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STELLINGEN

Het is zeer gewenst, dat bij de opleiding van kristallografen en
chemici meer de aandacht wordt gevestigd op het verschil tus-
sen de Angstrdm en de ,Siegbahn eenheid".

Door hetverwaarlozen van het temperatuur-onafhankelijk para-
magnetisme is de conclusie, die Greenwald, Pickart en Grannis
uit de susceptibiliteitsmetingen aan CoAlgO4 trekken, onjuist.
S.Greenwald, S.J.Pickart and F, H,Grannis.
J.Chem. Phys. 22, 1597 (1954).

De extrapolatiemethode die Hall en Fuoss toepassen op visco-
siteitsmetingen aan polymeeroplossingen leidt niet tot de ware
intrinsieke viscositeit bij een schuifspanning nul.
H. T.Hall, R, M, Fuoss. J,.Am. Chem,Soc. 73, 265
(1951).

In het magnetisch gedrag van mengkristallen van CoAl204 en
MgAlgO4 zijn aanwijzingen te vinden dat MgAlpO4 een gedeel-
telijk omgekeerd spinel is.

In het artikel van Ogston komt niet voldoende tot uitdrukking
dat er in principe geen verschil bestaat tussen de specifieke
werking van een asymmetrisch enzym, enerzijds op één van de
vormen van een optisch antipodenpaar en anderzijds op één van
de twee identieke groepen Z van een symmetrische verbinding
CXYZs.

A.G,Ogston, Nature 162, 963 (1948).

FeS04. (NH4)2504. 6H20), door Selwood aanbevolen als ijkstof
voor magnetische susceptibiliteitsmetingen, voldoet niet aan
alle voorwaarden die aan een dergelijke stof gesteld mogen
worden. Het nikkelanalogon van deze verbinding is een veel
betere standaard.

P. W.Selwood. Magnetochemistry (1943) p. 29,

De berekeningen van Kordes over stralen en polariseerbaarhe-
den van ionen in kristalroosters leveren geen nieuwe gezichts-
punten op.

E.Kordes, Die Naturwissenschaften 21, 488 (1952).




8) De algemeen gebruikelijke methode *) voor het rechtzetten van
slecht gevormde kristallen in draaikristalcameras met be-
hulp van zwenkopnamen kan in vele gevallen met vrucht ge- 3
wijzigd worden door de beide justeerwiegen onder een hoek
van 459 met de invallende bundel te plaatsen.
*) C. W.Bunn. Chemical Crystallography (1948)
p. 173-175.

9) Voor de verklaring van de para-Claisen omlegging verdient
het reactiemechanisme via het diénon de voorkeur boven dat
van een T-complex.

D.Y. Curtin, H,W.Johnson, J.Am.Chem, Soc. 78,
2611 (1956). e

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

10) In coordinatieroosters waarin niet-geisoleerde complexe groe-
penvoorkomen is voor de beschrijving van de bindingstoestand
de M.O. methode van Mulliken te prefereren boven de metho-
de der gerichte valentie van Pauling,

11) Om psychologische redenen verdient het aanbeveling het ge-
bruik van z.g. ,buddy-seats' op bromfietsen aan beperkende
bepalingen te onderwerpen.
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INTRODUCTION

The object of the present investigation is the solution of some
of the problems concerning the cobalt oxide Co304. This com-
pound has been subjected to chemical, crystallographic and mag-
netochemical investigations.

From crystallographic work we know that Co304 crystallizes in
the so-called spinel lattice. This type of crystal structure is es-
sentially a cubic close-packed lattice of the anions in which the
cations occupy 1/8 of the tetrahedral interstices and 1/2 of the
octahedral interstices. In a cubic close-packed lattice there are
as many octahedral interstices as there are anions and twice as
many tetrahedral interstices. For a more detailed description of
the spinel structure we may refer to the work of Gorter 1).

For a spinel with the general formula MN2X4 in which M and N
are di-, tri- or tetravalent ions there arise four possibilities as
to valence and distribution of the cations between the possible po-
sitions. (In this thesis we adopted the general rule of enclosing
the cations in the octahedral interstices between square brackets.)

A) M2+ N3] x4 (normal 2-3 spinel)

B) N3+ [M2+N3+] x4 (inverse 2-3 spinel)
2

C) M4+ [N57] x4 (normal 4-2 spinel)

D) N2+ [N2+M4+] x4 (inverse 4-2 spinel)

For Co304, which may be written as Co(Co90y), the four pos-
sibilities were discussed by Verwey and de Boer 2) who postulat-

ed the structure Co4+[Co§+]O4. while Robin 3) supposed Co50,
to be the normal 2-3 spinel Co2t [Co%+]04.

The magnetic properties of Co304 were determined by Bhatna-
gar 4) and co-workers who found a mean magnetic moment for Co
of 2.98 ug while the spin-only value per Co ion is 4.58 Hpg if the
substance contains 1 Co2+ and 2 Co3+ ions and 4.65 KB in case the
composition is 1 Co4* and 2 Co2+ ions. A brief discussionof these
papers will be given in the chapter dealing with Co304. For the
moment it is sufficient to state the two problems which have larg-
ely determined the present investigation. They are first, the un-
certainty about the distribution and valence of the Co ions in the
octahedral and tetrahedral interstices and secondly, the low value
of the mean magnetic moment of Co in this substance. Moreover,
the recent investigations in the field of oxidic ferromagnetic ma-
terials, mainly ferrites, made it interesting to see if the magne-
tism of the cobaltites could be explained by Neel's 9) theory of
ferrimagnetism or by the modification of Yafet and Kittel 6). Very




recently Lotgering's work 7) was published in which several chro-
mites and cobaltites were discussed. The chromites could be
treated by the method of Yafet and Kittel; the cobaltites showed a
less simple behaviour and most of them could not be explained by
one of the theories. i

From the beginning it was cledr that crystallographic methods
could not lead to a satisfactory answer to the questions, as the
scattering factors of Co2*, Co3+ and Co4+ for X-rays are too
much alike. The only possibility seemed to be to study separately
the magnetic properties of Co2+, Co3* and eventually Co4+ in the
different interstices of a spinel lattice and to try to find a suitable
distribution of Coions in Co304 which would fit the magnetic data.
The original scheme contained the investigation of the following
square of mixed crystals:

Of these mixed crystals the series between CoAlpO4 and Co304
has not been prepared; the results of the other series made the
study of this one superfluous. In addition, mixed crystals of
CoO - MgO and CoO-ZnO (up to 20% CoO) were made to study the
the magnetic behaviour of Co2+ ions in octahedral and tetrahedral
interstices respectively. The mixed crystals CoO-MgO have the
rock salt structure of MgO; those of CoO-ZnO crystallize in the
wurtzite structure of ZnO. Finally, the influence of dilution with
Mg on the magnetic properties of CoAlgO4 was studied in some
mixed crystals between CoAlyO4 and MgAl204.

The systems (Co,Zn)AlpO4 and (Co, Mg)AlgO4 are not of direct
importance for the understanding of the magnetic behaviour of
Co304, but are interesting from the viewpoint of whether CoAlyO4
is a normal or a partly inverse spinel.




Chapter 1

PREPARATIVE AND ANALYTICAL PROCEDURES

1.1. Preparation of the materials

In order to avoid difficult’ and time-consuming separations of
metals such as Co and Zn and subsequent gravimetric analyses of
these elements, we used only quantitative methods of preparation.

There are two principally different methods of predetermining
the amount of the various metals in the final oxides.

a) Standard solutions of accurately known concentrations of the
metals can be used. In this way the required quantity of a metal
is added to the mixture by means of a burette.

b) A solid standard substance of the metal can be weighed out.

