by means of the teles~ope-,iilcl-s~ale 
arrangement, the image of the scale reflected from the mrror &I, 
bemg viewed through the telescope The advantage of t h i ~  arrmge- 
inent lxes in the fact that wc can also find out easily whether the two 
arms a1 e pi ope1 ly balanced or not If the baldnclng 1s not properly 
done the iniage of the scale ~vill be d~splacecl v e ~  ticallj relative to 
the crosswlre of the telescope The correct balm+ecl position w u  
defined by a hor~zontal line on the scale, the inlage of wluch cuincded 
with the poxnt of the inteisect~on of the cross-wres A nurror 31, 

also s e ~ v e d  to mdicate the pos~t~on of: the bottom of the phial relatlve 
to the field, the reflected Image being vxewed through a telamsros- 
cope 

The  torsion-wlre could be replaced to S U I ~  both did- arid p r a -  

magnetics, as the case may be 



In the case of diamagnetlcs, the standard was pure double 
dlstllled water (susceptibility taken as -0 720 x 10 ") For pala- 

magnetics, a 33 8 pel cent solut~on of MnC],, was p r e p ~ ~ e c l  and ~ t s  
susceptib~llty measured by the U-tube method at loom tenlpetature 
I t  was found that X(,,t,)= 38 30 x lo-" 

------------- -& 
fe'lescope andsea, 

I 
I 
I 
I 

I I , 
I I 

&$elernfcrosrupa 
E 1L 5 

The usud p~ oceclul e was d o p t c d  In mCilw1g tllc measul e - 
ments, fits1 w ~ l h  the p l r ~ ~ l  alonc, then w ~ t h  tllc plual ~ontaining the 
standard substance cincl finally wlih the ~111~11 ~ont~ iming  the sub5tancc 
in the form of fine powder d solid The phial w.15 alw.~ys filled up 
to a definite n~arlr made on ~t W e  Iuve the well-known fo~nlula 

where X, m, represent the suscepl~billty and mass of the specimen, 



X ,  m, t h x e  of 1 , those of the standard substance respec- 
tively, the masses referring to equal volumes of substnn~es 111 the con- 
tamer ,  F1 denotes the force acting on the container, F, that on the 
~ o n t a m e r  with the s~~bs taace  whose suscept~billty 1s to be determlrled 
alld F, that acting on the contamer plus the stmdard substdnce 
respecl~vely Measurements with a few well-known subst,ln~es were 
lnade 111 order to calib~ate the appar&ts 

In the tnlsle below, the aut1101's values of the !,u;uscephblhty tor 
a few cases are glven L~loilg with the values obtained b y  cithe~ worLers 
(~nterna t~onal  Cr~tzcal Tables, Vol VI ,  pp 354-66) 

T A B L E  

Substance 1 T e m p ~ t u r e  

- - - 

Mean Susceptibility x 10" 

9. Temperature Variation of the gnetrc Propert2es 

The aboveinentioned expelinleetal arr angernents 11nd to be 
suitably modified foi studying the lduence of temperature on the 
diamagnetic properlles of ciystals The detads of the mod~ficficd~ons 
and the heatmg atrangement osed are desctibed later The heatlng 

was done electtically and specla1 care was taken that the lleatmg w e  
hdd no d l s t ~ u  bmg effect on the charactel of the magnetic field In 







10. Measurement of Temperature 

The iemperaiwe w,ts measui-ed by means of sdvel-constantal 
the1 rnocoupleX (cold J L I I I C ~ O I ~  kept 111 111ehg Kc) whlcll was call 
ha ted  directly with I efer ence to CL staiicl,ix d cci lli~ecl tho1 inoinetej 
The E M F of the theimocouplc w'ls cl~r cclly ineasurcd hy mean 
of a potent~oineter The tempctatulcs could then be lecKl o 
directly i~ om :L graph howmg E M 1; again4 tempel alui e A typ~c, 
teixpe~atuie cBalC 1s given m Fig G lo1 tho I mge 25"-SO0( 
Slinlla~ charls were pcpat  ecl foi cllflcrenl r aagos of tclnpcratm 
For the  nit^ ates a hzgher tempci ~ t u i  e rmgc xs ncc e w l  y than f c  

the olgamc CI ystals exaimnecl Foi the I nngc 25°-3000C , the1 111 
couple was dlrectly ~oimccted to a sensltivc tnovmg cod galvanoinct 
th~ough a smtable I eslstance, and the clcflection cot I esponding 
any teinperatui c dii ectly i cacl ofl by mc~u19 ol i\ lm~p-~~nd-sca 
an angetnent Flg 7 shows the c,dlbt ,~llon of tllc tllci mocoup 
m terms of cleflect~ons of the g,~lvnnomct.ci Tlic potciltioinet 
was employed when highel ,~ccur ,icy ln any n ~ ~ i  i ow i ange 
temperatui c W,~S requu ecl 
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C H A P T E R  I1 

DIAMAGNETIC ANISOTROPY OF NITRATES 

AND CARBONATES 



It 1s evidcnt llom the fol cgo~ng, 1 l d  f~ csh cletc~ mxn:~tions art 
lllghly des~rablc The m p i  ovecl t c c l l n ~ ~ u c  clcsct ihccl car lie1 by tht 
authol has made ~t possiblc to clctc~~nlne tllc fceblc cliamagnetlc 
al~lsotlopxes of calbonatcs and nltrate5 with an accuracy of 1% Tht 
results obtalnccl in the c,isc of scvcrd carbonates t~l~cl nitrates ale 

p sen tec l  h e  ancl clrscu\scd 111 1elclt~on io the11 stlucture As wll 
be seen Idel much new infol mat1011 I egarclmg clixmngnct~c :ul~sotlop 
of (NO,) ancl (CO,,) gloups In reldhon to ~ l y ~ t r ~ l  s t~uctui  e has beel 
obtained 

2. Experimental Detazls 

Slnce the carbonates employcd a1 c ;dl natur d ly  occul i lnj 
minerals, then compos~tion varlcs wldely ac~orclmg to then place o 
orlgln Calc~te, aragon~te, strontian~tc: L ~ n ~ t  w~tllcl ltc are not always purl 
CaCO, St CO, and BaCO, I espectively It  IS vei y ~ m p o ~  tnnt to not1 
that aithough the optical p r o p  tles, spcahc gl avity, tl mspal enc 
etc , are not affected to any notmablc extent by thc 1;t escncc of trace 
of paramagnetic impulltles, the xnagnetic propel tres ar c extl emel 
sens~tive to these, cspeclally the c11,imagnetic an~sotlopy Hence, 1 

1s hlgldy essential to examme thc specimens LJI efully belo1 c n-iakin, 
the magnet~c n ~ e ~ ~ s u ~ e m c n t s  Two samples of Icclnncl spar cry 
stals wele avallable fol the expellmenls, beslde5 ,I, good ctystal u 
calc~te obtamcd from a blolien Nicol prim All the ciystals usel 
were clear ancl colourless ancl optically f l  ec floin defects Thc twl 
samples of Iceland spar cl ystds we1 c cllcm~c,~lly analysed In regarc 
to thelr iron content One was found to contam 0 002% of 1101 

and the other 0 005%. It  was also found that Iron was presen 
m the ferrous state Smce FeCO,, IS ~sotnorphous wlth CaCo 
evidently we have here a case of ~sornorphotls substitution c o m m  
among m~nerals The sample obtamed flom the Nicol prlsrn wa 
found to be practically free from iron The alagon~te crystal wa 



The crystalline nitrates can be obtained 11, a lllgl1 stcite oi 
purrty by r e c r y s t ~ l h m g  the 'Kahlbaum' substance from solution in 
dllute nstnc acid In view of the fact that sod~um nltinte 1s easily 
crystallizable, and is available in a very pure state, st should serve as 

a co~ lven~en t  standard for all measurements of feeble diamagnetic 
al~rsotropies Besides sodurn and potassium nitrates, amnionluln 
and srlver nxtrates also have been examrned These hale  not been 
studred by earlxer workers The silver nitrate crystals were gro\in 
In the dark xn order that they rn~ght not be affected by lxght 

The  torsional method of Krxshnan was employed 111 mahmg the 
measurements The mean susceptibilities of the carbonates In the 
form of powder was also determined by the torsson balance 

The  values obtained m a typxcal expelment with 11 sctmplutrf 
Iceland spa1 are  p e n  below 

Two crystals of masses 41 2 and 50 7 mgtn were taken from 
the selected sample and the surface of the crystals v a s  cleaned with 
clrlute acxd, followed by drstrlled water and alcohol, before they were 
fixed to the end of the quartz fibre 

Fleld strength H- 7710 Oersteds ( ~ 1 5 )  

Torsional constant of the fibre C=2 556 x 10-3,t(0 3%) 

J I 

4 1 2  mgm . 
507mgm ... 
--- 

- 

B r m l a ~  determlnatlons were made In all cases and m the table 
below the results obtamed with varlous carbonates and nitrates 
are given 

2 T O  

2 $1 

780 

956 

'735 

911 









For calcite the three samples gave three dlfferellt tnluec 

The values obtained by other workers are , Stenger, 3 1.4 1 0 - 6  , 
Konlg, 4 2 x lo-" , Vo@ m d  Kmoshlta, 4 2 x lo-' , Krlshnan, Guha 

and Banerjee, 4 09 x The best sample used by the a~ltllor 
gave 3 89 x The earher workers have not spec~fied the purity 
of the substances used, and as Stenger has pomted out, there Ir 

The  authol's lesults for mtlaies are seen to be higher than 
those of earhe1 worlw-s In general, the clmnagnet~c antsotropy of 
the NO, Ion IS found to be considerably hlgher than that of the CO, 
Ion, 111 their iespectlve crystals The slgnlficance of thls ditleren~e 
is discussed later 

3. Dzamagnettc Anrsofropy zn relation to Crystal Structure 

rn Carbonates and Nzfrates 

The magnetlc anlsotropy of crystall~ne nltrates and carbonates 
In relatlon to thelr crystal structure and the ptopertles of the 
~nd~vldual  Ions constituting them, was first mvestlgated by ICrishnan 
and Raman7 (1927) They weie able to demonstrate thht  the magne- 
t~ anisotropy of the crystal IS due to the lntrlnslc anlsotropy of the 
~ndlvrdual carbonate and nit1 ate groups, these groups bemg arranged 
regulally parallel to each other 111 the crystal lattlce wlth thelr planes 
perpendiculai to the op t~c  axis in calcite and sod~um nitlate, and per- 
pend~culai to the c-axis in aragonite and potass~um nitrate respe~tlvely 
They were led to this concl~~ston fiorn a cons~de~at~on oi the data 
of hght scattering and rnagnehc double iefrdchon of nltric ac14 
which tndicated considerable dlamagnet~c anlsotlopy f o ~  the (KO,) 
group The  value of the drarnagnetlc anisotropy of the (NO,) group 
thus deduced agreed sahsfactordy with the expenmental values found 
for ci ystallme nit1 ates, thus clearly mdlcatlng that the cl anlbo- 

tropy IS essentially due to the (NO.) group The ~or re l a t lo~  of the 



crystal anisotropy wdli that of the inclivlc1u.d (NO,) .mcl ((20%) groups 
117 a number of calbonates and n~trates has ~ l s o  hecn discussed by 
Knslman, G ~ z l ~ m ~ c l  Banel lee" (1 9 33) 

The essential fedur es  111 the r e l a t m  bc  twcen crystal 
anlsotropy and that of the (NO,,) ancl (CO,) groups, rn the ca\e of 
sodmm and polasslum nit1 a h ,  calciic, at agonitc, tvdhei~te and 
stront~anlte are now well-known It1 all thcsc thc (CO,) and (NO,) . 
groups a1 e arranged In layel s pal J l e l  to e d l  o t lm 111 the crystal 
lattice, Interspaced by l a y e ~ s  of lnetalhc Ions The problem 1s 

therefole very s~mple, md neglecllng any muttla1 ~n te r~ ic t~on  of 
ne~ghbourmg ~oiis, the anisotropy of thc individual gtoup is clea~ly 
that of the ciystal itself, to a fils1 apptoximation 

In the case of ~hombtc  ammonl~~m n l t~  ,lie, the results clearly 
sl~ow that the (NO,) groups cIJe nll oiicntdecl wlth t l m  planes per- 
pend~culat to the 'bJ-ci ystdllag q l z ~  ~ x i s ,  X-I ~y allalysis of thls 
crystal has been leccntly clone by C 1) West (1 932) m d  I-Iendricks, 
Posnjali and I<racelc (1932) Tllc lewlts  of thc tlzCgletic analysis 
are in complete agiccment with X-lay malysis As C D West has 
pomted out, the dtflcrcnce bctwccn p o t ~ m n z  iiilratc mcl ammonium 
nlt~dte lies in the ahselice of the scpal~t ion  into d tc tn ,~te  layels of 
metal lons and nitt (tte g ~ o u p s  (whi~11 1ic pal tillel to tlic nrtrde planes) 
in the lattel It 1s ~lotlcedde ll int  the ~nq.gzelrc antsolropy In the a c 
plane lr considerable, Tlus im~y bc attlhuted to a large d~stolt~on 
of the (NO,) g~ oup hy the xlerghbuur ltlg ion$, pl ocluclng asymmetry 
of electlonic configurat~oll of thc gioup in rts own plane 

The complete structure detetntilidtlon of s~lvel  rutrate has not 
yet been made, dthough Z~ch,~riascnU'  (1928) 1 1 , ~  attempted to fix 
the space-gioup nncl the llulnbel ol i~lolccules rn und: cell I-Ie has 
found thal t h e  'ire eight inolecules 111 the unit cell The complete 
structuie analysrs, evidently, is no1 casy Tlzc onentatlons of the 
(NO,) gloups In the Idttrce may, however, he cdculatecl floin the 
inagnetic data, assummg I<,== K,1' 

Wc have first of all to elillmate the cantiibutio~l due to the 
sllver lolls, wlz~ch may be assumed to be equal 111 all directions, From 



X., Xb and x., we can obtain the quanhties, Xa ,,,, S ,,,$, dnd G,,,a, 

Then we have, 

where, K1 and K, are the princ~pal gram molecular susceptlbl]rtle\ of 
the (NO,) group along and perpendtcular to its plane, and r,, r-, yJ 

the angles made by the normal to the plane of the Ion w t l ~  t la  'a', 'bJ, 
'cJ axes of the crystal respectively Any two of these equatons ,ire 
sufficient to d e t e ~ i n ~ n e  the angles 

Accordmg to Kldo", the suscept~bdlty of the (NO,) group 
1s - 20 1 x 10-\ and combining thrs wlth thc dlninagnct~c nnlso- 
tropy of the (NO,) 1011, 6 25 x 10-", as determined experimentally 
In the case of sodrum nitrate, we get 

[K,I = -18 05x10-" 
[K,[ =; -24,2 xlO-' 

If the susceptibility of the silver ion 1s assunled to be 
-26 2 x l O - ~ K l e r n n ~ * ~  1936, from I<idoJs data), we have, 

Xa,NOQ) -20 8 X lo-' 
X,(,,,, = - 21 7 x 10-l' 
Xo(No8, IZ - 18 3 X lo-' 

Y ,  Y ,  'I,, are then found to be 
48', 30', 40°, 6' and 79", 36' lespectlvely 

T h s  indlcates that the I<, axls of the ion 1s neaily perpendl- 
cular to the 'cl-axls of the c~ystal and explains why the di~imagnet~c 
susceptlb~l~ty In the direction of the 'el-axls 1s a minimum 

The above calculat~ons are only approx~mate since the ionic 
susceptlb~ldres derlved from Krdo's data a1 e not vely a~curste  But 

the calculations should prove very helpful when a con~plete X-ray 
analysis of the structure of stlver mtiL2te 1s attempted 



4. gnetzc Anisotropy o f  Calcite 

Foi a pule specinlei1 of calc~te tlze ~lutl1o1 has ohtallled the 
value XLr-XI+ - 3 89 x lo-" 4 04 Tlus 1s in close agieement with 
the vdues obtained by Konig, Vogt mcl I<itzoshda ancl also Kr1shnan 
and 111s collaborato~ s A higlze~ accur'icy of mcasur ements can be 
claimed lie1 e 111 mew of the lmpi over1 cxpel imcntal me tkods 
employed, along wltlz cal cful dctelmlnc~t~ons of all the quantltles In- 
volvecl, such as the ficlcl-st1 erzgth ancl tllc t o ~  slond constant of the 
fibre 

It  is vely sigmlicmt t l ~ t  the dlnmngnctlc anlsotropy of specl- 
mcns contalnlng iton ( p ~ e s ~ m x h l y  as FcCO,) is lcss thm tlzat 
of pui e calclte On excmlnmg tlic data of Dupouy" (1 931) for tlze 
insgnel~c al~isotl opy of s~clei o w  (FcCO ,) it beconlc5 clulte cle,u why 
this slloulcl be so Siclei osc 11,~s got '1 stluctuic c~nz~ l~ l l  to c,dcite 
each Fe-!--I- Ion beulg sul t oundecl ky stx (CO,) gl oups 111 ,m 4~p1ox1- 
xnc~tely oct,hcdl ,d a1 t n n g e m c ~ ~ t  As po~llted out befol e, tlzc 
paidmngnet~c anisot~opy of the c ~ y s t , ~ l  1s clue to the ~nfluct~ce of 
the clystdlme helds on the Fe-I-+ 1011 poclucing ~n ,~sytmnett~c St,ulr 
splltttng Expel iment,tlly 11 hds been found I lid tlzc l ~ , ~ r , ~ n ~ a g n e t ~ c  
am sot^ opy 1s m,Lxlrnunl ,dong thc  opt^ ,~xl\ m d  le,tst pel pend~culx 
to the ,ms Dupouy gcts A v,rluc: kul XI, --X, - 47 9 x l O  -" at 
17OC (I d e l l  ccl to 1 gm ) with ,I \peelmen contalnilig 35 G pel cent 
iron If Fe  4- -b I epl'ices Ca+ + In cc l l~dc  by I ~ O I ~ O I  p l i o ~ s  subsl~tutton, 
it is cv~deizt tlzat thls wlll intlocluce '1 pCuainLlgnctl~ Lmisotropy 
superposed on the cl~amagnel~c m~sotropy of the clystal, m d  opposed 
t.0 11 in clzaracter Wc may, thel cfor e, expect a cl~minut~on of the 
dxamagnetic amsotropy In fact, the results cleai ly show tlzat when the 
pel centage of 11 on is higher, the cl~~~nz,~gnclic dmsotropy deci eases in a 
correspondxng lzlalzxzel With a lugllei pe~centnge of non, the paramag- 
netlc anlsot~ opy may p~ edornmate over the d ~ a m a g i z c t ~ ~  an~soti opy of 
calcite The smple calculation shown below wdl indlcde how differ- 
ences of the obseived o i d c ~  can CLIIW f101lz t r l u s  01 lroli If the 
specmen of ca l~ i t e  coiltcl~ns 0 005 p c ~  cent, of iIon, the m o u n t  of iron 
present as F e +  + in one glam molecule of CaCO, w ~ l l  be 0 005 gms 



0 356 gms of F e + +  wlllglve rise to a paramagnetic anlsotropy of 

47 9 x 10" Hence 0 005 gms wlll contribute E5 x47 9 
0 365 

0 7 x lodb, whlch wdl be opposite m character to the dlamagnetlc 

anlsotr~py of calcite The gram molecular diamagnet~c anaotropy of 
calcite will theiefore, be dimin~shed by this amount In fact, the 
~ b s e r v e d  changes of ;mlsotlopy e of this ordei The presence of 
the other isomorphoos carbonates such as MgCO, in calclte ma) &o 
have a llttle ~nfluence on the cl ystal an~sotropy, since, when XIg++ 
replaces Ca+  t-, the env~ronrnent of the (CO,) group changes to some 
extent owing to the diff el ent lonic sues of Mgt- t- and Ca+ + 

It should be pomted out that the plesence of Iron xs not sufficl- 
ent to account foi the cl~tnmut~on of the anisotropy conlpletely As 
Stengel has pointed out, ~t IS posslble that even pure specmens of 
calclte may show slight cleviations of diamagnet~c an~sotropy due to 
pecullailties of mdlvldual crystals Therefoie calcite seems to be 
unsuitable for use as a standard substance m anlsotropy determinn- 
tlons 

5. Biamagnettc Anisotropy and Crystal Structure 

The next important pomt to be noted IS that the dxamngnet~r, 
an~sotlopy of aragonite IS defin~tely hlgher than that of caIcite The 

s~giuficancc of t lm dlfference has not been so far discussed at all 
although Volgl and K~noshita have noticed this dlfference experi- 
mentally It  IS now known that the powerful electrostatic fields In 
crystals produce conslderable deformatlons m the Ions, and as a result, 
the e le~t ronic  configuration of the Ion 111 the crystal lattice mght 
dlffel consldcrably flom that of the Ion m the f~ ee state The defor- 

mat~on wdl depend on a nornbei of factors, such as the nature of the 
surloundlng Ions, the charges they carry, and the11 relatme posltlons 
governed by the chai acter of the crystal latt~ce Goldscl~n~~dt1~1926) 

has pointed out how the d~s tmces  between the atoms III polyatomlc 
ions in CI ystals wdl depend on the nature of the other 1011s lo the 
lattice Fo r  mstance, small d~flerences m the N-0 dlstan~es of the 

NO; Ion m sodium mtlate and 11thlum nitlate lnay be expected due 



But altlzough the infl~lcizce of neiglihoui-mg ions, In crystals, on 
lonlc diaizlagnettc susceptzb~Zsly may be a1 the oiclci ol  a few pel cent 
only at thc most, tlie rnflucnce on cl~amagnetic muoir qq c,m be con- 
s~deiable  Corls~clelmg tlic c,isc of the (CO ,) gt oup, svc note m 
the first place ihat the mlsotiopy is only ,Jsoul one tenth of the 
mean sascept~lsrlity In calcite, tllc (CO,) gr oup rs suil ouiiclecl by 
stx C a t +  ioizs, alrangecl about ~t 111 ,In ,~pproxim;~tcly oct,~hedial 
fashion, The ~nfluencc of tlzesc SIX c,lt~ons wdl 171 oc lu~c  n clcforma- 
tlon of a cel tam clzaracler clepcr~cl~rig upoi~ tllc syrninct~ y of their 
arrangement Now, if the a ~ r ~ u ~ g c m c i ~ t  of tllc cdruns rel,ttrvc to the 

0,  

amon IS chaiiged, the cftnra~tcr of tllc clclorm,itron of the anion dlso 
undergoes a. co11 esponcling change, S u d ~  ,I change i n ~ y  he expected 
to produce no appieclablc cllangc rn tllc tot,~,l .;usccpt~b~Iity of the 
group, but tf the change of clelorm,~t~on is 01 a hrglily ,ulisotioptc 
chai acter , a significant dilfer cncc of dr,m~,lgiiet~c ,uiisott opy mny be 
expected C o m p , ~  ed lo thc total susccptibillty, the c11,inge may be 
small, b ~ d  c0111pa1 ccl to t11c fccblc 'inlsott opy, ~t will be cpite ldrge 
In fact, by the d e l m t e  mcthocls now av,ulaldc foi rletelminmg feeble 



In aragonite, t h e  1s a staggering of the (CO,) groups to one 
side ln the (100) plane (Bragg17, 1937), as a lesult of w h ~ h ,  the (CO,) 

groups are  nealer to one set of calcium atoms than another This 
s l l ~ ~ ~ l d  p ~ o d u c e  a deformation of the (CO,) group sufficient to alter its 

dlamagne~lc anisotiopy considerably Expenmentally, we find that, 
the anisoti opy is increased The asy~nmetrlc character of tile new 
arrangement of the cations also, pres~~inably, acco~mts for the sllght 
anisotropy of the crystal 111 (001) plane which, in fact, is to be rtttl~bu- 
ted to the (CO,) group Itself losing its trigonal symmetry owing to 
cllange of environment Evidence for such distortion 1s ava~lable 
froin lilfra-led analysis of n~olecular structure also (Rawlms and 
 deal", 1927) where thc doubling of the reAection maxima due to 
( ~ 0 , )  gloup has been attiibuted to a distortion of the group in its own 

plane 

Thus the altered character of the environment of the (CO,) 
group in aragonite, in the first place, affects the anisotropy (I<,-I<,) of 
the ion and scconclly introduces a slight msotropy in rts own plane 
S L I C ~  that K,#E<, (I(, K, being as usual, susceptibilit~es in the plane, 
and I<, that perpendiculal to the plane of the ion) A sinular beha- 
viour of the (NO,) group is observed in sodiunl and potassium nitrates, 
respectively In  general, we see that the anisotropy of the (COJ and 
(NO3 groups in the aiagonite type of structure is gieater than that 1n 
the calcite type 

