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S T E L L I N G E N

1) Het is zeer  gewenst, dat bij de opleiding van kristallografen  en
chem ici m eer de aandacht wordt gevestigd  op het v e r sch il tu s­
sen  de Angstrom  en de „Siegbahn eenheid".

2) Door h e t v e rw aarlo zen  van h e tte m p e ra tu u r-o n a fh a n k e lijk  p a ra -
m agnetism e is de conc lu sie , d ieG reenw ald , P ic k a r t  en G rann is
u it de su sce p tib ilite itsm e tin g e n  aan C0AI2O 4 tre k k e n , on ju ist.

S .G reenw ald , S. J .  P ic k a r t  and F . H. G ran n is .
J .  Chem . P hys. 22, 1597 (1954).

3) De ex trapo la tiem ethode  die H all en F uoss  to ep a sse n  op v isc o -
s ite itsm e tin g e n  aan p o lym eerop lo ssingen  le id t n ie t to t de w are
in tr in s ie k e  v isc o s ite it  b ij een  schu if spanning  nul.

H. T. H all, R. M. F u o ss . J .  Am . C hem . Soc. 73, 265
(1951).

4) In h e t m agnetisch  ged rag  van  m e n g k ris ta lle n  van  C0AI2O4 en
MgAl2Ü4 zijn  aanw ijzingen te  v inden  dat MgAl2Ü4 een  g e d e e l­
te l ijk  om gekeerd  sp in e l is .

5) In h e t a r t ik e l  van O gston kom t n ie t voldoende to t u itd rukk ing
dat e r  in  p rin c ip e  geen v e rs c h i l  b e s ta a t  tu sse n  de sp ecifiek e
w erking  van een a sy m m e tr is c h  enzym , e n e rz ijd s  op één  van de
v o rm en  van een op tisch  an tipodenpaar en a n d e rz ijd s  op één  van
de tw ee iden tieke g roepen  Z van een sy m m e tr isc h e  verb ind ing
CXYZ2.

A .G .O g sto n . N a tu re  162, 963 (1948).

■ 6) FeS0 4 . (NH4)2S0 4 . 6H2O), door Selwood aanbevolen  a ls  ijk s to f
vo o r m agnetische  su sce p tib ilite itsm e tin g e n , vo ldoet n ie t aan
a lle  voo rw aarden  die aan een d e rg e lijk e  s to f  g es te ld  m ogen
w orden. H et nikkelanalogon van deze v erb ind ing  is  een  v e e lI b e te re  s tan d aa rd .

P . W. Selwood. M agnetochem istry  (1943) p. 29.

7) De bereken ingen  van  K ordes o v e r s tr a le n  en p o la r is e e rb a a rh e -
den van ionen in k r is ta l ro o s te r s  le v e re n  geen nieuw e g e z ic h ts ­
punten op.

E . K ordes, Die N a tu rw issen sch a ften  21. 488 (1952).



8) De a lgem een  gebru ike lijke  m ethode *) vo o r he t re c h tz e tte n  van
s le c h t gevorm de k r is ta l le n  in d ra a ik r is ta lc a m e ra s  m et b e ­
hulp van zwenkopnam en kan in ve le  gevallen  m et v ru ch t ge­
w ijzigd w orden door de beide ju stee rw ieg en  onder een hoek
van 45° m et de invallende bundel te  p laa tsen .

*) C. W. Bunn. C hem ical C ry sta llo g rap h y  (1948)
p . 173-175.

9) V oor de v e rk la r in g  van de p a ra -C la is e n  om legging v e rd ien t
h e t rea c tie m e c h a n ism e  v ia  h e t diénon de v o o rk eu r boven dat
van een u-com plex.

D Y . C urtin , H. W. Johnson, J .  Am. C hem .S oc. 7j8,
2611 (1956).

J . P .  Ryan, P . R. O 'C onnor, J .  Am. Chem . Soc. 74,
5866 (1952).

10) In c o o rd in a tie ro o s te rs  w aa rin  n ie t-g e iso le e rd e  com plexe g ro e ­
pen voorkom en is  vo o r de b e sch rijv in g  van de b ind ingstoestand
de M. O. m ethode van M ulliken te  p re fe re re n  boven de m etho ­
de d e r  g e rich te  v a len tie  van  Pauling .

11) Om psycholog ische  redenen  v e rd ie n t h e t aanbeveling  h e t ge­
b ru ik  van z. g. „b u d d y -sea ts"  op b ro m fie tsen  aan beperkende
bepalingen  te  onderw erpen .
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I N T R O D U C T I O N

The object of the p re se n t investiga tion  is  the so lu tion  of som e
of the p ro b lem s concern ing  the cobalt oxide C03O4. T h is com ­
pound h as  been sub jec ted  to chem ical, c ry s ta llo g ra p h ic  and m ag ­
netochem ical investiga tions.

F ro m  c ry s ta llo g ra p h ic  work we know that C03O4 c ry s ta ll iz e s  in
the so -c a lle d  sp in e l la ttic e . T his type of c ry s ta l s tru c tu re  is  e s ­
se n tia lly  a cubic c lo se-packed  la ttic e  of the anions in  which the
cations occupy 1/8 of the te tra h e d ra l  in te r s t ic e s  and 1/2 of the
oc tah ed ra l in te r s t ic e s . In  a cubic c lo se -packed  la ttic e  th e re  a re
as m any o c tah ed ra l in te rs t ic e s  a s  th e re  a re  anions and tw ice as
m any te tra h e d ra l  in te r s t ic e s . F o r  a m ore  d e ta iled  d esc rip tio n  of
the sp ine l s tru c tu re  we m ay r e f e r  to the work of G o rte r  1).

F o r  a sp inel with the g e n e ra l fo rm u la  MN2X4 in which M and N
a re  d i- , t r i -  o r  te tra v a le n t ions th e re  a r is e  four p o ss ib ili tie s  as
to valence and d is tr ib u tio n  of the cations betw een the p o ssib le  po ­
s itio n s . (In th is  th e s is  we adopted the g en e ra l ru le  of enclosing
the cations in the oc tah ed ra l in te rs t ic e s  betw een sq u a re  b rac k e ts .)

A) M2+ [Ng4] X4 (no rm al 2-3 spinel)

B) N3+ [M2+N3+] X4 ( in v e rse  2-3 spinel)

C) M4+ [Ng ] X4 (no rm al .4-2 spinel)

D) N2+ [n2+m4+] X4 (in v e rse  4-2 spinel)

F o r  C03O4, which m dy be w ritten  as Co(Co2C>4), the four p o s­
s ib il it ie s  w ere  d isc u sse d  by V erw ey and de B oer 12) who p o s tu la t­
ed the s tru c tu re  Co^+[ c o ^ + ]o ^ ,  while Robin 3) supposed Co^O^
to be the n o rm a l 2-3 sp ine l C o2+ [C o |+ ] o 4 .

The m agnetic  p ro p e r tie s  of C03O4 w ere d e te rm in ed  by B hatna-
g a r  4) and c o -w o rk e rs  who found a m ean m agnetic  m om ent fo r Co
of 2.98 Hg while the sp in -on ly  value p e r  Co ion is  4.58 pR if the
substance  contains 1 Co2+ and 2 Co3+ ions and 4.65 p n  in case  the
com position is  1 Co4+ and 2 Co2+,ions. A b r ie f  d iscu ss io n o f these
p a p e rs  w ill be given in  the ch ap te r dealing with C03O4. F o r  the
m om ent it  is  sufficien t to  s ta te  the two p ro b lem s which have la r g ­
ely  d e te rm in ed  the p re se n t investiga tion . They a re  f i r s t ,  the un­
c e rta in ty  about the d is tr ib u tio n  and valence of the Co ions in  the
oc tah ed ra l and te tra h e d ra l  in te rs t ic e s  and secondly , the low value
of the m ean m agnetic  m om ent of Co in  th is  substance . M oreover,
the re c e n t investiga tions in  the field of oxidic fe rro m a g n e tic  m a­
te r ia ls ,  m ain ly  f e r r i te s ,  m ade it in te re s tin g  to  see  if the m agne­
tis m  of the coba ltites  could be explained by N e e l's  5) th eo ry  of
fe rr im a g n e tism  o r by the m odification  of Yafet and K itte l 6). V ery
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rec e n tly  L o tg e rin g 's  w ork ?) was published in  which se v e ra l c h ro ­
m ites  and coba ltites  w ere  d iscu ssed . The ch ro m ite s  could be
tre a te d  by the m ethod of Yafet and K itte l; the coba ltites  showed a
le s s  sim ple  behav iour and m ost of them  could not be explained by
one of the th eo rie s .

F ro m  the beginning it was c le a r  that c ry s ta llo g rap h ic  m ethods
could not lead  to  a s a tis fa c to ry  answ er to the questions, as the
sc a tte r in g  fa c to rs  of Co2+, Co3+ and Co4+ fo r X -ra y s  a re  too
much a like . The only p o ss ib ility  seem ed  to be to study se p a ra te ly
the m agnetic  p ro p e r tie s  of Co2+, Co3+ and eventually  Co4+ in  the
d iffe ren t in te r s t ic e s  of a sp inel la ttic e  and to t ry  to find a su itab le
d is tr ib u tio n  of Co ions in C03O4 which would fit the m agnetic  data.
The o rig in a l schem e contained the investiga tion  of the following
sq u a re  of m ixed c ry s ta ls :

Z11AI2O4--------------- ZnCo2C>4

C0A I2O 4---------------C03O4

Of th ese  m ixed c ry s ta ls  the s e r ie s  betw een C0AI2O4 and C03O4
has not been p rep a re d ; the re s u l ts  of the o ther s e r ie s  m ade the
study of th is  one superfluous. In addition, m ixed c ry s ta ls  of
CoO - MgO and CoO-ZnO (up to 20% CoO) w ere  m ade to study the
the m agnetic  behaviour of Co2+ ions in  o c tah ed ra l and te tra h e d ra l
in te r s t ic e s  re sp e c tiv e ly . The m ixed c ry s ta ls  CoO-MgO have thè
ro ck  sa lt  s tru c tu re  of MgO; those  of CoO-ZnO c ry s ta lliz e  in the
w urtz ite  s tru c tu re  of ZnO. F ina lly , the influence of d ilu tion with
Mg on the m agnetic  p ro p e r tie s  of C0AI2O4 was stud ied  in som e
m ixed c ry s ta ls  betw een C0AI2O4 and MgAl2 0 4 -

The sy s te m s  (C o,Zn)A l204 and (C o,M g)A l204 a re  not.of d ire c t
im portance  fo r the understand ing  of the m agnetic  behaviour of
C03O4, but a re  in te re s tin g  fro m  the view point of w hether C0AI2O4
is  a n o rm a l o r  a p a rtly  in v e rse  sp inel.
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C h a p t  e r  I

P R E P A R A T I V E  A N D  A N A L Y T I C A L  P R O C E D U R E S

1 .1 . P r e p a r a t i o n  o f  t h e  m a t e r i a l s

In o rd e r  to avoid d iff ic u lt1 and tim e-consum ing  se p a ra tio n s  of
m eta ls  such  as Co and Zn and subsequent g ra v im e tr ic  an a ly ses  of
th ese  e lem en ts , we used  only quan tita tive  m ethods of p rep a ra tio n .

T here  a re  two p rin c ip a lly  d iffe ren t m ethods of p red e te rm in in g
the am ount of the v a rious  m e ta ls  in  the fina l oxides.
a) S tandard  so lu tions of a c cu ra te ly  known concen tra tions of the
m eta ls  can be used . In th is  way the re q u ire d  quantity  of a m eta l
is  added to the m ix tu re  by m eans of a b u re t te .
b) A so lid  s tan d ard  substance  of the m eta l can be weighed out.
The fo rm e r  m ethod is  quick and has the advantage of the ease
with which the v a rio u s  m eta ls  a re  m ixed. The la t te r  m ethod is
som ew hat m ore  laborious but has a g re a te r  ac cu ra cy  as to the r a ­
tio  betw een the m eta ls  and m ay be used  to m ake la r g e r  am ounts
of m a te ria l.

The following s tan d ard s  w ere used during th is  investigation :

Substance
Co(NC>3)2 solu tion
Zn(N0 3)2  so lu tion
Mg(NC>3)2 so lu tion
A1(NC>3)3 so lu tion
Co(COOH)2 .2H 20
Zn(COOH)2 .2H 20
MgCC>3

M etal content
0.0388 m A t/cc
0.1652 m A t/cc
0.1571 m A t/cc
0.598 m A t/cc
32.0%
34.6%
24.9%

M ethod of ana ly sis
Co m eta l
Z n oxinate
M &2p 2C>7
A1 oxinate
C 0 2 P 2 O 7
Zn oxinate
MgO

M etal oxala tes w ere fo r the sam e p u rpose  a lso  used  byR obin^)
The so lu tions w ere p re p a re d  by d isso lv ing  M erck  pro analyst com ­
pounds in  d istilled  w ater and a sm a ll am ount of HNO3 . The oxal­
a te s  w ere p rec ip ita te d  fro m  boiling so lu tions of the n i tr a te s  with
oxalic  acid . The p rec ip ita te  was washed and f il te re d  and allowed
to stand overn ight in 96% ethyl alcohol, again  f il te re d  and d ried
m vacuo. MgCC>3 was a p.a.  sam ple  of M erck .

F o r  a num ber of compounds e. g. p rep a ra tio n s  of ZnCooCL, it
was e x trem e ly  im portan t to use  the exact ra t io  of Z n :C o .T herefo re
the Co ana ly ses  w ere  sub jec ted  to a c r i t ic a l  exam ination . We found
the pyrophosphate m ethod to  be the best one, fo r using  the e le c tro ­
ly tic  d e te rm in a tio n  as Co m eta l we obtained 32.2% which is  a l ittle
h igher. T his is  p robab ly  due to a s lig h t oxidation of the m eta l s u r ­
face in  sp ite  of the addition of a l it tle  hyd raz ine  su lphate  before
e le c tro ly s is .

We w ill now d isc u ss  a num ber of p ro ced u res  which w ere  followed
in the p rep a ra tio n  of our m a te r ia ls .
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P r o c e d u r e  A
C alculated  volum es of two o r th re e  d iffe ren t s tan d ard  solutions

of m eta l n i tr a te s  w ere  added together in to  a weighed p o rce la in
c ru c ib le , evapo ra ted  to  d ry n ess  over in fra re d  lam ps, p rehea ted
at 300 t o 350°C  in a ir  in  o rd e r  to decom pose the n itra te s  and f in a l­
ly  allowed to  stand  fo r s e v e ra l  h o u rs  in a ir  un til no change in
weight could be detec ted . T hen the  substance  was co llected  as com ­
p le te ly  as possib le  in an agate m o rta r , ground and weighed into a
p latinum  boat. In th is  boat the final fir in g  took p lace  under the con­
d itions chosen fo r the p a r t ic u la r  substance . A fter th is  firing  the
final weight m ust a g ree  with the ca lcu la ted  one.

P r o c e d u r e  B
C alculated  volum es of the d iffe ren t s tan d ard  so lu tions w ere com ­

bined in a weighed p o rce la in  c ru c ib le . The m eta ls  w ere s im u ltan ­
eously  p rec ip ita te d  with a (NH4)2CC>3 solution. The whole m ass
was evapora ted  to d ry n ess  over in fra re d  lam ps. F ro m  th is  point
the sam e  p ro ce d u re  as d e sc rib ed  under A was followed.

P r  o c e  d u r  e C
C alculated  w eights of the d iffe ren t s tandard  so lid s  w ere com ­

bined in  a weighed p o rce la in  c ru c ib le . They w ere d isso lved  in
concen tra ted  HNO3 and evapora ted  to  d ry n ess  accord ing  to p ro c e ­
dure  A which was followed fu rth e r .

P r o c e d u r e  D
C alculated  w eights of the s tan d a rd  su b stan ces  w ere thoroughly

m ixed in  a m o rta r  and sub jec ted  at once to the final firin g .

An im p o rtan t p recau tio n  to observe  in  a ll four m ethods is  of
co u rse  s t r ic t  quan tita tive  handling of a ll so lu tions and so lid s , ex ­
cept fo r the tra n s p o r t  of the p reh ea ted  m ass  to  the p latinum  boats
w here th is  is  r e a lly  im p o ssib le . H ere , how ever, the lo ss  fac to r
is  known and m ust be accounted fo r  in  the th e o re tic a l calcu lation
of the final weight.

A dvantages of p ro ced u re  A a re  i ts  qu ickness and ease  e spec ia lly
in the c a se s  w here th re e  d iffe ren t m e ta ls  a re  involved. It is , how­
e v e r, le s s  a c cu ra te . A ll su b stan ces  of the s e r ie s  of m ixed c ry s ta ls
(Co,Zn)Al2C>4 and Zn(Co,A l)204 a re  m ade accord ing  to  th is  m ethod.

P ro c ed u re  B is  u sed  when so lub ility  and s ta b ility  of the n itra te s
of two m eta ls  a re  v e ry  d iffe ren t, which m ay cause an inhom ogene­
ity  in  the p reh ea ted  m a ss . T h is  danger ex isted  in the case of the
m ixed c ry s ta ls  of (Co, Mg)0 , w here m ethod B was applied with
s u c c e s s . The advantages of p ro ced u re  C have a lread y  been m en­
tioned in  th is  section .

A m odification is  possib le  when a P t c ruc ib le  instead  of a p o r­
ce la in  c ru c ib le  is  used . The tra n s p o rt  of the p reh ea ted  m ass  is
avoided, so  tha t no lo ss  fac to r h as  to be in troduced  in  the ca lcu l­
ation of the fina l weight. T his is  im portan t in  c a ses  w here the f i ­
na l weight is  u sed  to check the oxidation of the m etal to another.

8



valence . We used  th is  m ethod fo r the p re p a ra tio n  of som e of the
ZnC o204 sam p les.

In som e c a ses  a com bined m ethod AC was applied. One of the
m eta ls  was weighed as a s ta n d a rd  so lid  and the o th er m eta l was
added in  the fo rm  of a solution. The m ethod is  su itab le  if the r e ­
qu ired  ra t io  is  such that a la rg e  volum e of one so lu tion  and a ve ry
sm a ll volum e of the o ther a re  to  be used.

P ro c ed u re  D, although v e ry  e asy  and quick, did not appear ve ry
sa tis fa c to ry . The few m a te r ia ls  m ade acco rd ing  to  th is  m ethod
showed inhom ogeneities. The p ro ced u re  is , how ever, v e ry  valuable
when only one m eta l is  involved. A ll ou r C03O4 sa m p les  w ere
m ade in th is  way. The f ir in g s  of our m a te r ia ls  w ere a ll c a r r ie d
out in  p la tinum  boats o r  c ru c ib le s . P la tinum  appeared  ve ry  r e s i s t ­
ant to heating  with the oxides of Mg, Co and Z n up to te m p e ra tu re s
of 1250°C. The fir in g s  m ay be v a ried  with re s p e c t  to  a tm osphere
and tem p e ra tu re . We have only used  the oxidizing g ases  a ir
and oxygen and fu rth e r  a vacuum  of about 1 m m  Hg. The te m p e r­
a tu re s  used  ranged  up to  1250°C. Som etim es the m ethod of coo l­
ing a f te r  the fir in g  is  im portan t. Sam ples m ay be quenched o r
annealed.

The m ethod of m ixing (A, B, C, D o r  AC) and the conditions of
fir in g  and cooling w ill be given in  the following c h a p te rs , w here
th is  is  im p o rtan t fo r a d iscu ss io n  of the re s u l ts  of the m agnetic
m easu rem en ts .

1 .2 . C h e m i c a l  a n a l y s i s

B esides  the g ra v im e tr ic  ana ly ses  of the s ta n d a rd  sub stan ces
a lread y  m entioned in sec tion  1 .1 , no o th er de te rm in a tio n s  of the
m eta ls  have been c a r r ie d  out. The quan tita tive  way of p rep a ra tio n
m ade such an ana ly sis  su p e rflu o u s . An excellen t check of the whole
p re p a ra tiv e  p ro ced u re  is  found in the final weight of the m a te r ia l.
In m ost c a se s  th is  final weight ag reed  with the ca lcu la ted  value
within 1%. Sam ples fo r which th is  final weight d iffe red  m o re  than
2% fro m  the th e o re tic a l value w ere d isca rd ed .

F o r  som e of the compounds containing Co of a  valence h igher
than two the oxidizing pow er was d e te rm in ed  in  the following way,
Into a sm a ll g la ss  tube with thin bottom  100 mg of the substance  is
weighed, 1 to  1.5 g r of KI (M erck p. a. )  a re  added, the tube is
evacuated  on the oil pum p and se a le d  off. The c lo sed  tube is  p laced
upside down in a C arius tube to g e th e r with a  g la ss  ro d  which se rv e s
as a h am m er and 7.5 cc of HC1 (filming HC1 pro analyst dilu ted
1 : 4 ) .  The C ariu s tube is  cooled in  ice , evacuated  on a w ater
suction  pum p, lif ted  out of the ice  bath and w arm ed up by hand.
The liquid  in  the tube is  allow ed to  boil under red u ced  p re s s u re
fo r  one to  two m inu tes to  d riv e  out the oxygen. Now the tube is
se a le d  off and the bo ttom  of the l it tle  tube inside  is  b roken  with the
ng lass h a m m e r" .

A heating  p e rio d  of 6 h o u rs  a t about 125-130°C in  a C ariu s  f u r ­
nace is  su ffic ien t to  b rin g  the substance  com pletely  into solu tion .
The conten ts of the C a riu s  tubes a re  fina lly  t i tra te d  w ith th io -su l-
phate in a c losed  v e s se l  under n itrogen .
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We have w orked out the ana ly sis  in  the above way fo r se v e ra l
re a so n s . T hese  a re :
a) .C03O4 and, ZnCo2C>4 a re  only ve ry  slow ly soluble in d iluted
o r  concen tra ted  ac id s , the m ore so if they a re  f ire d  at a h igher
tem p e ra tu re .
b) In the re a c tio n  of compounds containing t r i -  o r te tra v a le n t  co­
b a lt w ith HC1 a p a r t  of the oxidizing pow er m ay d isap p ea r by the
escape  of oxygen gas 9).
c) The use  of H2SO4 and M ohr's  s a lt  is  not adv isab le . The co l­
ou r of the Co2+ ion in te r fe re s  with the de te rm in a tio n  of the end
point of the ti tra t io n  and the rea c tio n  in  the sea led  tube between
H2SO4 and C03O4, fo r exam ple, is  much slow er than tha t betw een
HC1 and C03O4. We tr ie d  to find the p ro p e r  conditions fo r th is  r e ­
action  but could not obtain re lia b le  r e s u l ts .  T h is m ethod was aban­
doned.

A d isadvan tage of the m ethod with HC1 and KI is  the sen sitiv ity
of the t i t ra t io n  to  oxydation by a ir .  M oreover, the rea c tio n  in  the
sealed  tube appeared  to  show a blank value which could not be d e ­
te rm in e d  v e ry  exactly . We tr ie d  to find a re la tio n  betw een the
blank value and the volum e of the vacuum  above the rea c tio n  m ix­
tu re . The p o ss ib ility  m ay not be excluded, tha t on cooling, the
equ ilib rium . 2H J *=♦ H2 + I2» which is  sh ifted  to the r ig h t side at
125°C , cannot sh ift com pletely  to  the left, s ince  H2 gas m ay p a rtly
f il l  the vacuum  and I2 m ay d isso lve  in  the liquid.

The ex p erim en ts  with C ariu s  tubes of d iffe ren t s iz e s  a re  com ­
bined in F ig . 1. 1. If th e re  e x is ts  such an effect, i t  does not appear
to be v e ry  pronounced fro m  the ex perim en ta l data, p robably  due
to o ther e ffec ts  such as d iffe ren t O2 contents of the HC1 solution.

0 16

0 12

ml 0 05 N •
thiosulphate

0 08

004

ml vacuum

8 16 24
F tm ftE  1.1.
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We adopted a m ean value of 0.006 m eq. th iosu lphate . The e r r o r
was e s tim a ted  at ±25% . As we used  in  a t i tra t io n  approx im ately
1 meq. th iosu lphate , th is  e r r o r  in  the blank value is  not a very
se rio u s  one. We e s tim a ted  the e r r o r  in a d e te rm in a tio n  of the ox­
id izing pow er to be ±. 1%. The re s u l ts  obtained with th is  m ethod
w ere re lia b le  and the absolu te  values v e ry  sa tis fa c to ry . D ata
w ill be given in  the ch ap te rs  dealing with C03O4 and ZnCo2C>4.

1 .3 . X - r a y  a n a l y s i s

A pow der d iag ram  was m ade to check c ry s ta l  s tru c tu re  and
hom ogeneity  of a ll m a te r ia ls  u sed  in m agnetic  m ea su rem e n ts . A ll
photographs w ere m ade with F eK a-rad ia tio n . (XFeKoti = 1.93597 A).

The following c a m e ra s  w ere used . A U nicam  9 cm  pow der
ca m e ra  (van A rkel m ethod of f ilm  m ounting) was e sp ec ia lly  s u i t ­
able fo r the d e te rm in a tio n  of ce ll edges. A P h ilip s  11.5 cm  pow der
c a m e ra  (S traum anis m ethod of film  m ounting) was a lso  used .

The s tru c tu re s  found w ere a ll  of the sp inel, the ro ck  sa lt  o r  the
w urtzite  type. No re a lly  im portan t deviations w ere found. In the
s e r ie s  of m ixed c ry s ta ls  of (Co, M g)0 and (Co, Z n )0  som e of the
m a te r ia ls  w ere d isca rd ed  because  of th e ir  in c o r re c t  X -ra y  d ia ­
g ram .

11



C h a p t e r  I I

A P P A R A T U S  A N D  T E C H N I Q U E

2 .1 . T h e  p r i n c i p l e  o f  t h e  m e a s u r e m e n t s

The m agnetic  su sc e p tib ilitie s  w ere d e te rm in ed  by the F arad ay
m ethod, tha t i s ,  by using  sm a ll am ounts of pow dered sam p les  s u s ­
pended in th a t inhom ogeneous p a r t  of the fie ld  of an e lec trom agnet
w here the p roduct of fie ld  s tre n g th  and fie ld  g rad ien t is  a m axim um .

W ith the ap p ara tu s  d esc rib ed  in  the following sec tio n s  of th is
chap ter the fie ld  s tre n g th  could be v a rie d  up to approx im ately
5500 O ersted ; the te m p e ra tu re  dependence of the su scep tib ility
could be stud ied  fro m  -190°C  to about 930°C so  covering m ore
than  1100° of the absolu te  te m p e ra tu re  sc a le . The m easu rem en ts
m ade in  th is  way a re  not absolu te . The com bination of balance and
m agnet was ca lib ra ted  aga in st som e s tan d a rd  substance  fo r which
the g ra m  su scep tib ility  is  a c cu ra te ly  known. One of the sec tions  of
th is  ch ap te r w ill deal with the choice of th is  s ta n d a rd  substance .

2. 2.  T h e  b a l a n c e

The m agnetic  fo rce  on the specim en  was de te rm ined  with the
aid of a to rs io n  ba lance  p laced  in  a m eta l box which could be evac­
uated . T h is to rs io n  balance , a som ew hat m odified fo rm  of that
d e sc rib ed  by V olger, de V r i je r  and G o rte r  10), is  given s c h e m ­
a t i c a l l y  in fig . 2 . 1 .