The former method is quick and has the advantage of the ease
with which the various metals are mixed. The latter method is
somewhat more laborious but has a greater accuracy as to thera-
tio between the metals and may be used to make larger amounts
of material.

The following standards were used during this investigation:

Substance Metal content Method of analysis
Co(NO3)s solution  0.0388 mAt/cc Co metal
Zn(NO3)9 solution 0.1652 mAt/cc Zn oxinate
Mg(NO3)g solution 0.1571 mAt/cc MgoP207
Al(NO3)3 solution 0.598 mAt/cc Al oxinate
Co(COOH)5. 2H50 32.0% CogP507
Zn(COOH)jy. 2H0 34.6% Zn oxinate
MgCO3 24.9% MgO

Metal oxalates were for the same purpose also used by Robins).
The solutions were prepared by dissolving Merck pro analysi com-
pounds in distilled water and a small amount of HNOg. The oxal-
ates were precipitated from boiling solutions of the nitrates with
oxalic acid. The precipitate was washed and filtered and allowed
to stand overnight in 96% ethyl alcohol, again filtered and dried
in vacuo. MgCO3 was a p.a. sample of Merck.

For a number of compounds e.g. preparations of ZnCoy0Qy4, it
was extremely important touse the exact ratio of Zn:Co.Therefore
the Coanalyses were subjected to a critical examination. We found
the pyrophosphate method to be the best one, for using the electro-
lytic determination as Co metal we obtained 32.2% which is a little
higher. This is probably due to a slight oxidation of the metal sur-
face in spite of the addition of a little hydrazine sulphate before
electrolysis.

We will now discuss anumber of procedures which were followed
in the preparation of our materials.




Procedure A

Calculated volumes of two or three different standard solutions
of metal nitrates were added together into a weighed porcelain
crucible, evaporated to dryness over infrared lamps, preheated
at 300to 350°C in air in order to decompose the nitrates and final-
ly allowed to stand for several hours in air until no change in
weight could be detected. Thenthe substance was collected as com-
pletely as possible in an agate mortar, ground and weighed into a
platinum boat. In this boat the final firing took place under the con-
ditions chosen for the particular substance. After this firing the
final weight must agree with the calculated one.

Procedure B

Calculated volumes of the different standard solutions were com-
bined in a weighed porcelain crucible. The metals were simultan-
eously precipitated with a (NH4)9CO3 solution. The whole mass
was evaporated to dryness over infrared lamps. From this point
the same procedure as described under A was followed.

Procedure C

Calculated weights of the different standard solids were com-
bined in a weighed porcelain crucible. They were dissolved in
concentrated HNO3 and evaporated to dryness according to proce-
dure A which was followed further.

Procedure D

Calculated weights of the standard substances were thoroughly
mixed in a mortar and subjected at once to the final firing.

An important precaution to observe in all four methods is of
course strict quantitative handling of all solutions and solids, ex-
cept for the transport of the preheated mass to the platinum boats
where this is really impossible. Here, however, the loss factor
is known and must be accounted for in the theoretical calculation
of the final weight.

Advantages of procedure A are its quickness and ease especially
in the cases where three different metals are involved. It is, how-
ever, less accurate. All substances of the series of mixed crystals
(Co,Zn)Al304 and Zn(Co,Al)204 are made according to this method.

Procedure B is used when solubility and stability of the nitrates
of two metals are very different, which may cause an inhomogene-
ity in the preheated mass. This danger existed in the case of the
mixed crystals of (Co, Mg)O, where method B was applied with
success. The advantages of procedure C have already been men-
tioned in this section.

A modification is possible when a Pt crucible instead of a por-
celain crucible is used. The transport of the preheated mass is
avoided, so that no loss factor has to be introduced in the calcul-
ation of the final weight. This is important in cases where the fi-
nal weight is used to check the oxidation of the metal to another.

8




valence. We used this method for the preparation of some of the
ZnCog04 samples.

In some cases a combined method AC was applied. One of the
metals was weighed as a standard solid and the other metal was
added in the form of a solution. The method is suitable if the re-
quired ratio is such that a large volume of one solution and a very
small volume of the other are to be used. :

Procedure D, although very easy and quick, did not appear very
satisfactory. The few materials made according to this method
showed inhomogeneities. The procedure is, however, very valuable
when only one metal is involved. All our Co304 samples were
made in this way. The firings of our materials were all carried
out in platinum boats or crucibles. Platinum appearedvery resist-
ant to heating with the oxides of Mg, Co and Zn up to temperatures
of 1250°9C. The firings may be varied with respect to atmosphere
and temperature. We have only used the oxidizing gases air
and oxygen and further a vacuum of about 1 mm Hg. The temper-
atures used ranged upto 1250°C. Sometimes the method of cool-
ing after the firing is important. Samples may be quenched or
annealed.

The method of mixing (A, B, C, D or AC) and the conditions of
firing and cooling will be given in the following chapters, where
this is important for a discussion of the results of the magnetic
measurements.

1.2, Chemical analysis

Besides the gravimetric analyses of the standard substances
already mentioned in section 1.1, no other determinations of the
metals have been carried out. The quantitative way of preparation
made such an analysis superfluous. Anexcellent check of the whole
preparative procedure is found in the final weight of the material.
In most cases this final weight agreed with the calculated value
within 1%. Samples for which this final weight differed more than
2% from the theoretical value were discarded.

For some of the compounds containing Co of a valence higher
than two the oxidizing power was determined in the following way,
Into a small glass tube with thin bottom 100 mg of the substance is
weighed, 1 to 1.5 gr of KI (Merck p.a.) are added, the tube is
evacuated on the oil pump and sealed off. The closed tube is placed
upside down in a Carius tube together with a glass rod which serves
as a hammer and 7.5 cc of HCl (fuming HCl pro analysi diluted
1:4). The Carius tube is cooled in ice, evacuated on a water
suction pump, lifted out of the ice bath and warmed up by hand.
The liquid in the tube is allowed to boil under reduced pressure
for one to two minutes to drive out the oxygen. Now the tube is
sealed off and the bottom of the little tube inside is broken with the
nglass hammer".

A heating period of 6 hours at about 125-130°C in a Carius fur-
nace is sufficient to bring the substance completely into solution.
The contents of the Carius tubes are finally titrated with thio-sul-
phate in a closed vessel under nitrogen.




We have worked out the analysis in the above way for several
reasons. These are:
a) Co304 and ZnCog04 are only very slowly soluble in diluted
or concentrated acids, the more so if they are fired at a higher
temperature,

b) In the reaction of compounds containing tri-or tetravalent co-
balt with HCl a part of the oxidizing power may disappear by the
escape of oxygen gas 9).

¢) The use of HpSO4 and Mohr's salt is not advisable. The col-
our of the Co2% ion interferes with the determination of the end
point of the titration and the reaction in the sealed tube between
H25S04 and Co304, for example, is much slower than that between
HCl1 and Co304. We tried to find the proper conditions for this re-
action but could not obtain reliable results. This method was aban-
doned.

A disadvantage of the method with HCl and KI is the sensitivity
of the titration to oxydation by air. Moreover, the reaction in the
sealed tube appeared to show a blank value which could not be de~
termined very exactly. We tried to find a relation between the
blank value and the volume of the vacuum above the reaction mix-
ture. The possibility may not be excluded, that on cooling, the
equilibrium. 2HJ <5 Hg + Iy, which is shifted to the right side at
1250C, cannot shift completely to the left, since Hy gas may partly
fill the vacuum and Iy may dissolve in the liquid.