6 .  Comparzson between the Diamagnetic Anisotropy 
o f  (NO,) and (m,) Groups 

T h e  remailiable diffeience in the diamagnetic anisotropy of 
nlti ate and carbonate groups is noteworthy. The (NO, )- and (CO, )- - 
Ions are very sirnila~ in structure, each consisting of 24 valence 
electrons The  C-0 dlstance of (CO,), m calclte, 1s 131  A', whereas 
the N-0 d~s tance  of (NO,) i s  1.21 A" m sod~um nrtrate. Thus the 



The structure of (NO,) and (CO ,) g ~ o u p s  (11 c now fLuily we1 
establ~shed (Biagggl, 1937) Each gi oup c onsi\ts ol CL ccn t~  ill n~ t ioge~  
or c a ~  bon atom as the case 1 1 ~ y  he, with tlil ce oxygen  toms , ~ t  thc 
corners of an equhleral  tilangle, all the , h l n c  lymg in the Sam, 
p I ~ n e  The natmc of the botlds in such sttucturcs h , ~ s  been tB 
subject of much clxscussron by Slatel, I'nul~ng :mcl othcls It is not 
generally accepted illat these ions belong to thc class of conjugater 
s t ~ u c t u ~  es lxke the ar omat~c rmg-shaped ot gmlc  niolecules 111 wluc 
there is 'resonance' (Siclgw~clr"", 1937) Fig 8 sllows the (NO, 
structure as uncle1 stood at present 

These is resonance between I, 11 and 111, and the cliarnagnet~ 
an~sotropy IS due to the conjugdlon of tllesc sttuctuics (Lonsdale" 
1938) The only difference that we can notux in the stiuctu~es 
that, whet eas thele 1s one co-ordxnate bond in (NO,)-, the bonds I 

(COJ- - ale all of the covalent type It  1s llot ~mmecl~ately obv101 
how this can glve rlse to the obse~ved enhanced dtaniagnet~c anisr 
tropy BlaggZ1 (1924) has explamed the gre,itcr b~refrmgence of th 
(NO,,)- ion as cornpaled to tliLit of the (CO,,)- - Ion, ,is bcing due to th 
closer p~oximlty of the oxygen atoms m the fornlei, due to whxch, th 



There IS possibly also the tnfluen~e of the erir~~ronn~er~t as a 
contl ibuting factor The sodlum Ions sun oundmg the (NO,) group In 
sodrum nit1 ate a1 c singly charged, whereas the calciuln ions surtound- 
ing (CO,) m calczte are doubly c l ~ a ~ g e d  The defo~rn~ttlon~ produced an 
the ions may, thelefore, be expected to be qute different ln the two 
cases The distol tlon p~oduced on the (CO,) gioup should be sufiic1- 
ently great to declease ~ t s  anlsot~opy col~s~derably But ~lthough this 
effect mrght be a contr~butmg factor, the character of the valency 
bonds 111 (NO,) being d~fferent to some extent from those m (CO,), 
~t IS most l~ke ly  that the intrirlslc d~arnagiletlc anisotropy of the 
(NO,) group 1s higher than that of the (CO,) group 

7 .  Calculation o f  Diamagnetic Anzsotropy of the 
(NO,) Croup 

So far, no quantltahve theoret~cal computations of the dm- 
rnagnotlc anlsotropy of carbonate and nitrate groups have been 
attempted, ~ r l ,  wew of the complexity of the problem 

The large rnolecula~ dlamagnetlc anlsotropy of the aromahe 
nng-shaped organlc compounds like benzene and nspthalene, to 
w h ~ h  attention was first drawn from lnvestigatlons on l~ght scattering 



The problem in the case of tllc 11111 ate Ion 1s more cornplr- 
catecl Of the 24 valence elccttons in the ion (tlie I\: clcct~ons belng 
left out of account since illell conliihul~on 113 thc susceptib~lity, 
1s cornparatrvely negllgtble) '1 eel ldm numlm xmy bc assuined 
to makc d 1101 ma1 con11 ~butlon to thc susccpt~bll~ty, (corres- 
poi~dmg to 01 bltal wave functions symmet~ lcd  with i espect to 
reflcctrons 111 the plane of tllc lon) m d  the lest to contrrbute to 
the susceptibility perpenclicular to tlie pl,~nc of the 1011 only, liavmg 
antisyn~meti ic orbital wave functions, The Iattci m,ly be I cgarded 
as b a n g  common to the whole 1011 just 'is six T,-clcclrons in bcn~ene 
can be rega1clecl as bciilg conlinon to llic wllolc molecule In oldel 
to understand the chCuactei of the o ~ b i t s  wl~lcll thcsc elect~ons 
descr~be In a magnetic field, xt xs necessary to know tlleil probability 
d~st~ibution functlon It may be postulated f o ~  puiposes of calcu- 
lation that the plobabll~ty cllstribution function ha\ got a large 
value only 111 two legions, inor e or less dlsc-shaped, one above 
and one below the plane of the lon In these regions the 
potcntxal function representing thc interaction of an electron with 
the rest of the 10x1, should be such that the clccti on can eLwly and 
fi eely pass f l  om the field of one atom to that of motller Asstzrning 
a11  electron^ configurairon for the (NO,) ion descnbecl above, the 



:trans responsible fa the anisotropy may be regmdcd as bLniq 
ead over two disc-shaped regions of radir equal to thc X - 0  

Lance If n IS the number of these electrons, then . lcco~d~~lg to tile 
111 expl esslon we have, 

?zNe Hence (AX)NO,= -- J2mr$dp 
4mc2 

0 

ere 'a' 1s the distance fiom N-0 and a is the detlstty of ele~tron 
tribution m the dm-shaped r e g m  such that ~ ~ t ' a  = C ,  assnnling ,L 

form d~strlbution On integ~ating, we get 

len 72 = 2) we get ( AX)NO,= 6 24 X lo-', on substltuttng flle numer~cd 
ues of the varlous constants xn the expression (a = 1 21 A" U ) T h ~ s  
:ms to agree very well wlth the expermental value 6 15 u10->3er 
~ r n  Ion of (NO,) That the p~olsable value of 71 should be 2 1s &o 
;gested by the structure of the Ion shown m Fig S as well ,is by 
alogy with the case of benzene, In which the~e  are three double 
nds whereas theie IS only one ~a the n~trnte Ion 

The  above calculat~ons are only tentatwe, but the) are ~nstruc- 
e m so far as they glve an Idea of the probable number of 
sonance' electrons In the (NO,) group and the general character of 
x r  distr~bution 





C H A P T E R  I11 

MAGNETIC ANISOTROPY O F  NATURALLY 

OCCURRING SUBSTANCES 

Introducf zon 

W e  have seen that magne-crystallic action provldcs ci useful 
method of determlnlng the orientations of the nloleculea m &&mag- 
n e t ~ ~  crystals, especially in crystds of olganlc niomcltic betldcne 

del lvat~ves Jusl as  a crystal 1s an agglegate of Ions 01 llloleLulLs 
I egulai ly a ~ r a n g e d  In the crystal latt~ce, there are n , h  dly o c c ~ ~ ~  rlitg 
substances which ale  known to be aggregates of imrlute crystdls 111 
more 01- less regulax sort of a1 I angenzent If the indwdunl crl \t,rlq 
ale  themselves anisotropic, one should also evpect the aggrcgntc, to 
show ~ m g n e t ~ c  clnisot~opy, the magnxtude of which ivlll clepenci upon 
the oiientat~on of the crystall~tes In the substance In n seIles of 
mvest~gatxons, the author has studled the magnetlc m~sotropj of 
several naturally occulrmg substances, with a view to 'cstabl~ch ~i 

method of findmg CI ystall~te or~entatlons by magnecrystnll~c x t i ~ n  
Mother-of-peal], was exa~nmed first, and the oi~entat~on\ of the 
aragonite c~ys ta l s  could be determined vely eas~iy, and the re5ults 
were found to agl ee  q u ~ t e  sat~sfactordy with those of X-rdy m d  optical 
invest~gations Several molluscan shells, egg-shells, and wood, h,ne 
been next examined and Interesting results have been obtai~xrl as 
will be seen later, I egax ding theii structural pecullarltles 

Diamagnetic Anzsotropy o f  nafurally occurrzng 

substances zn relation to their structure 

If, in a naturally occurrmg substance, there is perfect arrmge- 
ment of the ciystall~tes just as the u n h  in a crystal latt~ce, the 
magnet~c an~sotropy of the substance will exactly correspond to that 
of the ~ndividual crystals (Here we can Ignore the mutual interac- 

tions of mduced rnagnet~c moments, smce, ~n diamagnetss, these wll 
be negllg~bly small) Many mlneral crystals have got a mosalc 
structure, a s  has been inferred from X-ray analyse, and the approdch 



(a) Re@u AII  angerncnt, with only A slrght er I or of 01 lentahon 
r ' (  of the three ct ystallograplirc axes 1 he m,lgnc t ~ c  m ~ s o t ~  opy of the 

substmcc helc app~oxl in~~tcs  to tli,at of lhc m g l e  ~ l y s t d ,  

(b) One of the ct yslCdlog~ aphc  , ~ x c \  of the LI  y ~ l ~ ~ l l ~ t c q  more 
or less pal allel, the o h e l  two lmvlng 1 ,uiclom 01 ~etltal~oizs FOI 
instance, ihe 'cl-axes of the CI yst,~Illtcs tmglit h m c  CL ~l~fi111te pslaIlel 
01 tenlation, whle  tllc 'a' and 'bl axes may ll,lvc I ,uldom 01 mta t~ons  
111 the agg egde As a, result, t lm L wlll hc no tl~,un,lg~~cttc an~so- 
ti opy of the substance 111 the plmc pcr pcncl~cul~u to the 'cJ-axls of 
the cl ystal11Ccs 

(c) Co~nplctcly l:u~clom o~xentatton of ,111 thc awes of the 
crystallltes In tlus case, the suhst ,m~c tvdl be ~ s o t l  oplc, allhougl~ 
the ~ncllvrdual crystallllcs may hc hrgllly anlsolr oprc. ~o,lgnelrcnlly 

(d) There ale spcclal L,lses of L ~ O S L , C C ~  ,111gamcnt of the 
crystals In  alternate layex s Thls 1s found in some sllclls Xn one 
layer, the crystal m~glit be po~lltmg A1 1x1 m e  CIII ~~11011, ~ 1 1 1 1 ~ :  ln the 
next, the crystals indy havc a cllfIc~ent orlentat~on, Such ~ ' ~ s e s  can 
be investigated only with the help of the polarismg I ~ I C I O S C O P ~ ,  

although the rn'lgnet~c data might give a gciiex '11 ~ c l e , ~  of the clmacter 
of the crystd orlentatmls 

Smce the shells ol molluscs afforded n conventent inatellal 
for study to test the vallclrty of the nlagnetx mctllocl, ihey were 
examlned first The measurcme~lts ll,~vc been hte t  extencled to 
egg-shells Thc magnetrr. data obtained flom wood culd wood- 
cellulose have then been employed to detclmme the directma1 
magnet~c propert~es of cellulose, 



1 .  THER OF PEARL 

The nacreous layer In the shell IS found in the three prui~rpnl 
isses of rnoIIuscs, nameIy, the B~valves, the Gastropod!, dnd the 
:pl~alopocIs The magnetic studies have been carr~ed out 011 the 
creous layer of the shells of some typical memberb of these 

Fiom among the Bivalves, the nacre of the sliells of At'lcul~ 
s, Pannzdce, Vzilsellzdce, and Mytohdre have beell t ~ k e n  up for 
arnmatlon The farndy of Auzcz t l~d~  rnclucles the Ped-oyster 
[argaratifex a) ancl the Harnrnel-oystel The Pearl-oystel is common 
the seas neal Ceylon, where peal1 fisheries are carried 011 Xn 

dlan waters, P ~ m a  ~ Z C O ~ O ? ,  belongmg to the fnnl~ly of P2nzarltc, 
aIso very colninon Vztlsella 7 tigosa, an oblong shell wthout e m ,  
the most common member of VulselZ~dle In the I n d m  ocean 
yklus Vw ~dea is also abundantly found in the Indlau coast and LS 

on In Ind~a,  especmlly, Halzotzs cane The Caldo~nlm specltlren 

]own as dbalom 1s 1 emarkable for its vivld mdescence. The T u l o  



As Sclmztclt has shown, mathel -ol-pe,u 1 ~oils1sts of 1111~1 OSCO~I- 
ally smdl, t'iblet-shaped ci ysinls of '11 ,igomtc which ,LI c I eguldrly 
n angccl xn l ayc~  s p,uallel to tllc su11,~cc of tlic 4icl1, ,and arc ccmcnt- 
cl togc thct by conchyolm The phtclels, so llclcl togcthel, fol in 
lementary Ic~mlncr: and these a1 c supcl posed on onc allothcl The 
wAvrc1ual plcitclcts of a1 agomtc ,ii c about 10 ,U in c l ~ ~ m c t e l  and about 

,IL tlllclr They are sonlctlincs ~ouncled 111 sliapc arid sonletlmes 
)ouncled by st1 aight edges The n~ agon~le cl ystals a1 c gene1 ally 
mentated wdh the ' c ' - cws  nolrnnl to the clementay lammr: 

Recently from a study of lllc optlcdl propelties of nacle, 
?arnan1 (1935) h c ~ s  drawn altcntlon to the sti-uctur,~l cl~ilclei~ces 111 the 
llcllh of the t h e e  clc~sses of molluscs S I i , ~ m a s w , ~ m y ~ l 9 % )  has 
Iso made m X-~,ly maly \~s  of n~icrc 111 oldcr to clctcrmne c r y d -  
t e  ol ientdlons 



Nacken and Jager6 (19%) and M~chel and Rledl' (1926) ilare 
ved the diamagnetic anlsotlopy of nacre qualltat~vely, m con- 
>n ~ l t l l  the study of the differences between real and 'cultnred' 

s T h e  latter contaln a small sperm1 mner core of motller-of- 

(F Haass, 1931) and as a consequence, take up a deiinrte 
tation xn a magne tic field unhlre real pearls rvhlch do not show 

ed or~enlatlon The ~nd~vldual aragonite crybtals of 
:r-of-pcarl a le  themselves anlsotroplc, as shown by VO@ and 
;hlta"(1907), and smce X-lay and optml ~nvestlgattons have 
led regulai dy  of at rmgement of the crystallites in nacre, the 
vatlons ol Nacken and Jager may be readlly undeistood 

-ermrnaiion of the Diamagnetic Anisotropy of Nacre 

h ~ s  was donc by the method of ~ s d l l ~ ~ t ~ o n s  The deta~ls h,~ve 
given carher  For  pulposes of investigation, the nacre of the 
was carefully 1 emovecl and some good specinlens free from 

ts and dlscoloul d1011s wcle selected The pleces wcrc further 
lcally tested and louncl to be free from paramagnet~c ~nlyurities 

weie also cleaned befo~chand w~th dtlute acld to remove 
:e Irnpul1t.m 

The m p o ~  tant dne~ t ions  m nacie are (1) the d i rec t~~n of the 
>f gr uwth m d  (2) the noltnal Lo thc laininar plane When pre- 
: the speclinens of tectangular shape, the plasm of the pleces 
ground parallel to the laminar plane, and the length of the 

lgle made parallel to the lmes of glowth In th~s  way the 

ation of the clystallttas with respect to the lmes of growth and 
min,t~ plane coulcl be deterlnlned 

niL~ally, the nacl eous substance was tested 111 the magnetlc held 
omld to b e  cliamagnet~c m all cases Furilleel, the dltection 

mmom cltemagnetlc s~~sceptlbility was found to be ~etpendl- 
to the plane of the l m m =  

Ewdentl y, this d~rcctlun cotilcides with one of the prlllclpal 
W.xl~tres of llic snbatance, the othei two being ln the kmlnar 
The m~so i ropy  was determined for three modes of Susl?enslol~ 



Results 

The follow~ng nolation 1 1 ~ s  been ,~loptecI X,' X,' denote 
the pt lncipal susccpl~bllhcs m the l c m m t ~  plcule (X,' > X,' dgcbrai- 
cally) and X,' clenolcs tlicil pcrpei~cl i~ul ,~  to thc lC~mm,~i  plane The 
oiientation of the p l c m  of the 1 1 x 1  cous 1,~ycl xi1 the magnetic held i s  

wdh respect to the clli cctlon of t l ~c  Imcs of glow111 In TdAc I, the 
observed vdrre5 fol the n~lcr c c ~ f  dfal g n ~  n / / / c i  c6 nzni gcc? nttf i l  n, Tu? ba, 
Hal~otss, Mytdzls zz? zdzs, Nc611 i d 1 1 6  ~ 1 o 7 1 b & ~ h ~ ,  PL?~?K~ b~cdor , and 
VuZseZla lzlgosn ale given T11e v,tlucs xcplescnt the iliean of 
several dctermlndtions with cbifcl el11 spcLmiens 
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Turbo 0 20 

HaZzohs . . 0 28 

M Nnilgn~ cltzreta . . 0 29 

Mytdus v~lzdzs 0 211 

Pzmzn 1)zcolo~ ... 0 3 8  

VuZ~eZln 1 ligosa . . 0,311 

Nmi tdvs pony~zlz u s  . 0 26 
-------, 

Shell 



Discussion 

In Tu? bo and Ealzotzs, the 'a' and 'b' axes are orientated more 
or less at  landom In the Ia~~linaz plane, so that the an~sotropy 1s 
negligible T l m  result IS veiified by the X-lay andlys~s made by 
Ramaswalny (1 935) The p~eferred orieiltal~on wh~ch he h,is found 
for E a l ~ o l ~ s  could not, howevel, be detected by the magnetlc method, 
owing to the very large error in the ortentations of the 'a' and 'b' axis 
which he has repol ted In M ma? gal atzfeta and M ~ ~ L ~ I C S  r ~ ' l r ~ d z ~ ,  we 
find that, when the lainina~ plane is hori~ontal, the lines of growth 
are nearly pe~penclicular to the field This should correspond to an 
alignment of the 'a' axls of the ardgon~te crystals parallel to the lmes 
of growth In the case of P ~ n n a  bzcolol, however, the 'a' axes of the 
crystalldes are orientated perpend~cular to the hnes of growth The 
diamagnetic anisotropy of the nacre of Nautzlus ~ O V I ~ Z I Z Z L ~  in the 
lammar plane, is coinparat~vely large This may be due to a pre- 

ferred t ~ l t ~ n g  of the '6'-axis of the aragonite crystals 1n the direct~on 
of the lines of growth 

I t  wlll be  notlced that the d~amagnetlc anlsotropy of nacre Is, 

m gene~a l ,  l u g e r  than that of pure aragonite This may be due to an 
intrlns~c anisotropy of conchyo~ln itself Conchyolln belongs to the 

class of sklero-protems with empirical formla CS~H&&OW 



2. MOLLUSCAN SHELLS 
The success of the p ~ e v ~ o u s  expcrinlents wtlh mothel-of-pearl 

encouraged the author to znvestrgate furlher thc gcnwal stt ~lcture of 
molluscan shells The magaettc measul olllents wcx e evtencled to the 
shells of Placunn placenta, Puma b ~ c o l o r ,  n/zm oh LT casta, Mactra 
Eurzda, Nlctctra 7~ebbnlenszs, Tzi ZseZZa I ziyosa cixlcI 'L'u? bmella pz? urn, 
some of which axe purcly calc~tic, wllllc othct s constst of both cdlcltlc 
and aragonitrc layers 

Placunaplacenta is the well known spccles of wmclow-pane 
oyster founcl m the 1ncti:m ocean The shcll possesses a pc,i~ly lustre, 
is family widescent, and consists of calcttc only It has got a 
'foliated' structure mcl cleaves into 111111 p l ~ t c s  Itkc mxca When 
examlned uncler the inlcroscope, numerous ilnc lines (si!~e~fc?z) can be 
seen on the fol~ae, pal allel to one another, thc: bur face ~escinbling a 
fibre-mat The leaves easdy break lnlo sm;dl stlips puallel to these 
lines By examlnation under tllc poilu ~ s m g  nl1~1 oswpe, W J Sch~nldtl 
(1924) has found that the thin l;~rntntc show extlnct~oil 111 the dn ec- 
tion of the fine lines, Conoscoplc~lly cx;uinmecl, thcy ~Iways  gave a 
negatlve uniaxial eccentric mterference pattern Tllts ~~lcltcates that 
the optic axes of the elementa~y cryst& ale inclined to the plane of 
the l a r n i n ~  Schmidt has also found t h d  the snlL~llcst elcinents of 
the shell are extremely t11m leaf-ltke structures, about l p  thick, 5p 

wtde and 1 0 0 ~  long They are a r~anged  with thexr lcngths parallel 
to the fine lines on the lL~rnrnc.e Thelr accuiate c~~stal lograph~c 
determmat~on was not, however, founcl to be posslble Boggilda also 



is mentioned the inclmatlon of the optic axes of the crystals to the 

tnlnar plane 

The  shell of bzcolor consists of two layers, an upper 
lsmatxc calcit~c layer and a lower aragon~te nacreous one The 
kcreous layer, which shows blight mdescent colours, can be easily 
lipped off, and 1s osually very thln. Schmldt has lsolated the tl~ly 
Isms of calcite In the upper layer and has fo~md that the optic axis 
)incldes with the prism axis Each pnsm is a single crystal of 
dclte arranged in the shell with its axls normal to the shell surface, 
has also been found that there is very llttle dlflerence In optlcal 

laracterlstrcs among the different specles of Pmncc, 

The common feature of the shells of the Mactm species 
:cording to Bogglld, is the crossed lamellar concentric layer Tills 
, however, In many cases iiregular Mccctln Zulzda is a white 
ragonlte shell wlth a vlolet coloured patch m the mlddle The lotvest 
orcellanous layer was taken for exam~fiation, from both the whlte as 
re11 as the coloured pol t~ons  The shell of Mactvn hebbale~zsls IS 
ark 111 colour and very bnttle. 

Vulsella Yugosa has got a very thin and fragile shell It 
ons~sts  of an  upper prismatic calcitlc layer and an extremely thin 
acreous layer below The shell of &Ievetrzx casta is hard and 
~orcellanous in appearance The "Chank" 1s very well known in 
louth Indm1° The shell 1s white and chalky ln appearance, and 
onsists of several calclt~c layers These were found to break easlly 

Jong a particular direction in a somewhat slmllar manner as the 
.leaving of crystals Only the lowest layer which appeared to be 
ranslucent was taken up for exaininatlon 

Determination o f  the Diamagnetic Anisotropy 

The  sllell specimens were prepared exactly as m the case of 
mother-of-pearl, simllai precaut~ons belng taken By employing fine 

quartz fibres, very small bds of the shell a few milligrams in welglt 
could be used, 



Case o f  Inclzned Orzentation 

Let ABCD (Flg 9) represent tllc plane of the follae and let 
00' be the d n e c t m  of the Ii~gou,J ax15 of tile L:LICI~C c ~ y ~ t a l s  in- 

c h e d  at an angle 0 to the plane. I,ct ,i ~ect;~~lgul(rr  co-olchate 
system be chosen such thd  thc chlcctio~l of the p rup t lon  oi 00' on 
the plane 1s the X-ax~s OY xn the plme reprcscrlts tlle Y-axrs If 
K, and K, a1 e the inagnettc suscept~billtles along dnd perpeild~cular 



dX -- dO - (Kt-K,) sln 210 LOS'O 

Tlus will be zero when $=O or 90" 
I t  IS mdxiinutn iiu~ilerically when g = 0 

and IS equal to I<, cos2 O f  I<, sln28 
The mlnlinum value of X = K2 

when g=90°, 
OX and OY ale  t h~ l s  the direct~ons of lnaxllnum and rnlnlmum 

dlarnagile~lc susceptiblllty in the plane The magnetrc an~sotropy 
In the plane 

(AX) = (K, - I(,) cos2e 

The d~rectxons OX and OY can be easrly located by suspend- 
lllg the s l d l  with the plane hollzontdl In a unifor~n magnetic field 

observmg the o ~ l e n l a t m  When the piece of shell IS suspended 
with the OX-daection vertical, the orlentation wdl be wlth the plane 
parallel to the field 

and  (AX) = (I<, - K,) sin28 

When, l~owcvel,  ~t IS suspended wlth the OY directton verti- 
cal, the plane will make an angle (90"-0) with the field 

Hence, 8 can be known 
and  (AX) will be = (I<,- K,) xn this case 

The  dl1 ectrons of OX, OY wdl correspond to X,' and X,' in 
our notat~on Hence, when the speclmen 1s suspended with the 
X:-direction vertical, the dmmagnehc amsotropy wdl correspond to 
that of a single cl ystal of calcite 

T h e  1 esults a1 e shown m Table I 

All tlie shells weie found to be dlalnagnetic 







4. Discussion 

It 1s cviclent f ~ o m  the ~esu l t s  t l ld t l ~ c  sl~cll clclneilts are crys. 
tallllle and regularly (LI 1 mged to a gl e,~tcr or less extent. 