In th is  sec tio n  we w ill d isc u ss  only those  a sp ec ts  of the balance
w here im provem en ts  have been in troduced  with re sp e c t to  the o r ig ­
ina l m odel, which was p laced  at our d isp o sa l by P h ilip s  R ese a rc h
L a b o ra to rie s , Eindhoven.
a) The z e ro  point of the balance  a rm  can be seen  through a lens
in the balance case . The se ttin g  of the two po in ts, how ever, can be
m ade e a s ie r  and m ore  accu ra te  with the aid of a ligh t signa l which
com es fro m  a fixed point, t r a v e r s e s  a weak positive  len s , is  r e ­
flec ted  fro m  a sm a ll m ir ro r  m ounted on the balance a rm  above its
fu lc rum , and fina lly  g ives an im age on a divided g lass  sca le  afte r
passin g  through a p r is m  and being re f le c te d  fro m  a d istan t m ir ro r .
In th is  way, the to ta l dev iation  of the end point of the balance
a rm  of approx im ate ly  3 m m  could be en larged  to a 20 cm  deviation
of the ligh t spot on the sc a le . A sch em atic  draw ing of the course
of the ligh t beam  is  given in  fig. 2.2.
b) One of the m ost d ifficult and at the sam e tim e m ost c r it ic a l
fea tu re s  of the F a rad a y  m ethod is  the rep ro d u c ib le  suspension  of
the sam p le . O rig ina lly  the sm a ll co n ta in ers , which can very  easily
be m ade the sam e s iz e , w ere suspended  fro m  a th inp la tinum  w ire.
It is , how ever, e x trem e ly  difficult to  m ain tain  a p latinum  w ire
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with an eye a t each  end at a constan t length. A re g u la r  check of
the position  of- the sam p le  in the field is  inev itab le . We found an
excellen t so lu tion  by using  a th in  quartz  w ire  provided with a hook
at each  end. T h is m ethod had the fu rth e r  advantage of the e a sy  way
in which the co n ta in ers  could be suspended fre e  fro m  the wall of
the re sp e c tiv e  tubes.

2.3.  F i e l d  c o n t r o l  a n d  m e a s u r e m e n t

The m agnitude of the m agnetic  field  was c h a ra c te r iz e d  by the
c u rre n t flowing through the co ils  of the m agnet, so  tha t the m ea s­
u rem en t of the field  s tre n g th  was reduced  to a sim ple  m easu rem en t
of a d ire c t  c u rre n t. T h is  d ire c t c u rre n t was obtained fro m  two
stab iliz in g  un its  in  a V connection betw een the th re e  phases of a
220 Volt A. C. line and a th re e  phase se len ium  re c t if ie r  with a m ax­
im um  output voltage of 126 V olts v a riab le  in  s te p s  of 2 Volts.
T h is was connected in s e r ie s  with a la rg e  dam ping re s is ta n c e ,
a sp in d le -d riv en  regu la ting  re s is ta n c e  of 5 Ohm s, an accu ra te
am m e te r and fina lly  the m agnet.

The a m m e te r  used  was a standard  AEG in stru m e n t with a scale
of 150m m  and ran g es  of 0 -7 .5 , 0-15 and 0-30 a m p eres . The m ag­
n e ts  u sed  during the m ea su rem e n ts  d iscu ssed  in  th is  th e s is  w ere
a sm a ll a ir-co o le d  and a som ew hat b igger w a ter-coo led 'm agnet.
E ven in the case  of the w a te r-coo led  m agnet, i ts  tem p e ra tu re  and
subsequen tly  i ts  re s is ta n c e  w ere  not su fficien tly  constan t but ro se
during the m easu rem en t. T h e re fo re  a ll the ex p erim en ts  had to be
done by two o p e ra to rs , one handling the balance, the o ther sw itch ­
ing the m agnet c u rre n t on and off and keeping it constant with the
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aid of the sp in d le -d riv en  re s is ta n c e . By m aking use of stab ilized
A. C. voltage the c u rre n t could be ad justed  w ithin one-ten th  of a
sca le  d ivision.

2 .4 . T e m p e r a t u r e  c o n t r o l  a n d  m e a s u r e m e n t

A wide te m p e ra tu re  range  over which su scep tib ility  m e a s u re ­
m ents could be fnade (m entioned in sec tion  2. 1) can be divided into
two p a r ts .

M easu rem en ts at ro o m  te m p e ra tu re  and low er w ere p e rfo rm ed
in the so -c a lle d  low te m p e ra tu re  tube ( L . T . T . )  attached  by a
vacuum -tigh t s e a l to the balance case  as can be se en  fro m  fig.

, 2. IB . The tube is  m ade of a m a te ria l with a low th e rm a l con­
ductivity . The sam p le , how ever, is  hanging in a copper cy linder
to  en su re  a h ea t contact as good as  possib le  betw een the
sam ple and the su rround ing  bath . The D ew ar v e sse l around
th is  tube was f illed  with liquid  a ir ,  a m ix tu re  of d ry  ice and
acetone o r w ater at ro o m  te m p e ra tu re  in  p e rfo rm in g  m e a s ­
u rem e n ts  at approx im ate ly  -190°, -80° and 20°C, re sp e c tiv ily .

T e m p era tu re  m ea su rem e n ts  at -190° and -80°C  w ere  m ade
with a cop p er-co n stan tan  therm ocouple  p laced  in  the D ew ar v e sse l
next to the copper cy linder. The E . M . F .  of th is  couple was d e ­
te rm in ed  with a po ten tiom ete r. At 20°C the bath te m p e ra tu re  was
m easu red  with a n o rm al th e rm o m e te r . The th e rm o m e te r  was
com pared with a s ta n d a rd  p latinum  re s is ta n c e  th e rm o m e te r; no
sign ifican t deviation  w as found. The therm ocouple  was c a lib ra ted
aga inst the sam e in stru m en t.

The experience  showed the liquid a ir  and the w ater bath to be
constan t w ithin a few ten th s  of a deg ree  during the m ea su rem e n ts .
The constancy  of the d ry  ice -ace to n e  bath was le s s  s a tis fa c to ry ,
m ain ly  due to the inhom ogeneity of th is  cooling m ix tu re . C onse­
quently, the m agnetic  da ta  d e te rm in ed  at -80°C  a re  som ew hat
le s s  re lia b le .

M easu rem en ts at room  te m p e ra tu re  and up to 927°C (1200°K.)
w ere c a r r ie d  out with the so -c a lle d  high te m p e ra tu re  tube
( H . T . T . )  attached  to the balance case  in stead  of the low te m p e r­
a tu re  tube. In fig. 2 .1  A a sch em a tic  draw ing is  g iven . The b ifi-
la r-w ound  fu rnace , which is  rea d ily  in te rchangeab le , is  heated  by
a s tab ilized  a lte rn a tin g  c u rre n t which can be con tro lled  by m eans
of a V ariac . The te m p e ra tu re  m easu rem en t can be p e rfo rm ed
with the aid of a b u i l t - in P t-P t  10%Rh therm ocouple  whose E. M. F.
is  de te rm ined  with a p o ten tio m ete r. T h is couple was a lso  com ­
p ared  with the p latinum  re s is ta n c e  th e rm o m e te r  up to  500°C. No
dev iations g re a te r  than  2 -3°C  could be de tec ted .

In the high tem p e ra tu re  tube A which we developed, the d ifficult
so ld e rin g  of m eta l to p o rce la in  a t both ends of the tube which was a
d isadvantage of the o rig in a l tube supplied  by P h ilip s  R e se a rc h  L a ­
b o ra to r ie s , was rep laced  by an Apiezon wax se a l. The m eta l lid s
a re  w a te r-coo led . The o u ter tube is  thus a lso  v e ry  easily  in te r ­
changeable. T h is is  an advantage, fo r so m etim es sealed  contain­
e r s  m ay explode during the m ea su rem e n ts ; then not only the f u r ­
nace but a lso  the o u te r tube is  destroyed . A second advantage is

15



a consequence of the cooling of the low er lid . The o rig ina l tube,
when used  at v e ry  high te m p e ra tu re s , needed a ir  cooling of the
low er lid  to p rev en t leakage through the P lex ig las  ground p la te .
The position  of the therm ocouple  d ire c tly  under the hanging con­
ta in e r  is  v e ry  im p o rtan t. The d istance  betw een the con ta iner and
couple was ad justed  to  le s s  than  5 m m.

The m ea su rem e n ts  done in vacuo, needed a heating  p e rio d  of
fo rty -f iv e  to  six ty  m inutes to  en su re  com plete te m p e ra tu re
eq u ilib riu m  betw een fu rn ace , therm ocoup le  and sam ple . In th is
way the te m p e ra tu re  rem a in ed  constan t w ithin 2 d e g rees  C
during  the m easu rem en t.

2. 5.  C a l i b r a t i o n  o f  b a l a n c e  i n  c o m b i n a t i o n  w i t h
l o w  t e m p e r a t u r e  t u b e  a n d  e s t i m a t i o n  o f  e r ­
r o r s

When a p a ram ag n e tic  substance  is  a ttra c te d  by a m agnetic  field
the m agnitude of the fo rce  is  given by

K = p. Xg. G. H. 2. 5. 1.

w here p is  a constan t, Xa is  the g ram  su sce p tib ility  of the sub -
r  & 6  H

s tan ce , G is  the m ass  of the sam ple  and H andS-^  a re  the field
s tre n g th  and fie ld  g rad ien t re sp e c tiv e ly . T h is  fo rce  K is  m e a s ­
u red  with the aid of a to rs io n  balance, so  that

U -  Uv = q .K , - 2 . 5 . 2 .

w here U is  the angle over which the to rs io n  head m ust be tu rned  to
com pensate  the m agnetic  fo rce  on the con ta iner and sam ple  m e a s ­
u red  on an a rb i t r a ry  sc a le . Uv has the sam e m eaning as U but now
fo r the em pty con ta iner. (It is  to be noted tha t th is  re la tio n  only
holds when the d is to rtio n  of the to rs io n  sp ring  is  sm a ll com pared
to i ts  to ta l length . In our case  th is  d is to rtio n  did not exceed  5%).

U -  Uv = p .q .H . - |^ .  X g . £  2 . 5 . 3 .

We com bine p , q , H  and in to  one c o n s t a n t w h e r e  the index i
denotes tha t th is  constan t is  s t i l l  dependent on the m agnet c u rre n t.
The b as ic  fo rm u la  now becom es

(U -  Uv)i Ci = Xg. G 2 .5 .4 .

The constan t can be de te rm ined  when the m easu rem en t is  done
with a substance  of which the Xg and i ts  tem p e ra tu re  dependence
a re  w ell-know n. •

We have chosen as a s ta n d a rd  substance  n ickel am m onium  s u l­
phate hexahydra te , N1SO4 . (NH4)2 SO4 . 6H2O.

T his substance  h as  been  sub jected  to  absolu te m easu rem en ts  by
K am erlingh  Onnes and Jackson  H ) . F ro m  th e ir  publication  we used
the following data:
16



T XglO6 ^ c o r r .  10®
286.5 10.68 10.98

77.15 39.55 39.85

w here the th ird  colum n is  the p a ram ag n e tic  Xg value c o rre c te d  fo r
the d iam agnetism  of the substance  i ts e lf  using the tab le s  given by
K lem m  12). We found the C urie  constan t C = 3174.10-6 and the •
C urie tem p e ra tu u r 0 = 2.50K. The fo rm u la  which g ives the Xg of
th is  Ni s a lt  a t ev e ry  point betw een liquid  a i r  and ro o m  te m p e ra ­
tu re  is

Xg ={t +2 ^  " ° - 30)  ' 10~6 e - m -u - 2 .5 .5 .

To p re p a re  ve ry  pu re  NiSC>4. (NH4)2SC>4. 6H2O, we re c ry s ta ll iz e d
a product of M erck, c rushed  the c ry s ta ls  in  a m o rta r  and s e p a ra t­
ed the b igger c ry s ta ls  and the pow der by a s iev e . The re s u l t  was
a quantity  of sm a ll c ry s ta ls  of un ifo rm  s iz e  (about 0.3 m illim e te r
in d iam e te r). T hese  c ry s ta ls  w ere  s to re d  in  a d e s ic c a to r  above a
m ix tu re  of powder and big c ry s ta ls  of the sam e substance  and a
sm a ll am ount of d is tilled  w ater, to m ake su re  tha t the c o rre c t  va­
pour p re s s u re  was m ain tained . F o r  the re a so n s  which have led us
to th is  choice and m ethod of p re p a ra tio n  see  sec tio n  2.8 of th is  I
ch ap te r, w here the ex p erim en ts  with o th er ca lib ra tin g  substances!
a re  d isc u sse d . Six c a lib ra tio n s  with th is  NiS04(NH4)2S046H20 a r e :
co llected  in  tab le  2 .1 .

Table 2. 1.
C alib ra tions  in low te m p e ra tu re  tube.

Cal n° 85 86 87 88

i cf^ 1010 c ^ i o i o c b  1010 c b  1010
17A 214 214 217 215
15A 244 243 246 • 244
13A 288 287 289 287
11A 359 360 363 360

9A 510 506 511 506
7A 821 821 827 839

Tem p. R. R . R. Li.

Cal n° 89 90

i c l 1. 1010 c[^ 1010 Ci? 1010 dt m
17A 218 217 216 0.8%
15A 247 247 245 0.7%
13A 292 290 289 0.7%
11A 364 364 362 0.6%

9A 513 514 510 0.7%
7A 836 843 831 1.1%

Tem p. L. L .
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In th is  tab le  the m agnet c u rre n t i is  given in  am p e res , the te m ­
p e ra tu re  is  ind ica ted  by R . when the m easu rem en t is  m ade at
ro o m  te m p e ra tu re , by L. when at the te m p e ra tu re  of liquid a ir . The
constan t Ci is  th a t fro m  eq. 2. 5. 4. (the su p e rs c r ip t  L  denotes that
m e a s u re m ent is  m ade in  the low tem p e ra tu re  tube), m  is  defined

by m  = | 4 ëL the s ta n d a rd  deviation 13) w here di is  the deviation

fro m  the a r ith m e tic  m ean  of one of the n obse rva tions  i. T hree
im p o rtan t fea tu re s  appear fro m  the tab le .

a) T h e re  is  no d iffe rence  w ithin the ex p e rim en ta l e r r o r  between
c a lib ra tio n s  a t ro o m  te m p e ra tu re  and those a t liqu id  a ir  te m p e r­
a tu re , a s  ought to  be expected.

b) The s tan d ard  dev iation  m  is  in  ag reem en t with the e r r o r  e s ­
tim ated  in  the  following way: In eq .2 .5 .4  we can take Xg - Q /T  w here
Q is  a constan t fro m  the l i te r a tu re .  A rough calcu la tion  shows that
Ci * C . i " l '5 .  H ence,

r  - Q G . j i - 5  2 . 5 . 5 .
°  T(U-Uv)

and

AC - f  AG + f  Ai -  A(U-UV) - AT

C arry in g  out the d iffe ren tia tio n s  we get
AC _ _AG . . - Ai , A(U-Uy) +4 X  2 . 5 . 7 .
C G 1,5 i U-Uy T

The following l is t  g ives the e s tim a ted  e r r o r s  in  the case of a
c a lib ra tio n  at room  te m p e ra tu re . (A pproxim ately the sam e values
can be u sed  in the case  of m ost of the m easu rem en ts  at room  te m ­
p e ra tu re . )

AG = 0.00005 g.
Ai = 0 . 1  sca le  d iv ision
A(U-UV) = 0.2 sca le  d iv ision
AT = 0 .3°

G = 0.1 g.
i = 100 sc a le s  d iv isions
(U -U v) = 30 sc a le s  d ivisions
T = 300°K.

In se rtin g  th ese  values in 2 . 5 . 7 .  g ives
0.007 in  c lose  agreem ent—  = 0.0005 + 0.0015 + 0.004 + 0.001

with m  = 0 8%. The s tan d a rd  deviation as w ell as the estim ated
value of the e r r o r  ind icate  that a m easu rem en t a t room  te m p e r­
a tu re  can be m ade with a p re c is io n  of 1%, o r som ew hat b e tte r  if
the su scep tib ility  a t a given te m p e ra tu re  is  de te rm ined  by taking
£ e  m ean  of * e  m ea su rem e n ts  a t th re e  d iffe ren t field  s tren g th s .

The abso lu te  e r r o r  with re sp e c t to NiS0 4 (NH4 )2S0 4 -6H2 0 is  es
tim ated  to  be 2%. It should be noted that the m easu rem en ts  a t l iq ­
uid a ir  te m p e ra tu re  m ay be som ew hat le s s  a c cu ra te  as  a conse­
quence of the g re a te r  influence of the te m p e ra tu re  on the su sce p ­
tib ility .
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c) The accu racy  of the constan t Ci a t a m agnet c u rre n t of 7 am p.
is  le s s  than tha t of the o th e rs . E xperience  showed us tha t in  the
low er field  s tren g th  reg io n  (i = 6, 5 and 4 am p.) the re l ia b ili ty  of
the constan ts  was even w orse . T h is is  the re a so n  th a t no low er
fie ld  s tre n g th s  a re  in co rp o ra ted  in  tab le  2 . 1, the m ea su rem e n ts
a ll being m ade with the h igher fie ld  s tre n g th s . We d e te rm in ed ,
how ever, som e of the low er fie ld  constan ts  but u sed  them  only to
de tec t fe rro m a g n e tic  im p u ritie s .

2 . 6 . C a l i b r a t i o n  o f  b a l a n c e  i n  c o m b i n a t i o n  w i t h
h i g h  t e m p e r a t u r e  t u b e

C o n tra ry  to expectation , we d isco v e red  a d iffe rence  in  th e
m ea su rem e n ts  c a r r ie d  out at room  te m p e ra tu re  in  the L . T . T .
and the H. T. T.  It seem ed  that the m agnetic  fie ld  o r  i ts  g rad ien t
is  influenced by the re sp e c tiv e  tubes in  a d iffe ren t way. The fo l­
lowing experim en ts  w ere m ade at one te m p e ra tu re  with a sea led
con ta iner with one of ou r p a ram ag n e tic  substances:
1. M easurem en t in the com plete H . T . T .  (no rm al situation)
2. M easu rem en t in  H. T. T . w ithout the fu rn ace
3. M easurem en t in  H. T . T .  without a sb es to s
4. M easurem en t in the o u te r tube of the H . T . T .  with a copper

cy linder a t the sam e  height and of the sam e
d im ensions as in  the L . T . T .

5. M easurem en t in  L . T . T .  with D ew ar v e sse l (n o rm al situa tion)
6 . M easurem en t in  L . T . T .  w ithout D ew ar v e s se l
7. M easurem en t in L . T . T .  with the o u te r tube of the H. T.. T .

around it.

The m ea su rem e n ts  1 to  4 showed to rs io n  read in g s  1% to 1.5%
h ig h er than  the m easu rem en ts  5 to 7. We concluded tha t n e ith e r
p a r ts  of the H . T . T .  n o r  the copper cy linder of the L . T . T .  w ere
the rea so n  of the d iffe ren ce , but tha t the n ickel a lloy  of the
L . T . T .  d im in ished  the p roduct of fie ld  s tren g th  and fie ld  g ra d i­
ent in  the tube. It was th e re fo re  n e c e s s a ry  to  ca lib ra te , the  baL—
ance in  com bination with the high te m p e ra tu re  tube. Six c a lib ra ­
tions with NiSC>4(NH4)2S0 4 . 6H2O w ere c a r r ie d  out a t ro o m  te m ­
p e ra tu re . The data  can be found in  tab le  2 .2 .

.To te s t  the accu racy  of the  m ea su rem è n ts  a t h igh .tem pera tu res*
we de te rm in ed  the su scep tib ility  of gadolin ium  oxide. T h is  su b rt
s tan ce  apparen tly  has ex ce llen t p ro p e r tie s  fo r  u se  as  a second ­
a ry  s ta n d a rd  at high te m p e ra tu re , fo r  the e le c tro n s  resp o n sib le
fo r i ts  p a ram ag n e tic  behaviour l ie  in  the 4f sh e ll of the Gd3+ ionj
p ro te c te d  by the filled  5s and 5p sh e lls . M oreover the Gd3+ ion isf
in  an S s ta te  (half f illed  4f sh e ll). One m ay expect no influence of
su rround ing  oxygen ions on the m agnetic  sh e ll, no o r v e ry  sm a ll
coupling e ffec ts  betw een the Gd3+ ions and no p o ss ib ility  fo r  tin»
4f e le c tro n s  to escape  to a h ig h er energy  leve l when the te m p e r ­
a tu re  is  ra is e d  and fina lly  no chem ical decom position  of the oxide.
A d isadvantage of Gd2C>3 is  the fac t tha t a ve ry  pu re  sam p le  is  not.
re a d ily  a c ce ss ib le . C ontam ination with the d iam agnetic  Y2O3 is
v e ry  like ly . F o r  the sam e re a s o n  i t  is  v e ry  d ifficu lt to  find the ab -
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so lu te  value in  the l i te ra tu re , so  we used  i t  only as a secondary
ca lib ra tio n  to check if it  is  p e rm iss ib le  to use  the sam e constan ts
at both v e ry  high and at ro o m  te m p e ra tu re s .

T able  2 .2 .
C alib ra tions  in high te m p e ra tu re  tube.

Cal n° 94 95 96 97

t C ?  1010 cf. 1010 cj? 101° cf.  101°

17A 214 214 213 213
15A 243 243 241 242
13A 287 286 284 286
11A 359 358 356 357

9A 508 506 499 505
7A 818 814 796 812

Tem p. R. R. R. R.

Cal n° 98 99

Ci* 101°

oorH c f  io 10 ±  m

17A 213 214 2135 0.3
15A 241 244 242 0.6
13A 283 287 286 0.6
11A 359 359 358 0.4

9A 508 493 503 1.2
7A 805 825 812 1.3

R. R.

The sam ple  used  was one of nNew M etals and C hem icals an
v e ry  kindly p laced  at our d isp o sa l by P h ilip s  R e se a rc h  L ab o ra ­
to r ie s . The m ea su rem e n ts  w ere  m ade in  two independent s e r ie s ,
the re s u l ts  of which a re  co llected  in  tab le  2. 3 and in  fig. 2.4.

Table 2. 3.

s e r ie sn o . T XA .103 Xa .(T -7 )
m ean

C urie const.
9

1 293 2 4 .16 6.91
439 15.86 6.85
546 12.78 6.89 . -O
686 10.14 6.88 6.88 +7
876 7.94 6.90
971 7 .14 6.88

1070 6.4? 6.88

2 291 24 .52 6.96
396 19 .19 6.95
499 14.28 7.00 6.97 +7°
648 10.93 7.01
820 8 .59 6.98
958 7 .31 6.95 1
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Gd203 (New Metals and Chemicals)
o serie 1 in H.T.T.
a serie 2 in H.T.T.
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The Xa  in  th is  and following tab le s  m eans the su scep tib ility  of a
m ass  of the substance  containing one g ra m  atom  of the m agnetic
ion. Thus, in the case of Gd2C>3 Xa  = V2^M - '̂ îe va-*-ues ^A a re
c o rre c te d  fo r the d iam agnetism  of the substance  i ts e lf  following
the tab le s  given by K lem ml2).  The gadolin ium  oxide was heated  to
700 - 800PC on p latinum  foil befo re  weighing into the quartz  con­
ta in e r . (The r a r e  e a rth  oxides tend to  pick up som e w ater vapour
and carbon  dioxide).

It can be seen  fro m  the tab le  tha t the po in ts in one s e r ie s  do not
d iffe r m ore  than  0.5% fro m  the s tra ig h t line which is  an excellen t
con firm ation  of the accu racy  of the m ea su rem e n ts  even at very
high te m p e ra tu re s . T h i s  s t a t e m e n t  i s  e x t r e m e l y  i m ­
p o r t a n t  s i n c e  m o s t  o f  t h e  s u b s t a n c e s  d e s c r i b e d
i n  t h e  f o l l o w i n g  c h a p t e r s  s h o w  a s l i g h t  d e v i a t i o n
f r o m  t h e  s t r a i g h t  l i n e .

The two s e r ie s  d iffe r 1.3%, which is  not a s e rio u s  e r r o r  if one
knows th a t the m ea su rem e n ts  with th is  v e ry  s tro n g  param agnetic
substance  w ere p e rfo rm e d  with approx im ate ly  15 mg. The d iffe­
re n c e  betw een ou r value of 0 and that found in  the li te ra tu re
seem ed  m o re  im p o rtan t to us. C a b re ra  and D u p erie r  14) made
m ea su rem e n ts  on se v e ra l r a r e  e a rth  oxides betw een 20 and
400°C and give fo r Gd2Ü3 the values C = 7.730 and © = -13.3°K .
E a r l ie r  m ea su rem e n ts  of W illiam s 15) on Gd2Ü3 betw een 20 and
300°C y ielded  a 0 -v a lu e  of -12°K . Giauque and Stout 1°) d e te r ­
m ined the su scep tib ility  of Gd2C>3 betw een 1 and 20°K and found
0 * -1 5 .5°K. Although, fo r re a so n s  a lread y  m entioned, our ab ­
so lu te  va lues of the su scep tib ility  m ay be wrong (ac tually  they a re
too low) we m ay expect the value of © to  be the sam e fo r d iffe r­
ent sa m p le s . To m ake su re  tha t we would find the rig h t slope of
l/X -T  p lo ts  in  our high te m p e ra tu re  tube, we m ade four m e a su re ­
m en ts on Gd2C>3 in the low te m p e ra tu re  tube at the tem p e ra tu re
of liquid a ir  and ice , ro o m  te m p e ra tu re  and +86°C. In the low te m ­
p e ra tu re  tube the e r r o r s  in  the m easu rem en ts  of the tem p e ra tu re
a re  neg lig ib le . E sp e c ia lly  a t 0°, 20° and 86°C, the tem p e ra tu re
m easu rem en t is  v e ry  ac cu ra te . If we now find the sam e slope as
in  the H . T . T . , th is  w ill be an excellen t confirm ation  of the a ccu ­
ra c y  of our m ea su rem e n ts . The data  of the m ea su rem e n ts  a re  co l­
lec ted  in  tab le  2. 4.

T able  2. 4.

T I—4 o G
O Xa .(T+14) C urie  const. e

80.7
290

77.5
2 4 .14

7 .339
7.329

7.33 -14°

273
290
359

25 .69
2 4 .14

9.40

XA (T-8)
6.808
6.829
6.809

6.81 + 8°

We have now th re e  independent m ea su rem e n ts  de term in ing  the

£ 3 V k  ’ĥ d 1M 0tc S i r S « * f f l e r6a!?8re  t t K f i T . 'j l  - r e -
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spectively . Table 2 .4  shows that by combining the room  tem pera­
ture m easurem ent with that at liquid air tem perature one obtains
a value for 0 of -14°K, so  the liquid air point does not fit in the
straight line found at room  tem perature and more elevated tem ­
peratures. There rem ains a lso  the discrepancy between our high
tem perature m easurem ents and those of Cabrera and Duperier 1A)
and those of W illiam s 15). This d ifference must be attributed to a
difference in im purities. Indeed, Cabrera and D uperier used
sam ples of Urbain, Auer von Welsbach, and Prandtl, while no de­
ta ils  of the purity of our sam ple are known.

The agreem ent between our m easurem ents on GdoOq in the low
em perature tube and those in the high tem perature tube and the

t ! Ciitnno^l e , y ,£"T plot for one Gd2 °3  sam ple is  a straight line up
to 1100 K allows us to use the sam e constants Ci for a ll tem per-
atures in the high tem perature tube.

2.7.  T h e  c o n t a i n e r s  a n d  t h e i r  c o r r e c t i o n  f a c t o r s

Li our investigations we used two m odels of containers: an open-
v e sse l (fig. 2.3A) for all the substances, which rem ained stable
8 0 0 a V= .m of approximately 10 m m  Hg up to tem peratures of
Ï  7 900 £* “ “* a closed  model (fig. 2. 3B)  for those compounds
which might loose  oxygen under such circum stances. The v e s se ls
werf  ™ade of quartz. Both H ereaus quartz and V itreosyl were
used. These m aterials have the excellent property of showing a
tem perature-independent m agnetism  from  -200°C up to the high-
snnormpe/ atUreS’ uWhile Pyrex g la ss> which can be used upë toC and is  much ea s ier  to handle, shows a m agnetism  which is
Le iL p u ?f5es ° n tem perature' apparently caused by param agnet-

Ó Ü
A b

open before filling

I
B

closed

FIGURE 2 . 3 .