The experiments with Carius tubes of different sizes are com-
bined in Fig. 1.1, If there exists such an effect, it does not appear
to be very pronounced from the experimental data, probably due
to other effects such as different O2 contents of the HCl solution.

mL OO5N e
0-16 A thiosulphate

e °
0-12}- . b
e%e »
0-08}
L]
0-04}

—— = ml vacuum
| | 1

8 16 24

FOURE 1.1
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We adopted a mean value of 0.006 meq. thiosulphate. The error
was estimated at + 25%. As we used in a titration approximately
1 meq. thiosulphate, this error in the blank value is not a very
serious one. We estimated the error in a determination of the ox-
idizing power to be * 1%. The results obtained with this method
were reliable and the absolute values very satisfactory. Data
will be given in the chapters dealing with Co304 and ZnCo304.

1.3. X-ray analysis

A powder diagram was made to check crystal structure and
homogeneity of all materials used in magnetic measurements. All
photographs were made with FeKa-radiation. (A\FeKaj = 1.93597 A).

The following cameras were used. A Unicam 9 cm powder
camera (van Arkel method of film mounting) was especially suit-
able for the determination of cell edges. A Philips 11.5 cm powder
camera (Straumanis method of film mounting) was also used.

The structures found were all of the spinel, the rock salt or the
wurtzite type. No really important deviations were found. In the
series of mixed crystals of (Co, Mg)O and (Co, Zn)O some of the
materials were discarded because of their incorrect X-ray dia-
gram.




Chapter 1I

APPARATUS AND TECHNIQUE

2.1, The principle of the measurements

The magnetic susceptibilities were determined by the Faraday
method, that is, by using small amounts of powdered samples sus-
pended in that inhomogeneous part of the field of an electromagnet
where the product of field strength and field gradient is a maximum.

With the apparatus described in the following sections of this
chapter the field strength could be varied up to approximately
5500 Oersted; the temperature dependence of the susceptibility
could be studied from ~190°C to about 930°C so covering more
than 11009 of the absolute temperature scale. The measurements
made in this way are not absolute. The combination of balance and
magnet was calibrated against some standard substance for which
the gram susceptibility is accurately known. One of the sections of
this chapter will deal with the choice of this standard substance.

2.2. The balance

The magnetic force on the specimen was determined with the
aid of a torsion balance placed in a metal box which could be evac-
uated. This torsion balance, a somewhat modified form of that
described by Volger, de Vrijer and Gorter 10), is given schem-
atically in fig. 2.1.

In this section we will discuss only those aspects of the balance
where improvements have been introduced with respectto the orig-
inal model, which was placed at our disposal by Philips Research
Liaboratories, Eindhoven.

a) The zero point of the balance arm can be seen through a lens
in the balance case. The setting of the two points, however, can be
made easier and more accurate with the aid of a light signal which
comes from a fixed point, traverses a weak positive lens, is re-
flected from a small mirror mounted on the balance arm above its
fulecrum, and finally gives an image on a divided glass scale after
passing through aprism and being reflected from a distant mirror.
In this way, the total deviation of the end point of the balance
arm of approximately 3 mm could be enlarged to a 20 cm deviation
of the light spot on the scale. A schematic drawing of the course
of the light beam is given in fig. 2. 2.

b) One of the most difficult and at the same time most critical
features of the Faraday method is the reproducible suspension of
the sample. Originally the small containers, which can very easily
be made the same size, were suspended from a thinplatinum wire.
It is, however, extremely difficult to maintain a platinum wire

12
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FIGURE 2.2

with an eye at each end at a constant length. A regular check of
the position of the sample in the field is inevitable. We found an
excellent solution by using a thin quartz wire provided with a hook
at each end. This method had the further advantage of the easy way
in which the containers could be suspended free from the wall of
the respective tubes.

2.3. Field control and measurement

The magnitude of the magnetic field was characterized by the
current flowing through the coils of the magnet, so that the meas-
urement of the field strength was reduced to a simple measurement
of a direct current. This direct current was obtained from two
stabilizing units in a V connection between the three phases of a
220 Volt A. C. line and a three phase selenium rectifier with a max-
imum output voltage of 126 Volts variable in steps of 2 Volts.
This was connected in series with a large damping resistance,
a spindle-driven regulating resistance of 5 Ohms, an accurate
ammeter and finally the magnet.

The ammeter used was a standard AEG instrument with a scale
of 150 mm and ranges of 0-7.5, 0-15 and 0-30 amperes. The mag-
nets used during the measurements discussed in this thesis were
a small air-cooled and a somewhat bigger water-cooled magnet.
Even in the case of the water-cooled magnet, its temperature and
subsequently its resistance were not sufficiently constant but rose
during the measurement. Therefore all the experiments had to be
done by two operators, one handling the balance, the other switch-
ing the magnet current on and off and keeping it constant with the

14




aid of the spindle-driven resistance. By making use of stabilized
A.C.voltage the current could be adjusted within one-tenth of a
scale division.

2.4, Temperature control and measurement

A wide temperature range over which susceptibility measure-
ments could be fmade (mentioned in section 2. 1) can be divided into
two parts.

Measurements at room temperature and lower were performed
in the so-called low temperature tube (L.T.T.) attached by a
vacuum-tight seal to the balance case as can be seen from fig.
2.1B. The tube is made of a material with a low thermal con-
ductivity. The sample, however, is hanging in a copper cylinder
to ensure a heat contact as good as possible between the
sample and the surrounding bath. The Dewar vessel around
this tube was filled with liquid air, a mixture of dry ice and
acetone or water at room temperature in performing meas-
urements at approximately -1900, -80° and 20°C, respectivily.

Temperature measurements at -190° and -80°C were made
with a copper-constantan thermocouple placed in the Dewar vessel
next to the copper cylinder. The E.M.F. of this couple was de-
termined with a potentiometer. At 20°C the bath temperature was
measured with a normal thermometer. The thermometer was
compared with a standard platinum resistance thermometer; no
significant deviation was found. The thermocouple was calibrated
against the same instrument.

The experience showed the liquid air and the water bath to be
constant within a few tenths of a degree during the measurements.
The constancy of the dry ice-acetone bath was less satisfactory,
mainly due to the inhomogeneity of this cooling mixture. Conse-
quently, the magnetic data determined at -80°C are somewhat
less reliable.

Measurements at room temperature and up to 927°C (1200°K.)
were carried out with the so-called high temperature tube
(H.T.T.) attached to the balance case instead of the low temper-
ature tube. In fig. 2.1 A a schematic drawing is given. The bifi-
lar-wound furnace, which is readily interchangeable, is heated by
a stabilized alternating current which can be controlled by means
of a Variac. The temperature measurement can be performed
with the aid of a built-in Pt-Pt 10% Rh thermocouple whose E. M. F.
is determined with a potentiometer. This couple was also com-
pared with the platinum resistance thermometer up to 500°C. No
deviations greater than 2-39C could be detected.

In the high temperature tube A which we developed, the difficult
soldering of metal to porcelain at both ends of the tube which was a
disadvantage of the original tube supplied by Philips Research La-
boratories, was replaced by an Apiezon wax seal. The metal lids
are water-cooled. The outer tube is thus also very easily inter-
changeable. This is an advantage, for sometimes sealed contain-
ers may explode during the measurements; then not only the fur-
nace but also the outer tube is destroyed. A second advantage is

15



a consequence of the cooling of the lower lid. The original tube,
when used at very high temperatures, needed air cooling of the
lower lid to prevent leakage through the Plexiglas ground plate.
The position of the thermocouple directly under the hanging con-
tainer is very important. The distance between the container and
couple was adjusted to less than 5 mm.