We know that: thc prisms of calcitc '1.1 c o ~ ~ c n l , ~ t c c l  111 the upper 
layer of Pb77na tvith the prism-ms  loini id to llzc 4 c l l  surface The 
anlsotropy cletcliilillat~ons show tlld tlic t t~gon,~l  ,~xes  of thc crystals 
are normal to the shell surface wl~icli inem,, that thc opt~c-axes of 
the pl ls~ns colncde wltlz tlic pirsm axes Tllxs agrees with the 
observations of Bogglld 

With Mactlrn hebbaZe?~,s~s, no cons~slent results codd be obtain- 
ed T h s  1s most probably due lo coilsidcrahlc xtiegula~ity of 
struct~u e The '&-axes of the ardgonitc cryst,ils, in this case, seem 
to be mclmed to the shell surface In Mnct?n Zu~d-c,  the p~obable 
orlentatlon of the aragonite ciystds 1s with the 'c'-axes normal to the 
shell suiface No great dif ie~ ence was found in the msotroples of 
the whlte and coloui ed portions of tlm shell. 



It may be noted that the case of the calcitic layers of all the 
invest~gated, the vdues of the magnet~c an~sotropy are nearly 

the same as that of calcite But m vleW of the irregular@ m the 
arrailgernei~t of the CI ystals, whch we should expect, the values ought 

to be lower, but act~lally they are some 20% h ~ g h e ~  It n probable 
t l~at  Ihere also, the cenmting rnedlum makes a contrlbutlon to the 
anisotropy due to a quasr-c~ystalline structure, as suggested earller 

3, EGG SHELLS 
The corninon egg-shell 1s a crystalline aggregate, consisting 

lnostly of calcite pllsms and thc clystals m t h~s  case also are inare or 
less iegularly allangcd, just as in the case of molluscan shells 
Hence, it of[cis a subslai~ce well-suited for an investlgatlon of ~ t s  

structul e by inagnet~c methods 

Structure OF Egg Shells 
Accoi dmg to Stewart'' egg-sbell conslsts essentially of (1) a 

thm outer layer macle of protein, (2) m~ddle layel whlch constitutes 
8 0 0 f  the tllicltness of the shell of calclte crystals, with plotem m the 
form of mtellacmg fib~es, and of a small quant~ty of crystallme 
calc~um phosphate, and (3) bn~all knobhke formations of calclte atld 
c a l ~ ~ u m  phosphate constltuhng the Inner 'mamillary' layer Lang- 

wot thy" givos the pel centage composition of the shell as folloivvs - --- 
I \ \ I 

Magnet;lurn Calcium 1 Caiclie ) carbonate ( y ho~phatr 



It is seen that whlc the h~ls~cptlblhtlch of the sliells are alrnol 
the same as that of cdcitc, the valz~cs of thc nr:ignct~. atmotropy ar 
found to be much lower These results are q y f ~ c n n t  In thc hght c 
thc oytlcnl exan~lnat~on of cgg shclls unclcr the polar ising mxcr or 
copea It has becn fouilcl that calciic ts prescnt 111 the form c 
columnai plxsins 111 the midcllc laycr, ,wl ~~r~lnll l t l t lon unde 
convergent polarisecl light of a tangenti,d section of thc shell, ha 
revealed that the optxc axes of illc p~lsms ale inclinecl to the she 
suiface FLU the1 , wdli pa~lzllcl polar lscd Ilgl~t it has bccn found tlm 
the extinction clircctions For the cl~ilcr cnt p t  ~ s m s  ai c clrfferen 
r~~clicating n 1 andom or ~c l~ t~ t t l o r~  111 ( t ~ m ~ u t 7 ~  of tllc uptlc axe 
of the prlsnls I eldive to the shell-szu fdcc l'hc m~gnet lc  measure 
inents fit 111 vely well with these fincllngs 

If the t~~gona l  axes of the cnlclie crystds arc xr~clrnecl to th 
sl~ell surface, and at the same t m c  r ,tndomly onerltatcd in nsmmtj 
xelatlve to the sliell sulface, wc shoulcl, xn the h s t  plnce, expect 
colnparatlvely smalle~ ,~n~sotlopy 111 egg-shells rc1,iixve to that o 
calute, and besidcs, clue to the 1 anclomncss of ox xeatntlon 111 ,t~iniutl 
tliele sko~~lcl also be 110 aalsotrapy 111 the shell-plant: The exper1 
nlenlal facts ale in full ,~ccolcl with thcsc c o ~ l s ~ d e ~ a t ~ o n s  At 
mieresting feature of the ~csul ts  IS th,d the ,~n~sutropy of hcn'b egg 1' 

definitely lowel than that of du~k 's  egg Ths would md~catc h 



7 9 

TABLE I 

Unh-c g s E M 

Mean Specific M'lgnetlc 
suscepttbl- Speclrnen amsotropy 

Xlr - X,,l  x lo8 1ity 
- x l ob  

Duck's egg 1 6  
(1 4-1 9) 0 36 

The amsotropy ilr the 
plane of the shells 
1s practically neg- 
llg~ble 

.be calcite c~ys ta l s  in the latter are orientated with their optrc axes 
illore neal ly norinal to tile shell surface than m the former 

4. WOOD AND ITS CONSTITUENTS 
In the light of the knowledge that we already possess con- 

cernmg ~ t s  structure and constltutlon, an extens~on of the rndgnetlc 
studles to the casc of wood should be expected to give results of consl- 
derable xnterest A knowledge of the magnet~cprope~ tles of a un~versal 
substance like cellulose IS stdl lackmg, although many of its other 
phys~cal propertles such as double-refract~on, fluorescence, specific 
heat, hygroscoplcxty, thermal conductiv~ty, elasticity, etc , have been 
investigated xn greater or less detail Wood-cellulose, m vim of the 
fact that it can be ~solated from wood without serious da111age to 1ts 

intrxnsxc structure, is particula~ly surtable for the study of n~ag~letlc 
anisotropy The author has studled the absolute dlamagl~etlc snscep- 

tlbihty and  misotropy of wood and its malor constituents, aith 
vlew lo gam addltlonal mfo r i~~a t~on  regarding thew physical structure, 
and to find out then directional magnetic propertles 



The Structure and 
A Iinowledge of the struclut c of woocl m r I  11s clle~nlcal constl- 

tutlon 1s essential for the in tc~  p~ ctatioil of the ~ n ~ ~ g l ~ c t ~ c  datn TIle 
relevant facts are briefly rnent~o~~ccl  111 t11c followrng pdgcsl' - 

The major constituents of woocl ~ u e  c c l h l o ~ ,  11gnrn nnd the 
hem~celluloses It  1s now lcnown Illat ccllulo\c Ir an or tho-glucosanJ 
I c , glucose anhydr~de Its ellipit lcnl Sol rnulc~ 1s (C,,I-I,,O,), The 
molecule IS made up of a cham of glucosc ~ c s ~ d u e s  llnltccl by primary 
valence forces accordrlig to the follo~villg scl~eine (Fxg 30) 

Actaally, the uiut 111 the ccllu~osc-ch,m~ 1s thc cellohlosc resxdue, as 
will be seen flom the ai~angcmcnt of tlic glucosc res~ducs  111 the 
cham It ha5 been shown that dl1 pl:u~C ccllulosc~1, regardles\ of the~r 
souice, are identical The cell~zlose xn woocl i s  found in the ceII-wall 
of the tracherd, and is ' crystdlme ' With the fd-uc-axl\ placed per- 
pencllcular to a b c c w  of rnonoc ;h~o~n~~t~c  X-l6lys, wood givcs a fibre 
pat te~ n chni actelistic of cellulosc An cxarnmdxm of tcaliwood by 
X-rays has been made by the autlior" (1!)37) :~nd  iepol tccl 111 a Lorn- 
mun~catron in wl~lch dctails rcg,uclmg the ch,~r,~ctci of the pc~tteins, 
and the info1 rndion they yield about t l ~ c  st1 I IL~LI I  e of wood-cellulose 
are given Tlic ' c~ystal stiuctutc ' oS plmt cellulosc 11,is been the 
subject of extensive ~nvestlgat~ons by Polanyl, H c ~ z o g ,  Sponsle~ and 
Do1 e, Astbury, Andress, Me ye1 and M a  k, l[i: S m t c ~ ,  Me ye1 and Misch 
and Clark1! TThere rs bldl consickrdble di i iercn~c of o p ~ n ~ o n  as regal& 
the ~ u n e n m n s  oi the ~ m t  cell m c l  d o i m  posrt~ons, nIthongh the 
I went  work 01 Globs and Clark1" seems to support the oiigmd struc- 
ture ploposed by Meyer and M a k .  Uut tllcie 1s general agreement 



te$arcimg the pal d le l  ollelhtlon of the long chun molecules more or 
leas 111 thc d l r ~ ~ t l o l l  of f-Ibre-ax1~ Wltllout hying special emp]lasls, 

the pr esellt ullcel hill ~ 1 1 ~ 1  actel of the X-ray analpsls, on the cell 

tllelen ' b '-clystallographlc axes orientated more or less along the 
sp1"~ 

The chai nctcr of the sublnlcroscopic crystalline elements ~ t l  

cellulose 1s stdl 111 t h  course of berng elucidated Meyer and Mark 
at hrst c:~nic to the conclusion from a critlcal examrnation of the 
avallablc X-ray c l h ,  t11d these were d~screte rnlcelles of dimens~ons 
G O 0  x $0 A" apploxm~atcly But r t  was shown later on that X-ray 
analysis ccm glve 1-10 c l e c ~ s m  answer to the quest~on On the basrs 
of t1ile11 p11j~sico-chc~nicd mvestlgat~ons, Staudinger and his collabora- 
tors" have f ,~vo~z~ecl  the vxew that the submicroscopic unit is the 
macxo-ilzolcculc cmcl not the micelle A parallel arrangement of the 
rnaclo-molecules, bou~zd togethe1 by secondary valence forces to form 
a bundlc, coilst~tutcs the cellulose lattice The actual drfference 
between the inm o-molecular and micellar schemes, is brought out m 
the figure shown below (Flg. 1 2 )  

Moleculai Latl lce 
Pro 11 



L~gnin 1s p~ cseizt 11zost1y 111 the primary I ~ y c t  of tllc dl-wall  of 
the wood-fibre known ,IS tllc inldclle lalnclla The cor~st~tut~on and 
the nlorphofogy of ~lgrzrn have been the s~dyccts  of cxienslve lnvestl- 
gatmnsa1 E x m i n a l ~ o n  by physic,d lnctIiutIs I k e  inlcroscopy, X-ray 
analysis and  p~l~il~satton-optrcs, suggests tlzd hg lm 15 amo~plzous ~n 



Expermental  Details 

The Expeiiments were all confined to tealrwood, the stlucture 
~f wll~cll liLicl bcen pscvlously exa~nmed by the author by X-ray 
,nalysis T h e  wovcl specimens wele subjected to extractions w~th 
rarlous solvent\ 'uld subsequent chernlcal treatment, In order to 
solde tlic lllajol coiislituci~ts The X-ray analysis was made mcl- 
Ic~lt,dy to clibcovci wheil~er any ~adical stiuctural changes had 
)LCLIII ecl clui 111g thc cxti d ~ o n s  and chlol ination It was found that 
,peclmens t,rlicn f ~ o i n  the less cornpact layers were subject to 
h,~,ngcs, wIlilc those f~ om the most compact layers weie practically 
u~aficcted Tllc ailisoti opy ineasuieinents weie, therefore, made on 
~pecitnells o~~t~1111~c~ flatn the most col~lpact dark-brown layer of the 
lilnual 11ngs l'lic speclinens we1 e prepared fol exanmat~on <is 
lesciibed hclow - 

( I )  Iinzu zooid -Washed clean with 5 per cent HCI and warm 
mter  to l e i n o w  suslLlce ~ m p m ~ t ~ e s ,  and drled at 102-104" C for 6 
lOL1l S L 

(2) Ex11 xted with alcohol-benzene mixture for 24 hours and 

hen with boilmg w d e l  fol 6 hours and finally drlecl for 12 houri 
102-1 04°C 

(2 )  Wood cxt~ac ted  as 1n (2) was treated with 5 per cent 
solutloll of NaOH m tllc d d  for 48 Ilours Washed several times 



( 5 )  Wootl, cific~ ct l l  ,icti011 t~ i l l l  c t l c ~ ~ l l ~ ) l - l , c h l i ~ ~ ~ ~ ~  w , ~ s  chlorl- 
n,hjcl 1,y Llic Cross-'lntl-I:ci?,ir~ ~llclhcrd LO ol)l,iw wood-r cllulosc The 
tq>pci~ ,1,tl14 ctiiploy~d ~ 1 1 s  V I I I I I ~ L I  LO Lllc 0111: t~ \v( l  I>y SICIXI :ind W,llter 
wltll '1 Icw ~nniol r::orl~fic,itm~,s 'i'lic pr o ~ c t l r ~ ~  c tlcsct h c d  by DolezY 
(1 '330) w,~s  ,~tloplccl ~ t l i  ldl thc 11cc~ss~lr y pl cc,~ul.~c)lis I',u t~cular 
G ~ H C  w'is t ,~ l<ct~ io w e  t l i d  lI1e s , ~ ~ i q d c ~ 1 1 1 ~ 1  1101 gel d ~ s t ~ ~ l c c l  111 sllape 
cItt1111g clllol ln ,~ l~on  Tlic 1 7 1  c l ) t ~ ~  ccl w ~ p l c s  wcr c ,dso w1)jcctecl to 
, I TWO \ t ~ ~ l ~ i l l ~ ~  of ~ t ~ o o ~ l - ~ c l l ~ t l o ~ ~ c  WCI c 111 C ~ I ~ L I  cd, one 
y : i t 1  1 1 0 1  y 0 1  l o t  l l t l r l l  'h spcclllletls 
wci c tli rvtl in llic ovcn f o ~  12 110121 s '11 103 -1 0 1°C: 

2 f 0 2  I ? I Z ~ , ~ I ~ ~ L C  ?/z~mzo ~ I ~ L C I Z ~ R  ---The wooel 
snlnplcs wcrc tdicn 111 tllc Eol~n of sl:,ivmgs ,~l)out 0 -5 mru lh~ck, 
f t  0111 wlucli pxcccb 3 X :I innl wcl c cul out fo i  lllc ,u~~soltopy mcnsure- 
mcnts For mcasutc~ncnts of L~l>solulc s ~ ~ s ~ ~ p l ~ l ~ ~ l l t y ,  the smples 
wclc taken xi1 the f o ~  m of ~ G V ~ C I .  

Proximate Analysis of  Wood 

Tlrc wood snnlples, prcpnr ccl :is clcsctrl~ccl before, were all 
analysed fol tllc clelc~mltl,dlon of tlmr celltilosc nncl 11gn1n contents 
The heml-cclluloses m d  llie rest w c ~ c  only 1rlt111 cclly cstlmatccl 

i l  
It must he statccl hefo~ch,ixicl thd,  aE all t l ~  vdx~ous ~ncthods 

"11~11 l ~ v c  heen suggcstcd f o ~  llic clclcr rn~ll,lllon of thc major con- 
st~tuents and gloupnlgb 111 wood, there xs sc,~lccly ollc wh~ch can be 
s a d  to be ent~rely sat~sfnctory Tlus, no tloubl, 1s duc to the ~nherent 



dlfficdtles lnvolvcd In deallng with a highly complicated substance 
j1jce wood The oldel m c t h d s  for the determ~natio~s cellulose, 
11gnin and the hc~ll l -cel l~l l~ses  have been continually 1 efined, lnodlfied 
and s tanch  dlsW.1 I - h ~ c v e l ,  fol pulposes of the magnetic inve\tl- 
gation a ht& 01 dc r  of XLul acy 111 analysis is not necessary, especially 
In view of the f a d  t h d  the samples have to be taken in the form of 
s l l d ~ ~ ~ l g s  about 0 5 mill th&k for the anisotropy measurements, 
whereas the stallchrd p l~cedure  111 wood analysls 1s to start wdh 

7;zgnzn -The Iignm content m the various samples was esti- 
mated by tledtrnent with 72 pel cent sulpll~~r~c acid 111 the usual 
way2' 

Cellti lose -Cellulose In wood was de termmed accofdlng to 
the andyticz~l proceclui e described by Dore and already referred to 

u-Cellulose in wood-cellulose was also determined by treat- 
ment with cold 17  5 per cent NaOI-I as dcscribed by Schorger 

_71emz.CellzlZoses -A cl~rect dele1 mmat~on of the hem-cellulose 
content w,ts not ;titempted These were grouped wrth small quantities 
of the othcr illlscellaneous subslances present and the whole 
ind~rectly csttm;\ted 

Determination o f  Magnetic Anisotropy 

' h e  an~soiiopy of wood is comparatively feeble and the 
technlquc 11;t\ to be inadc specially aens~tive. The torsional 

method was enlployccl uslng very fine and falrly long (20-30 c m )  
quartz hbi cz Only X,, -X , , I  was found, smce, in the case of wood, 
the anisotropy m the plane ot the c~oss-sectlon of the Bbrs, la 

negllg~ble in all Lases and ot no s p e d  signlfican~e (Xlir 1s the 



Absolute Susceptibilitzes 

Tllc ahsolutc mass susr e p t ~ h i l ~ t ~ c s  wet e cletc~ m~nctl by the 
tors~on bal:mcc Tlic wootl wnpIc \  w c ~ c  .dl ustad In thc form of 
fine powder cl11et1 ,lt 102 104" C f o l  13 111 s , ,lticl thc. susceptlbll~tles 
compared with that of pill e w ~ t c l  

Discussion o f  Results 

An examrnatlon of Tablc IV showl; tlidt the a~i~sotropy IS 

more or lcss pioportronal to tllc ccllalose ~ o n l c ~ l t  ol the s lxunens  
It  apparcnlly does not depeucl on the ,mount of lrgnin p~c(;cni u- 

Ccll~~losc h;ks the maxm~um spcctfrc ,in~sotropy whcre,~s lrgnl~i isolated 
by t~eatment w ~ t h  72 per cent su lp l iu r~~  acrcl docs not show any, 
The lcrystalline' elenlent xcspansrble fol thc magnetic anlsolropy 
appears to be celIulosc only 

Thc magnetrc mcasutelne~lts, howcve~,  do not lule out the 
poss~hrl~ty of llgnin 11cnig present (15 cr ys td l~tes  w h ~ c h  are ran- 
domly or rentated But X-I ay analysis shaws t l ~ t t  isolated llgrirn gives 

only a, 'l~qutd' pattcrn c1~;lracterxstlc of 411 ,unorphous substance." 
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?here is also nothing rndlcat~ve of 'crystall~ne' l~gnln ln the X-ray 

latterns of wood o b l m e d  Examinat~on of 11gnm under the 
mcroscope has not ~evea led  any property characterlst~c of crystals 
Taken togethel, the X-ray, optical and magnet~c mvest~gat~ons lead 
o the conclus~on that 11gl11n m its natural state has an amorphous 
;tructure 

01 d m 1  y wood-cellulose obtamed by chlollnatlon, IS really 
a complex substance, m d  co~lslsts of what are known as the a, 

p and 7 celluloscs, cllslmguahed from one another by their solu- 
bility in 17 5 1x1 cent NaOH solution From Table IV we can 
see that the rnagnetlc an~sot~opy of wood IS essent~ally due to the 
a-cellulose 111 ~t 11 is also seen that treatment w~th 5 per cent 
NaOI-I, w h c h  I einoves a good pal t of the hemi-celluloses, leads to an 

(AX) x 100 
locrease m the value of % of total cellulose The initial removal of the 

heml-cellulo.;es naturally means a decrease In the total ceIl~~lose, for 
wood-cellulose (piepaled without pre-treatment w ~ t h  NaOH) conta~ns 
as much as 20 pel cent: of the heml-celluloses We may conclude 

from thiq that the helm-celIuloses like lignrn do not contribute to the 
magnetlc alusotropy In vlew of thelr gummy texture ~t 1s most 
probable that they are amorphous m structure 

(AX) x 100 
We also notlce that the value of % u-cel~ulose IS less for tr- 

celldose than for Cross and Bevan cellulose Th~s  wrII mean that 

(Ax)  IS greater for Cross and Bevan cellulose than can be accounted 
for by the preaence of a-celluIose alone in it The Inference a that 

the ,8 and 7 celluloses are also an~sotropic just like U-cdlulose and 
most plobably possess the same 'crystalline ' structure. 