Zn
m easurem ent, cleaned, the two parts joined and their correction
determ ined. The lower part could be used many tim es.

Two important features will be d iscussed  briefly.
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a) It is  im possib le  to see  if the em pty v e s se l is  hanging at the
rig h t position  in the fie ld  by moving the balance s tep  by s tep  in  a
v e r t ic a l  d ire c tio n  and looking fo r the m axim um  rep u ls io n  In the
position , w here the f illed  v e s se l shows i ts  m axim um  a ttrac tio n
(position  w here is  a m axim um ), the em pty one shows no m ax­
im um  rep u ls io n  on account of the fac t tha t now the m agnetic  m a­
te r ia l  i s Pnot condensed in  a th in  lay e r  of approx im ate ly  4 m m  in
height. A lso  fo r th is  re a so n  the in troduction  of a q u artz  w ire in ­
s tead  of a p la tinum  w ire  to suspend the v e sse l was a g re a t ïm -
p rovem en t.

b) F ro m  eq. 2. 5 . 4 . ,  one obtains
(U)iCi -  (Uv) i .C i  = Xg.G 2. 7 .1 .

It now appeared  tha t (Uv)iC i was independen of the h e ld
s tre n g th . T h is is  not v e ry  rem a rk a b le  s ince  (U vhCi has the di
m ension  of a su scep tib ility . We th e re fo re  called  it  V  In a ll our
m ea su rem e n ts  the c o rre c tio n  fo r the em pty v e sse l is  introduced
in the ca lcu la tion  in  the fo rm  of Xv. which is  a qu icker and above
a ll a m ore  accu ra te  way. In tab le  2. 5 we sh a ll give as an exam ple
the c o rre c tio n  of one of our open q u artz  v e sse ls .

Table 2.5.
C o rrec tio n  fo r q u artz  v e s se l no. 442.

[ (Uv)i C i - 1010 ( U J iC i -  10® X y  10®

17A -6 .6 216 -0.143
15A -5 .7 245 -0.140
13A -5 .0 289 -0 .144 -0.142
11A -4.0 362 -0 .144

9A -2 .8 510 -0.142
7A -1.7 831 -0.140

2.8.  C h o i c e  o f  s t a n d a r d  s u b s t a n c e

We have spent m uch tim e  in finding a su itab le  s tandard  sub­
stance  fo r the c a lib ra tio n  of our balance.
th is  pu rpose  M o h r's  sa lt , which was recom m enced  by Selwood ).
H ow ever n o ^ g re e m e n t could be found betw een ca lib ra tio n s  a t room
te m p e ra tu re  and those m ade at the te m p e ra tu re  of liquid a ir . The
constan ts  Ci de te rm ined  at the la t te r  te m p e ra tu re  w ere approx im ­
a te ly  11% s m a lle r  than  those obtained at ro o m  tem p e ra tu re .
/T ab le  2 . 6 ,  colum n 1 and 2). . „„„„

To m ake su re  tha t th is  d iffe rence  was not inheren t in our appa­
ra tu s , we did se v e ra l ex p erim en ts  under d ifferen t conditions to
exclude th is  po ssib ility .
a i Two c a lib ra tio n s  w ere made* with M ohr's  s a lt  (M erck p. a)  at the
tem peratureT of Ucuid i?.
those found at the te m p e ra tu re  of liquid a i r .  ( lap ie
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T able 2 .6 .

Substance F eS 0 4 . (NH4 )2S 0 4 . 6H20 F e S 0 4 .
(NH4 )2S 04 .6H 20

F e S 0 4 .
(NH4 )2S 0 4

6H20

C oS04 .
(NH4 )2S 0 4 .

6H20

N iS04 .
(NH4 )2S 0 4 .

6H2 0  ,

N iS04 .
(NH4 )2S04-

6H2O
Q uality M erck p .  a. M erck  p .  a.

re c ry s ta l i iz e d
A nalar
A. R.

own
p re p a ra tio n

own
p re p a ra tio n

own
p re p a ra tio n
re c ry s ta l l iz e d

C alib ra tion  no. 11 - 26 27 28 29 30 31 -  35 36 -  41 42 43
1010. Ci o r  Cj(n) Ci(7) Ci(7) Ci(2) Ci Ci Ci Ci Ci(3) Cj(2) Cj(4) Ci(2) Ci Ci
T em p era tu re room liq.

a ir
liq.
n 2 room» ro o m liq .

a ir liq . a ir room liq .
a ir ro o m liq .

a ir room liq .
a ir

O ther conditions thin
s ample

M agnet c u rre n t =
= 14

13
12
11
10

247
2 70
300
343
403

217
239
268
307
362

223
240
269
307
362

237
264
295
338
394

251
2 76
309
353
418

210
230
257
289
338

227
247
278
318
374

217
238
268
303
356

182
199
221
251
295

237
260
291
332
388

239
261
292
337
393

232
257
288
329
390

239
264
295
338
398Column no. 1 2 3 4 5 6 7 8 9 10 11 12 13

D ifference - 11%J  t-17%-1 t-18 % - I
t * _____ i_____

7.5% -------------------------------- u ium poria in

xiiccui vdiue oi iro m  n ca lib ra tio n s .

IoLTe?T^Zt%f‘vJS £  ?ot°Z “ ed “ d  11 ■h “ ‘ »d « i ~ -
an AEG. a m m e te r  w ere  used fo r  the  defin ite  c a lib ra tio n s . 6 re  & lg g e r w a te r - c°° led  m agnet and
The colum n n u m b ers  co rresp o n d  with those  m entioned in  the tex t.



T ab le  2. 7.

S u b stan ce N iS04- (NH4)2S 0 4 . 6H20
F e 2(S 0 4 ) 3 -
(NH4)2S04-

24H20 .

F e S 0 4 -
(N H 4)2S04.

6H20 .

Q u a lity own
p re p a ra t io n

M erck
own

p re p a ra tio n M erck p .  a.

C a lib ra tio n  no. 44 45 46 47 48 49 50 51 52 44 -  52 55 53 54

1010. C i o r  Ci(n) Ci Ci Ci Ci Ci Ci Ci C i Ci Ci(9) Ci Ci Ci

T e m p e ra tu re ro o m ro o m ro o m ro o m liq .
a i r

liq .
a i r

liq .
a i r

d ry  ic e
ace to n e ro o m

liq .
a i r ro o m liq .

a i r

O th e r  co n d itio n s
M agnet c u r r e n t  =

= 11 199 206 200 202 202 210 202 209 204 204 205 214 186
10 226 228 222 225 225 233 225 231 225 227 228 237 209

9 259 257 253 256 256 264 257 264 258 258 262 271 238
8 304 303 298 301 300 306 301 312 302 303 308 319 280
7 389 370 370 366 369 381 371 385 373 375 380 392 342
6 499 486 485 497 488 500 486 506 493 493 500 520 460

D iffe re n c e
EZ -----5% ---------- ---- 1-12  %-T

In th is  ta b le  th e  m ag n e t c u r r e n t  i s  g iven  in  a m p e re s .  .
T he c a lib ra t io n s  w e re  c a r r ie d  out w ith  the  s m a l l  a i r - c o o le d  m ag n e t and an AEG. a m m e te r .  T h is  i s  a
s itu a tio n  d if fe re n t f r o m  th a t in  th e  ta b le s  2. 1 o r  2 . 6 .



This experim en t showed f ir s t ,  that the influence of the p a ra -
m agnetic  oxygen (from  the liquid a ir  in the D ew ar v esse l) on the
t e L S r r ë* ' n +the tUbe iS neg liSib le - Secondly, it showed there lia b ili ty  of the te m p e ra tu re  m easu rem en t in th is  reg io n . It was
a lread y  known that an e r r o r  in the d e te rm in a tio n  of th is  te m p e r­
a tu re  could not be the re a so n  fo r th is  d iffe rence  in  the c a lib ra t­
ion s e r ie s  because of the fac t tha t the deviation  at liquid  a i r  te m -
p e ra tu re  would ind icate  a te m p e ra tu re  during  the m easu rem en t
Delow that of liquid n itrogen .

b) Two ca lib ra tio n s  w ere m ade, one at ro o m  tem p e ra tu re , the
o ther a t liquid  a ir  tem p e ra tu re , but both with the sam e  weight of
M ohr s sa lt . The f i r s t  one ag reed  w ithin 3% with the o th er ro o m
te m p e ra tu re  m easu rem en t. (T able 2.6 colum n 4). Thus the th ic k -

of the i ^ e r  of ,the substance  in  the qu artz  con ta iner h as  no
intiuence on the m agnitude of the constan ts  C^.

o) C a lib ra tio n , w ere m ade at the two d iffe ren t te m p e ra tu re s
with a sam p le  of M o h r's  s a lt  (M erck  p.a .)  which was r e c r y s ta l -
lized  fro m  a so lu tion  in  d is tilled  w a te r. The constan ts Ci now d if-

d app rox im ate ly  17% (o rig in a l d iffe rence  found with M ohr's
sa lt, M erck  p .a . ,  was 11%) (Table 2.6, colum ns 5 and 6).

a ca lib ra tio n  at liquid a ir  te m p e ra tu re  with M o h r's
sa lt  (A nalar A.R)  d iffered  no m o re  than 7.5% with the m ean value
at ro o m  te m p e ra tu re  (T able 2.6 colum n 7).

fiu0 ^ COnCliUSi 0n fr ° m  th ese  fa cts  m ust be that F eS 04.(N H 4)2S 04
w e2tHeHSth S f pr+°p e r  q u a litie s  to be a good S tandard substance!We tr ie d  the o th er two compounds of which absolu te m easu rem en ts
a re  given in  the a r t ic le  of Jackson  H ) i. e .th e  analogous Co and Ni
s a lts . W ith CoS04.(N H 4)2S04.6H 20w e found a d iffe rence  betw een
%% r ? T“ h e? f  a t? r e '  ond liquid a ir  ^ n ip e ra tu re  constan ts  of18%. (Table 2 .6  colum n 8 and 9). With the N i-sa lt, how ever, we
tWrmfnfn sa tlf facto ry ag reem en t betw een the constan ts d e ­
te rm in e d  at d iffe ren t te m p e ra tu re s  (Table 2.6. colum n 10 and 11)
while no im portan t change in the m agnitude of the Ci <s o c c u rre d
a fte r  re c ry s ta ll iz a tio n  (Table 2 .6 .  colum n 12 and 13)
m a £ n ^ 0tnorHSf f rieS  ° f m a a sa re m en ts ( c a r r ie d  out with ano ther
ourg own ^nhttff erenC eaCOUld be detec ted  betw een c a lib ra tio n s  with° wn sub®tan ee and a sam p le  of M erck. E xce llen t ag reem en t
" • S ' * ? '  f ° ^ d betw een th ese  fig u re s  and those obtained fro m
nf l S  ?  W*tb F e 2(S04)3.(NH4)2S04 . 24H20  at the te m p e ra tu re
of liquid a ir . The re s u l ts  a re  given in tab le  2.7.  (In the la s t  two
colum ns of th is  tab le  two ca lib ra tio n s  with FeS04-(NH4)2S04 6H2Oa re  added fo r com parison). i » n 4^ o o 4 .on2U

, T h1S (NH4)2S°4- 6h 2 °  thus seem ed  to  be a convenient
® 5 ar.d su b stan ce , although the s ta n d a rd  deviation in  a s e r ie s  of
ca lib ra tio n s  appeared  to be app rox im ate ly  2%. A s tr ik in g  p e c u lia r ­
ity  was the fac t, that the constan ts  Ci fo r the d iffe ren t m agnet
c u rre n ts  in one ca lib ra tio n  w ere a ll too high o r  a ll too low T here
r e U c a T l T 1 *7° Which a re  not in co rp o ra ted  in  our tS o ^re t ic a l  e s tim a tio n  of the e r r o r  in  sec tio n  2. 5. They a re  the r e -

27



p roducib ility  of the position  of the sam ple  in  the m agnetic  field
and inhom ogeneities in  the s tan d a rd  substance . Both fa c to rs  a re
constan t during one ca lib ra tio n . T h is observa tion  led  to the in ­
troduc tion  of the quartz  w ire to  suspend the sam ple (a lread y  d is ­
cussed  in sec tion  2 . 2b) and the u se  of un ifo rm ly  s ized  c ry s ta ls  of
the s ta n d a rd  substance  (sec tion  2 .5). T hese two m e a su re s  a p p e a r­
ed to be im p o rtan t im provem en ts; the r e s u l ts  a re  a lread y  given in
tab le  2. 1, which shows tha t the s tandard  dev iation  is  now le s s
than 1%, in  c lose  ag reem en t with the e s tim a ted  e r r o r .

In tab les  2.6 and 2.7 a re  co llected  m ean values of Ci and Ci v a l­
ues fro m  som e typ ica l ca lib ra tio n s . They a re  chosen fro m  an ex ­
ten siv e  s e r ie s  of m easu rem en ts  which gave us the deta iled  in fo rm ­
ation about the p ro b lem  of the s tandard  substance  and the m ost
favourab le  working conditions of the ap p a ra tu s .

We have paid no fu rth e r  a tten tion  to  the re a so n s  of the fa ilu re
to c a lib ra te  the ap p a ra tu s  with FeS04-(N H 4)2S046H 20 and C0SO4.
(NH4)2SC>4.6H2O. We m ay only m ention f i r s t ,  that the low value
of the constan ts  at liquid a ir  te m p e ra tu re  com pared to  those at
room  te m p e ra tu re  ind ica te  a h ig h er su scep tib ility  at the fo rm e r
te m p e ra tu re  than ca lcu la ted  accord ing  to Jackson  H ). Secondly,
tha t the values of the constan ts  d e te rm in ed  at the te m p e ra tu re  of
d ry  ice -ac e to n e  agreed  v e ry  well with the room  te m p e ra tu re  values.
T h ird ly , tha t Foëx 18) found s im ila r  dev iations fo r FeSC>4 (NH4)2
SO4.6H2O in the low er te m p e ra tu re  reg ion . F o r  a p o ssib le  explan­
ation of the deviations at low er te m p e ra tu re s  we m ay draw  a tte n ­
tion  to the fac ts  that the low est energy  lev e ls  of F e 2+ and Co2+
a re  g re a tly  influenced by the e le c tr ic  c ry s ta l  fie ld , which is  not
the case  in the Ni2+ ion w here the s in g le t leve l is  lying low est and
not sp lit  up by cubic c ry s ta l f ie ld s . A second d iffe rence  betw een
Ni, Co and F e  is  tha t the fo rm e r  e lem ent only o ccu rs  as d iv a l­
ent ion. At the end of th is  sec tio n  we will give, fo r the sake  of
com ple teness, the X -form ulae fo r the d iffe ren t compounds used
in th is  investiga tion .

FeS0 4 . (NH4)2S0 4 . 6H20 X g = { ^ y !  10-6 n . )  17.)

C0SO4. (NH4)2S04- 6H20 * g =$ S ö . 4! 10" 6 11)

(M SO 4). (NH4)2SC>4. 6H20 Xg = * T T 0 i  10‘ 6 11 >

F e 2(S0 4)3 . (NH4)2S0 4 . 24H20 X g  = i ~ l - 0 .23 j 10-6 19.)

F o r  the defin itive ca lib ra tio n s  (sec tion  2 . 5) with NiSC>4.
(NH4)2S04- 6H20  the som ew hat b e tte r  fo rm ula

V I t ^ s - 0 ' 30 1  10' 6
was ca lcu la ted  fro m  Ja c k so n 's  H )d a ta , w here the te rm  - 0 .30.10"6
is  the d iam agnetic  c o rre c tio n  accord ing  to K le m m l2). The d iffe r­
ence betw een the two fo rm u lae , how ever, is  ex trem e ly  sm all.
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C h a p t e r  I I I

T H E  S Y S T E M  C o O - M g O

3.1.  I n t r o d u c t i o n

The investiga tion  of th ese  m ixed c ry s ta ls  was u n dertaken  in  o r ­
d e r  to d e te rm in e  the m agnetic  behaviour of d ivalen t cobalt in  the
oc tah ed ra l in te rs t ic e s  of an oxygen la ttic e . The sy s te m  CoO-MgO,
in  which a continuous range  of m ixed c ry s ta ls  can be m ade, c r y s ­
ta lliz e s  in the ro ck  sa lt  s tru c tu re . In th is  s tru c tu re  the anions
fo rm  a cubic c lo se-packed  la ttic e . The cations occupy a ll the
availab le  o c tah ed ra l in te r s t ic e s . C ry s ta llo g rap h ic  w ork on the
sy s te m  Co-M g-O  h as  been  done by R o b in 20) M agnetic in v e s tig a ­
tions on th ese  m ixed c ry s ta ls  w ere m ade by E llio t 21). o f  nine
su b stan ces  with a CoO percen tag e  rang ing  fro m  100 to 5, the su s ­
cep tib ility  was d e te rm in ed  betw een 300 and 500°K. He m entioned
a m ean C urie constan t of 3.23 and consequently  a m om ent fo r  Co2+
of 5.1 B ohr m agnetons. The su b s tan ces  with m ore  than  20% CoO
show 1/X -T cu rv es  convex to the T a x is . A lthough th is  p aper
appeared  during  our investiga tion , we p roceeded  with the work on
th is  sy s te m , as the m ea su rem e n ts  of E llio t w ere c a r r ie d  out in  a
r a th e r  lim ited  te m p e ra tu re  range .

We did not p re p a re  pu re  CoO, s ince  exceH ent su scep tib ility
m ea su rem e n ts  up to  app rox im ate ly  800°K w ere m ade by T ro m -
be 22).

F ro m  450°K up to  800OK the C urie-W eisz  law  is  obeyed.
9 is  found to be -280°K  and p = 4.'96 pB .

3. 2.  E x p e r i m e n t a l  p a r t

The p re p a ra tio n  of the sam p les  caused  som e d ifficu ltie s . The
o rig in a l m ethod of m ixing so lu tions of n i tr a te s  and evapora ting  to
d ry n ess , which was applied with su c c e ss  in  m aking the a lum ina tes,
was abandoned. F ive p roducts  of d iffe ren t Co content showed too
low fina l weights and som e of the D e b y e -S c h e rre r  d iag ra m s show ­
ed at low angles a num ber of v e ry  weak un identifiab le  re f lec tio n s .
We believe tha t the p roducts  w ere not quite hom ogeneous as a con­
sequence of the d iffe ren t te m p e ra tu re  of decom position  of
Mg(NC>3)2 and Co(N 03)2, the fo rm e r  being a m ore  s tab le  com ­
pound. T hese  five p roducts  w ere d isca rd ed .

The decom position  of a m ix tu re  of the n i tr a te s  o r  a m ix tu re  of
M gC 03 and Co oxalate  a t 870°C in vacuo a lso  did not lead to  the
req u ired  re s u lt . F o r  th is  sp e c ia l case  m ethod B (d esc rib ed  in
chap ter I) was developed. A m ix tu re  of carbonates  was p re c ip i­
ta ted  fro m  a so lu tion  of n itra te s  and the whole m ass  evapora ted  to
d ry n ess . Although the com position of the p re c ip ita te  is  not exactly
known and som e of the cobalt rem a in s  in  so lu tion  as a com plex
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T able 3 .1

Substance P rep ared
from : Method: Structure m a XD .103 F ir in g P rodu ct Xa .1 0 3

(room tem p.)

Co0 .0 4 9 Mg0 .9 5 1 °*
P I

MgC0 3
Co (N 0 3)2

ACB R ock sa lt 857 -0 .6 2 12h . 840°C . Vac. P IA 9.71

12h . 940°C . 0 2 P IB 10.26
4Oh. 920°C . o2 P IC 10.39
6 Oh. 920°C . ° 2 P ID 10.43

Coc .119M g0 .8 8 1 ° '
M gC 03

CofNCHlo ACB R ock sa lt 374 -0 .2 8 45h . 900°C . 0 2 PIIA 9.51
P H

55h . 940°C . ° 8 P U B 9.46

Co0 .1 9 6 Mg0 .8 8 4 °--
M gC03

Co(NOS)2 ACB R ock sa lt 240 -0 .1 5 45h. 900°C . 0 2 PIIIA 9.18
pin

55h. 940°C . ° 2 PIIIB 9.27

CI,0 .4»3Mb0.5(T7O’
M gC03

Co(NOq)o
ACB R ock sa lt 115 -0 .0 7 24h O o O 0 2

P IV

<*0 .049M g0 . 9 5 1 ° ( P ID > C°o .H 9 Mg0 .8 8 1 °  (P U B ) 'Co0.196M g0 .8 0 4 °  (P IU B ) ^ o ^ s ^ o . sot0  <P1V >
T XA '103 T XA .1 ° 3 T V 103 T XA 103 T XA 103

292 10.43 804 3.80 80 23.2 80 20.6 294 7.39
415 7.45 862 3.58 292 9.46 291 9.27 388 6.01
489 6.34 863 3.57 370 7.67 528 5.32 489 4 .95
540 5.61 014 3.35 509 5.67 691 4.04 607 4 .06
582 5.25 990 3.09 679 4.23 803 3.46 836 3.03
599 5.08 801 3.58 888 3.12 893 2 .86
600 5.09 908 3.17 1066 2.60 956 2.68
639 4.73 83 27.5 1017 2.82 1190 2.34 1014 2.54
677 4 .47 1116 2.56 1087 2 .37
741 4 .17 1174 2.43 1193 2.18
6 0°K e -6 °K e -11°K 0 -72°K
C 3.05 c 2.90 c 2.87 C 2.78
p 4 .94  9b p 4 .82 Pg 1* 4 .80  9 B P 4.71M b

The le t te r s  in  the colum n ,,m eth o d "  corresp on d  to the d e scr ip tio n  g iven  in  sec tio n  1 .1 .
The s tru ctu re  w as d eterm in ed  with the P h ilip s  11.5 cm  pow der cam era .
Ma  i s  the m olecu larw eigh t p er  gram atom  o f cobalt.
Xj) i s  the d iam agn etic  co rrec tio n  p er  gram atom  o f cobalt (in  th is  c a se  e stim a ted  fro m  the m easu rem en t
on C °o .049Mg0 .9 5 iO  (P I D ))-



ion with NH3 , the solid  obtained a fte r  evapora tion  is  much m ore
hom ogeneous than tha t obtained a f te r  d ire c t evapora tion  of the n i­
t r a te s .

In th is  way the s e r ie s  P I  to  P IV  w ere p rep a re d . All the e x p e r­
im en ta l da ta  concerning th ese  su b stan ces  a re  com bined in  table
3. 1 and fig. 3 .1 .

The p ro d u cts  of s e r ie s  PT, P I I  and P H I w ere f ire d  a t 920 and
940°C un til the su scep tib ility  at room  te m p e ra tu re  rem ained
constan t. Only the p roducts  P ID , P U B  and P IIIB  w ere  subjected
to high te m p e ra tu re  m ea su rem en ts .

The substance  with equal am ounts of CoO and MgO could not be
m ade hom ogeneous by fir in g  at 900 -  1000°C. S a tisfac to ry  re s u lts
w ere obtained when the f ir in g  was p e rfo rm ed  at 1100 - 1200°C.

An im p o rtan t r e m a rk  m ust be m ade with re sp e c t to  the d iam ag­
n e tic  c o rre c tio n  in  the colum n Xj). 103 in  tab le  3 .1 . The values
m entioned th e re  a re  not those ca lcu la ted  accord ing  to the tab les
of K lem m  12) but a re  de te rm ined  fro m  our own m easu rem en ts  in
a way d e sc rib ed  in d e ta il in the next section .

3.3.  D i s c u s s i o n

As m ay be se en  fro m  the l /x - T  p lo ts in  fig. 3. 1, these  sub ­
s ta n c e s  follow the C urie-W eisz  law with a vanishing value fo r 0
when CoO becom es m ore  and m ore  diluted. T h is  reason ing , how­
e v e r, is  not quite  c o rre c t,  s ince  fo r the substance
Coo.049Mgo 9 5 lO  (P ID ), the l / x - T  curve is  m ade s tra ig h t by
adaptation  of the d iam agnetic  c o rre c tio n .

O rig inally , when the d iam agnetic  c o rre c tio n s  of K lem m  12) w ere
used , the cu rves  fo r the sub stan ces  with approx im ate ly  5, 10 and
20% CoO w ere  convex to the T ax is even up to 1200°K. F o r  the
low er p a r t  of the cu rve , such .a  bending is  v e ry  com prehensib le .
Since we know that the pure  com ponent CoO is  a s tro n g ly  a n tife r­
rom agne tic  substance , we m ay expect fo r the m ore  dilute com ­
pounds a s im ila r  although le s s  pronounced behaviour in  the low
te m p e ra tu re  reg ion . A non linear dependence of 1/X on T is  found
in the th eo ry  of fe r r im a g n e tis m  of N éel 5) but only cu rves  concave
to the T ax is can be accounted fo r. F o r  r e a l  an tife rro m ag n e tic
su b stan ces  in which a negative coupling o ccu rs  betw een two equiv­
alen t s u b - la tt ic e s  which a re  equally  occupied, N é e l's  th eo ry  p r e ­
s c r ib e s  a l in e a r  dependence of l /x  on T fo r te m p e ra tu re s  above
the C urie  poin t.

C urves concave to  the T ax is a re  a lso  found when te m p e ra tu re -
independent p a ra m ag n e tism  p lays a ro le  (see  chap ter IV). Convex

q cu rv es , how ever, would re q u ire  a "negative tem p e ra tu re -in d e p e n d ­
ent p a ra m ag n e tism ". O ur substance  with 5% CoO could be d e s-
cribed  by the fo rm u la  X = A + ,p _ q in  which A was found to be
-0 .3 7 . 10-3 e . m . u .  (a value of -0 .2 4 .10“3 fo r Xp is  inco rpo ra ted
in  the X).

F o r  the o ther m ixed c ry s ta ls  with 10 and 20% CoO, re s p e c tiv e ­
ly, the bending in the high te m p e ra tu re  reg ion  of the l/X -T  curves
dim inished with in c re as in g  Co content.
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The substance  Co0 .493Mg0 .507O (P IV ), which was esp ec ia lly
p re p a re d  to  study th is  dependence, showed p ra c tic a lly  no deviation
fro m  the s tra ig h t line , and T rom be 22) o bserved  th a t pu re  CoO
above 450°K obeys the C urie-W eisz  law . T h is  excluded the p o s­
s ib ility  of a te m p e ra tu re  d e p e n d e n t m om ent of Co2+ ions in  o c ta ­
h e d ra l in te r s t ic e s . No o th er physica l sign ificance  than  d iam agnet­
ism  could be assigned  to  th is  negative tem p era tu re -in d ep en d en t
p a rt, so  we had to conclude that the applied  d iam agnetic  c o r r e c ­
tion was wrong. To find the c o rre c t  value fo r th is  d iam agnetism
we assum ed  fo r the substance  Coo.049M go.95lO (P ID ) th is  te rm  to
be the sum  of the d iam agnetic  c o rre c tio n  accord ing  to  K lem m  12)
and the observed  negative p a r t  A. Thus

*D r r ' -  XD ♦ A

x c o rr . = _o.25. 10-3 -0 ,3 7 .1 0 -3  = -0 .6 2 .1 0 -3

The o th er d iam agnetic  c o rre c tio n s  could be ca lcu la ted  a c co rd ­
ing to  the following schem e (The fo rm u lae  a re  sim plified):

X]}. 102 (Klem m ) Xq .IO^ (estim ated )

CoO(MgO)ig
CoO

-0.25
-0.02

-0.62
-0.04

(MgO)jg -0.23 -0.58
MgO -0.012 -0.03

Hence:
CoO MgO -0.03 -0.07
CoO(MgO)4 -0.07 -0.16
CoO(MgO)8 -0.11 -0.28

The r e s u l t  of applying the new ly -calcu la ted  d iam agnetic  c o r r e c ­
tions is  ve ry  sa tis fa c to ry .