The measurements done i1 vacuo, needed a heating period of
forty-five to sixty minutes to ensure complete temperature
equilibrium between furnace, thermocouple and sample. In this
way the temperature remained constant within 2 degrees C
during the measurement.

2.5. Calibration of balance in combination with
low temperature tube and estimation of er-
rors

When a paramagnetic substance is attracted by a magnetic field
the magnitude of the force is given by

K=p. Xg. G. H.é’-l)'-(]- 2.5.1.

where p is a constant, Xg is the gram susceptibility of the sub-
stance, G is the mass of the sample and H andg—l;é are the field
strength and field gradient respectively. This force K is meas-
ured with the aid of a torsion balance, so that

£ 0 ) SRS ' 205.9:

where U is the angle over which the torsion head must be turned to
compensate the magnetic force on the container and sample meas-
ured on an arbitrary scale. Uy has the same meaning as U but now
for the empty container. (It is to be noted that this relation only
holds when the distortion of the torsion spring is small compared
to its total length. In our case this distortion did not exceed 5%).

2 S5H >
U Uv-p.q.}l.—-———éx.xg.g 25 5.3
We combine p,q,H and —2—;—' into one constant —cl— where the indexi
i
denotes that this constant is still dependent on the magnet current.
The basic formula now becomes

(U - Uy)j Cj = Xg. G 2.5.4.

The constant C; can be determined when the measurement is done
with a substance of which the Xg and its temperature dependence
are well-known.

We have chosen as a standard substance nickel ammonium sul-
phate hexahydrate, NiSO4.(NH4)2 SO4. 6H20.

This substance has been subjected to absolute measurements by
Kamerlingh Onnes and Jackson 11y From their publication we used
the following data:

16




T I Xg 106 Xcorr. 106
286.5 10.68 10.98
77.15 39.55 39.85

where the third column is the paramagnetic X, value corrected for
the diamagnetism of the substance itself using the tables given by
Klemm 12). We found the Curie constant C = 3174.10-6 and the
Curie temperatuur © = 2.59K. The formula which gives the Xg of
this Ni salt at every point between liquid air and room tempera-
ture is

X =< 3174 _
g T+2.5

To prepare very pure NiSO4.(NH4)2S04.6H20, we recrystallized
a product of Merck, crushed the crystals in a mortar and separat-
ed the bigger crystals and the powder by a sieve. The result was
a quantity of small crystals of uniform size (about 0.3 millimeter
in diameter). These crystals were stored in a desiccator above a
mixture of powder and big crystals of the same substance and a
small amount of distilled water, to make sure that the correct va-
pour pressure was maintained. For the reasons which have led us
to this choice and method of preparation see section 2.8 of this
chapter, where the experiments with other calibrating Substances
are discussed. Six calibrations with this NiSO4(NH4)25046H20 are

o.30> 1076 e, m.u. 2.5.5.,

collected in table 2. 1.

Table 2. 1
Calibrations in low temperature tube.
Cal n© 85 86 87 88
L L

i ci1010 | ckio10 | cif1010 [ P iot0
17A 214 214 217 215
15A 244 243 246 244
13A 288 2817 289 287
11A 359 360 363 360

9A 510 506 511 506

TA 821 821 827 839
Temp R. R. R. L.
Cal n© 89 90

i cp1010 | cfi010 | ckgot0 +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%

TA 836 843 831 1.1%
Temp. L. L.
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In this table the magnet current i is given in amperes, the tem-~
perature is indicated by R. when the measurement is made at
room temyierature, by L.when at the temperature of liquid air. The

constant Ci is that from eq.2.5.4. (the superscript L. denotes that

measurement is made in the low temperature tube), m is defined

2
by m = ng—_dll_ the standard deviation 13) where dj is the deviation

from the arithmetic mean of one of the n observations i. Three
important features appear from the table.

a) There is no difference within the experimental error between
calibrations at room temperature and those at liquid air temper-=
ature, as ought to be expected.

b) The standard deviation m is in agreement with the error es-
timated in the following way: In eq.2.5.4 we can take Xg = Q/T where
Q is a constant from the literature. A rough calculation shows that
Ci »C.i-1.5, Hence,

_Q.G.il.3
C T(U-~Uy) 2.5.5.
and
_5C 8C 4 80O = _&6C
AC = 58 AG + 51 A 6—_—(U—UV) ANU-Uy) ﬁAT 2076,
Carrying out the differentiations we get
AC _ AG bi  A(U-Uy) AT .
ke L i s S 2.5.1.

The following list gives the estimated errors in the case of a
calibration at room temperature. (Approximately the same values
can be used in the case of most of the measurements at roomtem-

perature. )

AG = 0.00005 g. G =101 g.

Ai = 0.1 scale division i = 100 scales divisions
A(U-Uy) = 0.2 scale division (U=Uy) = 50 scales divisions
AT = 0.39 T = 300°K.

Inserting these values in 2.5.7. gives

A—g- - 0.0005 + 0.0015 + 0.004 + 0.001 = 0.007 in close agreement
with m = 0.8%. The standard deviation as well as the estimated

value of the error indicate that a measurement at room temper-
ature can be made with a precision of 1%, or somewhat better if
the susceptibility at a given temperature is determined by taking
the mean of the measurements at three different field strengths.

The absolute error with respect to NiSO4(NH4)2504.6H201s es-
timated to be 2%. It should be noted that the measurements at lig-
uid air temperature may be somewhat less accurate as a conse-
quence of the greater influence of the temperature on the suscep-

tibility.
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c) The accuracy of the constant Cj at a magnet current of 7 amp.
is less than that of the others. Experience showed us that in the
lower field strength region (i = 6, 5 and 4 amp.) the reliability of
the constants was even worse. This is the reason that no lower
field strengths are incorporated in table 2.1, the measurements
all being made with the higher field strengths. We determined,
however, some of the lower field constants but used them only to
detect ferromagnetic impurities.

2.6. Calibration of balance in combination with
high temperature tube

Contrary to expectation, we discovered a difference in the
measurements carried out at room temperature in the L.T.T.
and the H. T.T. It seemed that the magnetic field or its gradient
is influenced by the respective tubes in a different way. The fol-
lowing experiments were made at one temperature with a sealed
container with one of our paramagnetic substances:

1. Measurement in the complete H.T.T. (normal situation)

2. Measurement in H. T. T. without the furnace

3. Measurement in H. T.T. without asbestos

4. Measurement in the outer tube of the H.T.T. with a copper
cylinder at the same height and of the same
dimensions as in the L. T.T.

. Measurement in L.T.T. with Dewar vessel (normal situation)

. Measurement in L.T.T. without Dewar vessel

Measurement in L.T.T. with the outer tube of the H.T.T.

around it.

oo,

The measurements 1 to 4 showed torsion readings 1% to 1.5%
higher than the measurements 5 to 7. We concluded that neither
parts of the H.T.T. nor the copper cylinder of the L. T.T. were
the reason of the difference, but that the nickel alloy of the
L.T.T. diminished the product of field strength and field gradi-
ent in the tube. It was therefore necessary to calibrate the hal~
ance in combination with the high temperature tube. Six calibra-
tions with NiSO4(NHg4)2504. 6H30 were carried out at room tem-
perature. The data can be found in table 2. 2.