Recenlly RRS?@' bas made n ciitrcal examillntlon of tilr 
avarlable 1dc1 a h 1  e 011 the structure determmatloi~ of llatlve celluluae 
by X-1 .iy d n d l y q ~ b  HC 1 1 ~ i  pollltccl O L I ~  that whde the model suggested 
by Sautci 15 lar flom mbfacto1y, that of Meyer and &rk haa .\lw got 
its charv-ha& F u i h  cxperlmentnl work in the field nppcdrs to bo 
nccessaiy and thc acludl crystal st~uciure of cellulose has yet to bc 
dmovcrcd 

REFERENCES 



Tlncsscn, h d  Ilnq Clicm , 24, 10.1 1 ,  I W  ; V4trl, J ( ~ M  A11l)l I'lly5 , 8, 
230, 1937 

Flcu&nbe~g ,ui[l I ~ J I I ,  " I I , ~ I I ( ~ I ) I I L ! ~  11 1'11#111/( 11 LII,I/YL,( ", 3, 1',111 11, 12fi1 
19B2, V C I ~ , ~ ,  J n h s  Sl)lingt 1 

I'llllg5llcl~l1 'Uld 1<111qc1 , Ihui  , Y)  
Dole, Inil EIQ Cltcm , 12, 3; 1 ,  19-.'O 

Schoiget , loc CIC , 1) B J 1 
Nllalranla~~, loc. a t  , 1) 17 1 
Fley, A L I I ~ I U I ~  Fc4di11fL Ii01hd C k ~ ~ l  dl , 23, J(1, LOJ7, ~ ~ ~ ~ ~ i , ~ ~ ~ ~ ~ ~ ~ ~ ,  

h l v  Chln~ A L ~ ,  17, 1047, 19,; 1 

R,z~~idnatlh,rnz, Iticl j o u ~  I'11y.l , 4, J 5, I 0  !9-,io 
S ~ h u u ,  C R , 192, 1 24J, L O  I 1  
Lonsclde, P ~ o c  Iby ,  Soc , Lomlon, A l ?  I ,  5 1 1 , J 9,;') 

ICrcsslg, Zed i 1'11~5 Chclll , B43, 79, I'lti3 



C H A P T E R  I V  

I .  Introduction 

Thc uctul c of 1 llomblc sulph~~r has been recelltly illvestlgat- 
ed by Warrcn  and  Burwell' by the method of X-ray analysis They 
found that their 1 e d l s  could be satlsfaciorily interpreted by assum- 
mg a syniinctr~ca1 pncl~eied ring-shaped molecule, consisting of eight 

atonls wlth a bond angle of 105" and an S-S dlstance of 2 12  AO From 
llltetlsity considel d.ions, they deduced the oilentation of the molecules 
In the ciystd,  and  found that the plane of the ring is parallel to the 
lc1 crystallographic axls m d  inalres a11 angle of about 50' wwlth the 'a' 

axis 

The lnagnellc anisoliopy of rhombic sulphur has been studled 
by I < r l s l ~ ~ ~ l n ,  Guha m d  BLwerjee2, At the tme of their investlgat~on, 
however, the ncccssaly data concerning the inoleculdi stlucture and 
ari angement wet c not avdnble for any interpretation of the results 
to bc p o s d ~ l e  (14'01 cllclntcnl evidence, see Ephralm, " Anorganische 
Chcmie ", Drestlen and Leip~ig, 1934) But in the Ilght of the 
recently pi opused tnodcl, the magne-crystalllc data assume constder- 
able iinporl;lncc We c m  test the general valldity of the X-ray 
ancdysrs by exmzlnmg whether the results obtained from the rnapetic 
experiii~ei~ls fil in with the suggested scheme of molecular arrange- 
ment and structure, And xf so, we should also be in a posttton to get 
valuable mfol matlon I e g ~ u  dmg the magnetlc properties of the S, 
molecule 

2 .  Experimental 

Thc inagnetlc anisotropy of the crystal was determtned by the 
torsional nictllocl Stnce the crystal system is orthorhomb~c, the 
or~entation 111 the f x l d  could bc conveniently observed by not~ng the 
setting of tllc ct yslnl edges Flne quartz fibres were used in view of 
the ~ o m p . ~  ativcly fccble aiusoti opy of solphur Employing a field 
of 8000 Ocl stcds and ~ ~ y b t a l ~  w~lghlng 20 to 30 mlll~grams, the cntlcal 





4,  Dzscussion 

pesum,lbly,  illc t ~ i c l ~ v ~ c l u ~ l  molecules are themselves ollly slightly 
anisott oplc IIcl  em,  ~ ~ ~ l p h u i  dlffei s flom the alonlatic ring-shaped 
nlolcc~llcs wlli~11 p ~ ~ s c s s  CL veiy large an~sotiopy The shape of the 
molecule suggcsls  t l d  .ct e may reasondbly assume the prmc~pal 
suscept ib~l~l ics  p , ~  ,dlcl to the plane of the molecule to be the same 
I-Ience if I<[i,, I<;, I<, < ~ l e  the ptmclpal molecular susceptlbllittes (rcfei- 
red to '1 g1 'ti11 IIIOI~LLIIC), 1 K1 1 = I ICol and K ,  pelpendmlar to the 
plane, wdl bc c ~ t l l c l  g i ~ d t e i  or less than I<, 01 I<, Accord~ng to the 
X-r'ly ~ulcdysl:, of W , m e n  and Bu~well ,  the plane of the S, molecule 
comcicles with the  '6' ~ ~ y s t d l o g r a p h i ~  axls and makes an angle of 
50" 53' wlth the '(L' ~ixis, Wc have ille followmg relations between 

the ptmap,d  s u s ~ c p t i b ~ l d ~ c s  of the crystal atid those of the S, molecule 
X O g  = K1 (1) 

Xby = 1<1 sm2 B t K~ COS' e (2) 

Xag = K, C O S ~  e + I<, sin" (3) 

wlm e 1s tllc . ~ g l o  wlncli the plane of the molecule makes with the 



Apply~ug this vdnc  1111 (3)) wc :;c( X,,,, -- -- 122 S x 10 " Tills 
WIUC d~ffei  b LC)I~\ICICI rLhIy f i ~ l l l  t l i ~  CXlIC1 i11I~lltrLlI~ ~ C ~ C I  ~ ~ I I I ~ C C I  vdtle 
- l28,2 X lo-" 

An :ipparcnlly c~ppioxim;~tc np ccmcnt IS fount1 xtz the general 
cliaraclc~ of tllc results, i f  ~ n s t e x l  of :On-$St, wc u w  71' ~n the 
foim~A.c (2) and (3)) but thcn xt 1s loul~cl to bc ~ lzpossh lc  to explain 
tlie X-ray intensxt~es ;~ccorcl~ng to tlic sclicine l~doptccl (1)rivate co111- 
munxcatlon from Dr I3 15 WCitrcn)+ 

Now the inagnet~c mctl~otl tvo~rlcl he '2 very good test of any 
structme proposed by X-ray malysis In tlie ilrst place, the anxso- 
t rop~es can bc dele1 ~mnccl e:lsily wit11 ,L high clcp ee of accuracy, 
especmlly the ratlo of Xc-X, X, -X, X,, -X,, Now these latlos 
are the most importmt qumtitics 111 st~uclurc clctermxnatxon by the 
magnetic rnetl~otl, and even ~f the ~uur11cy of clctei m~nation of the 
absolute values of Xc-X,, e t c ,  1s not hgh,  1f their ~c la tnw values are 
found correctly, the or lentations can be obta~iiecl ,~c~ura tc ly  With 
suxtably fine quark f ib~es  wc c m  find out tlie ~ , ~ t ~ o s  w~t l i  ,111 accuracy 
of 0 5 per cent. and the expclxmc~~ts w ~ t h  six drffcrcnt crystals gave 
xclentical vnlues Sxnce all tlie assumptions nl :~lc 111 the calculat~ons 
a1 e quxle justifiable and the spec~fic d ~ a m ~ l g ~ z e t ~ c  an~sott opy nf 1 ho~nbtc 
s ~ ~ l p h m ,  altl~ough fceblc, IS more thm half that of calc~tc, the magnetxc 
inetllod should bc a clec~sive chcck on m y  s t ~ u t t u r c  suggested by 
X-ray analysis. 





TEMPERATURE VARIATION OF TI-IE DIAMAGNI~TIc 

ANISOTROPY O F  CHYSTAJS 

No scrrotis attempt has been mcdc  SO fa1 to study tllc tcnlpcrature 
val mtron of the dxamagnetlc anlsot~ opy of 11101 g m c  m d  01 ganlc 
coinpounds Tllc tcmper;~tul e clcpcnclcnce of cb,lnllq.pclism obscrved 
in inctals and seizwcoi~cluctors 1s csscnt~dly co~~ricclccl wit11 proble~ns 
of the metallic state and thc pi opci ires of thc coritluctror~ electt 011s 
In crystals of orgamc ,~nd  inotg;mlc ~ompounds, d thoug l~  no profound 
changes of the ~ncan  dxntmgnctlc susccpthlhty a t  c lo be cxpecled 
with rlse of temperature, the amsotropy rzz~ty be cxpcctccl to cxhlbrt 
veiy slgntficLmt varl~tions Thc mthor lias, In this connect~on, 
examined s e v e ~  '11 I ~ O I  g m i ~  CK yslcds ~ l l d  01 grllllC (,I Y I L ~ S  tff Lll omat~c 
i mg-shaped compouncls wli~cli '11 e 1i11own 10 exl i~l~i t  1 1 1 ~  1 4  d1,imag- 
r~etlc , ~ n ~ s o t ~ o p y  T l ~ c  I csulls of thcsc ltrvcst~g,~llo~i,s ,u c 131 cscntcd In 
tlzis chapter 

In otganrc, c x y h l s  of low rnellmg pc,~ilt, wc nl,~y safely regxd 
the mt~i~lsrc  tnole~ul~ii ,~nisot~opy to ~ c m , i i ~ i  undfcc lccl hy cithei the 
dl1 ect lnfluence of tempci ,liur c, or hy ,uly sit uc lul,d clmzges w ~ t l m  
the crystal But in the cdsc of rnorg;in~c c ~ y s t d s  llke calboilates and 
nhates ,  we have seen that the d ~ d i l ~ a g t ~ ~ t i c  d111~0tr0py of the (Cod) 
and (NO,) groups, wl-uclz IS compa~at~vcly feeble, is sensibly affected 
by the charactel of tlie environnlent Hcncc, n chmge of stiucture 
in these cl ystals will dffe~t  the clyst,dlmc nr~~sotropy xi1 two ways 
Firstly due to alter,~tlon of the mtr~nsic atzisottopy of the groups and 





Temperature Variation o f  gnetic Properties 

Mccgmtzc Anzsoh opy * K t  ishu,mi\ tor smn,d nicthod 11~~s bcen 
adopted to de te rm~ne  the dlamngnekt ; . L I I I S O ~ ~ - O ~ ~  1 ' 1 1 ~ '  cxpet m e n  tal 
cond~t~oiis weie so adjusted that the s~tnplc i o ~ ~ n n l , ~ ,  

a CM 
(AX) =2( ( t , - - - )  4 VLI-I" 



tempcr:ltu~ c V:L111~(1011 01 ( l l~ l l l l a~ l l e t l~  ~ I U S O ~ I O ~ ) '  near abouts the melt- 
mg poln(, '15 th. . k ~ ( h ' \  lnverilgations on az&enzene crystals 
d1ffcl ent g1 d" of ilm I ~ Y  (~1cscl lbed later) have clearly brought out 

*rbe c x p ~ 1 l l l l ~ l 5  wclc done on three wystals of masses 
28 2, 39 5 and 55 8 nl 1 c ~ p e ~ t l v e l y  A modified technique 
was ;rclopterl 111 o lde l  to cletmune the temperature varlatm of 
{Ile m c g n ~ t ~ ~  c u l ~ s o i l o l ' ~  One of the chef dlfficultles was in 
surpcndmg tlw ~ r p t d  ~all110t use shellac or canada balsam 



for fixing the crystal to the end of the fibre smce they would 
melt at the 111ghc1 tenlperatures I-Ience, a crystdl holder of dell- 
cate pyrex glass fibre was made, In wlzich the uystal could be 
fixed in the desired nlanner The crystal holder was fused on to a 
stralght glass fibre about 20 cin long, to the o the~  end of which was 
attached the qua1 tz fibre hy means of shellac far above the heatrng 
oven (Frg 12) It IS mportant to level the suspended system so that 
it lotates freely when the tolsion-head 1s lotated This could be 
accoinplxsl~ed by softcnmg the s t ~ a ~ g h t  glass fibre at va~ious  points 
carefully by inems of a ~ u b y  f l m x  until the ctystal showed no 
tendency to take up any plefe~recl onentailon Inrtially the crystal 
holder alone was tected in the magnetic field in o r d e ~  to inake sure 
that no spurious effects were caused by it It sho~dJ  io tde  fieely rn 
the magnetic field and should exhrbll no tendency for p~eferred  
orlentat~on The couple actrng on the holdel 11.1 any position was 
ascel tamed to be negligible Fig 1 2  shows the lzeating ail  angement 
The heattng was done electricalIy by passmg steady ~ u r r e n t  from a 
battery, thlough chrome1 wne (which was iound to be only feebly 
magnetic) unrforrilly wound non-rncluct~vely ~ o u n d  the pyl ex tube It  1s 
rmportant that the lnb oductlm of the heatmg a n  mgement should not 
produce spurious i~zag~letlc effects Thxs was cal efully tested in some 
prel~minary experlments and the obseivecl changes were found to be 
less than 0 5% A copper cylrnder rnsde the pyrex tube ensured uni- 
fo~mity of tempel atui e xn the i eglon surrounding the crystal The 
temperatul e was measu~ ecl by means of a s~lver-constantm thermo- 
couple, the hot junction being placed very ilcar the crystal The 
calibiatloii was done directly wdh ieference to a standard thermometer 
whose bulb was placed In the posrtion usually occup~ed by the crystal 
The temperatrme could be kept at various values by adjusting the 
heating cunent by a system of rheostats Measulements we1 e taken 
after the temperature had attained a steady value 111 each case For 
avoldrng Buctuatlons of temperalure, a ful ther precaut~on was taken 
by constantly inamtalnlng a steady ctrrrent of water at room tempera- 
t u ~ e  In the cod tublng wound round the oven outslcle Tha tempera- 
ture could be malnlamed steady correct to 1°C It was found that 





The quartz fibre was througl~out at loom temperature and hence, c 
remains unchanged In oldel to avod any posc;ibil~ty of the shellac 
at S from softening, a copper spiral was wound lound the pyrex glass 
tube wrroundmg the legion and a curre~lt of cold water passed 
through it constantly (Flg 12) 

Absolzito Wuscep t zbz l z t~es  A modlfied form of magnetic 
balance of the Curle-Wdson type, constructed by the author 
(Frg 13), was eniployed foi de tel inlnlng the tempel ature v a ~  latlon 
of the absolute s~~scepttbility of sodium nrtiate both In the form 
of powder as well as single ciystal The balance beam and 
arms were of d~amagnetic glass and glass parts were used 
whel ever posslble Measu~ ements weie made by the null method 
The experiment essentially consisted 111 ineasuiing the vaiiation 
of the force actxng on the specimen placed In a non-uniform 
field, when the temperature was ralsed fiom 25°C to 300°C No 
absolute measul ements weie made, since, only relat~ve values are 
required The following p~ocedure was adopted Two phlals 
(Fig, 13,) were inade out of extremely thin-wallcd glass tublng of 
uniform bore such that the d~mens~ons  of the p h d s  were exactly the 
same After careful cleaning, one of the tubes was evacuated com- 
pletely and sealed off at the constriction Q A glass rod P of thlck 
ness 1 mm and length 20 cm was fused on to the phial at Q, the othe~ 
end of the rod berng ground to a conical shape and made to fit correct11 
into a ground socket at S (Fig 13) 111 this way the phial could bt: 
rigldly fixed to the arm of the balance Dry, finely powdered sodiuri 
nitrate was mtroduced into the othel phial and compressed up to 
sultable mark on the phlal The second phial was also cvacuated am 
sealed off m the same manner and the glass rod attached to ~t similarl~ 
Under   den tical experimental conditrons, the variatxons of the force 
acting on the phials respectively when the temperature was raise 
from 25"-300°C were measured by means of the magnetic balancl 
using the null method The zcxo-posit~on of the p h ~ d  in the fie] 
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 





same position by sutably rotating the torston-head The heatlne 
arrangement was similar to the one descrhecl before and the tern 
perature was measuied by means of a silver-constantan thermo 
couple The angle of rotatloll of the torsion-head was accurately 
measuled correct to a minute of arc by attachtng to i t  a long brasc 
rod, to the end of whlcb was fixed a brass slider whlch moved over ; 
brass scale bent tnto an arc of radius of about 50 ctn (Fig 13) 

1 1 I I I I I 
0 50 700 150 20 0 2 50 300 

G r n p ~ a t  u r e  "C 
FIG 14 

The determmatron of the actual var~atron of the susceptlblllty 
of the specimen with temperatule tnvolves the elxlninatton of the 
effects due to the heating of the contamer and the s~~rroundmg 
air, besldes the complications introduced by change of volume 
of the substance on heating The read~ngs talsen wtth the empty 
~ h l a l  (Fig 14) enable us to get nd of the first two, smce, the phlalk 



are of the same 1natellaI and dimensions Small &fferences 
In the d l n m x x m  of the ph~als wdl not affect tile results, smce, 
We are collcerned only with the changes of suscepflblhty and 
not the absolute values Smce sodium nitrate expands by about 57; 
between 25" 2nd 30O0C, it 1s necessary to get an  den of the order of 
magnitude of the effect of this expansion on the nleasmements ~ h ~ s  
WAS est~mated as iollows -A phial w ~ t h  a stopper was prepwed out 
of the same thin-walled glass tubrng and a mark made on ~t at the 
same distance from the bottom as m the case of the other p l ~ ~ d s ,  
mentioned before A second mark was made just above thls, 70 tl~nt 
the distance between the marks was one twentieth of the dlstance of 
the lower mark from the bottom of the tube Just cnougl1 socllum 
nitrate powder was mtroduced such that, when partially compressed, 
it came up to the upper nlark The force a ~ t ~ n g  on the pI11~11 111 the 
rnagnetlc field was now determmed 111 the usual way by suspend~ng 
~t from the alrn of the balance The phial was now ren~ovcd ,tnd the 
powder fully compressed untd it came up to the lower mark The 
force In the rnagnet~c field was agam measured under identlual 
cond~txons The diffelence in the forces in the two cases was 
0 3%, which is comparatively less than the observed temptrature 
var~ations and a correction for t h ~ s  was nldcle In the observed val~res 

The experiments were also I epeated wlth a smgle crystal " 
of sodium nltrate prepared from the melt m exactly the same n a j  as 
in the case of the powder, using s ~ m ~ I a r  glass ph~als By preparing 

the single crystal m a contamel of exactly the same d ~ ~ e n s l o n s  2s 

the p h d s  employed 1n the magnekc balance, ~t was possible t.0 get i t  
of such shape and length that it occupled the sdme \.dume In tht. 
phial as rn the experments with the powder was found that the 
optic axis of the crystal colncded arth the anis of the c!llnder to 
wlthln 5", and hence, the results gave practically, tljc vanatlon of the 
susceptlbrlrty perpendicular to the tilgonal a m  of the Wstal* The 
experimental condlt~ona were kept the same .ls in the fWjcfiments 

* M ~  thanks ale due to T hf K Nedungadi for hfnd& PrePaclng 

single c~ystal f o ~  me 
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with the powder The ci ystal was not allogethel f ree  El om flaws, an 
there wcre sllght cracks w h ~ h  S~IOWCC~ a teildellcy to w d c n  on beltl 
heated But tile damage w,ts no1 seilous AS could be checlied u 
expet inlentally The obselvecl changes tvcl e qurte small but fe  
definitely outside the  ll~nlls of expelmental  cllol It: wdl be obvloul 
llowever, that in vlew of some unavoidable sources of a r o l  an 
complxcat~ons, a hlgh pel centage of accuracy cmllot be clalined 
such deterlninatxon s but the results ltlclicaie d e a l  ly the dxrectloll an 
order of magn~tude of the clianges mvolved 

Results 
Flg 15 shows the v a ~ l a t ~ o n  of X L ~ - X l l i  wdh rlse of temper, 

ture graphically The  crosses indicate the course of the curve 2 



crystal IS heated from 2.5" to 300°C, whde the dots represent tlIc 
slues as the clystal ls cooled down It  1s seen that the lrlrlral valLle 
f anlsotlopy 1s l~ l a~ t l ca l ly  restored, and hence, the cll;mgea are 
,t due to any accldentnl c ~ ~ ~ e s  The exper~ment was lepeated with 
hree crystals to confirm the res~dts The comse of adso- 
opy-temperat~~re culVc 1s vely significant Up to a b o ~ ~ t  ]SS*C, 
l a m q p e t ~ ~  an l so t rop~  dlmmlshes but very shghtly rvith rlbe of 
?rnperatnre F iom 185°C ollwards, the decrease of amsotropy I\ 

cry plollounced At 280°C a slight mflex~.on 111 the curve can be 
otlced, correspondmg to a c l ~ ~ ~ ~ ~ ~ s h e d  rate of change of anisohopy 
Ith temperature The  changes occurllng above 300°C were difficult 
, follow, a l t h o ~ ~ g h  a rapid d ~ i n i n ~ ~ t ~ o n  was observed a few degrees 
:low the meltlng point 

Fig 16 shows the var~atioil of the susceptibll~ty of the powder 
~d that of the s~ng le  ciystal, respectively, wlth rise of temperature 
he changes are seen to be comparatively very small The diamag- 



nctlc susccpt~b~lity 1s sccn to lncr c'ise wxth rlse of ternpeiclture in 
cases 

The maease  m the dlamagnetlc susceptrbrl~ty of the crystal, 
direction pcrpendlcular to the tr~goncll axls, I5 found to be 
greater than the Increase In the mean susccptiblllCy of the pow& 
simple calculdtlon shows t h d  tllxs ~0uIc1  Imply .r d~rnlnutlon oi 
dlalnagnetic susceptib~lity pal allcl to the tr lgondl axis of the cri 
From the data In i,~ble 11, we have, Xllr = -29 7 x10-', and > 
-23 55x10-', refelred to a glam molecule of s o d ~ u n ~  nxtrde, at I 

temperature At 292'C , the values are, XIIi= -29 3 x lo-", 
XLr=  -24 2 x loeU These figmes would indicate that the ch 
in the magnetic piopcrtles of the (NO,,) group tcil<es p l x e  both in 

perpencliculal to 11s plme, ~~ssuming  tllr~t these cliailgcs of suscel 
11ty are entirely clue to the (NO,) g o u p  Thc cllnmagnet~c suscel 
hty 111 a cl~rectlon pelpcndicul,~~ to thc plclne of the ion decrc 
whlle the suscept~bllity p a r d e l  to the plnne mueases  

Opflcal Properties 

The influence of tenlpcl:~tul e on the b11ef1 lngencc of sol 
nrtrate has been quditatlvely ~nvesl~gated b y  Krc~cekl (1 981) 
found that there IS 110 suclclen change of b11cfringex1cc on hentinp 
dicatmg that thele 1s no suddcn ch'mge of phase during the gr6 
transrtlon observed hy  him 111 the c l y s t ~ l  from 18,5°-2750C 
un~axld  char'xter of the crystal per slsts up to ~ t s  nleltmg polnt 

The teinpelature va~latlon of the blrefr~ngencc of so 
nl t~ate clystal has been qumtrtatlvely studred by the autho 
measulements mdde on the birefringence pattern obtclmed whe 
crystal 1s exammed under monochl omatic convelgenl polarised 
between crossed n~cols, tlic clyslal pl~tc: bemg cut with the optic 
perpendicular to its plane 

The arrangement for obtaining the biiefrmgence patte 
rxngs and brushes with inonocl~omat~c  corivergent hglit transrr 
through a plane parallel plate of a double-lefractlng crystal p 
between crossed n~cols 1s too well-known to need any d e s m  



0-Mlctoscope oblectlve 
(3 --l%lt cell tlitough which cold wate~ ,., 

IS circulated 
$fi --I-'yic\ end plates 
C-Cly&~l plate 

IIC-C1yst,tl llolclet 
A - C o p p  tad 
S-Asbestos 

TV-I-Icat~ng Wile 
ill --Mtcx .;lux1 
11--Pyt cu holde~ tube 
Y -'l'llcl lllo~llclcl 

Prc 17 

I 'Uie cuppel iod 15 wvered wdh a thm layer of asbestos aver 
~ich ~ l n o m e l  WII l: I$  wound for alectr~cally heatlng the rod The 

iole lod 1% t h e n  covc~ed  with ;~sbestos for lnsulat~ng it, leavmg only 







d c l  d (tan r ,- tan r,) sm z 
A, C o b  ? Xl cos PI 4- 

10 

COS ')', COS 1,  =%ad( A *  - 

11 xespcctlvely. 