A ll the su b stan ces  now obey the C u rie -W eisz  law , the constan ts
of which m ay be re a d  fro m  tab le  3 .1 .

We w ill now m ention  b rie f ly  the se v e ra l  re a so n s  which m ight
ju stify  our tre a tm e n t of the ex p e rim en ta l data.
a) T h e re  is  no physica l s ign ificance  fo r a negative constant,
m agnetism  o ther than d iam agnetism .
b) The bending of the cu rves  d im in ishes  as  the Co2+ ions a re  a c ­
com panied by le s s  d iam agnetic  m a te ria l.
c) The m agnetic  behaviour of a ll four sub stan ces  becom es n o r ­
m al in  applying only one adopted new value of the d iam agnetism .
d) As we w ill see  in  ch ap te rs  IV and V the d iam agnetic  c o r r e c ­
tions of ZnO and ZnA l2Ü4 ca lcu la ted  acco rd ing  to  K lem m  12) a lso
appear to be wrong.
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e) We have t r ie d  to  d e te rm in e  the d iam agnetism  of MgO by d i­
r e c t  m easu rem en t. W ith a MgO sam ple  p re p a re d  by decom posing
MgCÜ3 we found an effect of p ra c tic a lly  ze ro . W ith a much d en ser
sam ple  p re p a re d  by pow dering MgO which had been  c ry s ta lliz e d
fro m  the m elt we obtained a d iam agnetism  of -0.017 . 10“3 e. m. u.
/m o l. K itte l and H iittig23) obtained d e c reas in g  values fo r the d ia ­
m agnetism  of MgO sam p les  of in c re as in g  density , the sm a lle s t
value being -0 .020 . 10- 3 e .m .u . /m o l .  and the o th e rs  -0.033,
-0.041 and -0 .0 8 8 . 10-3 e . m . u .  It is  thus im possib le  to obtain a
re lia b le  value fro m  d ire c t m easu rem en t o r fro m  o ther in v es tig a ­
tions. H ow ever, if  the effect d escrib ed  by K itte l and Hflttig ex is ts
and is  not an inc iden ta l one, our adapted value of -0.030 . 10“3
e. m. u. is  not ve ry  im probab le  fo r the m odera te  dense sam p les  of
(Co, M g)0.

F in a lly  we m ust d isc u ss  the m agnitude of the m om ent found fo r
Co2+. As m ay be seen  fro m  tab le  3.1, th is  m om ent show s a g ra d ­
u a l d e c re a se  fro m  4.94 p g  fo r Coo.049M g0.95lO (PID ) to 4.71 P b
fo r  Coo.493M go.5070 (P IV ). The fo rm e r  value is  in  excellen t
ag reem en t with the value of 4.96 p g  found by T rom be 22) fo r  the

7 undiluted CoO. We a re  not able to  explain  the low er values fo r the
o th e r  su b s ta n c e s .

The ag reem en t with the r e s u l ts  of E llio t 21) is  a lso  s a tis fa c ­
to ry . Although the la t te r  au thor m entions a m ean Bohr m agneton
num ber of 5.1, a ca re fu l exam ination  of h is  ex perim en ta l data
showed that th is  value is  only found in  the case  of the h ighest d ilu ­
t io n  i . e .  fo r a substance  with 5% CoQ.

F o r  the o ther su b stan ces  we calcu lated , with the aid of h is  table
of X v a lu es , the following constan ts.

© C P
5.00% CoO -16°K 3.23 5.08
9.01% CoO -38°K 3.19 5.05

16.00% CoO -48°K 3.20 5.06
20.83% CoO -34°K 2.92 4.83
21.09% CoO -36°K 2.96 4.86

F o r  the su b s tan ces  with a h ig h er Co content i t  is  not p e rm iss ib le
to c a r r y  out a ca lcu la tion , as  i t  is  im possib le  to de te rm ine  the
value of © fro m  4 X po in ts  in  a te m p e ra tu re  reg io n  (300-500°K)
w here the l/X -T  p lo ts show a pronounced convex c h a ra c te r  due to
an tife rro m ag n e tic  coupling. It is  in te re s tin g  to note tha t although
the values a re  som ew hat h ig h er than  o u rs , the sam e ir r e g u la r i t ie s
a re  encountered . „

As a re s u lt  of the com bined e ffo rts , we m ay conclude that Co*+
in  the o c tah ed ra l h o les  of a cubic c lo se-packed  s tru c tu re  of oxy­
gen ions exh ib its  a m om ent independent of te m p e ra tu re  up to
1200°K with values of 4.8 - 5.1 Bohr m agnetons.

In hyd ra ted  s a lts  w here the Co2+ ions a re  su rrounded  by six
w ater d ipo les, va lues of the o rd e r  of 5 B ohr m agnetons a re  a lso
usua lly  found.

When it was n e c e s s a ry  to  c a r ry  out s im plè  ca lcu la tions involv-

34



ing Co2+ in  o c tah ed ra l in te rs t ic e s , we have used  throughout th is
th e s is  a Bohr m agneton num ber of 5.

S u m m a r y  o f  c h a p t e r  I I I

M ixed c ry s ta ls  of CoO and MgO w ere  p rep a re d  and su sc e p tib il­
ity  m ea su rem e n ts  w ere c a rr ie d  out up to  1200°K. The in te r p re ­
ta tion  of the ex p erim en ta l da ta  re q u ire d  the assum ption  tha t the
diam agnetic  c o rre c tio n s  of K lem m  12) could not be applied. F o r
MgO the much h igher value of -0 .0 3 .1 0 -3 ' e .m .u ./m o l. was adopt­
ed. W ith th is  new value a ll the sub stan ces  obeyed the C urie-W eisz.
law. V alues of 4.71 to 4.94 pB w ere  found fo r the m om ent of Co2+
ions in  oc tah ed ra l in te rs t ic e s . The r e s u l ts  w ere  com pared  with
those of T rom be 22) Qn CoO (4.96 pB ) and those of E llio t 21) on
m ixed c ry s ta ls  of CoO and MgO (4.86 -  5.08 PB ).
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C h a p t e r  I V

T H E  S Y S T E M  C o O - Z n O

4. 1. I n t r  o d u  c t i o n

T h is sy s te m  of m ixed c ry s ta ls  h a s  been  investiga ted  many
y e a rs  ago. The g reen  m a te r ia ls  a re  w ell known in  qualita tive  ana­
ly s is  as  "R inm ann 's  g reen " , and they  have been  used  as p igm ents.
L a te ly  Robin 24j m ade a thorough investiga tion  of the phase d ia ­
g ra m  C o-Z n-O . Above 900OC two types of m ixed c ry s ta ls  a re
found of the fo rm u la  (Co, Z n )0 . On the c o b a lt-r ic h  side , the su b ­
s tan ces  c ry s ta ll iz e  in  the  ro ck  s a lt  s tru c tu re , and on the z inc-
r ic h  s ide  in  the w urtzite  s tru c tu re . The two p h ases  a re  se p ara te d
by a m isc ib ility  gap. At 1100°C. CoO is  soluble in  ZnO to ap ­
p ro x im a te ly  20%. The w urtzite  s tru c tu re  is  a hexagonal c lo se -
packed s tru c tu re  of anions in  which one-half of the te tra h e d ra l
in te r s t ic e s  a re  occupied by the cations.

The re a s o n  why we w ere v e ry  in te re s te d  in  the m agnetic  p ro p ­
e r t ie s  of th ese  co b a lt-z in c  oxides is  th is  su rround ing  of cations by
4 oxygen ions. The su b s tan ces  a re  pe rh ap s the only ones m  which
Co2+ ions occupy exc lu sively  te tra h e d ra l  in te r s t ic e s . As fa r  as
we know, m agnetic  su sce p tib ility  m ea su rem e n ts  have not yet been
c a rr ie d  out.

4. 2.  E x p e r i m e n t a l  p a r t

The su b stan ces  m ade a re  lis te d  in  tab le  4.1 together with condi­
tions of p rep a ra tio n , deviation  of fina l weight fro m  calcu lated
value in  % (Aw), s tru c tu re , m o lecu la r weight p e r  cobalt atom , d ia ­
m agnetic  c o rre c tio n  (own values) and o ther notew orthy re m a rk s .

Of the nine su b s tan ces , fou r have been  u sed  fo r m agnetic  m e a s ­
u re m e n ts  at h igh te m p e ra tu re , the o th er five fo r m easu rem en ts
at ro o m  te m p e ra tu re  only, p a rtly  because  they had not the proper-
quality  and p a r t ly  as a consequence of the high dilu tion of the Co
ions which m ade the Xg too sm a ll fo r m easu rem en ts  at high tem -

^ The m agnetic  da ta  a re  co llected  in  tab le  4.2 and fig. 4.1. In
tab le  4.2 XA (exp.) is  the su scep tib ility  p e r  g ra m  atom  of Co ex ­
p re s se d  in  e . m .u .;  the values a re  c o rre c te d  fo r d iam agnetism . In
the colum ns Xa *1°3 (ca lc .) the values w ere  ca lcu la ted  with the fo r ­
m ula Xa  = A + TjT^Q-in which the constan ts  A, C and 8 a re  as com -

plet^ely^asjossible ^ P * * ^ r* e X i T ^ t o S r e s t f n g  to compare

^ In ^ th e ^ iscu ss lo n  of the resu lts
su b stan ces  Coq^ O ^ ho. S O ® an<* C °0 .105^n0.895 ( )
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Table 4. 2.

Co0.2 0Z n0 .8 0 ° ' UB

T XA 1°3
exp.

xa- 103
calc .

83 12.5 14.1
289 6.22 6.22
360 5.31 5.31
421 4.69 4.71
520 4.04 4.00
581 3.68 3.67
696 3.23 3.19
736 3.07 3.05
839 2.76 2.77
893 2.60 2.64
988 2.37 2.45
993 2.40 2.43

1054 2.36 2.33
1081 2.27 2.29
1081 2.29 2.29
1180 2.17 2.14
1191 2.16 2.13

c ° c ,050Z n(1.950°

T XA-103
exp.

XA- 103
calc.

81 22.3 26.9
290 7.54 7.54
430 5.30 5.24
583 3.98 4.00
738 3.26 3.26
891 2.77 2.78
989 2.58 2.56

1093 2.35 2.36

Co0.11Z n0 .8 9 ° ' Co0.105Z n0 .8 9 5 ° ' IIB

T XA - i ° 3
exp.

XA - 103
calc. T XA-1°3

exp.
XA- 103

calc .

83 17.1 18.9 83 16.6 18.8
290 7.07 7.05 293 6.84 6.84
291 7.02 7.02 421 5.05 5.04
414 5.27 5.24 582 3.87 3.86
519 4.34 4.35 742 3.16 3.17
644 3.65 3.65 889 2.75 2.76
779 3.13 3.14 992 2.52 2.52
914 2.80 2.77 1088 2.35 2.36

1095
1195

2.40
2.24

2.42
2.27

1200 2.25 2.19

Substance T XA - 103
exp.

Co0.20Z n0 .8 0 ° ' ILA 83
288

11.9
5.90

Co0.105Z n0 .8 9 5 ° ' ILA 286 5.26

Co0.033Z n0 .9 6 7 ° ' 80
294

23.5
7.61

° ° 0 .02 5Z n0 .9 7 5 ° ' 83
290

23.9
7.66

° o0.025Z n0 .9 7 5 ° - 11 83
290

24.0
7.72

in co rp o ra ted . As a lre ad y  m entioned in  tab le  4.1 the la t te r  su b ­
s tan ce  consisted  of two phases (ro c k sa lt and w urtzite). T his is
now confirm ed  m agnetica lly . The XA~value at room  tem p e ra tu re
(5.26. 10- 3) of the product is  m uch sm a lle r  than that of th e .f ired
substance  IIB (6 .8 4 .1 0 “3). The hom ogeneizing effect of the firing
p ro ced u re  b rin g s  the Co a tom s fu rth e r  a p a rt, which causes  an
augm entation of the su scep tib ility . F o r  the sam e rea so n  the su b ­
stance  Coo 2 0 ^n0 80® (HA) is  not d iscu ssed . Although the X ~ray
photograph gave no ind ication  of incom plete  m ixing, the X value at
ro o m  te m p e ra tu re  in c re a se d  fro m  5.90. 10“3 to  6 .2 2 .10- 3 a fte r  an
e x tra  heating  period .

In fig . 4 1  we have plotted 1/Xa  fo r the four sub stan ces  v e rsu s
the abso lu te  te m p e ra tu re  fro m  80 to  about 1200°K. A plot of X - T
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aea in s t T o ffe rs  no p a r t ic u la r  advantages because  of the value of
0, which is  in  m ost c a se s  d iffe ren t fro m  ze ro .

T ab le  4. 3.

C obalt-z inc  oxides

Substance XA- 1°3
liq . a ir

XA-103
room tem p. A. 103 e c.io3 P

Co0. 20Z n0 .8 0 ° ' IIB 12.5 6.22 0.49 -68 2063 4.06

c°o 110Z n0.890O ‘ I 17.1 7.02 0.58 -30 2068

c°a 105Z n0 .8 9 5 ° ' IIB 16.6 6.84 0.54 -28 2023

c °o 050Z n0 .9 5 0 ° ' 22.3 7.54 0.47 0 2050 4.05

C°0 .033Z n0.967°- 23.5 7.61

Co0 ,025Z n0 9 7 5 ° ’ I 23.9 7.66

c ° o ,025Z n0 .9 7 5 ° ‘ n 24.0 7.72

4. 3. D i s c u s s i o n

A f i r s t  glance at the l/X -T  p lo ts (fig. 4.1) shows that the lin es
A 11. •„ut rmp<5 The C urie-W eisz  law  is  not obeyed and

th e re  ° a r is e  I  p o ss ib ili tie s  which m ay have caused  the bending o
l/X tow ards the T ax is .
av W1th r is in e  te m p e ra tu re , a sh ift of m agnetic  ions to o ther
n o sitions  in  the c ry s ta l  la ttic e , w here they exhibit a la rg e r  mop o sitions  in  tne c ry  should be re v e rs ib le  and re la tiv e ly
m ent m ay occur. T h is  p . . .  «n*+v»ir» 9 q/n\ in  the w urtzite.poq+ /the  cu rv es  a re  rep ro d u c ib le  w ithin 2/o). .

X290 -

X1095

7 .0 0 .10“3 e. m . u .

= 2. 33 .10 -3  e . m . u .

F ro m  the value a t ro o m  te m p e ra tu re  we obtain  an effective m o-
m ent of approx im ate ly  4 Bohr m agnetons fo r Co2 m ns in  te t r a
h p d ra l h o les  F o r  Co2+ ions in  oc tah ed ra l ho les  a value of 5 PB 1S
ï : J y  rea so n ab le  (Chapter III). If the C urie law is  fu lfilled  we m ay
expect

Xa  = 1-86.10-3  a t 1095°K-
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h o les . Although the e ffec t of occupation of in te r s t i t ia l  ho les is
quite com m on in ionic c ry s ta ls , in g en e ra l th is  does not happen to
a g re a te r  extent than  a few p e rc e n t. We m ay thus exclude th is
p o ssib ility .

b) The cu rv es  m ay be N eel hyperbo lae. In the N éel 5) th eo ry  of
fe r r im a g n e tism  curved  l /X “T p lo ts occu r which m ay be r e p r e s ­
ented by the fo rm u la

1 T 1 S
X “ C  Xo " T -0

T here  a re  two re a so n s  that m ake th is  assum ption  unacceptab le .
F i r s t ,  i t  is  v e ry  im probab le  tha t in a w urtzite  s tru c tu re  two su b ­
la ttic e s  a re  unequally  occupied. In the case  of one kind of m agnet­
ic  ions, th is  is  a n e c e s s a ry  condition. Secondly, the sub stan ces
should becom e fe rro m a g n e tic  at low te m p e ra tu re s . As m ay be
seen  fro m  fig. 4 .1 , the l/x  points at the te m p e ra tu re  of liquid a ir
a re  above the lin es  draw n through the poin ts a t h ig h er te m p e ra ­
tu re s . T h e re  is  thus no ind ication  tha t the su b s tan ces  w ill becom e
fe rro m a g n e tic .

c) The m om ent of the Co2+ ion m ay v a ry  with the te m p e ra tu re
as is  the case  fo r  the r a r e  e a rth  ions Eu3+ and Sm3+. H ere  the
m ultip le t se p a ra tio n  is  com parab le  to kT and the e le c tro n s  a re
not a ll in  the ground s ta te . The ca lcu la tion  of the su scep tib ility
as a function of te m p e ra tu re  is  v e ry  com plicated . We have not
tr ie d  to c a r r y  out the ca lcu la tion  (if th is  is  p o ssib le  a t a ll), so
th is  p o ss ib ility  can not be excluded.

d) The Co2+ ions exhibit, b e s id es  th e ir  n o rm al p a ra m ag n e tism
tem p era tu re -in d ep en d en t p a ram ag n e tism . In th is  case  the l / x - T
plot is  a hyperbo la  with a ho rizo n ta l asym pto te  a t l /A , w here A is
the m agnitude of the tem p era tu re -in d ep en d en t p a ram ag n e tism . It
is  re a d ily  seen  fro m  tab le  4.2 tha t the XA values ca lcu la ted  a c ­
cording to the fo rm u la

XA = A +

a re  in  excellen t ag reem en t with the ex p erim en ta l va lues, and tab le
4.3 show s tha t fo r  four d iffe ren t su b s tan ces , of which th re e  have
d iffe ren t d ilu tions of the Co ions, the ag reem en t in the values fo r
th is  tem p era tu re -in d ep en d en t te rm  and fo r the values of the m ag­
n e tic  m om ent is  v e ry  sa tis fa c to ry .

One h as  to b e a r  in  mind tha t the deviation fro m  the  s tra ig h t line
is  not v e ry  la rg e  so  that an a c c u ra te  ca lcu la tion  of the constan t
te rm  is  d ifficu lt. M oreover, the m ea su rem e n ts  becom e m ore  and
m ore  in accu ra te  as the te m p e ra tu re  is  ra is e d , which is  a co n se ­
quence of the sm a lle r  fo rc e s  acting  on the sam p le . A th ird  so u rce
of e r r o r s  is  the m o lecu la r weight of the su b s tan ces . The a ccu racy
of the m agnetic  m easu rem en ts  m entioned in  C hap ter II have th e ir
bea rin g  on the Xg values. The value Xa  contains a lso  the e r r o r  in
the cobalt content of the su b s tan ces , which m ay be conside rab le  in
the case  of high dilution.

The d iam agnetic  c o rre c tio n  m ay cause , a s  we have seen  in
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chap ter III, conside rab le  e r r o r s ,  e sp ec ia lly  in  the h igh ly-d ilu ted
Substances. We have u sed  Xd  = “0.026. 10"3 fo r ZnO. T his value
h as  been  de te rm in ed  by d ire c t  m easu rem en t on ZnO (M erck p.  a . )
and shows an app rec iab le  d iffe rence  fro m  that ca lcu la ted  ac co rd ­
ing to  K lem m  12), nam ely  -0.019. 10- 3.

S evera l m ea su rem e n ts  on ZnO can be found in the l i te ra tu re .
The values -0 .0 2 7 .10- 3 obtained by Chevenau 25) and -0.026 . 10-3
by P a s c a l  26) a re  in  excellen t ag reem en t with our value, while
-0.021. 10-3 obtained by St. M eyer 27) a g re e s  b e tte r  with the value
ca lcu la ted  acco rd ing  to K lem m . Any e r r o r  in  the d iam agnetic  c o r ­
re c tio n  ap p ears  only in  the value of the constan t te rm  A. How ever,
A = 0.5 x 10“3 w ill not be fa r  beyond the tru e  value. Although the
h ighest d iluted su b s tan ces  with 3.3 and 2.5% CoO a re  not m e a s ­
u re d  at h ig h er te m p e ra tu re s , no in te re s tin g  developm ents a re  to
be expected, a s  the XA values a t ro o m  te m p e ra tu re  and even those
at liquid  a i r  te m p e ra tu re  do not much d iffe r fro m  the c o rre sp o n d ­
ing values fo r the substance  with 5% CoO (see  tab le  4.3).

The question  a r is e s  w hether th ese  r e s u l ts  a re  to  be expected
on th e o re tic a l co n s id e ra tio n s  o r  a re  s im ply  c u rio s itie s . As we
have se en  in  the p reced ing  chap ter Co2+ ions in  o c tahed ra l oxy­
gen ho les show a m om ent with an app rec iab le  o rb ita l con tribu ­
tion. T h is is  in ag reem en t with the m om ents usua lly  found fo r
Co2+ ions. The ions following Mn2+ and Fe3+ a ll show the sam e
behav iour. The ions with le s s  than half filled  3d sh e lls  show,
to g e th e r with Mn2+ and F e 3+, no o rb ita l contribu tion  to the m o­
m ent. In  th e se  ions the o rb ita l m om ent is  quenched by an oc tahe-
d ra lly -sh a p ed  e le c tr ic  fie ld  of negative ions o r  w ater d ipoles,
while Mn2+ and F e3+ have no o rb ita l con tribu tion  a t a ll, as they
a re  in  an S -s ta te . In the second ha lf of th is  group the coupling of
L and S becom es s tro n g e r  and the c ry s ta l  f ie ld s  a re  no longer
able to quench the o rb ita l con tribu tion  to  the m agnetic  m om ent
com pletely . The th eo ry  of th is  phenom enon of quenching is  due to
Van V leck 28). „

We w ill now com pare  and Co2+ ions in  th e ir  n o rm al sur~
roundings of 6 e le c tr ic a l  ch a rg es .

C r3+ (4 F 3 /2) Co2 + (4 F 9 /2)

sp in  configuration
of d e lec tro n s t t t M  1 M

4 4
contribution of

orb ita l to m agnetic
m om ent

no orb ital
contribution

appreciab le orb ital
contribution

The sp in  configurations of th re e  unpaired  e le c tro n s  in  Cr3+ and
th re e  "e le c tro n  h o les"  in  the 3d  sh e ll of C o2+ are v e ry  much alike.
The te r m  schem es of both ions a re  built up of the sam e lev e ls  and
energy  d iffe ren ces  but in  a r e v e r s e  o rd e r . G o rte r  29) has draw n

r  a tten tion  to  the fac t tha t a te rm  schem e is  tu rn e d  upside down
when the sy m m e try  of the c ry s ta l  fie ld  changes fro m  o c tahed ra l
to  te tra h e d ra l . The o rb ita l con tribu tion  in  Co2+ ions in  oc tahedra l

^ -in te rs tices  is  not only due to  a s tro n g e r  L -  S coupling but is  a lso
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a consequence of the fact that in a cubic fie ld  the low est lev e ls  a re  I
sp lit in to  two tr ip le ts  30). if now, in te tra h e d ra l  su rround ings the
te rm  schem e is tu rned  upside down, a s ing le t leve l becom es low ­
e s t, as  is  the case  fo r Cr3+ ions in  oc tah ed ra l ho les, and one of
the cau ses  of the o rb ita l contribu tion  to  the m om ent d isa p p e a rs .
We m ay thus expect Co2+ ions in  te tra h e d ra l  in te r s t ic e s  to exhibit
a p value m uch c lo se r  to the sp in -on ly  value, although as a conse­
quence of the s tro n g e r  L - S coupling, the o rb ita l angu lar m om en­
tum  is  not com pletely  quenched.

It is  not easy  to  p re d ic t a tem p era tu re -in d ep en d en t te rm  fo r
th is  s itua tion . It is ,  how ever, p o ssib le  that the c ry s ta l  fie ld  ^ °
s tren g th  in te tra h e d ra l  ho les is  s m a lle r  than tha t in  o c tahed ra l
ones. Consequently, the energy  d ifference  betw een the low est and
the h ighest energy  leve ls  will be s m a lle r  and te m p e ra tu re - in d e ­
pendent p a ram ag n e tism , which is  in v e rse ly  p ro p o rtio n a l to th is
energy  d iffe rence , w ill becom e im portan t.

The sa tis fa c to ry  d esc rip tio n  of the data  by the fo rm u la

X = A + ^* A T -0
and the support which can be found from  the th eo ry  m ake it v e ry
im probable that the m agnitude of the m agnetic  m om ent of Co2 +
in te tra h e d ra l  su rround ing  is  a function of te m p e ra tu re . It'
rem a in s  p o ssib le , how ever, tha t in  the h igher te m p e ra tu re  reg ion
th is  effect m ight becom e of im portance .

S u m m a r y  o f  C h a p t e r  I V

M ixed c ry s ta ls  of CoO and ZnO with w urtzite  s tru c tu re  w ere
m ade with up to 20% CoO, and m agnetic  su scep tib ility  m e a s u re ­
m ents w ere  c a r r ie d  out fro m  100 to 1200°K to investiga te  the
m agnetic  behaviour of Co2+ ions in the te tra h e d ra l  in te r s t ic e s  of
an oxygen la ttic e . The te m p e ra tu re  dependence of the su sc e p tib il-

r*
lty  could be d escribed  by the fo rm u la  X = A + Jj TTq. The te m p e ra ­
tu re-independen t te rm  v aried  fro m  0.47 - 0.58 . 10- 3 e .m .u . p e r
g ram  atom  Co and the m agnetic  m om ent calcu lated  fro m  the fo r ­
m ula p = V8CpB varied  fro m  4.02 to 4.07 Bohr m agnetons.

The o ccu rren ce  of tem p era tu re -in d ep en d en t pa ram agne tism  and
the n e a rly  sp in -on ly  value of the m om ent could be accounted fo r
by th e o re tic a l considera tions  of G o rte r 29, 30).
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C h a p t e r  V

T H E  S Y S T E M  C o A 1 2 O 4 -  Z n  A 12 O 4

9

5. 1. I n t r o d u c t i o n

The co b a lt-z in c  a lum ina tes have been  investiga ted  by R o-
m e y n ^ l) .  T h is au thor concluded, fro m  X -ra y  in te n s itie s  d e te r ­
m ined v e ry  ca re fu lly  with a N orelco  sp e c tro m e te r , th a t C0AI2O4
and the m ixed c ry s ta ls  with ZnA l204 a re  n o rm al sp in e ls . The in ­
te n s itie s  w ere not influenced by the h ea t tre a tm e n t of the sam p les.
H eating at 1300°C .and quenching m ade no d iffe rence . In co n tra s t to
the o b se rv a tio n  of R o m ey n ^ l) , G reenw ald , P ic k a r t and G rann is  )
assum ed  on the b a s is  of th e ir  X -ray  in ten sity  m easu rem en ts  ttiat
C0AI9O4 is  a p a r t ia l ly  in v e rse  sp ine l with 19% Co s itu a ted  at
o c tah ed ra l in te r s t ic e s . A sam ple  heated  to  1400°C. and quenched
appeared  to  contain  31% of the Co2+ ions at the oc tah ed ra l s ite s .
The su sce p tib ility  m ea su rem e n ts  on th ese  C0AI2O4 sam p les  up to
1200°K gave as  a re s u l t  a low te m p e ra tu re  slope of the 1/X-T plot
co rrespond ing  to a C urie  constan t C= 3.07 and a high tem p e ra tu re
slope co rrespond ing  to  C = 3.86. ,  „ ,

A ssum ing fo r Co2+ in  the te tra h e d ra l  ho les a g fac to r of 2, they
ca lcu la ted  fo r Co2+ in  the o c tah ed ra l ho les a g fac to r  of 4 30 fro m
the high te m p e ra tu re  C urie  constan t and the ionic d is tr ib u tio n  of
the quenched sa m p le s , and. a g fac to r  of 4.26 fro m  the low te m ­
p e ra tu re  C urie  constan t com bined with the ion ic  d is tr ib u tio n  of
the tem p e re d  sam p le . The ag reem en t betw een these  two values
fo r the g fac to r  in  o c tah ed ra l in te r s t ic e s  seem ed  to  be a support
of the view th a t the C0AI2O4 sp in e ls  a re  p a rtia lly  in v e rse .