To test the accuracy of the measurements at high temperatures
we determined the susceptibility of gadolinium oxide. This sub-
stance apparently has excellent properties for use as a second-
ary standard at high temperature, for the electrons responsible
for its paramagnetic behaviour lie in the 4f shell of the Gd3+ ion
protected by the filled 5s and 5p shells. Moreover the Gd3+ ion is
in an S state (half filled 4f shell). One may expect no influence of
surrounding oxygen ions on the magnetic shell, no or very small
coupling effects between the Gd3+ ions and no possibility for the
4f electrons to escape to a higher energy level when the temper-
ature is raised and finally no chemical decomposition of the oxide.
A disadvantage of GdgOg is the fact that a very pure sample isnot
readily accessible. Contamination with the diamagnetic Y503 is
very likely. For the same reason it is very difficult to find the ab-

19




solute value in the literature, so we used it only as a secondary
calibration to check if it is permissible to use the same constants
at both very high and at room temperatures.

Table 2.2.
Calibrations in high temperature tube.

Cal n° 94 95 96 97
i cHio10 | cHio10 | o010 | cfti010
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
Temp. R R. R. R.
Cal n® 98 99
i cHi010 | cf1010 | cfl1010 | &m
17A 213 214 213° 0.3
15A 241 244 242 0.6
13 283 287 286 0.6
11A 359 359 358 0.4
9A 508 493 503 1.2
TA 805 825 812 153
R R

The sample used was one of nNew Metals and Chemicals' and
very kindly placed at our disposal by Philips Research Labora-
tories. The measurements were made in two independent series.
the results of which are collected in table 2.3 and in fig. 2.4.

Table 2. 3.
seriesno. | T |Xa-103 [[Xa-(T-7) Curi“;cfgmt 8
1 203 | 24.16 6.91
439 15.89 6.85
546 | 12.78 6.89 ot
686 | 10.14 6.88 6.88 +17
876 7.94 6.90
971 7.13 6.88
1070 6.41 6.88
2 291 | 24.5% 6.96
396 | 19.19 6.95
499 | 14.23 7.00 Siam -0
. 9
648 | 10.93 7.01 8.9 gl
820 8.59 6.98
958 7igk 41608 |
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Gd,0; (New Metals and Chemicals)

serie 1 in HT.T.
serie 2 in HT.T
measurement in L.T.T. at liq. air temp.

!
600

FIGURE 2.4




The Xp in this and following tables means the susceptibility of a
mass of the substance containing one gram atom of the magnetic
jon. Thus, in the case of Gd203 XA = 1/2XM. The values of Xy are
corrected for the diamagnetism of the substance itself following
the tables given by Klemm 12). The gadolinium oxide was heated to
700 - 8002C on platinum foil before weighing into the quartz con-
tainer. (The rare earth oxides tend to pick up some water vapour
and carbon dioxide).

It can be seen from the table that the points in one series do not
differ more than 0.5% from the straight line which is an excellent
confirmation of the accuracy of the measurements even at very
high temperatures. This statement is extremely im-
portant since most of the substances described
in the following chapters show a slight deviation
from the straight line.

The two series differ 1.3%, which is not a serious error if one
knows that the measurements with this very strong paramagnelic
substance were performed with approximately 15 mg. The diffe-
rence between our value of ® and that found in the literature
seemed more important to us. Cabrera and Duperier 14) made
measurements on several rare earth oxides between 20 and
400°C and give for GdsOgj the values C = 7.730 and € = -13.39K.
Earlier measurements of Williams 15) on Gdy0Og3 between 20 and
3000C yielded a ©-value of -120K. Giauque and Stout 16) deter-
mined the susceptibility of GdgO3 between 1 and 20°K and found
@ = -15.5°K. Although, for reasons already mentioned, our ab-
solute values of the susceptibility may be wrong (actually they are
too low) we may expect the value of 8 to be the same for differ-
ent samples. To make sure that we would find the right slope of
1/X-T plots in our high temperature tube, we made four measure-
ments on GdsO3 in the low temperature tube at the temperature
of liquid air and ice, roomtemperature and +86°C. In the low tem-
perature tube the errors in the measurements of the temperature
are negligible. Especially at 0°, 20° and 86°C, the temperature
measurement is very accurate. If we now find the same slope as
in the H.T.T., this will be an excellent confirmation of the accu-
racy of our measurements. The data of the measurements are col-
lected in table 2. 4.

Table 2. 4.
T Xp-103 | X,.(T+14) | Curie const. €
80.7 77.5 7.339 7.33 -140
290 24 .14 7.329
XA - (T-8)
273 25.69 6.808
290 24.14 6.828 6.81 + 809
359 9.40 6.809

We have now three independent measurements determining the
slope of the 1/X-T plot at room temperawure giving for @ 79, 70
and 8°K and for the Curie constants 6.88, 6.97 and 6.81 re-
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spectively. Table 2.4 shows that by combining the room tempera-
ture measurement with that at liquid air temperature one obtains
a value for @ of -14°K, so the liquid air point does not fit in the
straight line found at room temperature and more elevated tem-
peratures. There remains also the discrepancy between our high
temperature measurements and those of Cabrera and Duperier 14)
and those of Williams 19). This difference must be attributed to a
difference in impurities. Indeed, Cabrera and Duperier used
samples of Urbain, Auer von Welsbach, and Prandtl, while no de-
tails of the purity of our sample are known.

The agreement between our measurements on GdyOj3 in the low
temperature tube and those in the high temperature tube and the
fact that the 1/X-T plot for one GdgOg sample is a straight line up
to 1100°K allows us to use the same constants Ci for all temper-
atures in the high temperature tube.

2.7 The containers and their correction factors

In our investigations we used two models of containers:an open-
vessel (fig. 2.3A) for all the substances, which remained stable
in a vacuum of approximately 10 mm Hg up to temperatures of
800 - 900°C, and a closed model (fig. 2.3B) for those compounds
which might loose oxygen under such circumstances. The vessels
were made of quartz. Both Hereaus quartz and Vitreosyl were
used. These materials have the excellent property of showing a
temperature-independent magnetism from -200°C up to the high-
est temperatures, while Pyrex glass, which can be used up to
500°C and is much easier to handle, shows a magnetism which is

very dependent on temperature, apparently caused by paramagnet~
ic impurities.

j U

A B B
open before filling closed
FIGURE 2.3

The vessels were all made of the same size and their correct-
ion was determined by blank measurements. In the case of open
vessels this was done once when a new one was brought into
use. The sealed and filled vessels were cut in two after the
measurement, cleaned, the two parts joined and their correction
determined. The lower part could be used many times.

Two important features will be discussed briefly.




a) It is impossible to see if the empty vessel is hanging at the
right position in the field by moving the balance step by step in a
vertical direction and looking for the maximum repulsion. In the
position, where the filled vessel shows its maximum attraction

(position where Hg% is a maximum), the empty one shows no max-

imum repulsion on account of the fact that now the magnetic ma-
terial is not condensed in a thin layer of approximately 4 mm in
height. Also for this reason the introduction of a quartz wire in-
stead of a platinum wire to suspend the vessel was a great im-
provement.

b) From eq. 2.5.4., one obtains
(U)iCi - (Uy)i-Ci = Xg-G e

It now appeared that (Uy)iCj was independent of the field
strength. This is not very remarkable since (Uy);Cj has the di-
mension of a susceptibiiity. We therefore called it Xy . In all our
measurements the correction for the empty vessel is introduced
in the calculation in the form of Xy, which is a quicker and above
all a more accurate way. In table 2. 5 we shall give as an example
the correction of one of our open quartz vessels.