If we put: 
11, $111 a 

s1n rrn =-qz 
e r,, denotes the mean angle of ~efraction 2nd n. n,, n ,  



47 the refredive indices cori espondmg to A", Al, h2 (?h i -  -, nr A. 

no= 1) we get by substrlution, 
4 "' 

2ad(n2 - r8,) 

A -- ho cos r, 

and therefo~e, 
2nd (72" - RJ SIII'? A = --- ---. - approxrmately 

A, C05 T, 

From t h ~ s  we get for the first dark l u g ,  between ctossed nrcols, the 
follow~ng relat~on, on equ.~tmg the phase cliff ci e l m  to 2a 

-- 
Smce the angles of lefractlon a1 e small, .\i cos ?,I may be taken as 
unity, and can be cvnloaled from the known values of Ao, d, nQ 

and ?a,, T h ~ s  was found to be 2 8" in the actud experment when 
d= 0 580 mm and h0=404G A U It is evlclent that since rm1 ,, - - -- 
very small, we are qmle justified 111 assummg 4 cos ?,I = 1 nearly 

37rd (?to - ?to) ~ 1 0 ~ 1 ~ ~ ~  

Now hQ cos 15 constmt, l m n g  the phase difference 

correspondmg to the first dark ring Hcnce, for any varlatlon In the 
d sm27 

value of x~,- with temperatme, there must be a correspondmg 

change in the val& of n0--ne 1n the opposite dlrect~on The change 
in the value of d 1s known from the dab of thermal expanslon of the 
crystal and that of sm '~ .~  can also be cal~ulatcd from measurements 
of the diameter of the fmt  dark xmg (1s follows 

Let the rddlus of the rmg cll.mge: by Sp If p IS the rad~us 
and d the tluckness oi the pldtc i ~ ~ i t ~ d l y ,  then, 

tan 



il and find temperatures and 3d 1s the change in the ths.- 
, of d' at t, 

being small. Hence smce Cos r, may be assumed to 
1 

mty, 

Tllus from the data of thermal expansion of the crystal and 
s~rrernent\ of the chameter of the rmgs at varlous temperatures, 
posshle to get an est~mate of the correspond~ng change of 

f r lnget i~e Sodium nitrate expands by 4 7% along the tr~gonal 
when heated up to 290°C Hence 

the blrefr~ngerlce decreases by 2,4% when the crystal 1s heated 
1 25"-290% 

Now temperature can affect the refractlve Index of an aruso- 
~lc  crystal ln two ways (1) the thermal expansion of the crystal 
brmg &out a varmtlon of the prlncrpal refract~ve lnd~ces wh~ch 
be, in general, different for the three d~rechons, (2) there wdl be 

ntnnstc change in the value of the refractlve lndlces due to me 
emperaturc Hence the e~perlmentally-obser~ed values of the 
np of r e f r a c t m  index wJl essentdy  conslst of two parts If n, 



de11otes one of the pr~nc~pal  ref1 d ~ v e  ~ n c l i ~ e s  (11 = I ,  2, 2) and 6 the 
temperature, we have thc fd~owtng rclalion 

'An change, is negative, and thercfox e, -- will ,ilso be negcdtve, i,e , tile at 
intnr-rslc birefr~ngencc due to the (NO ,) group clec~ ea\es with 
tempei ature 

Drscussion 

The observed decrease in the c l tm~ag~~c t l c  ,mtsotropy of sod~um 
nrtrate with tise of teinpe~ature c,~n bc due to any of the following 
causes -(I) change in thc I elatwe 01 rctzt,~tlons of the (NO,,) Ions In 

the crystal lattice , (2) Luge c~nlplltucIe swlrqyng asc~lldt~ons of the 
(NO,) gloups pe~pcndtcular to tllci~ plmcs w111cll ,we cxclted at 111gher 
temperatur cs , (3) change in the ~ n t ~  msic ,~nlsotr opy of the (NO,) Ion 

wxtll rise of iempeiatu~e duc to clelo~mal~o~zs poduced on ~t or othe~ 
causes 

X-ray analys~s has shown that t lx ie  lr no cl~~ingc of crystal 
stiuctu~e up to 300°C The (NO,) ions contuiuc to terntun wllh thelr 
planes pal allel to caclz other and peipend~cul~u to the trlganal axls of 



clystal AIICI t h c l c f ~ l c ,  tllc change oi an~sotropy c;mnot be atinbut- 
to ~ l l a n g c  in illc lclatlve ol lentat t~i l~ of the (NO3 groups swing- 
os~ll .dions Of 1 . 1 1 ~ ~  ~~111pllt~Kk also do not hppear to be tlie cause 

chnngc Of '~ l~sot lop) .  A l h u g h  it 1s evident illat the Ions 
10 rwm,q w~t l l  1.kljic .~lllplltudes about their plane, a dllnlnutlon 

lle & . ~ ~ l ~ l g l ~ ~ i l c  ~1111~0 t l~ l J~  will O C C W ,  a simple calculation llldl(,ntet 

10 ~011111 i o ~  t h  (dm1 ~ " 1  magmtude of the e8ect) anl$ltudes 
llc & I  of SO" on ~ t h l  of the equillbnuln pos~tlnn will be 
e\q,lry if tllc .kmpl~lude of osclllahon is denoted by 8. at any 
ant, the mgulni p d l o l l  8 of the plane of the Ion with respect to 

F'ol v d u e s  of 8, = 5") lo0, 15" and 20°, we have cos 2omW 
14 = 0 976, 0 814 ,uld O 848, iespect~vely Calculations of the 

dltudc of awi~lgmg osall.~t~ons based on the data of llght scattering 
catc t l id  ih15 l b  ~omp.lratively snlall Using the relahon, 

Ill (3,z = -- 
2 2 1, I 

~ v e d  by R n m m  md Nedungadi (1939), the amplitude of the tlltlng 
Jlat~on lor 145 cm -l Lames out to be 5 8" Tins can produce 

ecrcaw of r n ~ g n c h ~  misotropy of the order of 1% only On the 



The work of ICracck L ~ u d  1115 coll:~bo~ c ~ t o ~ s  011. the gradLla\ 
transition In sodmm nltrate when the cxy~1,il 1s hc,itccl up to 300" has 

lntrn~ate bemng  011 thc c;hLlngc oi t h n ~ g l l c i l c  mlsotlopy observed 
by the authol, for rt xs oidy ndtul,~l th,d '111 lllcllc p ~ ~ e n o n ~ c n a  s1lould 
be mter-I elated These xitho1 \ li1ive ~ ~ L I C I I C ~ ~  the bed cnpaclty, 
tllcrmal expmslon, solubility ctc , of socl~um 11d1 d c  from room ternl 
peratuie up to about SOO°C ;1nc1 11,ivc o b ~ v c d  grciclud t~arlsition m 
these properhes, whose chai dctcl l 4 . l ~ ~  werc found to chifer f l  om 
those of nolmal polymorphrc xnverslon ln that there IS no firute dls- 
contmuity durrng the t rmsl t~on To cxplCun tllc otsseived changes, 
they have postulated .thd the (NO,) g o ~ l p  b c g ~ n  to lotate freely zn 
the$? plane at hlgh iempel ,~tu1 e s  The  tl mu t ion  from o~cillatlon 
to rolatlon of the lolls cotl-~nze~lccs at about 185°C and ns the 
temperature IS rncreased further, inore and rnoic of the ions begrn 
to rotate untd at 275°C all of thein LLI c I o td ing  The anomalous 
Increase xn the specrfic hedl of thc subs lnn~c  111 the h n p e r & m  
range 185"-275OC has been expl,mctf. h y  them on this hypothesis 
Austln and Plerce"l933) hive stucliccl the IineLw thermal expansion 
of sodium n~t ra te  111 great de ta~l  ,mcl tlicy licive d s o  observed an 
anonlalous Incre'tse 111 the coelltcicnt of tllcr n i ~ l  exp~lnsion pal allel to 
the trigoilal axis of the c rys lJ  bctwccn 150" illi~l 280°C Thcy have 
tried to explain t lwr  obsc~vatroris also wlt1-1 tllc help of the roiat~ot~ 
hypothesrs, although 111 tlm case sonic pomts ~ i r c  not clulte d e a r  
They assume that the mcressrng ,~mplltutlcs of o s ~ d l , ~ t m n  oi the (NO,) 
ions sn Lhew own pZnm cause '1 ni,r~ ltccl w p r , ~ t m n  of the plmcs of 
the nltrate ions and metal lolls wlthuut m y  , ~ b t i ~ ~ ~ r n ~ l  inclease of 
drinenslons In the plane of thc g ~ o u p ,  or 111 o t h e ~  words, the mter- 
molecular forces wlllch are affected hy such osc~ l l~~ t lons  m d  rotcitlons 
are assumed to be those actrng betwcen ,dtcrncrtc layeis of n~trate 
and metal Ions It is  not 1mmed1,~tely obvlou\ why this should be so 
If on the other 1lcmd, wc assume rotatwns to exxst srdc by slde with 
lateral swingmg osc~lldrons of thc (NO,) lolls pc~pcndrculctr to their 
planes the large thermal expansioxl in the dircctlon of the trigonal 
axis may be qualitatively explamcd, 



The rolatlotls of tllc (NO,)- Ions 111 ihezl ozoll 

fol the c h ~ ~ g c  of d~an~agnet lc  anisotropy 

(NO,) group ns (1, ~ l g d  st~ucture,  whether ~t 

plane cannot 
If we regard 
1s statlonary 

Fl om thr nhove constchatlons we are led to conclude that 

e 11105t prolmMy cm mt1tnsic change of the cl~alnagnet~~ anlso- 

y the  (NO,) g1 OUP ~1111 llse of ternperatule 

T h e  recent  walk of Frcnkel and Savehev6 (1937) on the 
,el a h  e vdl l h W l  of the dlamagnetr ansotropy of rlng-shaped 

:cules 13 noteworllly 111 this connection They have beerl able to 
rr t h d  the c l ~ m ~ g a e t l c  susceptlblhty of electrons 111 nngs sllould 
1nls11 w ~ l h  l lse of tcmperalule, as for ~nstance, In the case of 

lhlte (KI 15l111m m d  Gmguli7, 19 37) They d~fferent~ate be tween 
ca5es , the  case of mteracl~ng and non-tnleractmg electrons A 
x l  atul e-clcpcnclcncc of cllamagnelic susceptrbdlty and anisotropy 
be expeclct l  only 111 the Icdlei case, as m graphite In the case 

z tv rnc  md wnt1~1 conjt~galed st~uctures, they have pointed out 
whethct the ' l e w m n c e  elecl~ons' are of the mteract~ng type or 
mtcr ,~r  lmg  type c m  orily be cleclded by expe~~ment The fact 
tlic d l c ~ ~ i l r l g ~ ~ ~ t ~ ~  s ~ s e c p t ~ b d d y  of S O C ~ ~ L I ~  nllrate actually Increases 
~ t ly  with t c ~ n p c ~  atur e would indicate thd  the ' resonance elec- 
s ' '1.1 e of thc xrilc~ ,lclnlg type 111 the (NO,) group, and therefore 
hc'illy u n d f e c  tcd by temperature In the manner cons~clered by 
lhcl c ~ ~ l ~ l  SAVCIICV md the theory as  a p p l d  to graphite does not 
[I to 11e v , h l  1 ~ 1  c 

Tlrc o b i c ~ v c r l  ~liarige5 can be salisfactordy explamed as being 
to the ~ h a n g e  uf sir o d m c  of the sod~um nrtrate lattice caused by 
g l a c h ~ l  t ~ m a i l l ~ n  I n  I d l  1111s infe~ence is suggested by the 
2 Lor1 e\ponilcncc h e t w c w  thc specific heat and thermal expan- 
dl.ulge5, .md tile rllangc of dismaglietlc anisotropy The main 

Ire5 111 tllc ob\civi;d ~ l l ~ m g c s  ale, a comparatively small decrease 
3 about 180°C , .L prorlounced var~ation between 180" and %O0C 
a l e w  p r ~ n o u r r ~ ~ d  d c a e a s e  between 280" and 30O0C 

, Schu1zes 



The optlcal studies clcxly indicate that the un~nxial character 
of the crystal I en-~alnc un~hanged on incremng the teiilpel atui e The 
blrefrlngence dccre,~sos by : h u t  2 4 pel cent of ~ t s  room tempeia- 
turc value at 292°C We have seen th,lt this cortesponds to a 
decrease 111 the inti lizsic opttcd mlsotlopy of the (NO,) group itself 
Sxlice the observccl c lmges  arc quite s~nall,  tllc xiicthod adopted for 
siudymg the c l ~ ~ n g e s  In the cha~actcr of the birefrmgence pattern 
cannot be v e I y  accux ate, espccxally since the xings ale rdher  dlfluse, 
and an actual dctel min,~tlon of thc ~hanges  111 the i efi actlvc xlldices 
no and YL, 1s neccssnt y for st1 ict qum titdivc clc tci rnmlt~ori Thxs 1s 

being attempted einploying ,L PI15111 01 ~ o d l u m  1~1 i ;~ tc  C L I ~  with I ~ S  

o p t i ~  axis parallel to the edge of the prism, 111c~tsuicment5 b a n g  made 



s13cctiot~~~tcl  But the f a d  that the ophcal anlsotropy of 

) g i o ~ p  lt\elf declcabes at high temperatures supports 
is of the nlagnetxc me~lsut ements 

the 
tl1c 

2. CALCITE 



3. AMMONIUM NITRATE 

When the n~olten s d t  frcetc\ ,it ,~hout lti8'C , it forms, first 
cubic crys1;tls ol I-ammont~xi~i t11t1 d c  At ,111out 125°C , we get the 
t~trdgonal foi 111 ill st clts~ovel ed Ily W;LIICI ant, XI-mmorlmrn n~trate 
At 8d°C agm, 111-,mmontum nltt d e  1s f o ~  inccl, w h ~ c h  1s now knowr 
to be 01 tholliombic, althougli inonoclilrr~ s ~ i i l ~ n c t r y  wab '11 ilrst asslgnec 
to this form The bcst I epr esent,dive vClhe of tllxs tr,msthon tempera 
ture IS glven by Ear Iy and Lowly C L ~  84 2% At clbo~t 3 2 T ,  then 
xs CL thlrcl tl an\ltlon to T.V-m~morz~um rlltl ate, wlltcli 1s the usua 
rhornb~c room-temperature moc11fic,~t1on Below 18°C , a tetragons 
or pseudo-hexagonal form has been fo~tncl to be stable, 



P7~nse Temp OC I 

A X - 11 125,2 
I1 e I11 84.2 
XI1 IV 33 3 
IV V -18 0 

Tile X-ray analyus of Henclricks, Posnlak and shows 
2ach of these t.1 clnbltlons, as may be naturally expected, 1s charac. 
2cl by nltei r d  1 c l d ~ v e  pos~llons and or~entations of the (NO,)-- 
(NI-I,)+ lolls 111 t . 1 ~  lattice In the cubic folm, evidence has been 
1 for thc exidcnce of adudl rotations of the (NOJ groups i n  the 
e Tl~e st1 uclural chat acterldlc~ of the other nlod~ficatlo~~ found 
lem are 

~~lpngonrti! (U-n?7tntonaz~~16 rtztrnte) (125 2'44 2OC ) , a= b= 
, c = 5 OOA , 2 NI-IINOd In the unit cell Plane of the (NO,) 

ps p ra l l c l  to the 'L'-2x1s and lnclmed at 45" to the 'a' and %'-axes 

0) t7m l~ontbzr, (TIT-nnz?nolnzum ~zzt~ate) (84 2'-32 3" a= 

lo, 6 = 7 6 6 A ,  c = 5,80A" 4 NH,NO, m the unlt of structure 
es of the (NO ,) gl nups p a  allel to the ' c '-axis and inclined at an 
: of nearly 26" to the ' b '-axls of the crystal 

Ortizor?~ombzc (1V-nmamonwm netlate) (33 3" to -18°C) Sp 
p V': , a -6.71&, 6=6  4.5Ao, c = 4  96A0, (the ' a '  and ' c  ' crystal- 
p h ~ c  axes llctvc been Intel ~ h m g e d  in the X-ray measurements) 
2 NI-I,NO, m Lllc u n ~ t  cell Planes of the (NO,) groups perpendl- 
to the ' b ' - ~ ~ y s t : ~ I I ~ g r a p h ~ c  axls 

T-nrn??ao f i~~~1~~ 71ztp ate , stable below -18°C Hexagonal , a= 

lol o = 15 9Aol with GNH,NO, in the unlt cell. The true latt~ce 
be pscuclo-lxxagoncd 

C D West" in 111s X-1.1~ a~lalysis of the room temperature 
ficat~on retams the a yaiallographlc ax~al r at~os a c = O  909 ' 

1,0553, wlltxcas I-Iend~lcks, Poslljak and K r a d  h v e  found it 
ssary to mterchmge 'a' and lo', SO fiat they get c ?I a as 
I , 1 . 1,0558, 



gnceiic Anisotropy and Crystal  Polymorphism 



WhW i m k ~ n g  a gcncraI SLU vey of the various transforlnatlonS 
he mcihotl 01 I ~ I ; L ~ I I C - C I ~ S ~ ~ ~ ~ I C  action, it is sufficleat to choose a 
c o r ~ v c r ~ m i t  tcrnper nlur cs and detelmne In each case the d~amag- 

n t l ~ s u l ~  opy of thc LI ystd w h e n  ~t has reached a steady value 
:n thc I C I ~ ~ C I  l ~ t u ~  C: IS CVCI~ above a transltxon point, in general, 
t ra l~s l t lo t~  t.ikcs p l a ~ c  qmcldy 111 most substances, except a few, 
v h d l  ~ W C I  .11 I L I ~  ILI e I equlred for the complete react~on to take 
:, az f a  1 1 1 4 m ~ c  the tl mshon, rnonoclinlc + Rhomblc sulphur 
IC case ol ammanmrn rutlate, the tme-lag IS very IMe , except 
le case of IV 111 inversion where the temperature has to be 
XI well bcyond ihc translt~on polnt for the trans~tlon to take place 
kly At t c q ~ l  atm es one or two degrees above the transhn 
m a t u ~ c  (32 $7, tlic ~ c ~ ~ ~ t l o n  is co~npnratlvely slow, tala% a few 
s Edtly . ~ l l d l , o w l y  (1919)11wes11owntha~ m contrast to the 
s i l~on  nl :1$ ;?I,  tllo ve loc~t~es  ol the transdlons at higher tempera- 
s a1 c f.lst cnnugh to gwc sharply defined breaks 111 the heatlng and 
mg cm vcz I t  1% ~mpol  i,mt to note, however, that the actua1 
itul e of the y~t.d 1s the most mportant factor governing the velo- 



T h e  tecl~n~que ;~tloptccl f o ~  111g11 t ~ l n p ~ 1 a 1 1 1 1  c I ~ I C ~ ~ \ L U  cn~e l l l  
was ex,~elly tlic s~linc ,L\ ~ C C I L I I I X C I  I I C I ~ I L  1 1 1  t l ~  ~ l s c  of S O C ~ ~ L U  

nitrate A rjurtable cryshl  llolcle~ of suific~cnlly t l ~ ~ 1 ~  glass f lhe  wa 
made to hold the , ~ r n m o u ~ u t ~ ~  mlt dlc c~ysLtl 1 lg~clly Expcr men l  
were rn& with the 'd- dxrs of the LI yhlai kept v e ~  tlcd Tlic suspend 
e d  c~ystal was bept rns~de thc cxpel ~ l c ~ i l d  tube fol a day in th 
plesence of P,O,, so tl id xio t r  'ice of n l o l ~ ~ t ~ ~ x  e  ~ n ~ g l l t  be p ~ e s e n t  



at iempercltutch 47') 59' and 7 8 ' ~ .  in this range bas found 
mves~lg:ltc~! the rallge 84 2"-1% 2°C and finally 125 20- 

2 Tllc I c ~ l l \  ohldllled 111 an exprlment with a crystal of mass 
mgm ,ri c sl-mwn g r d p h i ~ ~ l l y  in Flg 20 

T e m p e d w e  'C 
FIG 20 

Tllerc arc coinpl~cations durmg the high temperature transr- 
% chc to the subllmatlon lmcl breakmg up of the crystal Owlng 
11s a i d  v;u KJUS o t lm cLitrscs 11111e1 ent 111 polymorphic chatlges, the 
e could not bc ~ ~ t l x e c l  011 coolmg But I[ was found that the 

tal i egcrnletl ,t 1 , ~ t  gca ptu t of I ~ S  ~lllsotlopy on cooltng down to room 
peralu~c, .1ltla,ug1~ 11 w.r\ no longer a sii~gle crystal When heat- 

~ b o v e  R 1 2°C , the crystcds ust~ally developed opaclty and were 





111 911d1 (1 CBW, 11 W C ~ S  f ~ ~ t l d  that there IS practically no re 
attoll of the p o l y l l l ~ l p h ~  t1 a l l~ l t l~ l l  If the tempelature 1s kept 
ile hlghct t l lm :I°C , the diamag~rettc annotiopy falls to a low 
e and docs tloi ~l la l l@ pleceptlbly w1th tune If, llo~vever, the 
tal is brougllt to a tclllpc1 dime lowei than the tra~lsttlon tempera. 

1 
the atnsotlopy dsaumes a highel value It was noticed that, 
a\icr~l.rie h ~ d ~ n : :  md ~oohng destroyed the hoinogeneiky of the 

trll and tliex c we1 e consldel able vartattons in the actual values of 

~ l , l i n , ~ g n d i ~  m ~ s o t t  opy oblatned The orlgtnal room temperatuie 
e of Lhc smglc cl y5td could not be t eached 111 any case although 
es vet y n c ~ r  to 11 we1 c obtamed ~n one or two mstances 

Whcn  a crystd of IV-ammonium nlt~ate, aftel transformation 
.I-axnmontuxu I U ~ I ~ C  by being kept at a temperature of 60% for 
,v bouts, w,l\ p,~du,il ly coolccl down to loom tcrnperature, ~t &as 

rvcd t l d  'it ,bout 27°C the dlainagnctlc antsotropy d ~ d  not show 
pa ~ c p t t l ~ l c  ~ I ~ C I  C ~ S L  The vclocity of reaction I I I3 IV  was 

d to be t ,ltl~cr v c ~  y slow undel the conditions of the experiment 
m thct ~ o o l ~ n g  to 20°C the dtamagnet~c an~sottopy was found to 
tncr e,\sctl ~ o ~ i ~ ~ ~ l ~ l a l - d y  to very nearly the original value for IV- 

lonnzin li l trdc crystal lnd~cating ieconversion to IV-ammonmm 
tc 

The  ttansltlon at 84 2% wns observed to be comparatively 
k but was not lnvcsllgatcd In great detail 

X a m o g n e t i c  Anisotropy in relatron to Polymorphrsm 
in Ammonium Nlrrcrte 



Now 11 must be enlphas~sed t l l d  thct c at c l ~ n l i t ~ ~ t ~ o n s  to this 
rnetlzod Recent X-ray work by I[,eonhai dl and I30rdiert'~ and 
Tlemeyer lo indicates that, In gcncr nl ,  clurrng ,1 poly~llot p l ~ c  trans1tlon 
tile s ~ i ~ g l e  crystal of one rnodiiicatlon gets t ~ m s f o ~ m e c l  mto n p l y -  
crystalli~le aggregate of the second rnocllfi~,rtlon Tlemcyel has 
exammecl the varlous trnns~t~ons 111 ammontum n ~ t ~ a t e  by X-lay 
analysis I-Ie finds that 1 1 1 - r ~ n ~ m o ~ z ~ ~ ~ m  n1t1 'ite formed ftom IV 
consrsts of mxnute crystals whlch, however, '11 c not very m,irltedly 
separated from each other so t h d  11 a p p r o ~ ~ m a t e s  to a mosatc 
crystal The or~ent~t ions  of thcse ciyst,tll~lles ale lnor e or less 
of a regular character, altllough tllelc IS some clepdi tme from 
perfect regular~ty of arrangcincnt Coolmg the 111-amrnonrurn nitrate 
thus formed below 32 3OC , pl oducccl polyc~ yslallme IV-ammonmm 
nitrate 

The magnetx measurements d s o  xnclicatc t h d  t l le~e  1s regu 
lanty m the arrangement of the c~ys ld ldc \  111 JII-a1nxnor1lum nrirate 
formed from IV, It  1s found that tllc cll,~ln:gnctic.. an~sot~opy of I11 
ammonium mtrate (Flg 20) 1s a p p  nmm,ltcly what should be expected 
~f the ' c '-axis of the orig~nal ~ o o m  telilpcratz~r c ~nocliilc~lt~on corr es 
ponds to thc ' c '-axrs of the III-;m~mon~um nrtr dtc cr ysi:d (from the 
standpoint of the rnrrgrlctic me,lsurcmenth, 11 imkes  lltlle difference 
whethe1 the 111-fo~m xs a m g l c  crystal or n poly~x ystallme agglegate 
the crystallltes of whch  ,Ire aira~lgccl regularly with smllar axe, 
polntmg In the same d~rection) Accorcl~~ig to llic X-ray arlalysts 01 
Hendricks and othel s the pl,lnes of tllc n r t ~  , ~ t c  lolls ,II c ~nclmed tc 
the ciystaliograph~c ' ZI'-ax~s ,lt ,HI :~ngIc of Y(i" , u d  they m alsc 
parallel to the ' c '-(ixis Tlzc ~ n ~ l t n , ~ t ~ o n  of thc l h n e \  of the ionL 
account5 lo1 the lower vduc of tllc dl,un,~gnetlc m~sulropy of the III 
rnodllicat~on, expei~menhlly ubsei vcd If wc twt,ltrveIy assume thal 
the 'cl-axls of the 111-folm 15 In tllc s ~ m c  chrcctloll LIS tllc (d-axlb of t k  



As 1 c g a  cls 11 msltions at 84 2OC and 125 2°C ,there is consider- 
d&i~u l ly  on Iw.,ount of the lack of hoinogene~ty of the crystal 

llgh t empe l  a l ~ u  e s  Beyond about 100°C the crystal becomes 
te md opacpe, cvdently clue to ~ t s  polycrystalline character But 
erillclcs\, tlic c l ~ ~ u ~ g c \  of d~amagnetic an~sotropy are very charac- 
;tic, Above S 1 2°C Illc nnisot~opy falls to a low but definite value 
mlnonlum 11111 .ttc has a let1 agonal form accordmg to X-ray 
1ys1s nlld 11 will 1i .w no msotropy in a plane perpendicular to the 



Frg 22 shows that tlic r d c  of thc I e < ~ c t ~ o n  I V 3 I I I  1s 
gieater if the te~npcl  ature of tlic c I y s t J  1s ~ l ~ u c l l  11~$1cr t11m the 
trmsitmn tempet ature The O ~ ~ S C I V J ~ I O I ~  tl~rlt tlic r d e  of I eaction 
IV+III 1s a c c e l e ~ ~ t e d  wlle~l tlic ~ c I I ~ ~ c I ~ ~ ~ u I ~ '  at wllr~ll  the t l d i ~ s ~ t ~ o n  

hcatlng and coolmg accclcldcs tlic ~ l l , r n g ~  ,lt tllc t rmsl t~on point 
32 3°C may he clue to the pe rencc  01 l~otll  ~nocl~f~cnlmns together 
simultaneously Colien and 1,icshout l i l~vc  not^ ctl t l ~ t  if thc substance 
is alternately heated and coolctl scvcr,kl t m c s  ,~hout thc transition 
temperatu~ e there is p~ actic,illy iio I q  111 tllc 11 msfol mat~on If on 
the 0 t h  hand, 111-ammonmul n111:itc 1% 1,cpt for a long time well 
above the tlansltion tcrnpcraturc 132 Y C ,  wc h,lvc seen that on cool- 
mg down the crystal there 1s 11ys tc1~s i~  111 the IIT+IV trans- 

Just 11kc ammonium nxtratc, pot,lss1~1111 nxtrde also exhlb~ts 
polyinorphrsrn But only two forms '11 c known M I, FI ankenhelm'' 
first d~scovered the existence of the two forms The transrtmn 



Collotl m t l  I I 1, 1:t cdce"' dso repol t the occurrence of a ' tl~trd 
c l l i~cdton '  Ixlotv 1 87°C ~111~11, however, soon transforms to the 

fol ni, Mot c t cc (:111ly W Boi chertz0 has Investigated the poly- 
rpliisrn of pot ,~ccmtn  mtrate tn gieat detail by means of X-rays. 
find5 1 1 ~ 1  tllc r l m n b l c  low-lctnpcrature modlficatlon (P)  of the 

gonlic Lypc 1s 11 . l ~ i s i o ~  mcd to the Ill&-temperature modlficat~on of 
~ r l l ~ l t ~  type  ( ( 1 )  ,kt 1 2S°C The change a 3 /3 occurs tn a com- 

:nletl w , ~ y  (111 coolnlg, tlic t ~ l g o n d  mocl~ficatm assumes a mosalc 
I adcr n l  l a;?"' Tliis has bcen called the 2-modlficat~on by 
I d i e r  t 'The ( t  t I y 4 . d  ~11.mgcs to ,8 at 113" , the ,8-n~odlficat~on 

formcd ~ o n s ~ b l i ~ r g  OI very hnc crystalhtes (Fig 23) 
,I (Tt~gonal form prepared from melt) 



If, however, the ~~,-nzodilrc:dlon is kept at a high tempelature, 
(dbot~t 195OC) then, on cooling, it behaves like the u-modification 
prepared from the melt, the translt~on to the /3-form occulrlng at 
113°C only 

It wlll be evldent from the ,~bove tlmt the observed changes 
are ra the~ complicated The ,iuthor h,\s investlg,decl the conespond- 
ing changes of the cliamagnetlc misottopy of the crystdl under vaxlous 
exper~mentd conclxt~o~~s ancl the i csults obtzunccl '11 c pr cscnted and 
dxscussed in relation to the c'~rliel X-I ~y work. 