5.2.  E x p e r i m e n t a l  p a r t

A ll the ex p erim en ta l d a ta  concern ing  th is  group of substances
a re  co llected  in  tab le  5.1 and figure  5.1. Of a ll the substances
D e b y e -S c h e rre r  d iag ra m s w ere  m ade. No deviations fro m  the
sp in e l s tru c tu re  could be observed . The e r r o r  in  the fin a l weigh
of the su b s tan ces  Aw is  not given in  the tab le  as fo r m ost of them
it  was not de te rm ined . ' . ...

We have used  ou r own d iam agnetic  c o rre c tio n s  based  on a d i­
r e c t  m easu rem en t of the su scep tib ility  of ZnA l20 4 . T he  m ost d i­
lu te  su b s tan ces  have not been sub jec ted  to h ig h  te m p e ra tu re  m e a s ­
u rem e n ts  as the e ffec ts  becam e too sm all. As the cu rv es  of these
m ixed c ry s ta ls  w ere so m uch alike, not a ll the 1/X-T p lo ts  a re
draw n in  fig . 5.1.
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T ab le  5 .1 .

U l

S ubstance C oA120 4 - (a 12 ° 3 ) o .C CoA 1„04 . II. Co0.75Z n0.25A12 °4 Co0.503Z n0 497A12 °4
P re p a re d

fro m :
Co o x a la te  +

A 1(N 03 )3
Co(N 0 3)2 +

A1(N03)3
Co o x a la te  +

Z n(N 03)2 + A1(N03)3
Co o x a la te  +

Zn ox ala te  + A1(N03)3
M ethod ACB
F ir in g 9h. 1100° - 7h. 700° 15h. 1100° 30h. 1100° 4h. 1100° - 7h. 7000
A tm . a i r o 2 o 2 o 2
m a 180 177 237 358

Xq  . 103 -0.08 -0 .08 -0 .10 -0 .15

M agnetic T XA- 103 XA-103 T XA-103 XA-103 T XA-103

00o<;X

T XA-103 XA 103
d a ta exp. ca lc . exp. ca lc . exp. ca lc . exp. ca lc .

81 14.1 17.7 291 6.67 6.67 293 6.77 6.77 80 17.5 22.3
195 8.59 9.04 380 5.35 5.33 439 4.75 4.77 195 9.30 9.71
289 6.58 6.54 409 5.10 5.02 553 3.94 3.92 289 6.76 6.76
293 6.48 6.47 530 4.04 4.04 640 3.47 3.47 293 6.63 6.67
353 5.54 5.54 684 3.28 3.27 743 3.07 3.08 420 4.84 4.83
398 5.03 5.01 779 2.95 2.95 368 2.71 2.72 546 3.86 3.84
464 4.42 4.42 850 2.74 2.75 967 2.47 2.50 699 3.12 3.11
553 3.85 3.82 996 2.40 2.42 1071 2.32 2.32 773 2.87 2.87
631 3.41 3.43 1085 2.27 2.27 1172 2.17 2.17 808 2.76 2.76
743 2.98 3.01 1130 2.19 2.20 926 2.50 2.48
840 2.71 2.73 1192 2.10 2.11 1000 2.31 2.31
935 2.50 2.51 1070 2.19 2.21

1034 2.33 2.32 1197 2.04 2.03
1073 2.26 2.26

A. 103
e

C. 103

0,50
-33°K .

1940
3.94 P b

0.46
-35°K .

2023
4.02 Pb

0.56
-14°K .

1905
3.38 pB

0.51
-4°K .
1830

3.83 pB



T a b le  5. 1. (co n tin u ed  1)

S u b stan ce Co0 .40Z n 0 .60A12 ° 4  • Co0 .2C ^n 0 .80A12 ° 4 ‘ 1 Co0 .2 0 Z n 0.80A12 ° 4 ' IU ' C o0 .170Z n 0.83UA12 ° 4

P re p a r e d
fro m :

Co o x a la te  +
Z n  o x a la te  + A 1(N03)3

Co o x a la te  +
Z n  o x a la te  + A1(NC>3)3

C o(N0 3 )2  + Zn(N 0 3 )2  +
A 1(N03)3

Co o x a la te  +
Z n  o x a la te  +

A 1(N03)3

M ethod AC AC A AC

F ir in g 4h. 1100° - 7h. 700° 4h. 1100° - 7h. 700° 12h 1100° 7h. 1100°

A tm . a i r a i r a i r a i r

WA 452 913 910 1071

XD . 103 -0.18 -0 .38 -0 .38 -0 .45

M ag n e tic
d a ta T XA 103

exp .
XA- 103

ca lc . T XA- 103
exp .

Xa - i o 3
ca lc . T XA 103

exp.
XA io 3

c a lc . T Xa -1 0 3
exp.

XA-103
ca lc .

83
292
420
518
635
744
843
971

1080
1188

18.0
6.65
4.79
3.99
3.35
2.92
2.63
2.33
2.15
2.01

21.7
6.65
4.78
3.98
3.33
2.92
2.63
2.35
2.16
2.01

80
192
289
292
407
451
523
624
638
741
809
926

1015
1108
1194

20.7
10.03

6.99
7.01
5.09
4.60
4 .06
3.50
3.35
2.95
2.70
2.44
2.24
2.11
2.03

27.1
10.5

6.99
6.92
5.04
4.58
4.00
3.42
3.35
2.94
2.73
2.44
2.26
2.11
1.99

83
288
£88
424
575
686
734
893
991

1050
1195

20.9
7.30
7.25
5.03
3.78
3.21
3.04
2.55
2.33
2.24
2.04

25.5
7.25
7.25
5.01
3.78
3.23
3.04
2.56
2.35
2.24
2.01

80
289
418
532
717
773
939

1075
1197

24.1
8.10
5.67
4.50
3.44 '
3.25
2.69
2.42
2.20

33.6
8.12
5.67
4.51
3.44
3.22
2.72
2.43
2.23

A. 103 0.48 0 .46 0.38 0.46

e -3 °K . +12°K . +6°K . 4 l7 ° K .

c .  103 1820 1809 1938 2090

(1 3.82 [ ig 3.80 3.94 4.08 PB



T a b le  5 .1 .  (con tinued  2)

S u b stan ce C o0.100Z n 0 .900A12 ° 4 Co0.055Z n 0.945A12 ° 4 C o0 .032Z n 0.968A12 ° 4 ' I- C o0 .033Z n 0.967A12 ° 4  U-
P r e p a r e d

fro m :
Co o x a la te  +

Z n  o x a la te  + A1(NC>3)3
Co o x a la te  +

Z n  o x a la te  + A1(NC>3)3
Co o x a la te  +

Z n o x a la te  + A 1(N03)3
Co(N0 3 )2  + Zn(NC>3)2 +

A 1(N 03)3
M ethod AC AC AC A
F ir in g 4h. 1100° -  7h. 700® 4h. 1100° -  7h. 700° 4h. 1100° - 7h. 700° 8h. 1100°
A tm . a i r a i r a i r a i r
m a 1814 3330 5660 5490
Xq  . 103 -0 .7 6 -1 .3 8 -2 .3 4 -2 .27

M ag n e tic
d a ta T xA . i o 3

exp.
Xa - 103
c a lc . T xA i o 3

exp. T XA. 103 T Xa -1 0 3
exp.

84
290
296
419
523
633
738
810
972

1090

23.4
7.97
7.84
5.55
4.58
3.82
3.29
3.10
2.61
2.44

30.3
7.97
7.81
5.58
4.53
3.81
3.33
3.07
2.63
2.40

84
289
294

23.0
7.44
7.45

83
288
293

22.9
7.3
7.2

81
292

22.4
7.1

A. 103 0.48 F o r  m ean in g  o f l e t t e r s  and sy m b o ls  s e e  ta b le s  3. 1. and 4. 1.
e + 15°K.

C. 103 2059

P 4.06 P g
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5.3.  D i s c u s s i  on

F ro m  fig. 5 .1  i t  m ay be seen  tha t a ll the  m ixed c ry s ta ls  of
C0AI2O4 and Z11AI2O4 behave in  the sam e m anner as  C0AI2O4 it­
se lf. We d isc u sse d  in chap te r IV the four p o ss ib ili tie s  which m ay
cause  the bending of the l/X -T  p lo ts of the m ixed c ry s ta ls
(Co, Z n)0 . The assum ption  tha t the cu rves  m ay be N éel h yperbo ­
lae  can be excluded beforehand  (see  sec tion  4.3). The hypothesis
that Co2+ ions sh ift to  o th er c ry s ta llo g ra p h ic  positions is  a m o re
probab le  p o ss ib ility  in  a sp in e l than  in  a w urtzite  s tru c tu re .  In
fac t, th is  supposition  is  m ade by G reenw ald , P ic k a rt and G ra n -
n is  32). They have draw n two d iffe ren t s tra ig h t lin es  through a
s e r ie s  of 1 / X poin ts which ac tually  lie  on a sm ooth  cu rv e . T able
5.1 show s how excellen t the su sc e p tib ilitie s  of a ll ou r su b stan ces

C
can be re p re se n te d  by the fo rm u la  X = A + 7jr7g. w here A as well
as C a re  fa ir ly  constan t throughout the whole s e r ie s  of d ilu tions
and a re  p ra c tic a lly  the sam e as the constan ts  A andC  found fo r the
m ixed c ry s ta ls  (C o.Zn)O , as  m ay be o bserved  by com paring  the
tab le s  4.3 and 5.1.

F ro m  a ll oü r ex p erim en ta l data , i t  is  evident tha t in  the C o-Z n
alum inates the Co2+ ions occupy the te tra h e d ra l  in te r s t ic e s  of the
sp inel s tru c tu re . T his obse rv a tio n  is  in  excellen t ag reem en t with
the conclusion of Rom eyn 31) tha t C0AI2O4 and Z 11AI2O4 both a re
n o rm al s p in e ls . As fo r the o b se rv a tio n s  of G reenw ald et al., we
m ay notice tha t the ex p e rim en ta l da ta  ag ree  in  so  fa r  as the
shapes of the l / x - T  cu rv es  a re  com pared , although our X values
a re  som ew hat low er. We m ust conclude, how ever, th a t th ese
au tho rs have m ade a w rong in te rp re ta tio n  of the ex p e rim en ta l fac ts ,
as  they have neg lec ted  the tem p era tu re -in d ep en d en t p a ra m ag n e t­
ism  of Co2+ ions in  te tra h e d ra l  in te rs t ic e s .

We did not observe  any influence w ithin the ex p e rim en ta l e r ­
r o r s  of the heat tre a tm e n t of the sam p le  on i ts  m agnetic  behav­
iou r. The su b stan ces  quenched fro m  1100°C. and those  tem p ered
at 700°C. show no im p o rtan t d iffe rence  in the values of A and C.
A s we have not quenched our sa m p les  fro m  a h ig h er te m p e ra tu re
than  1100°C ., we cannot exclude the p o ss ib ility  tha t a t m ore  e le ­
vated te m p e ra tu re s  a p a r t ia l  in v ers io n  o c c u rs . T h is  m ight be the
re a so n  tha t G reenw ald et al. observe  a d iffe rence  in  X -ra y  in ­
te n s itie s  betw een a sam ple  quenched fro m  1400°C. and a te m p e r­
ed one. We m ust m ake the sam e re m a rk s  as  in  chap ter IV con­
cern ing  the te m p e ra tu re  dependence of the m agnetic  m om ent of
the Co2+ ions. In the h ig h er te m p e ra tu re  reg ion , the influence of
a s lig h t te m p e ra tu re  dependence re m a in s  p o ssib le .

We w ill now m ention b rie f ly  two poin ts which m ight be of in te r ­
e s t.

a) The values of 9 a re  in  som e c a se s  p o s itiv e . We cannot sa y
w hether th is  is  an effect of a wrong calcu la tion  of the constan ts
fro m  the ex p e rim en ta l da ta  o r  a r e a l  ind ication  of som e positive
coupling e ffec ts  when the Co2+ ions becom e fu r th e r  a p a rt. The
o cc u rre n ce  of the tem p era tu re -in d ep en d en t te rm , how ever, m akes
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the ca lcu la tion  of the C urie  te m p e ra tu re  too in ac c u ra te  to  be able
to decide if  such an effect e x is ts .

bl As a lread y  m entioned in  the ex p erim en ta l p a r t , we used  our
own d iam agnetic  co rre c tio n . We found fo r ZnA l2 0 4  a d iam agnet­
is m  of -0 .0 7 6 . 10“3 e .m .u . /m o l .  and used  the sam e value fo r
C0AI0O4 G reenw ald, P ic k a rt and G rann is  32) m ention ex ac tly
the sam e  value. No m ea su rem e n ts  on pu re  syn the tic  ZnA l20 4 a re
known in  the l i te ra tu re . O rig ina lly  we used  the c o rre c tio n  tab les
of K lem m  12). The re s u lt  was a value of A. d ec reas in g  fro m
-0 .5 0 . 10-3 to  -0 .2 0 . 10-3 e .m .u .  with in c re as in g  dilution of cobalt
ions The Xa va lues at ro o m  te m p e ra tu re  s h o w e d ^  s im ila r  d e ­
c re a s e  beyond the d ilu tion of 10% Co. Both effec ts  w ere  strong
evidence fo r a w rong ly -in troduced  d iam agnetic  co rre c tio n , which
w as confirm ed  by the d e te rm in a tio n  of the su scep tib ility  of Z nA l204-
The sam e  effect h a s  been d isc u sse d  a lread y  fo r ZnO (see  sec tion
4 .3 ).

S u m m a r y  o f  C h a p t e r  V

CoAIoOa and m ixed c ry s ta ls  of th is  compound with Z 11AI2O4 w ere
sub jec ted  to  su scep tib ility  m ea su rem e n ts  up to  1200°K. The e x p e r­
im en ta l da ta  could be re p re se n te d  by the fo rm u la  X = A +
The tem p era tu re -in d ep en d en t té rm  A ranged  fro m  °-46 -
0 56 10“3 with one deviating value of 0.38. 10“3 e . m . u . ,  and the
m agnetic  m om ent of Co2+ ca lc ina ted  fro m  the C urie  constan ts
with the aid of the fo rm u la  M = V8 C Mb  was found to  be 3 -80 to 4,08
Bohr m agnetons. The values of A and Mare in  excellen t a g re e ­
m ent with those found fo r (C o ,Z n )0 . We concluded tha t C0AI2O4
is  a n o rm al sp inel in  ag reem en t with the X -ra y  m easu rem en ts  of
Rom eyn 31), and c o n tra ry  to  the conclusion  of G reenw ald e t
a l. 32) fro m  X -ra y  w ork and m agnetic  m easu rem en ts .
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C h a p t e r  VI

T H E  S Y S T E M  C o A 12 O 4 - M g A 12 O 4

6 .1.  I n t r o d u c t i o n

T his s e r ie s  of m ixed c ry s ta ls  has not, as  f a r  as we know, been
investiga ted . Rom eyn 31), who did an ex tensive  X -ra y  an a ly sis  of
a s e r ie s  of m ixed a lum ina tes, investiga ted , in  the c a se  of
C0AI2O4, only the e ffec ts  of d ilution with Z11AI2O4 a lre ad y  d is ­
cussed  in chap te r V. Although th is  sy s te m  of m ixed c ry s ta ls  is
not of d ire c t im portance  in  re la tio n  to C03O4, it seem ed  in te r e s t ­
ing to  se e  w hether tiie re  e k is ts  any d ifference  in  the e ffec ts  of d i­
lu ting C0AI2O4, with M gAlp04 o r  ZnA l204- Rom eyn assum ed
MgAl2Ü4 to  be a n o rm al sp ine l and our conclusion  fro m  the p r e ­
ceding ch ap te r is  tha t C0AI2O4 is  a lso  a n o rm al sp in e l. The la t te r
conclusion is  in ag reem en t with the obse rv a tio n  of Rom eyn 31)
and c o n tra ry  to the conclusions of G reenw ald , P ic k a r t and
G rann is 32).

6 .2 . E x p e r i m e n t a l  p a r t

T h ree  su b stan ces  with the g en era l fo rm u la  (Co,M g)Al2C>4 w ere
p re p a re d  accord ing  to  the m ethods d e sc rib ed  in  chap te r I. D eta ils
of the p re p a ra tio n s  a re  given in tab le  6 . 1. The la ttic e  constan ts
of two of the su b stan ces  w ere de te rm in ed  by m eans of the U nicam
9 cm  pow der cam era . The ex trapo la tion  m ethod of van A rke l 33)
was applied  to  five high angle re f lec tio n s . The d iam agnetic  c o r ­
rec tio n s  a re  ca lcu la ted  acco rd ing  to own m ea su rem e n ts  on
MgAl2C>4 . The re s u l ts  of the m agnetic  m ea su rem e n ts  a re  c o lle c t-
ed in  tab le  6.2 and fig. 6.1. In tab le  6.3 the values a re  given of
the constan ts  A, C and 6 used to ca lcu la te  Xa acco rd ing  to  the
fo rm u la  0

The constan ts fo r  the com pounds C0AI2O4 I and II a re  given in  the
sam e tab le  fo r com parison .

6. 3. D i s c u s s i o n

In the sam e way a s  with the co b a lt-z in c  oxides and the coba lt-
z inc a lum ina tes, the coba lt-m agnesium  alum inates show a te m ­
p e ra tu re -in d ep en d en t p a ram ag n e tism  and a tem p e ra tu re -d ep e n d ­
ent m agnetism  which can be d escrib ed  by a C u rie-W eisz  law.
A ctually , the ca lcu la ted  l /x - T  curve f its  the exp erim en ta l data
b e tte r  than  fo r  any o ther substance  so  fa r  d iscu ssed , as m ay be
seen  fro m  tab le  6. 2.
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T able 6 .1 .

Substance P repared  from Method F ir in g Atm .
Aw

in %
Structure m a X D -103

Co0 .503Mg0,497A12 ° 4
C o-oxalate

MgO and A1(NC>3)3 AC
4h. 1100°
7h. 700° air - Spinel

a = 8 .093 A 318 -0 .10

Co0.20M g0.80A12 ° 4
Co(N 03)2
M g(N03)2
A1(N03)3

A 7h: 1100° air - 0 . 15 Spinel
a = 8.089 A 745 -0 .2 4

Co0.10Mg0.90A12 ° 4
Co(N03)2
M g(N03)2
A1(N03)3

A 12h. 1100° air - 0 . 15 Spinel 1460 -0 .48

T able 6 . 2 .

Co0 .503Mg0.497A12 ° 4 C O q  .20Mg0.80A12 ° 4 Co0 .1 0 Mg0.9 0A12O 4

T . n 3
XA - 1 °  exp. XA .1 0 3 ca lc . T m 3XA -10 exp. x A - 1 q 3  c a l c - T m 3XA -10 exp. XA - 103 ca lc .

81 19.5 20.9 82 23.4 25.2 82 25.2 27.8

290 7.62 7.62 292 7.88 7.88 288 8.17 8.17

408 5.79 5.69 412 5.73 5.72 407 5.85 5.86

519 4.63 4.62 568 4.28 4.26 516 4.66 4.67

645 3.84 3.84 702 3.51 3.51 645 3.81 3.79

779 3.27 3.27 862 2.92 2.92 747 3.27 3.30

907 2.89 2.88 990 2.57 2.58 885 2.80 2.83

997 2.67 2.67 1096 2.36 2.36 1014 2.48 2.50

1097 2.47 2.47 1193 2.20 2.20 1150 2.26 2.23
11961 2.30 2.30

F or m eaning of le tte r s  and sym b ols s e e  tab les 3 . 1 .  and 4 . 1 .



Table 6. 3.

Substance F irin g A. 103 e C. 103

CoA120 4 I 1100° -  700° 0.50 -33 '1942 3.94

CoA120 4 II 1100° -  quenched 0.46 -35 2023 4.02

Co0 .503Mg0 .49 7A12 °4 1100° -  700° 0.41 -32 2321 4.31

Co0.20Mg0.80A12 °4 1100° -  quenched 0.29 -10 2292 4.28

Co0 .10Mg0 .90A12 °4 1100° - quenched 0.24 -1 2291 4.28

T h ree  im portan t a sp ec ts  of the m agnetic  behav iour of these
su b stan ces  need som e com m ent.

a) The values found fo r the m agnetic  m om ent of the Co ions a re
la r g e r  than  those  found in the C o-Z n  oxides and the C o-Z n a lu m i­
n a te s , the d ifference  being approx im ate ly  0.3 B ohr m agnetons.
T his value of 4.3 fig l ie s  betw een the sp in -o n ly  value and the v a l­
ue found fo r Co2+ ions in oc tah ed ra l in te r s t ic e s . O ur assum ption
is  tha t in  the Co-M g alum inates the Co2+ ions p a r tia lly  occupy the
oc tah ed ra l in te rs t ic e s :  in o th e r w ords th ese  sp in e ls  a re  p a r tia lly
in v e r s e .

P e rh ap s  the co lour d iffe rence  betw een the C o-Z n a lum inates
and the Co-M g a lum inates (a m ore  b rig h t blue in  the la t te r  case)
is  a consequence of th is  d iffe rence  in  ion ic  d is tr ib u tio n . The re d
coulour of Co2+ ions in o c tahed ra l in te r s t ic e s  m ay cause  a sh ift
to a m ore  v io let blue.

T his conclusion se em s r a th e r  su rp r is in g , fo r if  MgAl2 Ü4  is
indeed a n o rm al sp inel th e re  is  no re a so n  why the sy s te m
(Co, Mg)Al2 C>4 should behave a d iffe ren t way than (Co, Zn)A l2 C>4 ..
It is  now in te re s tin g  to  note tha t fro m  the neu tron  d iffrac tion
work of Bacon 34) it does not n e c e s s a r i ly  follow that MgAl2 C>4 is
a 100% n o rm al sp inel. We will th e re fo re  take the following tab le
fro m  B acon 's paper, in  which the ca lcu la ted  in te n s itie s  fo r the
n o rm al and the in v e rse  s tru c tu re  a re  obtained fo r a value of the u
p a ra m e te r  of 0.387 which is  w e ll-e s ta b lish e d  by the neu tron  d if­
fra c tio n  ex p erim en ts  of Bacon h im se lf  as well as  by e a r l ie r  X -ra y
w ork by B arth  and P osn jak  35). The u p a ra m e te r  in a sp ine l l a t ­
tice  d e te rm in es  the position  of the anions; fo r  u = 0.375 the anions
fo rm  a ideal c lo se -packed  la ttic e ; fo r u > 0.375 the te tra h e d ra l
ho les becom e b igger and the oc tah ed ra l ho les becom e s m a lle r  and
sligh tly  d is to rte d .

As m ay be seen  fro m  tab le  6. 4, a ll the values of the e x p e ri­
m enta l in te n s itie s  (except one) l ie  betw een those ca lcu la ted  fo r
the two d iffe ren t a rra n g e m e n ts  of ca tions , although the values
fo r the n o rm al s tru c tu re  a re  best approx im ated . On the b a s is  of
th ese  data  it is  not p e rm iss ib le  to exclude a p a rtly  in v e rse  s t r u c ­
tu re .
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T able  6 .4 .

R eflec tions
In tensity  calc ,

fo r n o rm a l
a rran g em en t

In tensity
exp.

In tensity  calc,
fo r in v e rse

a rran g em en t
111 11 11 + 3 41
220 41 36 + 4 21

311+  222 202 194 + 5 163
400 176 188 + 5 230

511 + 333 138 226 + 8 130
440 + 531 369 352 + 6 384

R atio  311 + 222 5.4 7.8R atio  220 4.y

R atio  3^  + 222 18.3 1 7 . 0 4.0

T3 +• 220R atio  "TTT 3.7 3.3 0.5

D .. 311 + 222R atio  400 1.15 1.03 0.71

We d e te rm ined , as a lread y  m entioned in  the ex perim en ta l p a rt,
the la ttic e  constan ts  of two of the m ixed c ry s ta ls  and com pared
them  with the values ca lcu la ted  accord ing  to V e g a rd 's  law , which
s ta te s  tha t the la ttic e  constan ts  of m ixed c ry s ta ls  sh a ll be l in e a r
functions of th e ir  com positions. We used  in the calcu la tion  R o-
m eyn 's  values fo r CoA12C>4: a= 8.105 A,  fo r MgAUCR: a = 8.086 A.
The r e s u l ts  a re  as follows: Co0 .503Mg0.407A12O4: aexp = 8-993

a ca lc . " 8 096 A; Co0.200Mg0.800A12 ° 4 : aexp. = 8 089
a calc  = 8-999 A. ^  th e re  e x is ts  any deviation fro m  V eg ard 's
law it is  v e ry  sm a ll, and fro m  the o bserved  data  we m ay not con­
clude with c e rta in ty  tha t such  a deviation e x is ts .

F ro m  the m ean  m agnetic  m om ent we a re  able to  e s tim a te  the
percen tage  of in v ers io n  in the following way:

( 1 " 6) ( ^ t e t r / + 6 ( V t . > 2 = ^

(1 -£)42 + 6 52 = (4.3)2;

6 = 0.3

We have used  in  th is  ca lcu la tion  4 and 5 Bohr m agnetons fo r
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u* t gnri u oc+ , re sp e c tiv e ly . T hus, about 70% of the Co2+ ions
m ust occupy the te tra h e d ra l  and about 30% the o c tah ed ra l ho les to
account fo r  the ex p e rim en ta l m om ent. We m ust r e m a rk  tha t th is
value of 30% is  p robab ly  the m axim um  that is  req u ired . If the m o­
m ent in  te tr a h e d ra  is  4.1 |ig  and the m om ent in  oc tahed ra  is  l a r ­
g e r  than  5p b  a m uch s m a lle r  pe rcen tag e  of in v ers io n  is  su fficien t.

b) As m ay be se en  fro m  tab le  6.3, quenching o r annealing the
sam p le  h as  no influence on the m agnitude of the m ean m agnetic
m om en t.

c) The constan t A d e c re a se s  w ith in c re as in g  dilution, although
we have used  our own d iam agnetic  c o rre c tio n ,, de te rm ined
fro m  a d ire c t m easu rem en t on MgAl2Ü4- No good m & asurem ent
on pu re  syn the tic  MgAl2C>4 could be found in  the l i te ra tu re .

We have seen  that the use  of the c o rre c tio n s  of K lem m  r e ­
su lted  in  a s im ila r  d e c re a se  in  A fo r the co b a lt-z in c  alum.ina.tes.
A d ire c t  m easu rem en t on Z11AI2O4 rev e a le d  tha t these  c o rre c tio n s
w ere too sm a ll. We m ust conclude fro m  th is  d e c re a se  in  A that
fo r MgAloOa our own d iam agnetic  c o rre c tio n  is  probab ly  a lso  too
sm a ll. A com parison  of the d iffe ren ces  betw een our va lues and
those of K lem m  for bo thZ nA l20 4 andM gA l204 suppo rts  th is  view.

Z n A l20 4

MgAl20 4

Xp. 103 (Klem m ) XD . 103 (own value)

-0.050 -0.076

-0.043 -0.048

In troducing a value fo r MgAl2Ü4 of -0 .065 .10  , based  °n  the
value of K lem m  and the d iffe rence  found fo r ZnAl2C>4 we obtain
A values of 0.45, 0.38 and 0.41 . 10” 3 e . m . u .  fo r the th re e  d if­
fe re n t su b s tan ces , which a re  v e ry  sa tis fa c to ry  m agnitudes.