Table 2. 5.
Correction for quartz vessel no.442.

i (Uy)i | Cj-1010 (Uy)iCs. 108 | xy. 108

17A -6. 216 -0.143
15A -5. 245 -0.140
13A -5.C 289 -0.144
11A -4, 362 -0.144
9A =2, 510 -0.142
TA =11 831 -0.140

2.8. Choice of standard substance

We have spent much time in finding a suitable standard sub-
stance for the calibration of our palance. Originally we used for
this purpose Mohr's salt, which was recommended by Selwood 17).
However no agreement could be found between calibrations at room
temperature and those made at the temperature of liquid air. The
constants Ci determined at the latter temperature were approxim-
ately 11% smaller than those obtained at room temperature.
(Table 2.6, column 1 and 2).

To make sure that this difference was not inherent in our appa-
ratus, we did several experiments under different conditions to
exclude this possibility.

a) Two.calibrations were made with Mohr's salt (Merck p.a)atthe
temperature of liquid nitrogen. The values of Cj were the same as
those found at the temperature of liquid air. (Table 2.6 column 3).

24




Table 2. 6.

FeSO4 FeSO4. CoS0Og4. NiSO4 NiSO4.
Substance FFeSO4. (NH4)2S04. 6H30 % S (NH4)2S04. (NH4)2S04. (NH4)2S04. [ (NH4)2504.
: (NH4)2504. 6H20 6150 6H0 6H50 6H20
own
Mercl p.a. Analar own own 2 s
Guality Merck p.a. e D - 3 R SRS A ALRRPE preparoation
v recrystallized A.R preparation|preparation recrystallized
Calibration no 11 =26 27 28 29 30 31 = 35 36 - 41 42 | 43
1010, ¢ji or Ci(n) | Ci(7)| Ci(7)| Ci(2) Cy Ci Ci Ci Ci(3) | Ci(2)|Ci(4) | Ci(2) i | €
iq. i lig. 4 ; lic lig lig
Temperature room i;;l{ llll(j)_ room, room ;11;1!‘ liq. air room airl' room aixl* roomf ..
: T thin
Other conditions gample
Magnet current =
= 14 247 | 217 | 223 237 251 | 210 2217 217 182 | 237 239 232 | 239
13 270 239 | 240 264 276 | 230 2417 238 199 | 260 261 257 | 264
12 300 268 | 269 295 309 | 257 278 268 221 291 292 288 295
11 343 | 307 | 307 338 353 | 289 318 303 251 | 332 337 329 |33
10 403 362 | 362 394 418 | 338 374 | 356 295 | 388 393 390 | 398
Column no 1 2 3 4 A 7 |- B 9 10 1] 12:%1:33
1% L1729 | Lignd T3 1
Difference 7.5% unimportant

Ci(n) = mean value of Cj from n calibrations.
The magnet current is given in an own arbitrary scale (small air-cooled magnet was used and
nometer as an ammeter) and is not the same as that given in table 2
an AEG. ammeter were used for the definite calibrations.

a shunted galva-
-1 where a bigger water-cooled magnet and

The column numbers correspond with those mentioned in the

text.




Table 2. 7.

Substance

(NH4)2504. 6H90O

Fey(S04)3.
(NH4)2504.
24H90.

FeSO4.
(NH4)2504.
6H20.

Quality

bt Merck
preparation

own
preparation

Merck p.a.

Calibration no. 44 45 46 : 50 55 53 54
1010, ¢ or Ci(n) Ci Cy Ci Ci Ci i Ci Ci C;

dry ice liq.
acetone air

Temperature room

Other conditions

Magnet current =
=11 205 214 186

10 ‘ y 228 237 209

9 p 262 271 238

K 30¢ 308 319 280

8 . :
7 : . 36¢ : 380 392 342
6 : 500 520 460

5% t 199, 1

{Difference

In this table the magnet current is given in amperes.
The calibrations were carried out with the small air-cooled magnet and an AEG. ammeter. This is a
situation different from that in the tables 2.1 or 2.6.




This experiment showed first, that the influence of the para-
magnetic oxygen (from the liquid air in the Dewar vessel) on the
field strength in the tube is negligible. Secondly, it showed the
reliability of the temperature measurement in this region. It was
already known that an error in the determination of this temper-
ature could not be the reason for this difference in the calibrat-
ion series because of the fact that the deviation at liquid air tem-~
perature would indicate a temperature during the measurement
below that of liquid nitrogen.

b) Two calibrations were made, one at room temperature, the
other at liquid air temperature, but both with the same weight of
Mohr's salt. The first one agreed within 3% with the other room
temperature measurement. (Table 2.6 column 4). Thus the thick-
ness of the layer of the substance in the quartz container has no
influence on the magnitude of the constants s

¢) Calibrations were made at the two different temperatures
with a sample of Mohr's salt (Merck p.a.) which was recrystal-
lized from a solution in distilled water. The constants Cj now dif-
fered approximately 17% (original difference found with Mohr's
salt, Merck p.a., was 11%) (Table 2.6, columns 5 and 6).

d) Finally a calibration at liquid air temperature with Mohr's
salt (Analar A.R) differed no more than 7.5% with the mean value
at room temperature (Table 2.6 column 7).

Our conclusion from these facts must be that FeSO4.(NH4)2S504.
6H20 hasnot the proper qualities to be a good standard substance.
We tried the other two compounds of which absolute measurements
are given in the article of Jackson 11) 7. e.the analogous Co and Ni
salts. With CoS04.(NH4)2S04.6H20 we found a difference between
the room temperature- and liquid air temperature constants of
18%. (Table 2.6 column 8 and 9). With the Ni-salt, however, we
obtained a very satisfactory agreement between the constants de-
termined at different temperatures (Table 2.6. column 10 and 1LY,
while no important change in the magnitude of the Cj 's occurred
after recrystallization (Table 2.6. column 12 and 13).

In another series of measurements (carried out with another
magnet), no difference could be detected between calibrations with
our own substance and a sample of Merck. Excellent agreement
was further found between these figures and those obtained from
a calibration with Fe2(504)3.(NH4)2504. 24H30 at the temperature
of liquid air. The results are given in table 2. 7. (In the last two
columns of this table two calibrations with FeS04.(NH4)2S04.6H20
are added for comparison).

This NiSO4.(NH4)QSO4‘6H20 thus seemed to be a convenient
standard substance, although the standard deviation in a series of
calibrations appeared to be approximately 2%. A striking peculiar-
ity was the fact, that the constants Cj for the different magnet
currents in one calibration were all too high or all too low. There
exist indeed two factors which are not incorporated in our theo-
retical estimation of the error in section 2. 5. They are the re-
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producibility of the position of the sample in the magnetic field
and inhomogeneities in the standard substance. Both factors are
constant during one calibration. This observation led to the in-
troduction of the quartz wire to suspend the sample (already dis-
cussed in section 2.2b) and the use of uniformly sized crystals of
the standard substance (section 2.5). These two measures appear-
ed to be important improvements; the results are already given in
table 2.1, which shows that the standard deviation is now less
than 1%, in close agreement with the estimated error.

In tables 2.6 and 2.7 are collected mean values of Cj and Cj val-
ues from some typical calibrations. They are chosen from an ex-
tensive series of measurements which gave us the detailed inform-
ation about the problem of the standard substance and the most
favourable working conditions of the apparatus.

We have paid no further attention to the reasons of the failure
to calibrate the apparatus with FeSO4.(NH4)2S046H20 and CoS04.
(NH4)2804.6H20. We may only mention first, that the low value
of the constants at liquid air temperature compared to those at
room temperature indicate a higher susceptibility at the former
temperature than calculated according to Jackson 11). Secondly,
that the values of the constants determined at the temperature of
dry ice-acetone agreed very well with the room temperature values.
Thirdly, that Foex 18) found similar deviations for FeSO4.(NH4)2
S04.6H90 in the lower temperature region. For a possible explan-
ation of the deviations at lower temperatures we may draw atten-
tion to the facts that the lowest energy levels of Fe2+ and Co2+
are greatly influenced by the electric crystal field, which is not
the case in the Ni2*+ ion where the singlet level is lying lowest and
not split up by cubic crystal fields. A second difference between
Ni, Co and Fe is that the former element only occurs as dival-
ent ion. At the end of this section we will give, for the sake of
completeness, the X-formulae for the different compounds used
in this investigation.