The crystals of potassium nltratc we1 e pr cpcu ed from a saturated 
solutlon of the substance (I<;~li lbmn~s p u ~  c5t) In d i l~de  n~trxc sad. 
The cxystal was suspencled f ~ o i n  the quc i r l~  fibre with the 'cJ-axls 
horizontal and the 'a'-axls veitm.1 The value of X,-X, determined 
at room tempel ature, has been given ear llcr (X,-X, = 6 98 x lo-') 
and the changes in tllis qudnt~iy with Ixse of tempelatuse were 
xnvestlgatecl 

11, was found that the clrmCrgnctlc anxsotr opy clmlged at 127°C 
more or less abruptly (Fig 24)) end no I'ig 111 tllc tl l ~ l ~ ~ l i ~ ~ ~ l  co~llcl be 
found, as fa1 as could be made out flonl tllc n ~ ~ g n c t l r :  lneasurements 
The ineasure~nents were t,ilcen after thc tcinpa d u r c  h , ~ l  reached a 
steady value zn each case The obselved c11,~nge ,rpparently corres- 
ponds to the transition of the cxyst:~l from thc ar:lgonitc type of 
structure to the calcite type X-Ie,~tlng of the crystal above 127°C had 
pract~cdlly no furthe1 eflecl on the d~arn~ igne t~c  anisotropy 

The changes on coolltig down the crystal from 150°C were not 
equally strikmg At 124°C. LLII mcre,ise 111 the dtamagnctrc anxsotropy 



The I C l l l U  h h l c  fact 111 these expenments 1s that onen- 
tatron of the: 'c4'-tixls of tllc ciyshls relatlvc to the field is not affected 
to my gl eid c; i t (  r r  i tlul mg 1l1c il ansition The rnaxlmum devlatlon 
found WAS tmly ~ tho~r t  I" 'lllu\ would ~ndicdte that when the polymor- 
phlc t r , m \ d ~ (  )n t,lkcs pl~cc,  the tr rgolial axrs of the u-modiiicat~on 
carte\porirls molt oi I U ~ S  to the 'el-axis of the or~glnal @-modlficatlon 
The pl,ulcr ol' the (No, )  gloups Are pe~pendrcular to the '0'-crystallo- 
graphlr.  xi\ in t . 1 ~  /J-ulodd~,liion ml pc~pe~ld~cular  to the trjlgonal axrs 
i I - O I ' ' ~  TICIILC, w1xn polyrnorph~ ~11anges take 
p l x u  illel ia ,qqxl.u '"1" 17"~  dcl~mic  gcometrlcd relation between the 
cryst.\llrlg~ . ~ p l u  , t \ ~ \  ~ ) t  UII: JWO lnod~ficiltrons involved 111 the change 
{n the c.isl: of 1~ jllrc c.* y*t.iI$ Attcnhon ha5 been drawn to this aspect 



The diCmagnctlc anlsottopy of rhomlm sulphur at room tern- 
peratu~ c has been studred by the author :IS descl lbecl carllcr Above 
about 96°C rliolnb~c sulphur (11) t~ Lmsfo~ ms 11110 A monocl~~l~c form 
(p) This t~ ansfal matloll wLis observed by M ~ t c h c ~  lich 111 1823 and 
has been extcns~vcly stuchecl by vat mus wor k e ~  5" 1' DuhcnPIlzas , 
found thd the rate of re,lctlon depcncls upon the plopor iron of soIub1e 
to ~nsoIuble sulpliur present, bcsrclcs vcu~ous otho~ physical coildllio~is 
Gel nwa'  has found t h d  the I d c  of tl ,~~~siorn~,ztlorz is vel y much depen- 
dant upon the temperalul e The lllglier the tcmpcr,~tulc of the crystal 
above tlx transltron tcmper ,ltur e thc clwcker is the tr ansltlon u+P 

The i eC~ctron P+u 114s been 4iown by 1' D ~ z l ~ c m ~ ~  and H R 
ICruyt29o be very slow Tllc ,~ctual tcmpc~~t tuie  of t rans~t~on u+/3 

has now been accepted as 05  5"CzG 

Employmg the technlquc prcv~ously dcscnbecl, the autho~ 
has t r~ed to rnvest~gate the course of the leactlon, rhombic to 
monocllnlc sulplw A b ~ g  rcgulal crystal of I l~ombic sulphur 
grown from a solut~orz xn carbon d~z lph lde  was suspendecl m 
ihe magnettc field with tlle ' c '-cr ystdllograph~c dxts vurlical Thr; 



General R e m a r k s  on the Temperature Variatzon of  the 
Dzarnagizetic Anisotropy o f  Inorganic Crystals 



Several methocll; we1 c tned to peven t  ~ol~i t i l~znt  
crystals Coatmg the crystal wdh somc heavy viscous r 

boil~ng pornt WAS not found to bc vet y ~ d i ~ f l ~ c t o ~  y Inzinei 
crystals i n  Iiqulds of li~gli I ~ o h ~ g  1101111 WII\ l i l ~ o  not posuble 
account of tllc ligld~icvs of or g,mc LI ybtds to~srond mex 
could not 11c m;tcle A L L U ~  ,dcly 13csltlc\, c o r i v e ~ t m  cut i e 
liqurds ~Lre set up 11igli ic111pc1 h ~ c s  mh~cll scrmusly mtc 
the incaburemenls IIencc, the i~.~cthud ,lclopted w ~ ~ s  
allowance foi the s ~ ~ b l l i n ~ ~ t ~ ~ l i  of the c1yst~11, welglmg ~t I 
aftel the experrmeni, m d  also d vanous stag" clh fourid c 
All the tn~~n~pul ,~ t~ons  urer e , h o  carrlccl out ,is clulckly 'ts 
oiclel to ~nin~inlsc losses clue to wbllmat~on, ,111owlrig t m e  
i o ~  the crystal to ie,~ch the tetnper,lturc of the sur I oundmg 
case of uobentene and benzopl~etlonc, on accounl of 



CRYSTAL DATA 

Rcwrt iiml - C,I I,( ), ; nlelttng pomt llO°C , gin molecular 
weight 11 0 05 , , n 11 (: 0 4 105 1 , 0 5404, Orthorhomblc , space 
group C"?, , 1''0tl1 molcc~~ lcs  m the umt celP 

T l ~ c  t e c l ~ n q t ~ c  acloptcd for deteliiming the d~amagnetlc an{- 
sotropy w'is tllc S C ~ C  clescr~hed in the case of sodtum nitrate 
The crystd w,i\ \uspciic~etl w ~ t h  the 'c'-dxls vertical and changes in 
the qrlnirtdy (X,, -&,) wcrc observed 

The trcl~lcd exper m c n t d  procedure was as follows The oven 
was r w - d  to thc d c \ ~ r  ecl tenpratut  e lust of all The crystal 
s~spcnclcd hour. 1111: cluc~st/ i h e  was the11 liitroduced and when li 
had taken up thc teul l )e~ .~tut e of the swt oundmgs (ths dld not take 
more than fivc mmutcs) the critlc,~l angle of rotatlon of the torsion. 
head u0 was inc. tm rcl . l f tc~  the plellm~nnry adptment of the crystal 
with the axis of gi csd.c\t (,~lgcbl nlc) ~uicepttblllty in the hormntal 
plane (I c , ~ 1 1 1  the 'et-a\l\ p.u ,~llcl to the field dtrection After two 

~edburcnlant5 of ,I, 11, c l l c ~ k  up t lx  xcuracy, the crystal was quickly 
cooled i lo~vn ti) I I I I ~ I  t ~ i q x r . i h ~ s c  .md the d~amagnetlc anlsotro~y 
at room teiupai .~tru c. .ig.~i11 i~~c.ibured This process was repeated 

to 105°C. Dul mg ~ ~ i c l l  clcter mm~tion, the crystal was not a l b e d  to 



remain at the htgh tenzper;tlure for more than flfteen r 
was found that 111 cvcl y cnsc, the i i u t ~ ~ l  xoom tcll~per 
of the d~,~magnctlc anisot~opy tv'ls ,rlmosl rcstorccl, exc 
later stages of the exper ll~lcnt at Ilighc~ iempcrdures 
crystd hLtd bcen L~lteln,ttcly lieded cml coolcd scver,ll t 
loss ch-re to sublm,\t~on w ~ ~ c ,  cstm,ttecl by ~wg1111lg 
at each stage of the experlmciit It was fouml that 
developed co~~s~der ;h le  op,icity 011 1>clng Iicdccl repe,ltec 
polycrystal for~ndtmn 

Fig 25 shows the nature of culvc o't)t;lined in 
nary expermcnts With rise of tcrnperature therc 1s 

no change of mrsotropy up to about 80°C From 8( 
temperatures n e u  the rnclilng point, thc .~nisotr opy 
rapldly Neax the ~l~cl l ing  pomt the f d l  of ,~n~sotrop: 



rnalked At 11lfiIlcl t c m ~ c r ~ l t u r e s  the orlentation of the crystal 
the field was oh'-&l have changed by several degrees T~~ 
change was x ntlicr a1 hdrary 

T h e  expl~matlon ol ihc changes presented many dficuliles 
The obselvcd clldn@ did not resemble the case of a normal 
polymorplii~ InVWslon 111 vlcw of the fact that t appeared to be 

h polynlorplllc lWcrWXl with cons~derable hystereSIS might 
give rlso to n gr . ihd  h i n g e  in the anisotropy, but m this case, the 
restora(lon of ihc roon l -hqxra iwe  value of the anlsotropy on coollng 
requlrca e x p l : l n d ~ ~  Whllc these aspects were being consdered, 
ubbelolldc and Robertson" P ~ V X ~  that ord~nary resorcino] (u) under- 
goes a tmn.;forrn.ltion illto a densel crystalhne inod~ficatiol~ called Q 

resorclrlol at ,ibout 71°C of the followlllg cl~aracier~st~cs 

The clr,ulgc f~ om tIlc ( t  to the /I-form does not take place at 
once Conb~tlct crblc hystcrcsis 111 the phenomenon has been observed 
The veloc~ty of tl ~ S E O I  ln,ltion wdl be greater the hlgher the tempera- 
ture af tlzc cryd.nl dmvc  the t~aiis~tlan p o d  74'C Robertson and 

Ubbelolicle (loc cxt ) 11,tvc found thd  ~t takes nearly an hour for the 
a-form to gel toilvcrtctl into the ,&form at 100°C, In the actual 



The tempex ,ltui e v : ~  i:d~on of tlrc c l ~ m a g n e t ~ c  mlsotroy 
asobensenc CI y s t h  contalr~ing C L  SI~Z ,LI~  pel ccntagc o i  the 
molecules was stucl~ed and ,L I ern,~rk,~hlc c lmi i~z~ t~on  of cl 
alzisot~opy of tlre crystd wets ohs~rvccl tv~tli rl'sc of t~nzper  
mlei dbly below the melting pomt 1'1 ovdccl the mnntpid,lt~o~ 
quiclrly enough, on coolmg down tlic c r y h l ,  tlicrc was 
complete 1 estoi atron of Ilze 011g111,11 value of thc ,\nisotr opy 11 
stages 13111 ~f on tllc otlicl li:ulcl, tllc crys1,d w , ~ s  kept ,lt ,L te 
of about G O T  foi J few Iioul c, iIicse ancm:dous changes ( 

d~sappcarecl and the1 e was p r u t ~ c , ~ l l y  no t e m p c ~  a t u ~  c dcpe 
the d~arnagnet~c an~sotropy except '11 tlic vicmly of tllc me 
(regardmg ~ 1 1 ~ 2 1  nzo~ c wdl hc scud 1,~tcr) Thc i e~isorl fo 
dmovelcd to he lllc conversmz of the c ~ s  moleculcc; to 
form completely at the highcr tenipcr,~tuxcs Tlle nnomalo~ 
wele all found to he due to the presence of i n z p - ~ t y  
These bl lng about an anomdous clecr c:irc of d~;lm;ignetlc 
of the crystds If the c~mount  of mzpu~lly xs ~ r n d l ,  the cl 
observccl only ncarnbouts tlic iliclt~rzg poml, : u ~ l  the 51 
amount 01 xmpu~lty the more bttlklng IS the dccreasc of cll 
amsotropy and the lowel tlzc tcmpcxnturc below the inel 
at wl~tch lt commeilccs 

In r esorcmol, the chmgcs t,tlung pl,~cc ,u c 11on ea: 
standable, At temper ntures ; ~ l ~ o v c  7 1'" cor~vcl smn of (1 

to p-iesolcii~ol takcs pl:lce, but owmg to the slloi t dur at 
expelment ,md thc llystel c s ~ s  of tllc tl ,msfox r-nntion, 01 

Iract~on of the ct ystal IS convcrled Tllc t rmsfm mltiorl 1, 
at vanous polrrts 111 tlic crystd l ,~ t i~ ,c ,  ,111c3. e d l  izzinutc 
formed constitutes, thercfoi c, ,L c lcfc~t  Irl tllc 1,dtlcc of the 
The natural e f f e ~ t  of the simultC~ncous cxlstcrl~c of two pl~a 



stages 
TABLE 

- 

Temperature 'C 

25" 
\1/ After belng kept 
98'- for one hour at 



The polynlnrpli~ml of u -resorclnol was next exalnilvxl 
to the volatility of the crystd accurde cletex mm,~tion of $he 
taking place was not possible I I 36 ,u c shown tlu 
curves obtnmed with two cr ybtrd~ of ~~--TCSOI clrml. Tllc pl oc 
t h s  case was as follows, hrst of all tletcr~nrtlecl the cI~,rm,~gne 
tropy at room temperature and at several higher temperatui 
71r"C,, then kept the crystal at 78°C: ,for one 7bozl? and rneas 
d~arnagnct~c anlsotlopy agarn , cooled the cl y \ td  to toom terr 
and agam measured the diamqpetlc susceptlb~l~ty , finally 
the crystal md deter lnmecl the extent sf vol,dill~atio11 , the 
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gated the change of dlnm,ignctic mi\otlopy of the aggrcga 
obtained fioln 78'C up to tllc nxeltlng point It  was f o ~ m  
change at the transition tempel a t u ~  c 74°C f l  om the ( 1  to th 
did not always proceed 10 any dcfinite rxlalmc~ wliich could bi 
ed as the polnts in Fg 26 ~nclicatc In one c ~ ~ c  the clla 
anxsotropy of the P-polycrystal 1s seen to be li~gllei thm tl 
crystal ougmally taken Tile orrentation of the trmsforrned 



Wc l w e  heen  t l u t  in tlic one case, on undergomg polymorphic 
transform:ttion, thc t l i i ~ i l ~ t l g t l c l ~ ~  aimotropy of the crystal suspended 
w~llz thc ' C ' - ~ L X ~ \  vex 11c'.d 11d4 Iixrcdscd whde in the other case tt has 
decreased Tl~icl i h  c v l c h t l y  due to the peculiarities of orlentatloll of 
the [I-c~ ystd4 lo1 11lc~1, h ~ w ~ l l i ~ i g  preferred orlentatloll of the 
cryc,talq w ~ t l i  respcct to the 'c'-axis of the orglnal crystal, we can 
e x p l m  tlils motndy I n  t h c  lollowmg manner 



convenient suhstmcc for stuclymg vmous  p l i e ~ ~ o r n e i l ~ ~  ,~ssoc~,~tcd 
tlie var~al~on of c l x m q ~ l e t ~ c  msotrapy wltli tcmper d u r e  It hCl 
;r low melt~ng polnt, docs not decompose, ~t i c  only shghtly volat~le 
it LI ystallises cas~ly horn dcollol There I\, howevcr, '1 C L J -  for 

fdr from being CL sou~ce of t~oublc, the cx~stcrlce of tllc c ~ s -  f o ~  m E 
us to understand betlcl sonic: intciesting :~spects ok tlic tc:mpmrl 
varut~on of dlainagnetic anisotropy ai  crystals 

T11c ozs- form is prescnt 111 solut~o~ls of t~mts-uoben 
exposed to Ight In the clystnlllnc s tde ,  the cca- form can be 
indefinitely In the chrk On hc,it~ng CLS-asoben~ene ,it o ~ d ~ n a r y  F 
sure, ~t 1s converted mta t j  a?wc~tobetl~enc.  



Tllil 1 1 \1\1 1 I ti ('])*U ~ ( 1  f l  W l  Kdllhaum's d ~ a ~ ~ ~ ~ ~ b ~ ~ ~ ~ ~ ~  
rccry\t.lll~\t t 1 f l ( 1 1 1 1  *tic ~ I I I ~ ~ I  111 \0111~1011\ C S ~ I O S C ~  to 11gllt there i s  
the cl,s-[o1111 . I / \ ( )  I f l t % c ~ l ( ~  11'1 1W1111~11 011t l]y I&rtiey Tla?ts-azo- 

hellzcllc I 1" 1 1 1 ~ "  ($11 ~ n l  .tlcolsile \oIution exposed to light 
W1lJ, f l l~ r c fo r  t , 1 O I ~ I , I I ~ I  rI "111lbII I ) (  11 1'11lllge of cts-c~~obei~zene molecules 
as lmpolll~i*\ I I I  1111 I '1'0 ( l l> i~111  lwrc h a r ~ a z o b e n z e ~ e ,  cry- 
sltkllls~~tlcm 11,lct [ { ,  Iltb ( l l u i c  1 1  I T A ~ C  clystnls welghlng from 
15 to 85 mgru ( o i i I t I  t ,rub [ ~ k l l ~ i i ~ l  hy slow cvaporat~on of the 
,olutlon rns~tli: a 6  I l t  I 1  1 1 1 1  



1.50 

Effect  o f  temperature on the Diamagnetic Anisotr 
of Crystals groun from Alcoholic solution 

exposed to  light 

Some rem,tik&Ie changes wcre obscivccI In the 
crystals grown from alcohol in tllc or c l ~ n a ~ y  way 

Flg 27 shows the ~nfluer~ce of l c m p c r d u ~  e on tllc c l lm 
anlsotropy, (XI-X,) There IS a mnrkccl dccl essc 111 the run 
wlth rise of temperature on pnd iml l y  hcatmg the crystal 
changes are observed to begin conslcle~ ably below the meltm 

at about 54'C Tllc c l~mgcs  were also found to be lever 
dla~ndgnellc ,11115otr opy berng nlor e or Icsk I cslor cd to thc 
value on ~oollng A mole tlet&tl exmmdion ,  howcver 
that the phenomcnd are more compl~cc~ted an at he^ u 1 
he&xl up to 60°C and i t \  d ~ m ~ a g n e t l c  misotropy measuri 
temperature, The crystal WAS a g m  cooled down to room 
ture l~nmediately and i t s  aolmtrupy q p l r i  measured, At 60 



above manncr, the cildmagnehc anlsotropy assumed a constant value 
which was ctfterwd~ds Imfffcted by temperature, in the range studled, 
The crystal Was not only not damaged by this process of alternate 
heating and coolmng, but actually became clearer and more transparent 

The results are given m the table below 
- -- 

I 
a, 111 degrees 

(Inltlal) 
Temperature 

(2S°C ) 

a, m degrees 
(Flnal) 

Temperature 
(6 O°C ) 

the crystal 

These changes at first appeared to be dlffic~lt to explain But 
the fact that m pure tyawazobenzene crystals no anomalous changes 



It xs well-known that thc more I I ~ ~ I I I  c '1 subat:mce IS, tl 
sharp xs ~ t s  meltmg pomtY0 I ~ c s ~ ~ c s ,  tllc n ~ l t u i y :  pomt 1s d s o  lc 
by the presence of irnpuntles Tlie dctermln,llton of the 1 

poxnt in fact provldes a test Eel tllc ptx~lly of m y  s m p l e  of tm c 



Temperak urs 
FIG 28 

compou~~cl M,my phy s m l  propcrtres of substances are affected by 
the prcsencc of impurhcs (1s the rnelt~ng pomt 1s approached 
Le B h c  nml Mobtus"' havc d e t c ~ n ~ l n e d  the heat capacltles of dlffe- 
xcnt san~plcs of I I C I I K I ~ C  11mng impuritlcs 2 9 x 10-" 5 8x10-I and 
4 7 % lo-' n ~ n ~ c ~ u ~ c $  per gl d111 at v,mous temperatures between 
O°C ancl 5 5°C Thcy found t h ~ t  the heat capanty curve did not glve 
a shal p br c ~ k  <rt the rircltlng point as should be expected ~n an ideally 

c substan~s A s~nooth curve was obta~ned m each case, ind~cat- 
Ing a rdpd 111~1 e l w  01 the heat capac~ty of the solid as the melbng 

-. p a n t  w'is apptu,rclled, the purest sample glvlng the sharpest curve 
' ~ L S  pbenon1ew..m 1s un~velsal, and i s  exhlblted by almost all olganic 
clystals is s $ ~ ~ l  by the mvestlgat~ons of Andrews, L Y n  and 
J o h n s t o i ~ ~ ~  and Pal ks and h s  cc~11aborators'~ (Papers in ''jo~rnal of the 
Amellciin Chcmlc,~l  Soaotf"' on spec~fic heats of Organa compounds 
fig 20 bl~ows .i typcaj ]]cat c . q m t y  curve of an organe compound 

6 obtained hy A I ~ ~ I C W S ,  1,ynn md Johnston It is quite ev1dent,hovr 
an lillpux e sample, ibe heal c q m t y  begtns to Wrease at a louTer 
tempwttulc h c b w  tllc meltmg point than in fie Pure snmp'e The 



rapd increase m the specdic heat of the solid ;IS thc mcltmg , 
approached has been attl~buted hy P&trks to premellmg tau 

~mpur~tles The clianges of diamagnc tic a n i w t ~  opy and specl: 
are ltltlrnately connected and ~trl\c flolu tllc s m e  cause, vlz , 
conversion ftom sold to I ~ l u ~ l  5tntc n~~ixabouts thc rnelt~ng pol 

Thc magne-cryst,dl~c data rcved clcarly the mechan 
these cl~anges We nctually see that due to the lrnpuntit 
sent a partid arnorpllmsation of the 1,lttm clcvclops progrc 
very ncar the incltmg polnt of the crystal, c,tu~mg a fall xn the ci 
n e t ~ c  an~sot~opy Thc ciwlgcs would correspond to ,i transxt~or 