C om paring the r e s u l ts  of ch ap te rs  III, IV, V and VI we notice
the re m a rk a b le  fac t tha t the d iam agnetic  c o rre c tio n s  determ ined
fo r ZnO and ZnAl2Ü4 appear to be m uch b e tte r  than  those ob tain ­
ed fo r MgO and MgAl2C>4. The m easu rem en ts  on such ve ry  w eak­
ly m agnetic  su b stan ces  a re  ve ry  in accu ra te  and the s lig h te s t p a ra ­
m agnetic  im p u rity  m ay cause app rec iab le  e r r o r s .

S u m m a r y  o f  C h a p t e r  VI

M ixed c ry s ta ls  of C0AI2O4 and M gAl204 w ere m ade in  the r a ­
tio s  1 : 1, 1 : 4 and 1 : 9. 19nn0ïf

S uscep tib ility  m ea su rem e n ts  w ere c a r r ie d  out fro m  8 0 -lzu u  k.
to investiga te  the influence of d ilu tion with MgAl2C>4 on the m ag­
n e tic  behav iour of C0AI2O4.

' The m agnetic  da ta  could be re p re se n te d  by the fo rm ula

X = A  + T _6
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The value of A (tem p era tu re -in d ep en d en t p aram agnetism ) v a ried
fro m  0.41. 10“3 to 0.24. 10“3 e .m . u. p e r  Co atom . T h is  d e ­
c re a se  in A on in c re as in g  dilu tion is  p e rh ap s a consequence of a
wrong d iam agnetic  c o rre c tio n .

F o r  the m ean m agnetic  m om ent a value of 4 .3 pg was found. The
conclusion was draw n th a t the m ixed c ry s ta ls  (Co, Mg)Al2 C>4 a re
p a r t ia l ly  in v e rse  sp ine ls  to  a m axim um  of 30%. MgAl2 C>4 i ts e lf
was a lso  suggested  to be p a r tia lly  in v e rse . N eutron  d iffrac tio n  ex ­
p e rim en ts  of Bacon 4) tend  to  the sam e  conclusion. A deviation
fro m  V eg a rd 's  law could not be detec ted  with ce rta in ty .
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C h a p  t e r  V I I

T H E  S Y S T E M S  Z nA 1 2 O 4 - Z n C o 2 O 4 , Z n C o 2 C > 4
A N D  Z 1 1 C 0 2 O 4 - C 0 3 O 4

7 . 1. I n t r o d u c t i o n

The investiga tion  of th ese  sy s te m s  w as undertaken  in d ire c t
connection with C03O4. Indeed, the su c cess iv e  substitu tion  of all.
the cations in ZnA l204 by oobalt h a s  led  to  a final e lucidation  of
the p ro b lem s concern ing  00304- As fa r  a s  we know th ese  m ixed
c ry s ta ls  have not ye t been investiga ted  m agnetica lly . C ry s ta llo ­
g raph ic  w ork h a s  been done on the th re e  pu re  com ponents, which
tu rn ed  out to be sp ine ls .

The w ork on Z11AI2O4 h as  a lread y  been  d isc u sse d  in  chap ter V.
F o r  the p re se n t pu rpose  it  is  im p o rtan t to  know that th is  su b ­
s tan ce  is  a n o rm a l 2-3 sp ine l.

H o lgerson  and K arlsso n 3 6 ) p re p a re d  fo r  the f i r s t  tim e a s e r ie s
of co b a ltite s , among them  ZnC o204, and de te rm ined  the c ry s ta l
s tru c tu re  The m ixed c ry s ta ls  of ZnCo2Ü4 and C03O4 w ere in v es­
tiga ted  by Robin 3). T h ese  m ixed c ry s ta ls  and ZnC o204 i ts e lf  can
only be p re p a re d  fro m  a m ix tu re  of the n i tr a te s , and the tem p era
tu re  of fir in g  m ust be low er than  550- 650°C . A m ix tu re  of ZnO
and C03O4 is  obtained when a m ix tu re  of the oxa la tes is  f ire d  o r
when the m ix tu re  of n i tr a te s  is  h ea ted  at too high a te m p e ra tu re .
M ixed c ry s ta ls  with sp in e l s tru c tu re  and a Z n-C o ra tio  h igher
than  1 : 2 could not be p re p a re d . F o r  th is  re a so n  Robin a s ­
su m es ZnCo2C>4 and C03O4 to be n o rm a l 2-3 sp in e ls . The pure
substance  C03O4 is  d isc u sse d  se p a ra te ly  in  ch ap te r VIII.

7 . 2 . E x p e r i m e n t a l  p a r t

F o r  m o st of the d e ta ils  we m ay r e f e r  to  the tab le s  7 .1, 7.2 and
7.3, and to  fig . 7 .1 . A ll the data  concerning the m ixed c ry s ta ls
Zn(Co, A l ic i a  a re  co llected  in  tab le  7 . 1. As m ay be seen  f ro m th is
tab le , the D eb y e -S ch em er d iag ram s w ere  not v e ry  good and in
m ost c a se s  the s tro n g e s t ZnO re flec tio n s  w ere ju s t v isib le . A p­
p a re n tly  the sub stan ces  a re  not hom ogeneous. F o r  our purpose
how ever, the quality  appeared  to  be su fficien t. M agnetic m e a s u re ­
m ents w ere  p e rfo rm e d  only a t liquid a ir  and room  tem peratu re .,
as  the su b s tan ces  w ere so  weakly m agnetic  th a t even at room  te m ­
p e ra tu re  the Xg value was com parab le  with tha t of the em pty quartz
V6SS6lS •

The data  fo r the pu re  z inc coba ltites  and two zinc coba ltites  with
5% e x cess  ZnO a re  given in  tab le  7 .2 . H ere  too the D ebye-S chem er
d iag ram s w ere poor, but becam e b e tte r  when the o rig in a l sub-
s ta n c e s  w ere f ire d  at h ig h er te m p e ra tu re s , m ostly  in  sea led  tubes
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T ab le  7. 1.

Substance P re p a re d  fro m F ir in g Atm . A w
in % S tru c tu re M X j j . 1 0 3 M agnetic da ta

Z n [ C o Q Zn(N03)2
Co(NC>3)2
A1(N03)3

lh . 600°C
24-36h.

325°C
02 + 4.1

sp inel
fa in t D. S. d iag ram
ZnO lin e s  p re se n t

193 -0.053
T Xm - 103
82

287
0.46
0.16

Z n[C oQ^ A lj  ? ] 0 4
H

Zn [CoQ gA ^ ? ] o 4 3h. 620°C 02 + 1.0 sp in e l
fa in t D. S. d ia g ra m
ZnO lin e s  p re se n t

193 -0.053
T XM- io 3
80

291
0.52
0.16

Z n  [c ° o . 5A1i 5  ] ° 4 Zn(N0 3 )2
Co(NC>3)2
A1(N03)3

lh . 600°C
24-36h.

325°C
° 2 + 3.0

sp inel
fa in t D. S. d iag ram
ZnO lin e s  p re se n t

199 -0.054
T x M - i ° 3
80

287
0.75
0.28

Z n fCo0.5A11 .5 ]O4
H

Zn [CoQ gA lj g ]o 4 3h. 620°C o 2 + 1.0 sp in e l
fa in t D. S. d iag ram
ZnO lin e s  p re se n t

199 -0.054
T Xm - 103
80

291
0.79
0.28

Z n [CoQ 67A11 33 ] o 4 Zn(N0 3)2
CofNO^Jo
A1(N03)3

24h. 350°C
3h. 650°C

a ir
0 2

+ 3.0
sp inel

fa in t D. S. d iag ram
no ZnO d e tec tab le

205 -0.055
T Xm - 103
80

291
0.81
0.29

M = m o lecu la r  weight p e r  fo rm u la  unit AB2O4
XD = d iam agnetic  c o rre c tio n  p e r  fo rm u la  unit AB2O4

" f ^ è p t tW l i ty  Per fo rm u la  un it AB2O4 c o rre c te d  fo r  d iam agnetism .
The o th e r sym bols have the sam e m eaning a s  in  tab le  4 .1 .



T a b le  7 .2 .

S u b s tan ce
P r e p a r e d

f ro m
M ethod S tru c tu re M Xd - 1 ° 3 O th e r  r e m a r k s

Z n C o 20 4
s e r i e s  A 4

C o -o x a la te
Z n -o x a la te C

s p in e l ,  fa in t D . S. d ia g r a m ,
b e c o m e s  b e t t e r  on f u r th e r  h e a tin g

247 -0 .0 6 6

Z n C o 20 4
s e r i e s  A7

C o -o x a la te
Z n -o x a la te C

s p in e l,  r a t h e r  s h a r p  D . S. d ia g ra m ,
ZnO  l in e s  no t v is ib le

247 -0 .0 6 6

Z n C o 2O 4 .0 .0 5 Z n O C o -o x a la te
Z n -o x a la te c s p in e l,  fa in t D . S. d ia g r a m 251 -0 .0 6 7

f i r in g : 3h . 350°C
4h. 680°C

in  O2

Z n C o „ 0 . . 0 .05Z nO
A * A10

C o -o x a la te
Z n -o x a la te c sp in e l 251 -0 .0 6 7 f ir in g : 3h. 610°C

S u b stan ce ZnC<52 ° 4 - A4
Z n C o 20 4 .A 4A Z n C o 20 4 - A 4B Z n C o 20 4 -A 4C Z n C o 20 4 -A4D Z n C o 20 4 - A 7 Z n C o 20 4 . A7A

F ir in g 9h. 350°C 2 Oh. 420°C 16h. 510°C lh .  5 0 0 -6 0 0 °C 3h. 700°C
2h. 350°C
4h. 620°C 3h. 700°C

A tm . ° 2
s e a le d  tu b e

0 2
s e a le d  tube

0 2
s e a le d  tu b e

0 2
s e a le d  tu b e

0 2 o2 0 2

M a g n e tic  d a ta T xm - 103 T X u -  103 T * M -103 T XM .1 0 3 T XM- 103 T xM. 103 T XM . 103

Z n C o 20 4 - A9 80
291
397
457
552
773

5.74
2.32
1.83
1.66
1.43
0 .90

80
294
388
510
599
691

4.49
1.90 7
1.525
1.25
1.12
1.02

80
295
289
375
529
675
764

4 .20
1.81
1.85
1.515
1.17
1.006
0.95

81
292
457
529
646

4.12
1.75
1.27
1.15
1.00

80
293
288
374
513
631
826

4.07
1.59
1.64
1.325
1.048
0 .9 1 3 ,
Q .f8 3

82
294
293
375
506
635
744
8.74

2.70
1 .0 7 3
1 .08?
0.909
O.744
0 .6 5 °
0 .6 0 °
0 .546

83
291
492
641
417
745
865
981

1068

2.30
0.894
0.625
0.547
0.701
0 .5 1 5
0.492
0.511
0 .6 2 2

T XM- 103
81

290
5.33
2 .36

ZnCc>2o 4 . a i o

T
287

XM- 103
2.10 F o r  m ean in g  o f sy m b o ls  s e e  ta b le  7. 1.



T a b le s  7 . 3 .

Co0 .125Z n 0 .8 7 5 C o2 ° 4 C ° 0 .12 5Z n 0 .8 75C o2 ° 4
A5A

C o0.033Z n 0 .9 6 7 C o2 ° 4
s e r i e s  M I
P r e p a r e d  fro m :

C o -o x a la te
f ir in g T Xm - 103

M IA 3h. 620°C , O2 292 2.27Z n -o x a la te
M ethod: C M IB 3h. 670°C , O2 291 1.93
M = 247
Xd - 103 = -0 .0 6 6 M IC 12h. 670°C . O2 291 1.72

M ID 45h. 670°C , O2 293 1.61
C o0 .0 9 5 Zn0 .9 0 5 C o2<34

s e r i e s  M il
P r e p a r e d  f ro m :

C o -o x a la te
f ir in g T XM- io 3

M il  A 3h. 670°C , O2 291 1.95Z n -o x a la te
M ethod: C M IIB 3h. 700°C , O2 291 1.85
M = 247
1^). 103 = -0 .066 M IIC 6h. 700°C , O2 290 1.82

C o0 .193Z n 0.'807C o2 ° 4
s e r i e s  M il l
P r e p a r e d  fro m ;

C o -o x a la te
f ir in g T Xm - 103

M IIIA 3h. 670°C , 0 2 290 2.32Z n -o x a la te
M ethod: C M IIIB 3h. 700°C , 0 2 291 2.24
M = 246
Xq . 103 = -0 .0 6 6 M IU C 6h. 700°C , O2 291 2.18

P r e p a r e d  fro m :
C o -o x a la te
Z n -o x a la te

M ethod: C
M = 247
XD . 103 = -0 .066
S tru c tu re :

sp in e l
f ir in g :
3h. 350°C  in  0 2

M ag n e tic  d a ta
T Xm - 10
80 5.60

295 2.10
291 2.188
372 1.737
507 1.352
634 1.114
782 0 .878
872 0.794

P r e p a r e d  fro m :
p ro d u c t A5

M
Xd - 103

247
-0 .066

S tru c tu re :
sp in e l

f ir in g :
3h. 6 5 0 -700°C
s e a le d  tu b e  O2

M ag n e tic  d a ta

82
294
292
374
519
628
718
805

XM - 103
4.16
1.57
1.59
1.305
1 . 027
0 .9 0 4
0.835
O.8O8
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under oxygen. We w ill now draw attention to the rem arkable fact
that at the sam e tim e the param agnetism  of these substances d e­
creased , som etim es to extrem ely low values.

The sam ples were m easured in sealed  quartz containers,
which w ere filled  with oxygen in all ca ses  except one. The quartz
v e sse l containing ZnCo204  (A7A) was evacuated before sealing.
Table 7.3 contains all the data on the m ixed crysta ls (Co,Zn)
C02O4 .

In the se r ie s  MI, Mil, and MIU only the room  tem perature value
of X was determ ined. The susceptib ility  appeared to be very
dependent on the heat treatm ent, and there are reasons to believe
that none of the substances is  w ell-defined. T herefore, we made
no further attempts to investigate the whole sy stem  of mixed
crysta ls of C03O4 and ZnCo2C>4 .

In fig. 7.1 we used a plot of Xm T versus T. If it i s  to be e x ­
pected that the value of © w ill be negligible, th is method of p lott­
ing can be applied with su c c ess . The bending of som e of the lines
in fig. 7.1 is  not caused by a finite value of 0, but is  caused by a
chem ical change in the sam ple. We will d iscu ss this point in the
following section s.

The diam agnetic corrections used for all the substances d is ­
cussed in this chapter, are calculated according to the data of
Klemm 12). An eventual error  in these corrections w ill only
affect the values of the tem perature-independent term  A.

7.3.  D i s c u s s i o n  o f  t h e  s y s t e m  Z n ( C o ,  A 1 ) „ 0 ,
a  f t

Although the substances in this group are not com pletely ho­
mogeneous (m ost of the X -ray  diagram s showed the strongest
ZnO lin es), they consist for the m ost part of a spinel with the
general form ula ZnCoxA l2 _XC>4 . The only condition is  that the
mean valence of the cobalt ions must be three and the p o ss ib il­
ity of an equal amount of Co2+ and Co^+ may not be excluded
beforehand.

The susceptib ility  m easurem ents, how ever, enabled us to d e­
cide between the two p o ssib ilities . We w ill compare the exp eri­
mental values of the Curie constants at room  tem perature (neg­
lecting ©) with those calculated for Co3+ and C °2+ + Co + (using
spin-only values).

Substance
with:

C (exp.)
per Co

C (ca lc .)
for Co3+

C (ca lc .) for
Co2+ + Co4+

~ T ~

0.3 Co 0.16 3.0 3.1
0.5 Co 0.16 3.0 3.1
0.67 Co 0.125 3.0 3.1

Neither of the two p o ssib ilities  seem s to be a good approximation.
The extrem ely low m agnetism  of these substances can only be
explained by the assumption that the valence of cobalt is  three,
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but th a t the m eta l ion does not exhibit the n o rm a l p a ra m ag n e t­
ism  of four unpa ired  e le c tro n s . Indeed, a p ra c tic a lly  non-m ag­
n e tic  cobalt is  found in the  num erous com plex compounds in which
Co is  tr iv a le n t and su rrounded  by 6 NH3, 3 ethyl endiam ine,
6N 02- . 3(COOH)l o r  o ther g roups to which it is  covalently  bond-

It is  im p o rtan t to  know th a t th is  non-m agnetic  s ta te  is  only pos
s ib le  if Co is  su rro u n d ed  by  s ix  g roups. The s im p les t way to
explain  th is  s itu a tio n  is  with the aid of P a u lin g 's  d2Sp3 hyb rid s.
Co3+ h a s  s ix  3d e le c tro n s . If th is  ion s h a re s  an e le c tro n  p a ir  with
each  of the  s ix  su rround ing  groups, the to ta l num ber of e lec tro n s
becom es 18. Then the 3d and the following 4s and 4p sh e lls  a re
com pletely  occupied which cau ses  an e x tra  s tab ility^  At the sam e
tim e the  p e rm an en t m agnetic  m om ent d isa p p e a rs  s in ce  a ll  e le c ­
tro n s  a re  p a ire d . Pau ling  p roved  th a t th ese  d2Sp3 bonds point to
the c o rn e rs  of a  re g u la r  oc tahedron .

In the g en e ra l d isc u ss io n  we w ill consider Pauling  s m ethod,
i ts  d isadvan tages in  coord ination  la ttic e s  and the  o ther m ethods
which m ay be u sed  fo r tre a tm e n t of the p ro b lem s. F o r  the m o­
m ent it  is  su ffic ien t to  note tha t in  the o c tah ed ra l in te r s t ic e s  a ll
the re q u ire m e n ts  a re  fu lfilled  fo r the  o c c u rren ce  of th is  binding
m echan ism . , .  , .

We have yet to  explain  the sm a ll positive  m agnetism  which is
observed . The assum ption  is  m ade tha t the m agnetism  is  caused
by the inhom ogeneity  of the s a m p le s . If ZnO can be detec ted  by
X -ra y  an a ly s is  a p a r t  of the cobalt m ust be in  the d ivalent s ta te ,
s ince  in  a sp in e l s tru c tu re  with only d i-  and tr iv a le n t ions the
ra t io  of th ese  ions h a s  to  be one to  two. m  •

In the following sec tion , we sh a ll  see  that although Co| m
o c tah ed ra l ho les h a s  no p erm anen t m om ent, it  is  not com pletely
d iam agnetic . A sm a ll tem p era tu re -in d ep en d en t p a ram ag n e tism
is  found of about 0 .1 .1 0 -3  e . m . u .  p e r  C oin . Applying th is  c o r ­
re c tio n  to  the C urie  constan ts  a lre ad y  m entioned, we obtain fo r
ZnCoxA l2 -x 0 4 ;

x = 0.3 C290°C = 0 1 2 C80°C = ° 12

X II 0 C7
1

C290°C = ° 12 C80°C = °*11

x = 0.67 C290°C = 0,09 C80°C = 0 0 8

F ro m  the a g reem en t betw een the C urie  constan ts  a t liquid  a ir
and ro o m  te m p e ra tu re , we m ay conclude th a t the neg lec t of 0 was
ad m iss ib le . As a second re s u l t  of the ca lcu la tion  it  follows that
the obse rv ed  weak p a ra m ag n e tism  can be explained with le s s  than
6% of the to ta l am ount of cobalt in  the d ivalent s ta te . T h is  es 1-
m ation  is  b ased  on a C urie  constan t fo r Co2+ of 2.0, a value which
is found in  te tra h e d ra l  in te rs t ic e s . -  „ ___

A ll the  ex p erim en ta l da ta  can thus be explained by the a ssu m p ­
tion  of the o c c u rre n ce  of C oin , which h as  no perm anen t m agnetic
m om ent.
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7.4.  D i s c u s s i o n  o f  t h e  z i n c  c o b a l t i t e s

A fter the d iscu ss io n  of the m ixed c ry s ta ls  Zn(Co, A1)2C>4, the
in te rp re ta tio n  of the exp erim en ta l r e s u l ts  obtained with ZnCo2C>4
will be m uch e a s ie r .  The v e ry  low value of the su sce p tib ility  is
again a s tr ik in g  fea tu re . The m agnetic  behaviour of th ese  su b ­
s ta n c e s  can be d escrib ed  by the g en era l fo rm u la  X = A + - -̂. The
assumption that © = 0 is  confirmed by the linearity  of the Xm -T
versus T plots from  which we can derive the constants Am  and
Cm  (per mol. ZnCo2C>4).

ZnC o2°4  AM- 103 CM
A 4 A 0.37 0.450
A 4 B 0.37 0.426
A 4 C 0.37 0.405
A 4 D 0.33 0.372
A 7 0.28 0.237
A 7 A 0.26 0.183

The tem p era tu re -in d ep en d en t te rm  Am  is  a ttr ib u ted  to the
covalent C oin  atom s , and the C urie constan t to  the o ccu rren ce

Co + ions. It ap p e ars , that A]y[ as w ell as Cm  a re  v e ry  d e ­
pendent on the h ea t tre a tm e n t. A pparen tly  the su c ce ss iv e  fir in g s
of the o rig in a l substance  ZnCo204(A4) had a  d iffe ren t influence on
the am ount of Co2+ ions.

In gen era l, the am ount of Co2+ions d e c re a s e s  as the f ir in g  te m ­
p e ra tu re  is  ra is e d . It seem ed  in te re s tin g  to investiga te  w hether a
ZnCo2C>4 sam p le  could be p re p a re d  without any Co2+ ions. The
su b stan ces  A7 and A 7 A approx im ate  m uch b e tte r  an " id ea l"
ZnCo2C>4.

We did not succeed  in m aking a b e tte r  z inc  cobaltite  than  the
product A 7 A. As m ay be seen  fro m  tab le  7.2, the p ro d u cts  A 9
and A 10 containing an ex cess  ZnO a re  as bad as the substance
A 4. P e rh ap s  the ex c ess  ZnO is  an e x tra  s tim u la tion  fo r cobalt
to becom e d ivalen t by the p o ss ib ility  of fo rm ing  m ixed c ry s ta ls
(Co, Z n)0 .

It is  s t i l l  an open question  if it w ill be p o ssib le  at a ll to p rep a re
pure  ZnC o204 which w ill exhibit only tem p era tu re -in d ep en d en t
p aram ag n e tism .

We w ill finally  d isc u ss  six  poin ts which re q u ire  som e com m ent.

a) The question  m ay a r is e  how it  is  p o ssib le  tha t the oxidation
fro m  Co2+ to C olli continues in sea led  tubes . A pparen tly  the su b ­
s tan ce  A 4 with which th is  p ro ced u re  is  c a rr ie d  out to p re p a re
A 4 A, A 4 B, A 4 C and A 4 D is  not com pletely  f re e  fro m  n i­
tra te . If the hot tubes w ere taken  out of the fu rnace  a brow n gas
was v isib le  above the so lid  substance . A ctually  the b lack su b ­
s tan ces  obtained when the n itra te s  w ere p reh ea ted  a t 350°C in a ir
lo st th e ir  la s t  sm a ll am ounts of n itro u s  g a ses  only on heating at
m ore  elevated te m p e ra tu re s .
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b) The dependence on the hea t tre a tm e n t of the constan t Am  Is ^
consequence of the Co2+ ions p re se n t. We have seen  in  ch ap te rs
IV and V that Co2+ ions in te tra h e d ra l  in te r s t ic e s  exhib it besides
th e ir  n o rm al p a ra m ag n e tism  a tem p era tu re -in d ep en d en t p a ra ­
m ag n e tism  of approx im ate ly  0.5 e .m . u. p e r  Co. As the C urie
constan t Cm  d e c re a se s  fro m  A 4 to t A 7 A, the am ount of Co^+
ions d e c re a s e s  and consequently  the con tribu tion  of the te m p e ra ­
tu re -in d ep en d en t p a ra m ag n e tism  of Co2+ m ust d e c re a se . It is
v e ry  rea so n ab le  to assum e that the Co2"t ions in  ex c ess  a re  s it
uated in  te tra h e d ra l  in te r s t ic e s . They m ay occupy the s ite s  of
the w u rtz ite  s tru c tu re  of ZnO o r the te tra h e d ra l  s it^ s  in  a sp inel
of com position  (Co, Zn)Co2C>4.

A rough ex trapo la tion  of the constan ts Am  to  pu re  ZnC02O4
in d ica te s  tha t the two C olli atom s con tribu te  0.2 . 10”3 e .m . u.
to  XM T hus, p e r  C oin , a tem p era tu re -in d ep en d en t p a ram ag n e­
t is m  of 0.1 . 10-3 e. m. u. is  found. T his m agnitude ag re e s  well
with tha t found fo r C o in  in  com plex com pounds. R osenbohm  37)
obtained values fro m  0.055 to  0.073 . 10 '3  fo r what he called  a
"p ara m a g n e tic  in c re m e n t" . A sm ussen  38) m entioned values of
0.070, 0.081, 0.090, 0.117, 0.060 and 0.029 . 10“3 in  the s e r ie s
hexam m ine to  hexacid  com plexes, and rec e n tly  K ernahan and
Sienko 39) investiga ted  Co(NH3)sHC02l2 and Co(NH3)5N02l2 and
found 0.141 and 0.165 . 10‘3, re sp e c tiv e ly .

c) A fu r th e r  suppo rt fo r the assum ption  of Co2+ ions in these
su b stan ces  is  the deviation of the liquid  a ir  points in  fig. 7.1.
T his dev iation  becom es s m a lle r  with d e c reas in g  Cm  va lues, a
consequence of the g re a te r  d ilution of the Co2+ ions. A ctually ,
the d iffe rence  betw een the ca lcu la ted  and ex perim en ta l value of
X8 o° k  fo r ZnCo2C>4 (A 7 A) is no m ore  than  7.5%.

d) We a re  able to e s tim a te  the percen tage  Co2+ which m ust be
p re se n t to  account fo r the observed  p a ram ag n e tism . Taking for
the C urie  constan t of Co2+ in te tra h e d ra l  ho les  approx im ately
2.0, we obtain  fo r the substance  A 7 6% and fo r A 7 A 4.5% Co ,
in  excellen t ag reem en t with the value es tim a ted  fo r the
Z n(C o,A l)204 m ixed c ry s ta ls .

e) The o c c u rren ce  of Co2+ ions in  the z inc coba ltites  m ust be a c ­
com panied by a defic iency  in the oxidizing pow er. Two d e te rm in a ­
tions c a rr ie d  out accord ing  to  the d escrip tio n  in ch ap te r I (section
1 2) gave as a re s u l t  1.94 and 1.95 E q /m o l. The th eo re tic a l value
fo r p u re  ZnCo20 4  is  2.00 E q /m o l. The t itra tio n s , how ever w ere
not p e rfo rm ed  in a n itrogen  a tm osphere  but in an open flask .
NaHC03 was added to the so lu tion  to f il l  the v esse l with CO2 and
to p rev en t oxidation of the liquid by a ir .  C03O4 sam p les  titra ted
in th is  way showed oxidizing pow ers of 1.98 and 1.99 E q /m o l.,
while the t itra tio n s  under n itrogen  a tm osphere  of the sam e sa m ­
p les  showed these  values to be 1.93 and 1.94 (see  chap ter V ul).
It is  quite c e rta in  that the de te rm in a tio n s  in  open fla sk s  r e s u l t  in
a too high value of the oxidizing pow er. We m ay thus conclude that
fo r ZnCo2C>4 (A 7) a lack  in  the oxidizing pow er of m ore than  3 /o
is  found.
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Of the o ther su b s tan ces , only ZnCo204 (A 4 B) and (A 4 D) w ere
sub jec ted  to one titra tio n , s ince  not enough m a te r ia l  of the o th e rs
was availab le . The oxidizing pow er was found to be 1.83 and 1.84
E q /m o l, re sp e c tiv e ly , which ind ica tes a Co2+ content of m ore
than 8%. Although the absolu te  values of the percen tage  Co2+
determ ined  m agnetica lly  and chem ica lly  do not ag ree  v e ry  w ell,
the com parative  values of two su b stan ces  a re  s a tis fa c to ry  as
m ay be seen  a s  fo llo w s.