9500

FeSOy. (NHy)9S04. 6H0 xg =l ! 1076 11" 1y

7659

CoSO4. (NH4)2S04. 6H20 Xg =157350.4

1076 11.)

3065
={

(NiSO4). (NH4)2804 . 6H30 Xg = ] 106 11.)

T+0.5
8956
T+3

For the definitive calibrations (section 2.5) with NiSO4.
(NH4)2S04 . 6HoO the somewhat better formula

_¢. 3174
Xg =l 5
was calculated from Jackson's 11) data, where the term -0.30.10-6

is the diamagnetic correction according to Klemm 12). The differ-
ence between the two formulae, however, is extremely small.

Fes(SO4)3- (NHg)2S04. 24Hp0 Xg ={ -0.23} 10-6 19.)

- 0.30} 10-6
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Chapter III

THE SYSTEM CoO-MgO

3

1. Introduction
The investigation of these mixed crystals was undertaken in or-
der to determine the magnetic behaviour of divalent cobalt in the
octahedral interstices of an oxygen lattice. The system CoO-MgO,
in which a continuous range of mixed crystals can be made, crys-
tallizes in the rock salt structure. In this structure the anions
form a cubic close-packed lattice. The cations occupy all the
available octahedral interstices. Crystallographic work on the
system Co-Mg-~O has been done by Robin 20), Magnetic investiga-
tions on these mixed crystals were made by Elliot 21). Of nine
substances with a CoO percentage ranging from 100 to 5, the sus~
ceptibility was determined between 300 and 500°K. He mentioned
a mean Curie constant of 3.23 and consequently a moment for Co2+
of 5.1 Bohr magnetons. The substances with more than 20% CoO
show l/X—T curves convex to the T axis. Although this paper
appeared during our investigation, we proceeded with the work on
this system, as the measurements of Elliot were carried out in a
rather limited temperature range.

We did not prepare pure CoO, since excellent susceptibility
meggurements up to approximately 800°K were made by Trom-~
be 22),

From 4509K up to 8009K the Curie-Weisz law is obeyed.

8 is found to be -280°K and | = 4,96 UgB.

3.2. Experimental part

The preparation of the samples caused some difficulties. The
original method of mixing solutions of nitrates and evaporating to
dryness, which was applied with success in making the aluminates,
was abandoned. Five products of different Co content showed too
low final weights and some of the Debye~-Scherrer diagrams show-
ed at low angles a number of very weak unidentifiable reflections.
We believe that the products were not quite homogeneous as a con-
sequence of the different temperature of decomposition of
Mg(NO3)2 and Co(NO3)3, the former being a more stable com-
pound. These five products were discarded.

The decomposition of a mixture of the nitrates or a mixture of
MgCO3 and Co oxalate at 870°C.in wacuo also did not lead to the
required result. For this special case method B (described in
chapter I) was developed. A mixture of carbonates was precipi-
tated from a solution of nitrates and the whole mass evaporated to
dryness. Although the composition of the precipitate is not exactly
known and some of the cobalt remains in solution as a complex
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Table 3.1

3
~ Prepared = X e R XA. 10
Substance frgm: Method:|Structure{My Xp 103 Firing Product (roomtemp )
Co Mg 0.| MgCO3 | AcB |Rocksalt|857| -0.62 |12h. 840°C. Vac PIA 9.71
0.049"°80.9517" | Co(NO3)2
Pl
T 12h, 940°C. Op P18 10.26
40h. 920°C. O PIC 10.39
60h. 9209C. O3 PID 10.43
Co Mg o] MeCO3 | Acp |Rocksalt|s74] -0.28 [45n. 9000C. O PIIA 9.51
%0.116'80.881%"| Co(NO3)2 2
P
55h. 040°C. O PIIB 9.46
g = MgCO3 ACh o s 04 -0 15 annoA 2 > 9.1
Cog.196ME0 8840 | Co(NOL)s| ACH |Bocksalt 240 -0.15 [45h. 900°C. O P IIIA 9.18
P11l
55n. 9400C, O3 PIIB 9.27
Mg CO3 A7 A Bl 9 2 C O
L?)O_V}%Mg().su.‘,oA Co(NO3)a ACB |Rocksalt [115]<0.07 [24h. 12000C O3
PIV
Cog.049M8p 0519 (PID)|| Cop 11MEg g, @ (PIIB) [IiCop 4 ggMEg 540 (PIUB) Cop 495MEp 5070 (PIV)
T 3 3 " X 3 o Y. 103 : > 3
T lA 10 T /\A 10 I “A 10 I (A 10 T AA 10
202] 10.43 [s04 [ 3.80 23.2 80 20.6 294 7.39
a15| 7.45 |as2 | 3.58 9.46 201 9.27 388 6.01
439| 6:34 |863| 3.57 7.67 528 5.32 489 4.95
540| 5.61 [c14 | 3.35 5.67 691 4.04 607 4.08
582| 5.25 |9%0 | 3.09 4.23 803 3.46 836 3.03
599| 5.08 3 .56 888 3.12 893 2.86
600| 5.09 3.17 1066 2.60 956 2.68
639| 4.73 | 83| 275 2.82 1190 2.3 1014 2.54
677| 4.47 ).56 1087 2.37
741 4.17 2.43 1193 2.18
g [ 0ok 8 ~69K. -119K -720K
C | 3.05 c 2.90 c 2.87 C 2.78
B 494 4p (v 482ug [V 4.80up 1] 4.71 ¢

The letters in the column method" correspond to the description given in section 1.1

The structure was determined with the Philips 11.5 em powder camera

Mj is the molecularweight per gramatom of cobalt

Xyy is the diamagnetic correction per gramatom of cobalt (in this case estimated from the measurement
on Cog p49MEp 0510 (P 1ID))
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ion with NH3, the solid obtained after evaporation is much more
homogeneous than that obtained after direct evaporation of the ni-
trates.

In this way the series PI to PIV were prepared. All the exper-
imental data concerning these substances are combined in table
3.1 and fig. 3. 1.

The products of series PI, PII and PIII were fired at 920 and
940°C until the susceptibility at room temperature remained
constant. Only the products PID, PIIB and PIIIB were subjected
to high temperature measurements.

The substance with equal amounts of CoO and MgO could not be
made homogeneous by firing at 900 - 1000°9C. Satisfactory results
were obtained when the firing was performed at 1100 - 12000C.

An important remark must be made with respect to the diamag-
netic correction in the column Xp. 103 in table 3.1. The values
mentioned there are not those calculated according to the tables
of Klemm 12) but are determined from our own measurements in
a way described in detail in the next section.

3.3. Discussion

As may be seen from the 1/%-T plots in fig. 3.1, these sub-
stances follow the Curie-Weisz law with a vanishing value for @
when CoO becomes more and more diluted. This reasoning, how-
ever, is not quite correct, since for the substance
Cop 049Mgo 9510 (PID), the 1/X-T curve is made straight by
adaptation of the diamagnetic correction.