4 

c~ystal in sm;~ll l ~ c ~ ~ l ~ s e c t  rcglons sttrrotiild~ng the impurity mol 
from the sollcl to tlic I~qulcl stdc, even bcfol e the true tneltlng 1 
the ctystal rs reached Tlus n,~turally accounts d s o  for the ano 
lnclease 111 thc specrfic hent just below tlic nxltmg point 
mlpu~ity molcculc m the crystal ~ntrocluccs ,I, cliscorhulty ln tlit 
and acts as a centre for lhc 'pemeltlng' of tlic substmce 111 thc 
locallseci i e g m  suirouncling rt .  Due to thc 131 esencc ol the 11r 



3, awBENZOPHENONE 
C~ystaZ Data ---Beimplienone (C,H,), CO , M=189 , Denslty 

1,224 grams per LC , inelting pomt 49 0°C ; Orthorhombrc bisphe- 
noldal , Four nralccules 1x1 the unlt cell, a =  10 17,  b= 12 06 and 
c = 7  98 A" U4' Mciisurements of the dlarnagnetlc anisotropy of the 



4. NAPHTHALENE 





cations due to volatlhzatlon of the cxystals do 1101 L W I ~ ~ ,  CAI be stud 
conveniently by magne-cry~tdlic action cill~l the g ~ i l c l ~ l l  ptocedure 
been outhned In the aut1ia1's typlccd eupcrlmcnls It sliould be no 
that the changes of dlanlagnetic ~ n i s o t i ~ p y  acconzpanymg polymor1 
translt~ons in organlc ci ystals, appear to 11c raillei ,ii 1xt1 a1 y owmg 
polycrystallme forrnat~on of indei~xiite ollentation, ; i r d  the observatl 
can be of a qualitatwe ncitut c only In lomc LI y d l l s  IlIcc the llltrd 
there seems to be cvrdently a geoineii~c I c1~lio11 between the dxec 
the crystallrtes formed durmg polyinor pluc tl L m s ~ t ~ o n  and the orlg 
room temperature inodlfication E-Ienw the chcmges occurring in 
latter are more or less repocluc~blc wl~ile 111 o r g ~ ~  LI ystdls the ch,tn 
of diainagnetic anisotropy on transition are not t ~ l ~ d y s  predictable 
regards the study of the influelicc of ~mpuilties, thc rnagnctic, measi 
rnents offer a convenient mctl~ocl of mvest~gat~on which 1s at the s, 
t ~ m e  simple I t  would not bc easy to study the phenomena qu: 
tatively by X-rays wl~ic l~  wrll mvolve c,u cful ~ntensxiy ine~isul enx 
The specific heat deterrnmailoiis glve a gencld  xdcd of the anorna 
behaviour of Impure substances at the inelting point b ~ l t  do not sug 
clearly the mechanism of the cli;u~gcs occutllng 111 the lattlce of 
crystal The rapld dec~ease  in the clxmi;~gncfrc axmotropy of lm] 
crystals shows strikrngly the gl ac1u:d brcdclng up of the lat tm I 

the rneltmg p o d ,  Incldently the closc councctrorl between the chat 
In the speafic heat and dic;n1agnct~c, an~sotiopy as the inelting I 
IS approached 1s also revedecl The r;ipd d c c ~  ease of dlarnag~ 
an~sotropy of an Impure crystal (15 the melting point is approaclie 
ev~dently a universal plienomenor~ wllicli wxll be exhxbited b 
Impure substances, and the state of purity of the substance 
determ~ne the temperature at which the anomalous change! 
d~amagnetlc anisotropy wdl become prornment 
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C H A P T E R  V I  

MAGNETIC ANISOTROPY AND 

PLEOCHROISM OF MICA 

I + introduction 
The m1Cd.i ~ n d l t u t e  a hghly lnlerestirg class of nlllpralr on 

account of theU characteflste y s t a h e  atruchll e and optsa[ pmper- 
t m  Most varletles contain Iron to a greater or less extent m the 
combined state as well nl: In the form of mclsslonq slid ah a result 
they are generally paramsgnebc B~ollte is dlshi~gal&ecJ by the 
prcqellce In ~t of colll~>alatlvdy large amounts of Iron, and & chardc- 
terlstic opflcdl properly 1s a strong pieocl~lo~sm in the vlslblc region of 
11gl1t L ~ g h t  vibratrona parallel to the deavage plane .ire strortglp 
absorbed, whereas vlbrat~ons normal to the plane are more or less 
freely lral~smitted It 1s also well-known thd pIeochroism la mo\t 
inasked m varietie~ rich m Iron The present ~nvestrgat~on nas 
undertake11 m the hope that a study of the paramagnet~c an1sotrqy, 
susceptrbilrty and pleochiorsm of brotites of ktlowfl con~posltrori mtght 
lead to rnterestmg results regardmg the nature and origin of time 
p ~ o p e ~  tles, wlule selv~ng to throw light on the probable connectrolx 
between pleochrorsm m d  magnetlc amsotropy 112 paramagnetic sollcls 

The xnag~letlc anlsotropy of a large rlumber of varieties 
of m c a  has been studled by E Wdsoa' He exarnmed both 
spotted well as clear var~eties, and m a11 caser found t h t  
the paramagnetic susceptib~hty parallel to the cleat age plane n as 

h i t  
much greater than that perpendicular to f t  The rdtlo - was tt'ry x,r 
much greater m the $potted vaneties It Was ltot clearly dated tu 

whch group the specmiens belonged P r e ~ ~ ~ l l a ~ l ~  only luubmvlte 

was examined It was tentat~vefy suggested that the dnlaotropy mlf@ 

be due to either an arrangement of the H K ~ ~ ~ ~ ~ ~  of llldgnutrrr 

present, or an d~ffefference 111 the bellawur of the i ~ d  lt"lf 
ddferent &re&ons relatlve LO the crystalioglapl~c ages# " 

was made, Ilowevcr, to decde between the ~ Y P ~ ~ ~ ~ ~ ~  The 

goatlotl has now con.s&rably Clear m~lWlon- t r~~ sl'cu'r'rfks 

11 





lxygen atoms at the vertices bemg cross-lmked by dlumllllum atoms in 

nuscovlte, 2nd ma@KSlUnI and iron atoms m phlogoplte and biotite 
Hydroxyl gloups are mcorporated, linked to a Al, Mg or Fe alone We 
have thus a firmly bound double-sheet and the mica structure is a 
s u ~ c e s a m  of s u ~ h  double-sheets mterspaced alternately by sheets of 
potassl~m atonis The iron atoms occupy pos~honr of six m-ordinatloo 
and are swroullclcd by an octahedral grouplng of oxygen atoms al~d 
hydroxyl groups X-ray evidence has shown that such a groupmg is 
prescnl 111 thc hydrated s~~lphates and double-sulphates of iron, cobalt, 
nickel, the water molecules in these salts conshtutmg the octahedral 
env~~oilmellt  Tllc crystallme electnc fields due to such an arrangc- 
merit are  presumably of a hlghlly asymmetric character as has been 
po~nted out by Kllshnan recently 

The  chemicd cornpositlon of the micas IS vanable wrthm wldc 
11nxts S m ~ e  the magnet~c proper tles are determined by the Iron 

content, as wlII bc seen later, xt is essential to know accuratelj fhe 
amount of lion present In fact many properties of m a  show a 
d m c t  dependence on chemical composltlon Kunitz6 has made a 
detailed study combining optical and dens~ty determmafton5 with 
~hm-nlcal analysis He estabbshed three serm of ~som~rphnus 
replacements and bhowed that the change m optlcal properbes within 

one scnes  depended mainly on the iron content S~rn~lar class~fi- 
cations have been made by Wallirnond, Wmchell and Jakobs, dnrl 
recently Nlggh7 while d~scuss~ng a recent paper by J Holzner 

on the crystal structure of hohle, has summdnred the ev~dence 
fro111 reliable c l~emi~al  analyas and has pomted out the variabliit) 
of the three types, 1 e , the muscovite tjpe, the M a  m m  
type and the phlogopite-biotlte type A cons~deratlon of the 
physical propertres m relation to chemical conshtutmn ~ Y J W  

that we  cannot of a coni~nuous tranution from one proup 
to another 'JJ1ls 1s probably due to the fact that the ~ r o P ~ r ~ l ~ ~  
depend on the structure also besides chemlcd c ~ m P J ~ ~ ~ l o n +  and 
&fferences alnong the three types exlst although the generaf rjdn 'lr 

their archlteciure 1s slmilal, G ~agelscl~mmd~ reccnfb fi)ond 



Tile pllnclplfi ggovcr mng ~solnnl p h u s  .luht~lutloll 111 the m 
w c ~  c establnhcd by thc wor l~ of h~I,~ugurn" who lnc , i w  ccl the chn 
sums of tllc urut cell 111 vnIlct~c\ of kt~nwn clcnslty md. composli 
Ideal foi mulx h ~ v e  been c~ssignetl 11,~sed on such ~ n c ~ ~ s u ~  ements 
follows # 

Muscovite ... K AI, (AlSi,0,,) (OH), 
Phlogople . .  K. Mg, (AISl,O,,) (OH), 
Blotlie . , .  K (Mg, F'c), (AIS1jOIJ (OH), 

3 .  Determination o f  Magnetic Anisotropy 
The m,lgnetir. ,uusottopy 11,iq been mcCisurccl by the tors1 

ru~ t l~od  The rnwh clystdll\c on thc ~ n o n c ~ c l ~ n ~ ~  \yslem and t 
.Ire tllrec p t~nup ;~ l  s u ~ c c p t ~ l ~ l l i t m  of wllicll two llc in tllc .iymn 
plmc m d  the t l u ~ d  d011g the by~lmielry C L X I ~  We 11,ivc EO deter1 
the qu,mtrt~cs (X, - X,,), (X, -XI )  mci thc r c l d ~ v e  ol icntdtlon of 
axes of the rn,qqxtic ell~psolcl with r c s p ~ c t  to the crystdlogt; 
~ I X C ~  X, aild X, ale the 1~r111~pd w s ~ e p l l l x l l t l ~ ~  111 tllc 7) ( 
plailc, X, being lmuer  tllc ' ( 1 ' -  , ~ x ~ s  m t l  X ,  is the ptm 
susceptlbllity In thc clu ectlon c)E  the '1)' ;\XIS The n l ~ c , ~  specl 
w~ts  suspenclecl 111 the uniforin m,~gnet~r, .itcld '1s lollo.uvs -(I) 
the c1eav;tgc plane l~or l~on td ,  (2) wlth llic 'b'- xis vel t ~ a l  
(8) with the '7)'-axls h o ~ ~ ~ o n t ~ ~ l  , u ~ d  lhc ~ l c , n ~ ~ ~ g e  plmc ver 
We thus clu cclly cletct lnii~c thc qu,mtlt~cs ( X ,  - X,), (X, -X,) 
(X,-X,) wllcr c X, 15 the su\ccpthillty ,tlon~r, thc 'tr' ax15 m d  
that: p c ~ p c n t l ~ ~ u l ~ ~  to the L I c , ~ v ~ ~ ~ c  1 Ii10111 (2) wc L,UI dlr 
gd the a ~ ~ g l c  tvli~cl~ thc X, J X I ~  nl,tkcs w l h  'a' -l.~xis TIM ' 
can also be cc\lculatcd fionl thc knc ,w~~ v:~lues of X, --XN 
X,-X, for 

&-XN 5. X,- (1- \ l l l n f )  4 A, (O\*f ) )  

xi - X n  x,, - (x; L U ~ ' ' ~ ~  -b 1 hill '0) 



Solvrng the s~niultaneous equation we get botll 8 attd (&-A,) 
In the case of the micas matters are rery much smpllhed, vnce 
the X,-direction was found to coincide with the dirrctsm (A the 
f 1 a -axis 

4. Experimental Precautionq and Samphng o f  Specimens 

for the Antsotropy Measurements 
A careful selectloll of spewnens for the magnetic determinn- 

tlons IS absolutely essential, since mclusionr and stains m n c a  ,\re the 
rule rather than the exceptloll Another serious difficulty nl the c ise 
of rock mmeials is that not only IS the composition \anable for 
varieties obtained from different locaiitres but ~t imgl~t dl.ffer over 
diffelent parts of the same specmen The mmer,tls arc seldotn 
perfectly ho~nogetleo~ls For mstance, mclu~rons may be %cry 

prominent 111 some reglons of the same 'book' of mtca, whereas 
other parts are clear and transparent Olten these inclus~ous cm~slst 

of ~naglzetlte m dendrite-like toims The presence ot even srnLiil 
quanthes  of inagnetlte may be sufficient to cauce coimckrk\hle 
anolnal~es xn the I esults Other inclu~ions are, genet ally, flnttcrlcd 
crystals of garnet, tourmaline, and quark 111 thm plates, f m r d  
between thc sheets 



5 5 111111, 111 c l l m c t c i  cb p~~l)~i icc t l  111 t1114 c 11w no L O I ~ C C ~ ~ O ~  for 
uso t ropy of shitpc is r ~ ~ c s s , i t  y 



The dxolute suscept~btlltles wele detelml~led by the torqtos 
dance made by author 

5. Determinotzon o f  Ferrous and Ferric Iron 
zn the Speczmens 

The percentage of total non and ferrous iron in the m m s  were 
:term~ned by the EoIIowmg methods lo 

Total --The sample was ground to a fine poi\r&r m .a, 
a le  mortar, and d m ~ t  0 5 g of the powder wergkd sl p1,dtsttnl 
uclble and then fused wit11 fuslon nuxture (two parts of N , ~ C O ,  r ~ n i  
le Part of K C O J  The fused mass after coo111lg w.is (Irait~Jrcti 111 

lute HCI in a s~lica dish) evaporated to dryness over n w.rtur-1) ttli, 
dissolved in d~lute HCI, and the slllca filtered off, nr.tslied or1 ttw 
ter, and weighed after ignition The filtrate w,is he&d up ti? 
~lllng pomt and a 11ttie concentrclted nltrlc acld ,idded follnwcti by 
1 g of amrnonlum chloride Ammotlr,~ t v ~ s  then 4onpiy ,iddorl br the 
ding solutron untd all the alurnmiutn m d  iron were prec~prl,itctl .is 
drox~de  and the solut~on became sl~ghtly hlknline The prt~y~tf idt .  
zs then filtered off, washed on the filter wlth ,t w,um ~olutllm tjf 

ninonium nrtrate and rgnited m a plattnurn c r u d ~ l e  ,uld n e1qIiec1 
le ~gni ted ma38 W ~ S  then fused wlth sodium bisulphLi.\te and *rftcr 
iollng d~ssolved m dllute  sulphur^ acrd The solutlo~l w b k \  then rtu~ 

rox~gh a Jones' reductor (an ~rnproved for111 of w h r h  h ~ s  IXCII 
:vrsed by tile author and reported elsewhere) 111 an atnzosljl~~r~ t j t  

lrbon droxlde and finally hirated nga~nst ~tatlddrd p e r l n 4 P d t t  



the water-bath heated, 
r e d l o n  was allowed 

contaimng 50 g of honc m d  m r l  20 c c of sulplmr lc n c d  in 3QO c c 
of arr-free w'ltel WAS p c p a  ccl ,111~1 tllc c r uclhlc and contents, after the 
reaction was over, ~ V C I  c cju~ckly , tnsfc~ I cd into the ~olcl bonc acid 
solution and t~tratccl ii~zilzecl~atcly ,~g,unst stxnclarcl permangc~nate 
until a, pmk ~o lour  la\tlng to1 ,L tntiltxtc ol two was ~ b t i \ l ~ l e d +  



b h k  ~xpenl'nent was performed under sirnllar cood~trons 
211s ammonium sulphate About 0 5 g uas urelghed and 
m 300 c c, of dllute sulphur~c ac~d and ~mmedlately titrated 

ermmgdnate Another 0 5 g was wegghed m a plabnua 
and the feirous iron determined by the modlhed Pratt 
as described above, nsmng 6 cc,  of HF The necessar} 

11 was found to b e t  0 28 c c of perinangallate 

Measurement of: the Pleochrorsm of the Micas 

cornparatrve measure of the pIeochroi~m of the micas \!as 

by the following expe~~rnental arril~~geinent bawl  OIL the 
: of Cornu's method for cletermnmg the percctdnge of palms- 
(Flg 38) 

5'-Soul ce of lrgh t D I P-Double I~nngc p~ ism 

T S --T~atlslucent Scieen N-N~col mouuted on clrcrr 

S$-Specimen la1 scde 
S1-Rcctnngulai Slrt T-Telemra o5cope 

The specimens were used in the form of th~a plates trcalily 
3, and of the same tli~ckneas 0 05 mrn , ~rlected from 4 rer) 
lumber of clcaved plates The I~IC; \  plates were mounted 
i the sht at nn angle of 45' wrth the ' 21 ' axis im~zontal The 

-image prism was p l~ced  with the v~bration dl1 cctions v e r k d  
~nzontal ,  and the &stance from the sht n as adprted until the 
nages, as seen through the telemlcroscope, p a t  touched imr 
:r The horizontal v~brat~ons are absorbed much rrmre than the 
a1 and the mages are of unequal lntellslty BY UI~~~IY mt 

lcoj, the mtenslttes cm be equahsed if 28 1s fhe bebc@ 



7. Results 



Mode of 
Suspension 

lavage plme 
honzon tal 

Axis horizontal 
~d cleavage 
Line vertical 

@-Axis perpendl. 
cular to the fielc 

Cleavage plane 
parallel to the 
field 

I 
S,-X,= O T O  / rhc 1 -cI~rcc t tcr t t  

~ ~ ~ l ~ l i l l l ~  -3 I\ i t l*  

the 'n "-,txi\ 

i 
S,-XI-061 j 

I 

TABLE II 

Specimen I I t x lfls 

. . , : 4 0 1  Muscovrte 
1 

1 ;",4&-1 
Phlogopite . . 

(Ural Mts ) , , 40 t i  ) I  \ 

(Blhar) 
, ? 5 

I 1  
--"- -- - - -  





8.  Discussion OF Resulia 
Both the ~usceptlblllty and the magnehc anlsotropl are seen 

to depend upon the amount of iron present The bjotohtcs exlllblt .i 
f a ~ r l y  large magnet~c anisotropy md  the paramagnet~c susce$ltlhhty is 

also correapondrngly hrgh The values for mnscov~te and phlogoplte 
are comparattvely small In the case of the biotites the mean macep- 
tihthty is seen to 111~1 ease xntll the pelcentage of iron almo5t 111le.trlg 

(Fig 34) 

The total susceptibility of mica may be conslclercd tn utrnilst 
of tl1lce palts, namely (1) that due to the ferrous Iron, (1) that due ttr 

the f e r r ~ c  iron and (3) tlie conts~but~on due to the other atoms The 
first two a1 e evldently pal amagnetlc term? vh le  tlic Inst rs di,tm,qiit - 
tic, Wlien the percentage of i ~ o n  IS laige, as obtains In the ~ i s c  c3f 

the biotltes, the diamagnetic tell11 wdl be neglig~hlv und1 ,t\ corn- 
pared with the pai-ainagnettc leiins But it will be con~rd~r~thic in  

muscovite and pldogoplte whch contam only about 4% of rron 

It: wdl be of interest to calculate in a rough way the npprtmi- 
Inate Bohr magneton vdlues foi the biot~tes The suvepth l i t~  ot the 

b~otitcs is amenable to the01 eticdl conslderatlons for the fdiw n g  
redsons (1) The pel ue~lidge of Iron is very 211gli and n e nlnr m#lr~a 
the dramagnetrc telm m the wsceptrbhty , ( 2 )  Most of the lrtlrl 1s 

plesent m the ferrous state , (3) The d~bturbmg efiects title to p c d i l e  
mlnute tlaces of ~ncluslons can be ufely ignored (In fnct, the hlot~le: 
samples were partm~larly free from defects) Cons~denug olllv thu 

total Iron present, the effective Bohr mtgneton valuc la tbbtancd --- 
accordmg to the formula Pqff =2 R4Y SVT. 

B ~ o t ~ t e  (Canada) = -5 2 
Blotite (Ural hits ) = 5  0 
Brottte (Bxllar) = 5  0 

The values are seen to be much lowcr than the theurett~al 
values to be expected m the cdse of the free pdnmagnetlc &on, just rs 
m the case of other solld salts of Iron They are fouud fa 



s p n - 0 ~ 1 y  v n l w  of F e  I I I ~ 1 1 1 1 1 1  I\ ~ ( p l , ~ l  to I {J:! 13trlu t ~ l ~ q p ~ i o ~ ~ ~  The 
slgrnhcm~c of thr f.d in tllc light t 1 V le iL ' s  theory of the 
qucnclimg of thc n ~ h i t d  inuule~lt \  1,). tllc c l y ~ t d l l ~ l c  ~Ieci l lc  fields 111 
p t ~  r t ~ l ~ ~ g ~ l ~ f l ~  wIK~\ ~ 1 1 1  I)c ( I I \ c I I \ \ c ' ~ ~  l f i l c ~ .  



It  1s lmportanf to cons~der the effect of mrroatolnL and rnb- 
mlcroscopc mclus~ons on the magnet~c an~sotrop~, e\pe~l.ill> ln tile 

case of m.wmlte which, accord~ng to ihe ldcdl tor~nula KXI, 
(A18,0,,) (OH), cannol take in ferrous Iron in the porltlons ot \rr 
co-ordmatlon replanng the alunl~nmm doma Wu hat u Lo see xi tiic 
magnet'c a n l s o t r o ~ ~  of l~uscovlte 1s merely due to aymtnctrlcrl]j 
arranged lnch~lons  or if lt can be of crystallme o r q p  ,o m blotlte, dt 
least part If according to the Ideal formula, the ferrous lrun 

form an lnteglal part of the Inttce, then q p r e n t l y  ac are led 
to cOncl~lde fiat only the lncluslons, nucrowopc or whnllrr~acfpr, 
are les~onslble  for the anlsotropy But ~l ie tn~c~rl  snnlycr, shou, rjldt 

very often the amount of fe~rous won present 1s ~nuch h g c l  
can be a ~ o u n t e d  for by any of the common mcluslo~ls For trtst,tn~q 
In the muscov~te sample exammed by the author nhch  cc)ntczmed 
inclus~ons of magnetite, the percentage of FeO n much 1,trgcr th.w 
should be expected The ferrous iron, therefore, is most prok~tblj 
present In the m c a  lattice ltself 111 the povtrons of FIX co-csrd~ndtlon 
The Iron atoms should be present 111 groups to sdtlsfy the ruIm ot tu- 

ordmatioil and as such, they really const~tute a drs~ontrnrrrt> 111 the 
IatGce We tnay regard them 'is bang of the nature of rnclrr~rnnc; oi 

extremely small drrnens~ons Thr5 vrew g a m  support from the t.tct 

that blotrte ~nclusrons 111 muscov~te ale often met n~th ,  and from \\hiit 
we know of the crystal stlucture of the rnlcns, a blot~te m l u w n  c m  

really be reg'irded d s  a cbsconhnu~ty of the above character oc~unl~t :  
CJVCI a11 extended region, magnesium also being prc.;ellt ~101% x~th the 
Iron, m the pos~tlons of SIX co-ordmatlon T i l ~  the *anr)tr4ti'\ 

measu  ements t l l m  an ~nteresting sde-light 011 the ~ t u r c  d 1r:C 
slons and aeem to provide evldence for the presence of 
In the ldttlce which cannot be detected by the nl1Lr(>.lWe Tiit cti2\t 

of mcluslons on magnetlc nimotrol~y of the hlotltcs sill Lt'I1l- 

yclrailvely lleglqyble smce, on one limd they ~11uclr ic* ilr '~l~io'rlit 

on the other, the Iron, forming pdrt 0t the h t t ~ ~ ,  121 Pr(5~rIL Iri 

large amounts 

The close correspondence bt  tween the mwgnctlc pr.rrpcrtlch 6 4 



From thc rcwlts i t  wmltl lx Inter r ctl thnt tho cont~ihut~on due 
to the mlnute tt accs of ~ ~ c l u s ~ o ~ i c ,  shorllcl hc i n u ~ l i  less t hm thc obsei v- 
cd :tn~s.~liopy rn the c lemqy plmc rn rnurcovt l~ m c l  ll-iLit ,~ t  lei1st part 
of tllc obse~vccl dins~t lopy HI the c l ~ ~ u ~ i t f e  pI,i~ic 15, qeli~tli~c Tllc 
clefmite ox~enldtcm of tllc ' r ' ~  ' ,ims In t l ~ c  ~rl,i,qnctlc Iteltl, 111 all cases, 
also lct~tIs to t lx  s m w  ~r)n~lusr im I n  t l l r ~ l  C O I ~ I I C C  tlon the ~wtropy of 
phlogoprtc: ~ n t l  tlic l~otitc(,  111 tlw clc,nrttge pl,iiic 15, qqi i t~cant  It 
paves t l ~ t  the clisturlnng cltccth duc to m y  11ntlus1ou\ prescnt arc 
~legligrl~le S m p l e s  of phlogopitc w l i ~  11 c x l ~ i l ~ l c d  imrkccl ' nsterlsm 
shoured consltler,thlc amsotrol)~? m ~ J I P  c lc ,~v,tgc 1)l:tnc l'hcrc is a 
closc suail,irity ~ C ~ W C C I I  t l ~  o p t i ~ d  , t ~ u l  n i , i g ~ ~ t ~  pi ope^ ltcs ;~lso, w l m  
wc reincnlbci t l ~ l  the niuscov~tc h f ~ ~ ? ~ d  ,I IN,LWI ~ntc~fcrericc figure 
w1wcl\s the phlogop~lc :rnd t l ~ c  h ~ o t ~ t c s  wer s scn~lhly mrcixtcd 