Substance % Co2+ e s tim a ted
m agnetica lly

% Co2+ de te rm in a ted
by t itra tio n

ZnCo-O ^ A 7 6% 3%
ZnCo20 4 A 4 D 9.5% 8%
ZnCo20 4 A 4 B 10.5% 8.5%

f) The behaviour of the cu rves fo r  ZnCo2C>4 (A 4) and (A 7 A) at
high te m p e ra tu re s  is  quite d iffe ren t fro m  the o th e rs  and ra th e r
unexpected. Both phenom ena can be v e ry  sim ply  explained. The
substance  A 4 changed during  the m ea su rem e n ts  (in se a le d  quartz
vesse l) into substance  A 4 C. A ctually , a t th is  tim e the influence
of an e x tra  h ea t tre a tm e n t on the m agnetic  su scep tib ility  was d is ­
covered .

The substance  A 7 A was m easu red  in an evacuated  q u a rtz  con­
ta in e r . The sudden r i s e  in  the X value betw een 700 and 800°C is  a
consequence of a p a r t ia l  decom position  of the su b stan ce . T his
p ro c e s s  appeared  to  be p a rtly  re v e rs ib le , as m ay be se e n  fro m
the X]y[ values which w ere d e te rm in ed  a fte rw a rd s .

T = 497 XM = 0.764
T = 778 XM = °-585

It is , of co u rse , fo rtu itous  that the substance  A 7 is  a lm o st fo rm ­
ed again  (fig. 7 .1 ). We m ay only guess about the n a tu re  of the
decom position p ro c e s s . It i s  v e ry  p robab le , how ever, tha t the
substance  lo ses  oxygen.

7.5. D i s c u s s i o n  o f  t h e  s y s t e m  ( C o ,  Z n ) C o 2 0 4

The only im p o rtan t substance  in th is  sy s te m  is  the product
C o o .l25^ n o .875Co204 (A 5 A). As m ay be seen  fro m  fig. 7.1,
th is  substance  f its  exactly  in  the s e r ie s  of ZnC o2Ü4 a lread y  d is ­
cussed  in  the p reced ing  sec tion . X M is  given by the fo rm ula

C m
XM = AM + ~  in which a m  = 0 325 10" 3 e . m .  u. and
Cm  = 0.366.

The e s tim a ted  am ount of Co2+ ions is  approx im ate ly  0.185 p e r
m ol. As 0.125 Co2+ is  a lre ad y  p re se n t a t the te tra h e d ra l  in te r ­
s tic e s , only 3% of the cobalt fro m  the C02O4 group is  in  the d i­
valen t s ta te . The d e te rm in a tio n  of the oxidizing pow er ( titra te d
in open flask) showed an oxygen defic iency  of 2% (1.96 E q /m o l).
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The id en tica l behav iour of th is  m ixed c ry s ta l  and the Z11C02O4
sam p les  is  an e x tra  con firm ation  of our assum ption  tha t in  the
la t te r  su b sta iices  the weak p a ra m ag n e tism  is  a consequence of
the inhom ogeneity  of the p ro d u cts . The o ther p roducts  m ay be
d isc u sse d  v e ry  b rie f ly . Our a ttem p ts  to  p re p a re  m ore  m em bers
of the s e r ie s  w ere not v e ry  su ccessfu l.

The X values at ro o m  te m p e ra tu re  of the sub stan ces  MI, MU
and M ill d e c re a se d  a fte r  e v e ry  new fir in g  p ro ce d u re . It seem s
v e ry  d ifficu lt to  find the p ro p e r  conditions fo r the p rep a ra tio n
of good z inc  co b a ltite s . ,

T h is fa ilu re  to  obtain data  fo r the whole s e r ie s  of m ixed c ry s ­
ta ls  betw een C03O4 and ZnC o204 causes  no se rio h s  lack  in  our
knowledge s in ce  no o ther im p o rtan t fac ts  a re  to be expected and
a ll the p ro b lem s can be so lved  without th is  s e r ie s .

F in a lly  we w ill only d raw  a tten tion  to  the substance
Coo 1 o'sZnn 875C00O4 (A 5). Its  m agnetic  behaviour is  com pletely
com parab le  to tha t of ZnC o20 4  (A 4) (see  sec tio n  7.4 f). Both su b ­
s ta n c e s  w ere p re p a re d  by heating  the n itra te s  at 350 C in  oxygen.
The assum ption  a lread y  m ade (sec tio n  7.4 a) that such  substances
a re  not com pletely  f re e  of n itra te  is  confirm ed  by the d e te rm in a ­
tion  of the  oxydizing pow er of A 5, which was found to  be 2.09 E q /
m ol.

S u m m a r y  o f  C h a p t e r  V I I

M ixed c ry s ta ls  of ZnA l20 4  and ZnCo2C>4 , a s e r ie s  of ZnCo2C>4
sam p les  and som e m ixed c ry s ta ls  of ZnCo2C>4 and C03O4 w ere
p re p a re d . The m agnetic  su scep tib ility  of a ll the sub stan ces  could
be d e sc rib ed  by the fo rm u la  X = A + Cobalt in the tr iv a le n t
s ta te  in  o c tah ed ra l in te r s t ic e s  ap p ears  to exhibit a te m p e ra tu re -
independent p a ra m ag n e tism  of about 0.1 . 10“3 e. m. u.

The weak n o rm a l p a ra m ag n e tism  which is  observed  in  a ll tne
su b stan ces  is  a ttr ib u ted  to a sm a ll am ount of Co2+ ions in  t e t r a ­
h e d ra l in te r s t ic e s . None of the su b stan ces  is  hom ogeneous. The
d e te rm in a tio n  of oxidizing pow ers showed in  a ll the c a ses  an oxy­
gen defic iency . M ost of the X -ra y  d iag ram s showed the s tro n g e s t
ZnO lin e s . The a ttem p ts  to  p re p a re  a püre  ZnCo2C>4 w ere not
su c ce ss fu l •

The sp ine l s tru c tu re s , as fa r  they a re  p re se n t in  the su b s ta n ­
ces, a re  n o rm a l 2-3  sp in e ls . ._„

No fu rth e r  a ttem p ts  w ere m ade to p re p a re  the whole s e r ie s  of
m ixed c ry s ta ls  betw een C03O4 and ZnCo2C>4, since  the niagne 1(-
behaviour of th ese  su b stan ces  was too much dependent on the heat
tre a tm e n t.
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C h a p t e r  V I I I

C 0 3 O 4

8. 1.  I n t r o d u c t i o n

Although m any d iffe ren t cobalt oxides a re  m entioned in  the  l i t ­
e ra tu re^  40) CoO and C03O4 a re  the only compounds in  th is  s y s ­
tem  which have been shown to e x is t with c e rta in ty . CoO c ry s ­
ta lliz e s  in  the ro ck  s a lt  s tru c tu re ;  i ts  m agnetic  behaviour,
a lread y  d iscu ssed  in chap ter III, show s, a p a rt f ro m  a s tro n g
a n tife rro m ag n e tism , no s u rp r is in g  a sp e c ts . C03O4 c ry s ta lliz e s
in the sp ine l s tru c tu re  and exh ib its  a  r a th e r  low m agnetic  su sc e p ­
tib ility , as we m entioned b rie f ly  in  the in troduction  to th is  th e s is .

V erw ey and de B oer 2) wer e  the f i r s t  to co n sid e r the four
s tru c tu re s  which a re  possib le  fo r the ion ic  d is tr ib u tio n  in C03O4,
nam ely:

I Co2 t  [Co2+]o 4 , Co3 t  [Co2+Co2+] o 4 , Co4+[Co2+]o 4 and

| j  Co2+ [Co4+Co2+ ]0 4 .

On account of the low conductivity  of C03O4, the sm a ll p a ra m e te r
u which was d e te rm in ed  as 0.380 ±  0.005 and the in ten s ity  ra t io
of the D e b y e -S c h e rre r  lin e s  111 and 222, they concluded tha t th is
compound could be a n o rm a l 4-2 sp inel.

We w ill give an elucidation  of th e ir  reason ing . The low con­
ductiv ity  excluded the s tru c tu re  Co3+[Co2+Co^+]04, s in ce  the
p rese n c e  at c ry s ta llo g ra p h ic  equivalent positions of ions of the
sam e e lem en t d iffering  only one charge  unit will cause  the su b ­
s tan ce  to  be a good conductor, as  e le c tro n s  m ay p a ss  fro m  one
ion to  ano ther leav ing  the to ta l num ber of both k inds of ions con­
stan t. The s tru c tu re s  Co2+[C o2+] o 4 and Co2+[Co4+Co2+] o 4 w ere
le s s  probab le  because of the low value of the u p a ra m e te r . Since
a sm a ll u p a ra m e te r  c o rre sp o n d s  to  a re la tiv e ly  sm a ll t e t r a -
h e d ra l hole, the Co2+ ions (supposed to  be la r g e r  than Co3+ or
Co4+) w ere  assum ed  to be too la rg e  to  f it in  the te tra h e d ra l
h o les . The rem ain in g  s tru c tu re  Co4 + [Co2+]c>4 could be account­
ed fo r  by the observed  in ten sity  ra tio  of the 111 and 222 r e f le c ­
tions, and offered  the fu r th e r  advantage of a h a lf-fille d  3d sh e ll
in  the Co4+ ion (as in  F e 3+ and Mn2+), which ap p ears  to  be an
en e rg e tic a lly  favourable  e le c tro n ic  configuration.

R ecen tly  Robin 3) and Robin and B enard  41) m ade an ex tensive
X -ra y  study  on oxides containing Qq and o th er tra n s itio n  group
e lem en ts . It appeared  im possib le  to rep la ce  m ore  than  one Co in
C03O4 by a d ivalent ion such as N i2+ o r  Z n2+, which w as a re a so n
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to  assum e th a t only one Co2+ ion is  p re se n t in  th is  compound. In
the su b s tan ces  obtained by g radual rep lacem en t of F e  in  y-Fe2C>3
by Co, an i r r e g u la r ly  in  the ce ll d im ensions o ccu rs  not fa r
beyond a Co content of 33 j  %. y-Fe2C>3 h as  a sp ine l like s t r u c ­
tu re  which m ay be w ritten  as F e 3+ [ F e 3+ ( § F e 3+ jD )  ]o4
(□ m eans an unoccupied o c tah ed ra l hole). The rep lacem en ts  of Fe
by Co now p ro ceed  in  the following way:

F e 3+[ F e a+( f F e3+ 3+
3 D ) J°4 + Co2+

3+ [F e 3+Co2+] o , 2 _  3+T Fe ( 1 )

F e 3+[F e 3+Co2+] o 4 + (x+y)Co3+ —

F e 3+ Co3+[F e 3+ Co3+Co2+]o 4 + (x+y)Fe3+(2)1 -x  x 1 -y  y 4

F e f_ xCo3+[ F e 3+_yCo3+Co2+] 0 4 + A Co3+ -

Co2+[Co3; y+AF e3t x . y . A] 0 4 + AFe3+(3)

Co2+[ C o £ y+AF e 3t x _y _A] 0 4 + (2-x-y-A )C o3+ —

Co2+[Co3 + b 4 + (2 -x -y -A )F e3+ (4)

R ep lacem en t (1) is  accom panied by a l in e a r  in c re a se  of the cell
constan t. The m axim um  is  reached  fo r a com position C oFe204
which is  an in v e rse  sp inel. The g radual d e c re a se  of the ce ll con­
s tan t which accom panies rep la ce m e n t (2) is  in te rru p ted  at 39%
Co and the following in c re a se  is  accom plished  at 41.7% Co. In
th is  sh o rt in te rv a l, re a rra n g e m e n t (3) is  supposed to  take p lace,
which is  ac tua lly  a re la tiv e ly  sudden change fro m  an in v e rse  to
a n o rm al sp inel in itia ted  by the addition of a sm all quantity  (A) of
Co3+ ions.

The following rep lacem en t (4) p ro ceed s in  the re g u la r  way a c ­
com panied by a l in e a r  d e c re a se  of the ce ll constan t. The fa ilu re
to rep la ce  m ore  than one Co by Zn o r Ni and the i r r e g u la r i ty  in
the ce ll constan ts  of the m ixed c ry s ta ls  of CoFe2C>4 and C03O4
both w ere re a so n s  to  assum e that C03O4 is  a n o rm a l^2-3 sp inel.

The m agnetic  m ea su rem e n ts  on C03O4 (and "C02O3 ) of
B hatnagar, P ra k a sh  and Qayyum  gave as a re s u l t  the v e ry  low
Bohr m agneton num ber of about 3.0 p e r  cobalt ion. T h e ir  m e a s ­
u rem e n ts  ranged  fro m  300 to  500°K. The Xg values at room  te m ­
p e ra tu re  w ere  approx im ate ly  31 . 10“® e . m .  u. fo r C03O4 and
28 to 29 . 10”® e . m . u .  fo r "C02O3” . F ro m  these  data  it  is  quite
c le a r  th a t they  did not obtain C02O3 but only Co304- The 0 values
w ere r a th e r  la rg e  and w ere m easu red  fro m  -150 to -180°K. F ro m
the p re se n t knowledge concern ing  C03O4 two b asic  p rob lem s
a r is e , nam ely , the u n ce rta in ty  as to  w hether th is  compound con-
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T ab le  8 .1 .

Substance Co30 4 . i 13 COgO^- A6 C °3 °4 B6 Co30 4 . A l l

F ir in g lh . 600° -  4h. 350° 12h. 670° -  60h. 250° 17h. 6700 20h. 900°

Aw + 0.2% 0 -0 .1 7 -0 .4 7

M agnetic
da ta T x m - io3

exp.
xM- i o 3

ca lc . T Xm - 1q3
exp.

xM- io3
ca lc . T XM-103

exp .
XM- 103

c a lc .
T XM- 103

exp.
x m - 103

ca lc .

81 14.4 16.0 81 14.6 17.19 81 14.4 17.2 395 5.62 5.62
195 9.07 9.2 294 6.96 6.96 295 6.95 6.94 572 4.25 4.23
291 6.89 6.93 295 6.90 6.94 295 6.98 6.94 654 3.78 3.82
357 6.02 5.97 375 5.76 5.76 377 5.72 5.74 755 3.41 3.43
393 5.60 5.57 483 4.74 4.74 498 4.64 4.63 683 3.11 3.11
427 5.23 5.24 603 4.00 4.00 590 4.06 4.06
451 5.06 5.04 683 3.66 3.64 685 3.63 3.63
483 4.78 4.79 751 3.39 3.39 771 3.33 3.32
528 4.47 4.49 798 3.23 3.24 877 3.05 3.02
576 4.19 4.22 894 2.99 2.98 948 2.91 2.86
640 3.90 3.92
664 3.84 3.82
686 3.72 3.73
728 3.55 3.58
773 3.39 3.43
833 3.25 3.27
874 3.17 3.16
931 3.05 3.03
969 2.93 2.95

1006 2.96 2.88
1044 2.96 2.82
1078 2.98 2.76

A. 103 0.90 0.71 0.71 0.73

e -59°K . -49°K . -49°K . -50°K .

C. 103 2110 2143 2143 2176

4.11 HB 4.14 llB 4.14 4 .17 ( is



s is ts  of d i-  and t r i -  o r  d i- and te tra v a le n t cobalt, and the un ­
usua lly  low m agnetic  su scep tib ility .

8 .2 .  E x p e r i m e n t a l  p a r t

The ex p erim en ta l da ta  concern ing  the d iffe ren t C03O4 sam p les
a re  co llected  in  tab le  8.1 and fig. 8 .1 . All the p re p a ra tio n s  w ere
m ade fro m  cobalt oxalate  (32.0% Co) acco rd ing  to  m ethod D, i. e.
d ire c t  decom position  of the p roduct in  a p la tinum  boat. The f i r ­
ing took p lace in  oxygen. The s tru c tu re  of the sub stan ces  was
de te rm ined  with the aid of D e b y e -S c h e rre r  d iag ram s. Only sp in e l
re f lec tio n s  could be observed .

The m agnetic  m ea su rem e n ts  w ere c a r r ie d  out in  se a le d  qu artz
v e s se ls . The sam ple  C03O4 (A 11) was sub jec ted  to m e a s u re ­
m ents at ex trem e ly  high te m p e ra tu re s  in an evacuated qu artz
v e sse l. The r e s u l ts  a re  p lo tted  in fig. 8.1. As m ay be seen  fro m
th is  l /x - T  curve , the X value begins to in c re a s e  again  when the
te m p e ra tu re  is  ra is e d  to m ore  than 1050°K. T h ree  poin ts which
have been de te rm ined  at low er te m p e ra tu re s  a fte r  the m e a s u re ­
m ent at 1263°K a re  given in the sam e plot. The fac t tha t the whole
curve l ie s  a l it tle  h igher than  the o th e rs  is  apparen tly  caused  by
the use  of a c o rre c tio n  fo r the q u artz  v e sse l, obtained in  o lder
m easu rem en ts .

U nfortunately , th is  c o rre c tio n  could not be de te rm ined  a f te r ­
w ards, as the q u artz  wall had been attacked by C03O4 and could
not be cleaned com pletely . T h is is  the re a so n  tha t no n u m erica l
values of th is m easu rem en t a re  given in  tab le  8 .1 . H ow ever, we
will d isc u ss  th ese  e ffec ts  as fa r  as possib le  in  the next section .

8 .3 .  D i  s c u s s i o n

As we have a lread y  seen  severed  tim es  in foregoing  c h ap te rs ,
the l /x - T  p lo ts concave to  the T ax is m ay be d escrib ed  by the

Cfo rm u la  X = A + ^ _ q h e re  as  w ell. T h e re  is  again  a c lose  a g re e ­
m ent in the values of A, 0 and C fo r d iffe ren t su b s tan ces .

We w ill d iscu ss  the th re e  constan ts se p ara te ly :

a) The m ean value fo r the constan t A is  about 0.75 . 10“3 e. m. u.
T h is is  in  excellen t ag reem en t with the assum ption  th a t C03O4
contains j  of i ts  Co as Co2+ ions at the te tra h e d ra l  s ite s  and
I - of the Co as m ore o r le s s  covalently-bonded C olli in  the o c ­
tah e d ra l positions. We have seen  in  chap te r IV that Co^+ ions in
te tra h e d ra l  ho les exhibit a n e a rly  sp in -on ly  m om ent and a te m ­
p e ra tu re -in d ep en d en t p a ra m ag n e tism  of 0.5 . 10“3 e . m . u .  In
chap ter VII we d iscu ssed  the m agnetic  behaviour of ZnCo2C>4
sam ples  and concluded that C olli in o c tah ed ra l in te r s t ic e s  has no
perm anen t m om ent but exh ib its  a tem p era tu re -in d ep en d en t p a ra ­
m agnetism  of 0.1 . 10"3 e . m . u .  Thus 0.2 . 10"3 e . m . u .  p e r
C02O4 group is  found. T ogether with the value fo r  Co2+ ions in
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te tra h e d ra l  in te r s t ic e s , we ca lcu la te  a tem p era tu re -in d ep en d en t
te rm  fo r  C03O4 of about 0.7 . 10-3.

b) The value of 8 of about - 50°K, is  in  good ag reem en t with - 35°K
found fo r  C0AI2O4, which is  a confirm ation  of the s im ila r i ty  of
the two com pounds. F ro m  chap te r V we know that C0AI2O4 is  a
n o rm a l sp ine l, i. e., with Co2+ ions at the te tra h e d ra l  in te rs t ic e s
and d iam agnetic  m a te ria l at the o c tah ed ra l in te rs t ic e s .

c) The value of the m om ent of the C o^+ions is  found to  be 4.14 Hg.
T his is  a som ew hat la r g e r  value than  tha t found fo r (Co, Zn)0 ,
nam ely , 4.05 pg . At th is  point we m ust r e c a ll  thè behav iour of
ZnCo2C>4. We found in  c h a p te r  VII tha t th is  substance  could not
be p re p a re d  com pletely  s to ic h io m e tric a lly . The question a r is e s
if the h ig h er m om ent found in  C03O4 is  p e rh ap s  due to  a s ligh t
oxygen defic iency  and consequently  a la rg e r  ra tio  betw een d i-
and tr iv a le n t cobalt than  1:3 . We have m ade d e te rm in a tio n s  of
the oxidizing pow er of C03O4 sa m p les  m ade a t d iffe ren t te m p e ra ­
tu re s .  U nfortunately  the  su b s tan ces  of which the su scep tib ility
was m easu red  have been lo s t in  fa i lu re s . We have th e re fo re  m ade
a s e r ie s  of 5 new sa m p le s , d e te rm in ed  the exact fo rm u la  by
m eans of th e ir  final w eight and d e te rm in ed  the oxidizing pow er
accord ing  to  the m ethod d e sc rib ed  in  ch ap te r I. The r e s u l ts  a re
given in  tab le  8 . 2 . A ll the f ir in g s  took p lace  in oxygen. The fo r ­
m ula in  the la s t  colum n w as ca lcu la ted  fro m  two de te rm in a tio n s
of the oxidizing pow er. The m utual d iffe rence  betw een two d e ­
te rm in a tio n s  was n ev er la r g e r  than 1%.

T able  8 .2 .
P re p a ra tio n  and ana ly ses  of C03O4 fro m  cobalt oxalate

F ir in g  p ro ced u re F o rm u la  b ased  on
final weight

F o rm u la  based  on
oxidizing pow er

5h. 600°C Co3° 3.94 C03O3.97
5h. 700°C Co3° 3.96 C03O3.965
6h. 800°C C03O3.96 C03O3.97
6h. 900°C C03O3.97 C03O3.965
6h. 1150°C C03O3.69 C03O3.76

As m ay be seen  fro m  th is  tab le , a s ligh t oxygen deficiency of 3%
is  indeed found fo r a ll the sub stan ces  except fo r tha t f ire d  at
1150°C. T h is  m eans th a t one fo rm u la  unit contains 1.06 Co2+
in stead  of 1.00. The m ean B ohr m agneton num ber now becom es
4.02 in stead  of 4.14. The ag reem en t with the value found fo r the
m ixed c ry s ta ls  (Co, Z n )0 , which was 4.05, is  m uch b e tte r . We
a re  not able to  give an elucidation  of the p ro b lem  w here the e x tra
0.02 Co2+ in  C0 3 .02O4 m ust be p laced  in the sp ine l la ttic e .

It is  how ever p o ss ib le  tha t som e sy s te m a tic  e r r o r  h a s  o cc u rre d
in the d e te rm in a tio n s  of the oxidizing pow er so  th a t actually
C03O4 is  a r e a l  s to ic h io m e tr ic  compound. In th is  case  we m ust
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assum e that the value of 4.14  HB fo r Co2+ ions in  the te tra h e d ra l
ho les of th is  substance  is  the r e a l  value. Then the d iffe rences
betw een the values found fo r C03O4 and those found fo r (Co, Z n )0
and (Co, Zn)A l204 m ay be caused  e ith e r  by sy s te m a tic  e r r o r s  in
the Co content of the la t te r  su b stan ces  o r by s ligh t d iffe rences
betw een the e le c tr ic  c ry s ta l  fie ld  in the th re e  types of la t t ic e s .
We think the la t te r  assum ption  to be the b e s t one since  the fined,
w eights a re  not com pletely  rep ro d u c ib le  (see  the values fo r the
sam p les  A3 , A6, B6 and A l l  in  tab le  8 . 1) and the values of the
oxidizing pow ers appear to be independent of the f ir in g  te m p e ra ­
tu re .

We w ill now d isc u ss  the e ffec ts  observed  at v e ry  high te m p e ra ­
tu re s  fo r  Co3Ü4(A 11) and to  a s ligh t ex ten t a lso  fo r C03Ó4 (A 3 ).
As m ay be seen  fro m  fig. 8.1  the cu rv es  fo r both su b s tan ces  show
a m axim um  betw een 900 and 1000°K. T h is  m eans that the values
beyond th is  te m p e ra tu re  in c re a se  with in c re as in g  te m p e ra tu re .

a) T riv a len t Co begins to con tribu te  to the m agnetization  because
of a h ig h er energy  leve l which w ill be occupied su c c e ss iv e ly  with
r is in g  te m p e ra tu re .

b) D ecom position of C03O4 in to  CoO and O2 tak es  p lace .
Since we know th a t in one a tm osphere  above 900°C  (tha t is ,

about 1200°K), C03O4 lo se s  oxygen to  fo rm  a p roduct with m ore
Co2+ ions and fina lly  g ives CoO, the la t te r  a ssum ption  se e m s  the
m ore  p robab le , A rough ca lcu la tion  show s tha t, as the te m p e ra ­
tu re  is  ra is e d , the o bserved  X value of C03O4 (A 11) s ta r t s  to
deviate  fro m  the ca lcu la ted  value a t a te m p e ra tu re  as low as
950°K. We have seen  a s im ila r  decom position  of ZnC o204 which
was not com pletely  r e v e r s ib le . X m ea su rem e n ts  showed, how­
e v e r, th a t fo r C03O4 th is  decom position  is  a lm o st re v e rs ib le .

We a re  convinced of the fac t th a t our investiga tion  of C03O4 at
e levated  te m p e ra tu re s  is  not com plete enough to  be able to give
any conclusion  with ce rta in ty .

It would be in te re s tin g  to c a r ry  out the following investiga tions:
1) P re p a ra tio n , ca re fu l X -ra y  an a ly sis  (a lso  in ten sity  m e a s u re ­
m ents) and X m ea su rem e n ts  in a wide te m p e ra tu re  range  of s a m ­
p les  of cobalt oxide with an oxygen content betw een tha t of C03O4
and CoO.
2) high te m p e ra tu re  X m ea su rem e n ts  on C03O4 sa m p les  in  c losed
q u artz  v e s se ls  under d iffe ren t p r e s s u re s .

Both investiga tions should be helpful in  solving the p rob lem
w hether C03O4 is  s to ic h io m e tr ic  o r not, the behav iour of t r i ­
valen t cobalt at high tem p e ra tu re , the p ro b lem  w hether the p ro d ­
uc ts  betw een C03O4 and CoO a re  m ono- o r  b i-p h a se  sy s tem s
and the m echan ism  of the decom position  of C03O4 into CoO and
° 2 -

S u m m a r y  o f  C h a p t e r  V I I I

F o u r d iffe ren t sam p les  of C03O4 m ade at d iffe ren t te m p e ra ­
tu re s  up to 900°C  w ere sub jec ted  to su sce p tib ility  m ea su rem e n ts .
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Q
The r e s u l ts  could be d e sc rib ed  by the fo rm u la  X = A + jjttq. The
m ean  value of A w as about 0.75 . 10"3 e . m . u .  and the m ean m ag -
n e tic  m om ent fo r  the Co2+ ion at the te tr a h e d ra l  position  was
found to  be 4.14 pB . The tem p era tu re -in d ep en d en t te rm  w as a s ­
sum ed  to  co n sis t of a  con tribu tion  of about 0.5 . 10"3 fro m  the
Co2+ ions in  the te tra h e d ra l  holes of the sp in e l la ttic e  and about
0.2 . 10-3 e . m . u .  fro m  the  C0 2 O4 -  group . The tr iv a le n t cobalt
a t the o c ta h e d ra l position  exh ib its  no p erm anen t m agnetic  m o­
m en t. The assum ption  is  in  ag reem en t w ith the re s u l ts  found fo r
the m ixed  c ry s ta ls  (C o ,Z n)0  and the ZnCo2C>4 sam p les  d iscu ssed
in the c h a p te rs  IV and VII. The value of 4.14 Pb  which is so m e­
what d iffe ren t from  th a t found fo r Co2+ ions in the te tra h e d ra l
in te rs t ic e s  of (Co, ZnJO o r  (Co,Zn)A l2C>4 is  perhaps caused  by a
sligh t oxygen defic iency  of the sa m p le s . A nother assum ption  is
th a t th is  cobalt oxide is  exactly  C03O4 . The d ifference  in the
p va lues m ay then  be explained  e ith e r  by dilu tion e r r o r s  in the
Zn oxides and the a lum ina tes o r  by sm a ll d iffe rences  in the e le c ­
t r i c  c ry s ta l  f ie ld s .