9 .  Magnetic Anisotropy and ChemrcaX Constitution 

l'hc SPCLIIIL i l l r i g11~  t l ~  d111soi.rc1py 14 pI( ,tlctl ,L function of the 
ferrous 11 uu  axid fel nc m x i  I cspcctlv~ly 111 J'Ic~ 5 Since phlogoplte 



b~otlte belong to the same group, we can study the cl~aractcriritcs 
31s group from the results obtained In the first plxe, t l lcr~ ~ o n l s  
e no obvlous connection between the ferric lron-content and thc 
otropy On the other hand, the magnehc a~~rsotropy 1norc.tst.a 

lothy with the percentage of ferrous iron But the rcl.it~omlnp i s  

h e a r  and for large percenhges of iron, the curve bccumes 

Fro 36 

eper In table IV, the gram lomc anlsotropy for F e i i  ir, gmn 
11s shows a remarkable increase w t h  the percc~ltagt. of fcrrous Iran 
the blotltes (Rg 36) It 1s bkely that tlus mcrease t s  due B v  

eractlon between nelghbounng Iron atoms in tlre sheet Ttic 

ture of this rnteractlon w ~ l l  be discussed later. 



l 'is 

tllc p n  m t l  or1,xl:ll nzo~~icnts to the cusceptlthty and (3) the 
in:~glict~c, misollopy of tllc ~ ryc t ,~ lb  1t 1% h,~$etl on the earlier 
work of PScllx ,1nd Krm-~cr s 011 tlre St,u k q ~ l ~ l l n i g  01 the energy level' 
ok atom5 m d  lurls u r l r b~  ttlc mflwr~t c of ~ rys td l lne  cleclr~c fields, and 
the s , h i t  features of Lhc tllcory Il,~vc hccn Itlrec~tip cte,rll wllh, earher 
The inm rcsults for the \ t i l th of the nun group ,trc as follotvs: Since 
the magnetically cffcct~vc :Id c t c c t l ~ ~ b  ,ire in the outctmost shell, due 



(0 the lnfluellce of the crystallme electnc fields of tile nelghhounng 
atoms, the orbital inoment makes practically nrr cnetrthutlon to tllc 
suscept~bdity The orbital moment IS then sad  to bc qoen~lled The 
spins,'however, are not drectly affected by the crystalllnc fields and 

hence contribute tully to the susceptlbil~ty An asymmetric crystJltne 
field produces asynlinetr~ partlal freezlng of tllc orhltal moments and 
due to the coupling between orblt and spm, smce the remnants of the 
orbital moment a1 e anisotropc, the freedom of the apns to orientate 

themselves along different dircctlons wlll be dlffercnt Hencc the 
crystal ekhlbits magnehc ai~tsohopy Due to the parhal ipenchmg of 
the orbital moments the susceptib~llty ilea between the hmits given by 

~,=ypS(S+q and P,=v 4S(S +1) 4- L(L+ I) In fact w e  have 
pointed out earher that 111 the blotltes thls IS the cnse, t l ~ c  Buhr 
magneton values approachmg the ~pn-onlg  value One trnpurtant 
consequence of Van Vleck's theory IS th& manganous ~ c Z  f e m c  ha115 

should not exhlblt any marked arz~sotropy~ slnce Mn ! + m d  E't. * + 

Ions are  111 the #-state and therefore, hdve no orh,ltnl 1 1 l 0 t . t 2 d  

quenched T11e present mvest~gatlon dso  shows how the mag~zetlc 
anlsotlopy of b~otlte IS not dependent on the nn~ount of f e m ~  lrun m 

the specmiens 

In many hydrated paramagnettc crystals which exhrbit fugc 
~nagnetlc amsotropy, there IS evidence from X-ray maIps~s that we 
have an octahedral arrangement of water ~nolecules sound the pard- 
magnet~c ion Recent exper~mental work shows thdt the crystallmc 
electr~c fields due to such an arrangement dewates widelv from c x l ~  
symmetry and most probably possesses only hexagonal symmetrj 
Usually m such pnramagnetlc crystals there are a number of these 
complexes (formed by the pararnageehc ion and its environment af 
SIX water ~nolecules) In the w i t  cell, drfferently oriented mth res 
to each other, s ud~  that crystallme magnehc properhes mdy have only 
the lower rhomblc symmetry But In the msas  the a r e  s rmch 
simpler Here the octahedl a1 group around the Fe + 

Ion conrirts 

of four oxygen atoms and two hydroxyl groups and all Ua groups ~ r c  
arranged parallel to each other, m layers, 1x1 the ~rystrl Littsr llence 



the anlsotropy of tllc ~ ~ y b t d f  .lL[llilIIy C(j1 I c ~ ~ J ( I I I ( ( %  (0 tlltlt Of f . 11~  

dual pnralnrqrl~el~c complexes Tllc 1lch:l~Olld 5 y l l l ~ l ~ t l  y of p]llr~goi,lle 

and blotlie, <lb rcgdr d+ the I I ~ ~ # ~ C ~ I L  I ) lOl )CI  f l ~ $ ~  1 ~ ~ 1 ( 1 %  511&)17(,11 in (he 

view tl1at tho crystalh~c CICLLIIL l ~ ~ l d \  ~ U L .  10 1 1 1 ~  01 L L ~ I C ~ I I L I  ~ I O U ~ ~ ~ ~ ~  

possess same ~yl l l l l l~ t ly  111 tip c 0 1  ~ I I I ~ ~ L ( W I ~ ~  ~ O W C V ~ ~ ,  tjle 

departure fioin i~cx,i@)ll.ll ~yllllllL!il y 1lI.i)'  1 ) ~  dllllllllc(1 to the dllgger. 

1q-g of the sllee<+ 1 chhve h) l l : d i  ( 1  1 1% 1 1 for  the 
nlollocll~l~~ ax~gle of !IT,", aucl ~ 1 1 1 i . l l  1" o I M I . ~ ~ ~  111 t I c dur e\ 41ght dcp,\r tures 

Ion SIIICC ihc 3d c l d r  OH\  o c  cul))r lllc I rult r 4 i t  11, t]ley 

suscept~hle to sl~ght c l ~ ~ g c s  H I  t k  [ ~ o ' ~ I ( I I I ' .  01 Lllc' WI I O U I I ~ ~ I I I ~  &lnb, 
whcll c;ul cmse ~ i m s i d c ~  .hie vlir  itl loll ui t111: i l ~ r  .\i tcll of tllc LI.YS[,~I- 

I t 

h11c f~c lds  ~n f lnco~mg lhc\e m i a r  L ~ I I ~ I ~ \  1 I1v I I I ~ I ~ I I L ~ I L  . I I I I \O~TOP~ 

of tile pnr nm,tgnct~c ~ o m p l e u  Fe  (( lJ.I), 1 cfvt 1 ell , l m  1011, 15 most 
prob&ly llze v d r ~  ul~l,uncci f o r  ~ d i l o ~ O p l t ~  ~ l c  ts, hcr tk, t l ~  al,lgtletl(, 

drlutlarl 1s Iargc ~ u u g h  fol l l ~ c  11ltc1 , \ ~ t l 0 1 1  t l w  tn ~ l c ~ ~ g l ~ l ) r ) t ~ ~ m g  pcua- 
magnctlc n t o ~ m  to bc ~gnorcd 



actlons between the spins of nelghbourlng parnmagoetr mna  Tltrre 
appears to be no theoretical treatment of the effect of budl  mtcractlnnr 

. - 
on the magnehc amsotropy, although Van Vled" ha5 recentl~ m- 
vestlgated the effect of dipole-dlpole coupl~r~g on the surrcpi~b~l~tj  of 

paramagnetic salts The dlpole ~nteractlon is represented in the 
4rT Lorentz nleihod by a local held H1=H+ -;i- tl11s being the held net- 

mg on the ~ndlv~dual  Ion This average field 1s denved bv assuming 
that the rnt~oduct~on of the spherical Lorentz cavity 14 u ithout ~nHuunte 

on the rnagnetizat~on of the rnatertal outside the c a r ~ l y  In the 
unn~agnetlzed state, the Lorentz held beconles zero Hence l~cc~~r r l~ng  
to this there wdl be no interaction of the m a g t ~ e t ~ ~  d~pules when there 
is no external field, unless the temperature is b c h v  tiit Curie punt, 
when the crystal gets permanently 1nagnet1zt.d OnsagcrSJ I i ~ s  takcrx 
into account the influence of the cmty  and ~ t s  content\ on the w- 
loundlng medium, and has obtained a modlfied eup rew~n  for the 1 1 ~ 1  
field 1-11s method pred~cts no Culie pomt and further m t l ~ c ~ t e s  that 
there can be couplrng between the nngnetlc &pole\ even when the 
external field 1s zero As pomted out: by V m  Slcch, thc lacax fields 

are of the Onsager type rathe1 than the slrnple Lorcnts t>pc j ' , ~  

Vleck's treatment of the influence of d~pole-dipole ~ n t u ~ , i c t r \ ~ ~ r  C I W , P , ~ ~  

In caIculating the partition function for an assembldge uf silpufts 't\ .x 
power sertes m the ratlo of t/T where t 15 the te~per~rturc. cl.~,tr~ic-tern- 
ing the energy of coupllng of two dlpoles nt~d T la the cil,ii~lutt' 

temperature The effect on the paramagnetic auscept lhhty uf the 
substance has been consdered, with d t rew to dl5cot~r ~rhc*thcr 
magnetic interact~ons of t h ~ s  character can fcad to ferromdgncts 
behawour The results we1 e inconclualve regdrtimg th15 p n ~ t  The 
effect of dpole-dipole lnteract~ons m d l \  of consldenhir: m.ign:ncta 
dlluilon may become percepilbie only ~t low iemperdturrs wh.h~rtm in 

the case of salts havmg a high concentrrtron of the prra~n~kgncta tun, 
even at ordinary temperatures the mfluerlce on k k  p.lramdgncbc 
susce$bljlty and anlsotropy may be expected to be ~ o n b a k r  i h h  and 
although no onclusrve theoretlccdl e v d e n ~ s  is a! ~ d l h k  we 

even expect ferromagnetic behamour to acmr CIUC to h i r ~ t e r ~ ~ t ~ ~ ~ ~ ~ ,  



For d~polc-drpofe ~nter~icttorl to Ltkc j A ~ c o ,  tltc ~ ) ~ i t : ~ n l a g ~ ~ e t ~ c  
Ions d~ould 11c a d j m n t  to each otl~cr WIKH t11cl p a r  c u t ~  t,~gc of Iron 
in b~otttc 1% s~nall tlus conchtloi~ 15 o I ~ v i o ~ i d >  I I O L  I c ,dlsetl ,l~icl ~n the 
laycr of (Fc, Mg) ;ttonir, t h c ~  k'v ,tf0111\ ,LI  1' ino%f Ij 4111 ~ o w l ~ d  fly Mg 
atoms But w l m  t l ~  pcrccutclgc of r r o l l  1s Illgll , L I ~ C I  Elid of 
rnagneslum ca~responcln~gly lev,, I I I O ~ ~  of tfw I* cb d o m ~ ,  ,LI C* ~ i ~ ~ g l ~ b o t ~ r s  
In the posltlorrc, of s~x-cool c l i ~ ~ ~ t i o ~ l  ,tml the ( rr~~tllticuls ,ir u i,ivoul;hIc 
for magnetl~ ~nte~~ic.trnus to t,rhc ~ h t + c b  111 otllcr w o r d s ,  when the 
nexgl~bouring lolls ;ire tl~,mz,iguet~c, thc Ior,il llcltl ,~(+tltig 011 the 



paramagnetlc Ion 1s practically the same as the applied field inside the 
material But when the nearest neghbours are paran~agnrtle and 
asymmetr~cally arranged around it, the local field will d~ff er conadernbly 
from the average field inslde the materlal and w~ll also be xiyrnrnetnc, 
its character and magnitude depending upon the d~rect~on of the 
apphed field 

10, Pleochroism o f  the Biotites 

There is, as yet, no satisfactory explanation of the pleochromn 
of the biotites The intlmate relatlonshlp between colour af ulorgmrc 
salts and paramagnetism is well-known, for salts of the tran41tlon 
elements whlch are coloured are also pnramagnetlc Sahal"as put 
forward a theory of the orlgm of colo~ir in inorganic salts accordmg to 
whlch absorption In the vlsible region of light 1s due tu traxr%itions 
involving the reversal of the spm-vector of the one of the 3d e l e ~ f r t w ~  
of the paramdgnetic Ion Such transitions although fortrrddan for tlic 
free paramagnetic ton are assumed to be poss~ble in solds and lrt 

solutions 

The connect~on between colour and pdr~magnetism nt wce 
suggests a corresponding relationsh~p between pleochroisn~ dnd para- 
m a g n e t ~ ~  dnlsotropy and the examinat~on hq the author of the d v a i l d h l ~  

data on the pleochroism and paramagnet~c annotropy of sdtr of the; 
iron group of elements has revealed that litrong paramagnetx. anzw- 
tropy is gene~ally associated w~th  marked pleochronm Thts enquiry 
proved to be f~ultful in another way The nuthor could not find my 
reference to the pleochroic properties of FeSO, (NM,),SCl), lliII,Q in 

the literature on the subject This substmee IS kuown to be hl 

anlsotrop~c magnetically and we should expect a marked pleorhronm 
also A large crystal wnr ex.tmined 111 the (010) p l ~ n c  md it was 
found that the colour 1s pale green for hght \ ibrdm.; 111 the ~--d@ec- 
tlon and yellow when the vibrations are in the (I--direction 

The bearrng of the above on the plcochroisrn of the blutltes 
obvious, for we have seen that pleo~hronm 1% most ~~ronon~icr 
varletles rich m ferrous iron, and the rnagnetlc anwt rn  



The close correspondence between thc c a w  of iii,gnct~sation 
parallel to the c h v a g e  pl;inc (the p ~ r  magtrotlc su\c cptrh~llty p , ~  c~llel 
to the c leav~ge  plane rs xnlucli gl c , h  tllrt~l t11,~t ~ C I  ~ L I H I I C  ulcu 10 it) mcl 
tlie r eadmess with wllicli the spms I cspontl to thc elcctr ic f~cld of tllc 
Ilght wave when this 1s p,\rdlcl to thc clccrv~~ge lrl'utc, 1% vcl y strlkitig 
md 1s st1 ongly suggesl~vc: of thc: f , i ~ t  t l id  tlic po1,irmlioli ot ,~l>\orption 
In the brotites 1s cli~efly due to tllc 1niluc11~c of thc L ~ ~ y ~ ~ i ~ ~ ~ ~ t ~ ~ ~  cl y M -  
Irne f~elds :i~ling on the par nmagnctlc loll, cnlitrncctl, Iiowevcr , by tlic 
rnagnct~c interdclrons Thc I ecent w o ~  k 111. KT 1 4 I l l l r l ~ l  c u ~ ( l  C l ~ h d -  
bartylG on the polai~sation of tlie a h m  ptmi lilres of slrlglc cry5tals of 
the hydi ated sulplidea or PI a ~ i d  Nd 1s mtcl csl~rlg 111 tilib ( onrlection 
They fmd that " nlmy of the ,111sar ptlon hncs ,u e \ t i  ()l~;;ly p ld1  m d ,  
some of them hcing ~ o ~ ~ l m c t l  dliiost wlmllj to v l h ~ ~ i l ~ o ~ i s  dong 
one or mot lie^ of the p ~ m c l p ~ l  {lxcs of the o p t ~ ~ l  clltpso~d of 
thc u y s t d  m l  t l ld these vandtiorls In thc clircc.tum of polmstttion 
occur even m o n g  tlrc hncs of thc s l i m  group, 111 otllcr words, 
among thc Stat k componcnt5 which 01 lglnc\tc froln thc s,inlc: absorp- 
tlon 1me of the flee loxi, sonic arc polmsccl s tx~ngly  111 o11c dl~cction 
and some strongly 111 mother" T I w c  c r y s t ~ l s  s , ~ l ~ o  \Ilow strong 
mqpe t l c  anisotlopy From tllcsc S,r~ts Ill1 l s l l ~ l , ~ ~ ~  c oltc I ~ l t  les t h t  the 
cx ystalllne clect~ lc fields which p~ orlucc lllc St'irk sl htt111g 'ire c~lso 
highly dnlsotroplc 



first of a'1 the s T ? l e  case where magnetic lnteractluns do not 
occur We tllat the magnetlc curlers are orv&kted r lth the 
magnet1c axes more nearly parallel to the clearage plane due to the 
coupllng between orbit and spin, randomness of orlestatlon erlstlng 
ln azlmutll Under the ldhlence of a rndgnetic held pard]lcl to the 

plane, we get the usual paramagnet~sm, altlouglk con- 
dlmllllshed in mLqnltude But when ttle field 1s normal to 

@me, the resdved part of the sptn monlcnt5 perpen&- 
~ u l a r  to the cleavage plane IS much less on account of the rp&+lrtkvc 
action of the crystal fields, and we get n mudl lower susceptlhll~g~ 

the h%h mmag~letlc anlsotropy may hc explLimcd Qur pclure 
also reveals how the reversals of the spin vector can tdke place m tfle 
cleavage plane but not perpendicular to ~ t ,  smce, the spms drc tl~rcr ted 
mole nearly parallel to the cleavage plane and can frcclv ar~entdtc 
themselves m azinluth The pleochroism also IC, t l m  explmed 
This phys~cal prcture although somewhat native 1s suffrerent to cxpfm 
both phenomena A rlgorous treatment of plcochro~sm t a h g  Inti, 

account the Stark splitting of the energy levels 1x1 the crjstal fields as 
very desxrable 

I t  seems very l~kely that the mutual lnteractlon of ncrghboGmg 
paramagnetic ions to wh~cli we .iscrrbed the enhanced amsotropy in the 
var le t le~ rlch m Iron plays a slgnihcd~lt pdrt 111 mtensdj mg the p l u i ~  
&olsm When the percentage of ferrous uon exccats n curtarn 
value, the effect due to the rnteractlon of the iron atoms m.i~ prrsutli- 
ably become enormous as compared 1~1th the U S U ~  Van V l e ~ k  eflcct i 
the asymm&lc fields and both the magnetlc anlsokroE 3rd  the 
pleocllrolsm become exceedingly large 

AI~.~~@-, the connection between pleochrolsm and p d r a n l ; ~ g ~ ~ ~ t ~ c  
anlsotropy seelns to be obvious in the biohte~, 5omc WPilcc~nt fedtures 
relating to tile two phenon~ella have to he e~pldlne(l For ~n!dW% 
Mui manrl and Roiter" have observed p l e ~ ~ h r ~ l ~ m  In hlnS( '4 (xh,. 
SO,, 6H,O, although this crystal 1s almost i ~ t r o p l ~  magti . t i~4 k i j i m  

,, the case of a rose-coloured varlety of touml.dlt1e ~nl l tarnm$ a Liiscrm 

del able percelltage of mallganese the m t l m  ha5 ~ h s c ~ ~ d  i'ra'i'unrcd 



Although, in genernl, pleochrolsm ui xnxnerds has been known 
to be assoc~atcd with '1 lntge iron content, the intensity mcreas- 
ing w~tlz percentrtgc: of 11 on, nistuiccs 11~ivc been quoted xn which 
anomalies have beell noted $'or mstCulcc, I I e ~ r r y ' ~  remarks from 
optxcd ot>sc~v,~t~ans madc on some 11on-~lcli v;iricty of hypcistlienes, 
that the rule t h d  pleocl~r elm inw cll\cs wllh mcre,isc 111 Iron- 
content, docs not 1~11d for tllc , sc~  xcs ,IS, ,I, wllolc, '1% scmu of those 
nclz In 11 on clre only wc,~kly ~ I C O C I ~ I O ~ L  Tlzc plcocI1rotbm 111 t h ~  
case wa$ judged by visual obse~v~~t lo r l  only, ; u ~ 1  ~t wdl he obvlous 
t l~ai  the apparent magnitude of the plcoc hrolsm will clcpexld upon the 
- - - - 

.'Xll' =Sns~cptlblllty p i t  ,illcl to tho  hcx,rgonal ,txis 

XIr--=. ,, pell~cndicul,~r 11 I L 



REFERENCES 



SUMMARY 

111 connectron with illy ~nvccitlg;lttons an cr g\ tdhne 1u11 ~ , tcs  and 
calbonatcs, aecux ate vdues of c l ~ ~ m d g t l ~ i l ~  misoil opy wcrc t equll ed 
arid an cxainli1,dion of tllc 131 eV10U5 litel cltlll c 011 the sulljcct showed 
that thcie 1s consi~lcr~~blc t l~sctep~ii~cy 111 the v,llt~cs oht,uncd by 
earher cvot licrs 1 Ildvc m , d e  I C L I  eful IllctL\Ul elllcllts, c ( ~ P c L ~ ~ ~ I I Y  wllh 
J, vlew to unclc~ sL,uitl tlie i n f l u e ~ w  of t I y x t ~ l  st~uctxx~c on the 
intlylsxc a~l~solropy of llic (COJ cirxcl (NO ,) groups Tllc results 
are prcsct~tecl 111 Ch,tplc~ 11 I t  1~ becn fou~id t l i ~ t  tllc dmracter 
of the c~lvi~ollinent ~nllucnces the :inisotropy ol the mttate and 
carbonntc xonc, 111 t l w  I c s p c c l ~ c  cr y \ l , ~ l ~ ;  lo ,L considel,ible 
extent I hnvc, f u ~  l l m ,  dl mu Itttc~ztion to tlzc r c i m ~  knble diifcxence 
m the dm1;qpctic , i~usol~upy of thc c'zr l m ~ u t c  mcl nlt~atc groups, and 
I have also suggesletl ~ u i  cxplt~r~ritrcm of this cl~licr cnct: The mlgnetic 
anlsotiopy of m ~ n i o ~ ~ m i n  and S I ~ V C I  mtl ides I I ~ ~ S  been cletcrmrned by 
me f o ~  the fils1 t m c  w d  thc orient,~tions of tllc nxlrdc ions in these 
crystds llhve becn clcdt~cecl flom the mLigtict~c &t,l I l i ~ v e  also 
attempted a. theor~tic~il c ~ i n p t ~ i t ~ o ~ ~  of the ( l l t \ ~ ~ l r \ g l l ~ l l ~  ruxl~otr~py of 
the 11111 , ~ t e  group from scuz~-c l~lss~.~d cons~clcrallons. 



The magnet~c method of structure analvw, dcvell~~,ed r. by 
Krishnan and hu collaborators and Lonsdale and ]<.;rp,hnnn, j1ds, hcern 
appllecl by me to the case of rliomblc sulpl~ui ,tnd the reself+ are 
given in Chapter IV The dgreement with S-12) nnd>si\ r* u ~ ~ l y  
approximate and I have pointed out that a revuen af the rtructure n 
highly desirable 

The temperature variat~on of the dlamgnetrc. an~snf rop  of 
several orgdnic and Inorganic ~rys tah  has hecn stuchcd bv me bj the 
technique 1 have developed m this conee~tlon Sanous plicns,cna 
Ilke clystal polymorphism and the effect of i i n~u~ ihc i  on the dtrcc- 
tlonal magnetic properties of the crystal a\ the ~nilting ixtmt i\ 
approached, have been investigated in \oIW d c h \  ur lI'Vhme, 

polylllorph~c tranntlons m arnmonlum m r i  ptdaslunl nr irate$ ~uuld  be 
d a t l n g u ~ s l ~ ~ ~  by the nlare or less abrupt d m g e s  m the d~roiigneta 
anlsotroples of these crystals at the tran5ition h l o p ~ r * l t ~ r ~ 5  ~radaal  
decrease of dlamagnetlc anlsotropy has been dWXWd in ~~~1~~~ 




	Contents