G E N E R A L  C O N C L U S I O N

In o rd e r  to  d raw  g e n e ra l  co n c lu s io n s , we w ill co m p a re  th e  r e ­
s u l ts  of c h a p te rs  I l f  to  V III. F o r  th is  p u rp o se  we have m ade fig .
C. 1 in  w hich  the  l / v -  T p lo ts  have b ee n  d raw n  fo r  a .re p re s e n ta t iv e
of e a c h  g roup  of s u b s ta n c e s .  The m ean  v a lu e s  of the  c o n s ta n ts  A
and p found fo r  e a c h  g ro u p  a r e  g iven  in  tab le  C . 1.

T ab le  C . l

S ubstance o r  g roup
of s u b s ta n c e s

A .1 & 3  p e r  fo rm u la
unit

M in  Mb
p e r  C o2 + ion

Co - Mg ox id es 0 4 . 8
l i t t .  2 1 ) 2 2 )
5.0

Co - Z n  ox id es 0.52 4.05
Co - Zn a lu m in a te s 0.48 8.93
Co - Mg a lu m in a te s 0 .24  - 0.41

(0.41 w ith  o th e r
d iam ag n e tic
c o r re c tio n )

4.29

C0 AI2 O 4  ( 2  s a m p le s ) 0.48 3.98
C0 3 O 4  (4 sa m p le s ) 0.75 4.14

(4.02 w hen c o r re c te d
fo r oxygen d efic ien cy )

Z nC o 2 C>4 (e x tra p o la te
to  s to ic h io m e tr ic
s u b s t.)

d

0 . 2

The m ag n e tic  b eh a v io u r of a l l  th e s e  s u b s ta n c e s  is  s im ila r ,
w hich  is  re a d i ly  s e e n  fro m  th e  ta b le  and  the  f ig u re , w h e re  a l l  thé
v a lu e s  r e f e r  to  fo rm u la  u n its  co n ta in in g  one Co2 + io n . The co b a lt-
m ag n es iu m  ox id es  show  a  d ev ia tio n  su c h  th a t no te m p e r a tu r e -
independen t p a ra m a g n e tis m  is  found and th a t th e  m o m en t is  som e
20 to  25% la r g e r  th an  fo r  th e  o th e r  s u b s ta n c e s .  T hey  a r e  the  only
re p re s e n ta t iv e s  in  th is  th e s is  of the  la fg e  g ro u p  of s u b s ta n c e s  in
w hich  the  C c^ions occupy  o c ta h e d ra l  i n t e r s t i c e s .  A b rag am  and
Pryce 42) have g iven  a  s a t i s f a c to ry  th e o re t ic a l  in te rp re ta t io n  of
th e  m ag n e tic  b eh a v io u r of C o2^  ions in  o c ta h e d ra l  su rro u n d in g s ,
b a se d  .on the  c r y s ta l  f ie ld  th e o ry  of Van V leck 28) and P enney  and
Schlapp 43), The g ro u n d  s ta te  of a  C o 2 + io n  is ,  a c c o rd in g  to  the
Hund ru le ,  a  4 F  t e r m .  T h is g ro u n d  le v e l is  s p l i t  by a  cijb ic f ie ld
in to  a  t r ip le t .  If th e  o c tah e d ro n  is  te tra g o n a lly  d is to r te d , a s  is
the c a se  in m any  h y d ra te d  Co s a l t s ,  th is  t r ip le t  i s  sp li t  fu r th e r
in to  s e v e r a l  d o u b le ts , the  lo w est of w hich is  ag a in  s p l i t  in to  two
t r ip le t s  by th e  L  - S coup ling  w hich is  r a th e r  s tro n g  in  th e  seco n d
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half of the tra n s itio n  group e le m en ts . T ogether w ith a ra th e r
low -lying 4 P  te rm , a  v e ry  com plex sy stem  of energy  leve ls  is
fo rm ed . The num ber and d istan ces  of th ese  energy  leve ls  a re
v e ry  dependent on the c ry s ta l  fie ld . This is  the re a so n  that the g
fa c to rs , which a re  c lo se ly  re la te d  to  the te rm  schem e and con­
sequen tly  to the p values de te rm ined  from  su scep tib ility  m e a s u re ­
m ents, m ay be d ifferen t from  one compound to the o th e r . A cco rd ­
ing to tab le s  which m ay be found in the books of Van Vleck (Elec­
tric and Magnetic Susceptibilities) and B ates (Modem Magnetism),
the Bohr m agneton num bers fo r Co2+ ions in d iffe ren t compounds
range from  4.4 to  5.3. The c ry s ta l  fie ld  th eo ry  is  confirm ed  by
param ag n e tic  resonance  ex p erim en ts  which allow  a  d ire c t m e a s ­
urem en t of the an iso tropy  of g fa c to rs  in  s ing le  c ry s ta ls .  E x ten ­
sive rev iew s on reso n an ce  data  a re  given by Bleaney and S te­
vens 44) and by Bow ers and Owen 45). A ccording to  the la t te r
au th o rs , a  dependence of the g fa c to rs  on the d ilution of the Co2 +
ions m ay not be excluded, although such  an effect does not appear
from  the resonance  data  so  fa r  av a ilab le . The d ifferen t va lues
fo r p found in ou r cobalt-m agnesium  oxides of d ifferen t Co content
a re  not v e ry  s u rp r is in g  from  a  th e o re tic a l point of view . We
w ill m ention one o th er point in  re la tio n  to  the cob a lt-m ag n e­
sium  ox ides . In chap ter III, we d isc u sse d  the d iam agnetic  c o r ­
rec tio n  which had to  be chosen fo r MgO to avoid l / x - T  cu rves
convex to  the T a x is . The question  a r i s e s  if the o bserved  d ev ia ­
tion from  the C urie-W eisz  law, when K lem m 's ion su sce p tib ilitie s
a re  used, m ay be caused  by th is  com plicated  c h a ra c te r  of the
low -lying energy  leve ls  in Co2+ ions. The p o ss ib ility  m ay not be
excluded, but the fact tha t CoO shows no deviation, to g e th e r with
the obse rv a tio n  tha t the e ffec ts  becom e m ore  pronounced with in ­
c re a s in g  dilution, m ake o u r assum ption  of a w rong ly -in troduced
d iam agnetic  c o rre c tio n  a ll the m ore  p robab le .

A nother, although m uch sm a lle r , deviation  is  found in  the
cobalt-m agnesium  a lu m in a te s . They show a te m p e ra tu re - in d e ­
pendent pa ram ag n e tism  of 0 .4  . 10- 3 e . m . u .  and a perm anen t
m om ent fo r Co2+ of about 4.3 Pg. The suggestion  was m ade that
we have h e re  re p re se n ta tiv e s  of a group of su b s tan ces  in which
both o c tah ed ra l and te tra h e d ra l  in te rs t ic e s  a re  occupied . This
led to  the assum ption  tha t MgAl204 could be a  p a rtia lly  in v erse
sp in e l. In a ll the o th e r su b stan ces  d isc u sse d  in  th is  th e s is  the
Co2+ ions occupy te tra h e d ra l  in te r s t ic e s .

Not v e ry  m uch is  known about Co2+ ions in  te tra h e d ra . The
re a so n  is that in m ost sub stan ces  the Co2+ ions a re  s itu a ted  in
o c tah ed ra l p o sitio n s. No th e o re tic a l tre a tm e n t of Co2+ ions in
te tra h e d ra l  su rround ings e x is ts , as it does fo r the case  of Co2 +
ions su rrounded  by s ix  w a te r m olecu les 42). Again, the c ry s ta l
fie ld  th eo ry  of Van Vleck 28), extended by G orter 29), g ives a
sa tis fa c to ry  th e o re tic a l b a s is  fo r the m agnetic  behav iour. The
te tra h e d ra lly  shaped c ry s ta l  field , opposite in s ign  to the o c ta ­
h ed ra l one, cau ses  a s in g le t leve l to be low est. The only con­
trib u tio n  of o rb ita l m agnetic  m om ent to  p now com es from  the
L - S coupling which is  r a th e r  s tro n g  in the second half of the
tra n s itio n  g roup. Our values found fo r (Co, Z n)0, (Co, Zn)Al2Ü4,
C0AI2O4 and C03O4, which a re , re sp e c tiv e ly , 4.05, 3.93, 3.98
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and 4.14 Pr , a re  indeed som ew hat h igher than  the sp in -on ly  value
fo r  a  3 d < configuration, nam ely 3.87 Pb - The d iffe rences  in
th ese  |i v a lues m ay be caused  by s ligh t d iffe rences  in  the m ag­
nitudes of the c ry s ta l  f ie ld s, sm a ll e r r o r s  in the d ilu tion of the
Co2+ ions o r  in the case  of C03O4, by a  s ligh t oxygen deficiency .
If in  the la t te r  substance  the p value is c o rre c te d  on the b a s is  of
our d e te rm in a tio n s  of the oxidizing pow er, a value of 4.02 Pb  is
found. W ith the a id  of the p re se n t ex p e rim en ta l data, we a re  not
able to  decide among the th re e  p o ss ib ili tie s . P a ram ag n etic  r e s o ­
nance ex p erim en ts  have been  p e rfo rm ed  by Owen on CS3C0CI5 in
which the Co2+ ions a re  s itu a ted  in  te tra h e d ra  of C lf ions. As fa r
as  we know, th is  w ork has not ye t been  published, but the r e s u lts
a re  given in  the rev iew  on resonance  data  by Bow ers and
Owen 45). They re p o r t  gn = 2.32 ± 0 .0 4  and g±  = 2.27 ± 0.04 m uch
low er than  usually  found fo r Co2 + ions.

As no o th er e x p e rim en ta l w ork is  availab le  w ith which to  com ­
p a re  ou r r e s u l ts ,  we m ust accep t a perm anen t m om ent of 4.0 to
4.1 Pb  and a tem p era tu re -in d ep en d en t p a ram ag n e tism  of 0.5 . 10
e ’m . u .  p e r Co%+ ion in  the te tr a h e d ra l  ho les of a w urtzite  l a t ­
t ic e .  A b e tte r  com parison  w ith o th er w ork is possib le  fo r t r i -
valen t cobalt in o c tah ed ra l in te r s t ic e s .

In chap te r VII we have a lre ad y  m entioned the ex tensive in v es­
tiga tions of Rosenbohm  37). A sm ussen  38) and K ernahan and
Sienko 39) on num erous CoHI com plexes in which cobalt is s u r ­
rounded by s ix  m onovalent o r  th re e  d ivalent g roups. All the su b ­
s ta n c e s  w ere d iam agnetic , but a  tem p era tu re -in d ep en d en t p a ra ­
m agnetism  vary ing  fro m  0.029 to  0.165 . 10"3 e . m . u .  had to  be
assig n ed  to the c e n tra l cobalt a tom . Our value of 0.1 . 10
e .m  u. p e r C o in  a g re e s  v e ry  w ell w ith the above m entioned

^ In v e s t ig a t io n s  of B om m er 46) and Z ern ike  47) Qn coba lti-a lum s
and of F ried m an  et al. 48) on co b a ltip e rch lo ra te  solu tions in
HCIO4 leave no doubt about the d iam agnetic  na tu re  of the
Co(H20 )6 3+ com plex ion.

A ccording to  Pauling 49), Co(NH3)3--F is d iam agnetic  and
C0F3 shows an an tife rro m ag n e tic  behaviour w ith p values m uch
low er than  the th e o re tic a l ones 50). K3C0F6 ap p ears  to  be the
only com plex compound w ith iso la ted  groups in which Co ions
exhibit the n o rm al value of the m agnetic  m om ent of 5.3 p b  4a) 0 )•
A ctually, f lu o rid es  a re  the m ost h e te ro p o la r compounds which
m ay be p re p a re d . The p a ram ag n e tism  found fo r K3C0F6 is thus
not v e ry  s u rp r is in g . It is  now in te re s tin g  tha t fo r the oxidic com
pounds d e sc rib ed  in th is  th e s is  the d iam agnetic  fo rm  of tr iv a le n t
cobalt is found, since oxides m ay be co n sid e red  to  follow the
flu o rid es  in h e te ro p o la rity . In a p re lim in a ry  re p o rt on C03O4 and
ZnCo2C>4 52), the suggestion  was m ade that the energy  difference
betw een the p a ram agnetic  and d iam agnetic  s ta te s  of tr iv a le n t
cobaR m ight be sm a ll in o rd e r  to  be able to  explain  the curved
c h a ra c te r  of the l / X - T  plots of ZnCo20 4 . The m ore  ex tensive
study we m ade a fte r  th is  publication  rev ea led  tha t th is  cu rva tu re
is due to  a tem p era tu re -in d ep en d en t p a ra m ag n e tic .te rm , but the
idea of a sm a ll energy  d ifference  betw een the param agnetic  and
diam agnetic  s ta te s  of tr iv a le n t cobalt rem a in s  valuable, as m ay
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be shown fro m  the follow ing. A part fro m  our investiga tion  on
C03O4 and ZnCo2C>4, two m ore  s tu d ies  on oxides containing t r i -
valen t cobalt a re  known. M erck and W edekind 53) t r ie d  to  p re p a re
pure C02O3, but obtained e ith e r  anhydrous C03O4 only o r  sam p les
with an app rec iab le  w ater content and s t i l l  containing som e d i­
v a le n t. co b a lt. E x trapo la tion  of the X values a t room  te m p e ra tu re
from  pure C03O4 to pure  C02O3.H2O led  to a value of p ra c tic a lly
z e ro  fo r the la t te r  com pound. This is in  com plete ag reem en t w ith
our o b se rv a tio n s  fo r sp in e ls  containing tr iv a le n t cobalt. The
o th er investiga tion  is  by Jonker and van Santen 54). They d e te r ­
m ined the m agnetic  behaviour of LaCoC>3 and m ixed c ry s ta ls  of
th is  compound w ith the hypothetical S rC o03 . The m ixed  c ry s ta ls
a re  fe rro m a g n e tic  and a re  supposed  to  contain  Co4+ ions.
LaC o03, how ever, is  a  n o rm al pa ram ag n e tic  substance  w ith a
m om ent fo r Co3 + s lig h tly  le s s  than  the sp in -on ly  va lue .

The fac t tha t tr iv a le n t cobalt in  th is  P e ro v sk ite  s tru c tu re ,
w here it occupies a lso  the o c tah ed ra l positions, behaves in a  quite
d ifferen t m anner to  tr iv a le n t cobalt in  sp in e ls , m ight be explained
by the assum ption  of a  sm a ll en e rg y  d ifference  betw een the p a ra ­
m agnetic  and the d iam agnetic  s ta te s .  If th is  energy  d ifference  is
sm a ll, s ligh t m odifications in the e le c tr ic  fie ld  of the su rro u n d ­
ing ions m ay cause  in  one case  the p a ram ag n e tic  s ta te  to  have
the low est energy  and in the o th e r case  the d iam agnetic  one.

In chap te r VIII we have a lre ad y  b rie f ly  given P au lin g 's  m ethod
of d esc rib in g  th is  d iam agnetic  s ta te . The nine e le c tro n s  of a
cobalt atom  a re  divided am ong the five 3d- the one 4 s- and th re e
4 p -o rb ita ls . Then two of the 3d-orb 'ita ls  (3dx2 2 and 3d3 2 r 2 ).

the 4s- and the 4 p -o rb ita ls  (4px, 4p^. and 4p^) a re  hybrid ized , to
y ie ld  s ix  d2sp3 hybrids which point to  the c o rn e rs  of a  re g u la r
oc tahedron . If now, fo r exam ple, a  substance  like K3Co(CN)6 is
fo rm ed , th is  c e n tra l cobalt atom  s h a re s  the nine availab le  e le c ­
tro n s  w ith the th re e  valence e le c tro n s  fro m  the K atom  and the
s ix  e le c tro n s  of the 6 CN g ro u p s. In th is  way a ll  e le c tro n s  a re

3_
sh a re d  and the Co(CN)g ion is  d iam agnetic . F o r  tr iv a le n t cobalt
in  a la ttic e  of negative oxygen ions th is  d e sc rip tio n  leads to  an
u n sa tis fac to ry  charge  d is tr ib u tio n  w ith an e le c tr ic  charge  of plus
one on a ll the oxygens in the la ttic e .

A b e tte r  d e sc rip tio n  is  possib le  by m eans of M ulliken"s M .O .
m ethod o r  by the m ethod of Penney and Schlapp. M ulliken 's ap ­
p roach  to  the p roblem  is  the l in e a r  com bination of the 3d 9 9,XZ_y<S'
3d3z 2_r 2< 4s and 4P o rb ita ls  of the c e n tra l atom  w ith 2pa  o r  2pu
o rb ita ls  of the su rround ing  oxygen a tom s and it tu rn s  out tha t the
low est energy  of the com plex is  obtained when tw elve of the e ig h t­
een e le c tro n s  occupy the 6 m o lecu la r o rb ita ls  while the o th e r s ix
occupy the 3dxy, 3dXz and 3dyz o rb ita ls  of the c e n tra l  Co a tom .
All e le c tro n s  a re  sh a re d  and the com plex is  again  d iam agnetic .
Penney and Schlapp assum e that the e le c tr ic  po ten tia l fie ld  a t the
position  of the Co atom  is so la rg e  tha t the R u sse ll-S au n d ers
coupling betw een the d5 e le c tro n s  is  b roken  by the c ry s ta l  fie ld .
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The en erg y  lev e ls  of the d sh e ll a re  then  sp lit into an upper
doublet and a low er t r ip le t  w ith so la rg e  an energy  se p a ra tio n  tha t
e ffec tively  two su b -sh e lls  a re  fo rm ed . The low er dXy, dyz and
dxz o rb ita ls  a re  then  f i r s t  occupied by 3 p a ir s  of e le c tro n s . This
Co3+ ion is  again  d iam agnetic . The th re e  m ethods a re  d iscu ssed
by Van Vie ck 55),

The d ifference  betw een the m agnetic  behaviour of tr iv a le n t Co
in a  sp in e l and a perovsk ite  like LaCoC>3 is  a lso  e a s ie r  to  u n d er­
stand  by the m ethod of M ulliken o r  th a t of Penney and Schlapp.
while P a u l i n g » a  m ethod fa ils  a lso  w ith r e s p e c t  to  th is p ro b le m ,
although it m ay not be sa id  th a t the o th er two ways of d escrip tio n
give a  r e a l  so lu tion . Follow ing M ulliken. it m ay be sa id  th a t the
fie ld  in which the e le c tro n s  t ra v e l  is  influenced by the 8 La 3 + ions
su rro u n d in g  the C0 O6 group in such  a  way tha t the oxygen o rb ita ls
have the g re a te r  coeffic ien ts, causing  a  p ra c tic a lly  ionic behav­
io u r. S im ila rly , acco rd ing  to  Penney and Schlapp, the 8 L a3+ ions
w eaken the e le c tr ic  fie ld  of the su rround ing  oxygen ions to  such
an  ex ten t th a t the Hund ru le  is  s t i l l  va lid  fo r the c e n tra l Co3+ ion.

F ro m  the com p ariso n  of ou r r e s u l ts  on tr iv a le n t cobalt with
those  obtained by o th er in v es tig a to rs , we m ay conclude tha t in
m ost c a ses  the d iam agnetic  s ta te  is  favoured . It is , how ever, not
easy  to p red ic t when the pa ram ag n e tic  s ta te  w ill o c c u r. So fa r
only one fluo ride  and one oxide have been  found to  be p a ra m ag ­
n e tic . It would be in te re s tin g  to  investiga te  if th e re  a re  o th er
compounds behaving in  the sam e way.



S U M M A R Y

The m ain object of th is  investiga tion  has been the e lucidation
of som e of the p rob lem s concern ing  Co3O4 . The m agnetic  b e ­
haviour of d ivalent cobalt in o c tah ed ra l and te tra h e d ra l  in te r ­
s tic e s  and of tr iv a le n t cobalt in  o c tah ed ra l in te rs t ic e s  could be
stud ied  se p a ra te ly .

F ro m  the m ea su rem e n ts  on m ixed c ry s ta ls  of CoO and MgO,
which c ry s ta lliz e  in the ro ck  sa lt  s tru c tu re , the m om ent of Co2 +
ions in  o c tah ed ra l in te rs t ic e s  of an oxygen la ttic e  w as de te rm ined
to be 4.7 to  5.0 Bohr m agnetons (chap ter III). The m om ent of Co2 +
ions in te tra h e d ra l  in te rs t ic e s  was found fro m  m ea su rem e n ts  on
m ixed c ry s ta ls  of CoO and ZnO c ry s ta lliz in g  in the w u rtz ite
s tru c tu re .  Values of 4.0 to  4.1 Bohr m agnetons w ere  o b se rv ed
to g e th e r w ith a tem p era tu re -in d ep en d en t pa ram ag n e tism  of a p ­
p rox im ate ly  0.5 . 10"3 e . m . u .  p e r  Co2+ (chap ter IV). The d if­
fe re n t behav iour of Co2+ ions in o c ta h e d ra l and te tra h e d ra l  in te r ­
s tic e s  could be accounted fo r on the b a s is  of the c ry s ta l  fie ld
th eo ry  of Van V leck.

The behaviour of tr iv a le n t cobalt in o c ta h e d ra l in te rs t ic e s  was
stud ied  in ZnCo204 and m ixed c ry s ta ls  of ZnC o2Ü4 and ZnA l2C>4
(chap ter VII). No perm anen t m om ent fo r  th is  tr iv a le n t  Co was
found. A sm a ll tem p era tu re -in d ep en d en t p a ram ag n e tism  of ap ­
p rox im ate ly  0.1 . 10- 3 p e r  C olli was o b se rv ed . The zinc co-
b a ltite s  and the m ixed c ry s ta ls  w ith z inc a lum ina tes have not
been obtained com pletely  f re e  from  Co2+ io n s. The m agnetic  b e ­
haviour of C03O4 could be re p re se n te d  by the fo rm ula X = A + C

T -e
(chap ter VIII). The tem p era tu re -in d ep en d en t te rm  was found to
be approx im ate ly  0.7  . 10"3 e . m . u .  p e r m ol, of which 0.5  . 10'3
was assum ed  to  be due to  one Co2+ ion in te tra h e d ra l  su rro u n d ­
ings and 0.2 -. 10“3 to  the two tr iv a le n t cobalt a tom s at the o c ta ­
h e d ra l in te r s t ic e s . The m om ent of the Co2+ ion in the te tr a h e d ra l
hole was found to  be 4.1 to  4.2 Bohr m agnetons. An oxygen defi­
ciency of about 3% was found fo r C03O4 but som e sy s te m a tic  e r ­
r o r  in  the de te rm in a tio n  of the oxidizing pow er could be p o ss ib le .
We could conclude from  the ex p e rim en ta l data  w ith c e rta in ty  that
C03O4 is a n o rm al 2 -3  sp in e l.

In addition to  th is , the m ixed c ry s ta ls  of C0AI2O4 and ZnAl2C>4
w ere investiga ted  (chap ter V). A tem p era tu re -in d ep en d en t te rm
of about 0.5 . 10“3 Was again  o b se rv ed . The m om ent of the Co2 +
ions appeared  to  be 3.9 to  4.0 p jj. We concluded th a t C0AI2O4 and
the m ixed c ry s ta ls  with a re  n o rm al sp in e ls . F o r  the d i­
lutions of C0AI2O4 with MgAl2Ü4 we obtained the r a th e r  s u r p r i s ­
ing value of 4.3 p g  fo r the Co2+ ions, and a  te m p e ra tu re - in d e ­
pendent te rm  of about 0.4 . 10"3 e . m . u .  (ch ap ter VI). These
m ixed sp in e ls  (Co, Mg)Al2C>4 w ere a ssu m ed  to  be p a rtia lly  in ­
v e r s e .  A ll the ex p erim en ta l data  a re  co llected  in tab le s  and f ig ­
u re s  . A com parison  with o th er ex p e rim en ta l w ork and th e o re tic a l
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co n sid e ra tio n s  a re  given in  a  g e n e ra l conclusion. P re p a ra tiv e  and
ana ly tica l p ro ce d u re s  a re  d e sc rib ed  se p a ra te ly  (chap ter I). A ll
the m agnetic  m ea su rem e n ts  w ere  c a r r ie d  out w ith a  sensitive
to rs io n  balance (F a ra d a y  m ethod) in  a  te m p e ra tu re  range from
80 to  1200°K . A sch em atic  d e sc rip tio n  of the ap p ara tu s  and an
ex tensive  s e r ie s  of ca lib ra tio n  ex p erim en ts  w ith d ifferen t su b ­
s ta n c e s  a re  given in  ch ap te r II. On account of the la t te r  e x p e r i­
m en ts, N iS04.(N H 4)2S04.6H 20 was chosen  as a s tan d a rd  su b ­
s tan ce  .
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Op v e rzo ek  van de facu lte it d e r  W is- en N atuurkunde volgt h ie r
een ko rte  levensbesch rijv ing .

Ik w erd  geboren  op 13 Jun i 1926 te  L eiden , a lw aar he t la g e r  en
m idde lbaar onderw ijs genoten w erd. Na he t eindexam en H. B. S. B
te  hebben afgelegd in 1943, volgde in 1944 h e t anh lystexam en  e e r ­
s te  gedeelte  d e r  Ned. Chem . V er. ,

In 1945 kon m ét de stud ie  te  L eiden  een begin w orden gem aakt.
In 1948 w erd  he t cand idaatsexam en  F  afgelegd en in 1952 volgde
cum  laude het d oc to raa l exam en scheikunde, hoofdrich ting  a n o r ­
ganische chem ie, b ijvak  k r is ta llo g ra fie .

In 1948 w erd  m ij door de B. P . M. een van h a a r  s tu d iep rijzen
toegekend, w aarvoor ik  de d ire c tie  van deze m aatschapp ij veel
dank v e rschu ld igd  ben.

Een ja a r  voor m ijn  cand idaatsexam en  w erd  ik  a s s is te n t  op het
L ab o ra to riu m  vo o r A norganische en P hysische  C hem ie, w aar
ik betrokken  was bij de v o o r-can d id aa ts  p ra c tic a . G edurende he t
s tu d ie ja a r  1949/'50  w erd  een a ss is te n tsc h a p  vervu ld  op h e t L abo­
ra to r iu m  voor O rgan ische  C hem ie. Vanaf O ctober 1950 ben ik
verbonden gew eest aan de afdeling voor A norganische C hem ie,
e e r s t  a ls  a s s is te n t , na he t doc to raalexam en  ach tereenvo lgens a ls
h o o fd assisten t, w etenschappelijk  am b ten aa r en sinds  1 J a n u a r i
1956 a ls  w etenschappelijk  am b ten aar le  k las . B ehalve o rg a n isa ­
to risc h e  w erkzaam heden heb ik  in deze periode  w etenschappelijk
w erk  v e r r ic h t  onder leid ing  van P ro f. D r A. E . van A rke l. De r e ­
su lta ten  h ie rv an  zijn  n ee rg e leg d  in d it p ro e fsc h rif t . E en  klein  deel
van he t onderzoek  v e rsc h e e n  in  een voorlopige pub lica tie  (P . C os-
se e , S tru c tu re  and m agnetic  p ro p e r tie s  of C03O4 and ZnC o202,
Rec. T rav . Chim . 75., 1089 (1956)).

Aan h e t eind van deze u n iv e rs ita ire  periode  is h e t een g roo t
v o o rre c h t m ijn  ouders te  kunnen bedanken vo o r a l he tgeen  z ij g e ­
daan hebben om  deze opleiding m ogelijk  te  m aken.
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