Originally, when the diamagnetic corrections of Klemm 12) were
used, the curves for the substances with approximately 5, 10 and
20% CoO were convex to the T axis even up to 1200°K. For the
lower part of the curve, such ,a bending is very comprehensible.
Since we know that the pure component CoO is a strongly antifer-
romagnetic substance, we may expect for the more dilute com-
pounds a similar although less pronounced behaviour in the low
temperature region. A nonlinear dependence of 1/X on T is found
in the theory of ferrimagnetism of Néel 9) but only curves concave
to the T axis can be accounted for. For real antiferromagnetic
substances in which a negative coupling occurs between twoequiv-
alent sub-lattices which are equally occupied, Néel's theory pre-
scribes a linear dependence of 1/X on T for temperatures above
the Curie point.

Curves concave to the T axis are also found when temperature-
independent paramagnetism plays a role (see chapter IV). Convex
curves, however, would require a "negative temperature-independ-
ent paramagnetism''. Our substance with 5% CoO could be des-

cribed by the formula X = A + T(E% in which A was found to be
-0.37. 103 e.m.u. (a value of -0.24.10-3 for Xp is incorporated
in the X).

For the other mixed crystals with 10 and 20% Co0O, respective-
ly, the bending in the high temperature region of the 1/X-T curves
diminished with increasing Co content.

32




The substance Cog,493Mgp.5070 (P1V), which was especially
prepared to study this dependence, showed practically no deviation
from the straight line, and Trombe 22) observed that pure CoO
above 4500K obeys the Curie-Weisz law. This excluded the pos-
sibility of a temperature=dependent moment of Co2+ ions in octa-
hedral interstices. No other physical significance than diamagnet-
ism could be assigned to this negative temperature-independent
part, so we had to conclude that the applied diamagnetic correc-
tion was wrong. To find the correct value for this diamagnetism
we assumed for the substance Cog p49Mgp 9510 (P ID) this term to
be the sum of the diamagnetic correction according to Klemm 12)
and the observed negative part A. Thus

kS Rk

xlc)orr- = -0.25.10-3 -0.37.10-3 = -0.62.10-3

The other diamagnetic corrections could be calculated accord=
ing to the following scheme (The formulae are simplified):

Xp.103 (Klemm)  Xp.103 (estimated)

CoO(Mg0)1g -0.25 -0.62
CoO -0.02 -0.04
(MgO) ;g -0.23 -0.58
MgO -0.012 -0.03

Hence:

CoO MgO -0.03 -0.07
CoO(Mg0)4 -0.07 -0.16
CoO(MgO)g -0.11 -0.28

The result of applying the newly-calculated diamagnetic correc-
tions is very satisfactory.

All the substances now obey the Curie~Weisz law, the constants
of which may be read from table 3. 1.

We will now mention briefly the several reasons which might
justify our treatment of the experimental data.

a) There is no physical significance for a negative constant
magnetism other than diamagnetism.

b) The bending of the curves diminishes as the Co2+ ions are ac-
companied by less diamagnetic material.

¢) The magnetic behaviour of all four substances becomes nor-
mal in applying only one adopted new value of the diamagnetism.

d) As we will see in chapters IV and V the diamagnetic correc-
tions of ZnO and ZnAl204 calculated according to Klemm 12)also
appear to be wrong.
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e) We have tried to determine the diamagnetism of MgO by di-
rect measurement. With a MgO sample prepared by decomposing
MgCO3 we found an effect of practically zero. With a much denser
sample prepared by powdering MgO which had been crystallized
from the melt we obtained a diamagnetism of ~0.017. 10~3 e. m. u.
/mol. Kittel and Hiittig 23) obtained decreasing values for the dia-
magnetism of MgO samples of increasing density, the smallest
value being -0.020.10-3 e.m.u./mol. and the others -0.033,
-0.041 and -0.088. 10-3 e.m.u. It is thus impossible to obtain a
reliable value from direct measurement or from other investiga-
tions. However, if the effect described by Kittel and Hiittig exists
and is not an incidental one, our adapted value of -0.030 . 1073
e.m.u. is not very improbable for the moderate dense samples of
(Co, Mg)O.

Finally we must discuss the magnitude of the moment found for
Co2+. As may be seen from table 3.1, this moment shows a grad-
ual decrease from 4.94u g for Cog. 049Mgp.9510 (PID) to 4.71 g
for Co(0.493Mg0.5070 (PIV). The former value is in excellent
agreement with the value of 4.96 ppg found by Trombe 22) for the
undiluted CoQO. We are not able to explain the lower values for the
other substances.

The agreement with the results of Elliot 21) is also satisfac-
tory. Although the latter author mentions a mean Bohr magneton
number of 5.1, a careful examination of his experimental data
showed that this value is only found in the case of the highest dilu-
tion, 7.e. for a substance with 5% CoO.

For the other substances we calculated, with the aid of his table
of X values, the following constants.

8
5.00% CoO -16°K
9.01% CoO -380K

16.00% CoO -489K

20.83% CoO -349K
21.09% CoO -36°K

For the substances with a higher Co content it is not permissible
to carry out a calculation, as it is impossible to determine the
value of ® from 4 X points in a temperature region (300-5009K)
where the 1/X-T plots show a pronounced convex character due to
antiferromagnetic coupling. It is interesting to note that although
the values are somewhat higher than ours, the same irregularities
are encountered.

As a result of the combined efforts, we may conclude that Co2t
in the octahedral holes of a cubic close-packed structure of oxy-
gen ions exhibits a moment independent of temperature up to
1200°K with values of 4.8 - 5.1 Bohr magnetons.

In hydrated salts where the Co2+ ions are surrounded by six
water dipoles, values of the order of 5 Bohr magnetons are also
usually found.

When it was necessary to carry out simple calculations involv-
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ing Co2%* in octahedral interstices, we have used throughout this
thesis a Bohr magneton number of 5.

Summary of chapter III

Mixed crystals of CoO and MgO were prepared and susceptibil-
ity measurements were carried out up to 12009K. The interpre-
tation of the experimental data required the assumption that the
diamagnetic corrections of Klemm 12) could not be applied. For
MgO the much higher value of -0.03.10~3 e.m.u./mol. was adopt-
ed. With this new value all the substances obeyed the Curie-Weisz
law. Values of 4.71 to 4.94 pg were found for the moment of Co2+
ions in octahedral interstices. The results were compared with
those of Trombe 22) on CoO (4.96 ug) and those of Elliot 21) on
mixed crystals of CoO and MgO (4.86 - 5.08 Lg).




Chapter IV

THE SYSTEM Co0-Zn0O

4.1. Introduction

This system of mixed crystals has been investigated many
years ago. The green materials are well known in qualitative ana-
lysis as "Rinmann's green'', and they have been used as pigments.
Lately Robin 24) made a thorough investigation of the phase dia-
gram Co-Zn-O. Above 900°C two types of mixed crystals are
found of the formula (Co,Zn)O. On the cobalt-rich side, the sub-
stances crystallize in the rock salt structure, and on the zinc-
rich side in the wurtzite structure. The two phases are separated
by a miscibility gap. At 11000C. CoO is soluble in ZnO to ap-
proximately 20%. The wurtzite structure is a hexagonal close-
packed structure of anions in which one-half of the tetrahedral
interstices are occupied by the cations.

The reason why we were very interested in the magnetic prop-
erties of these cobalt-zinc oxides is this surrounding of cations by
4 oxygen ions. The substances are perhaps the only ones in which
Co2+ ions occupy exclusively tetrahedral interstices. As far as
we know, magnetic susceptibility measurements have not yet been
carried out.

4.2. Experimental part

The substances made are listed in table4.1 together with condi-
tions of preparation, deviation of final weight from calculated
value in % (&w), structure, molecular weight per cobalt atom, dia-
magnetic correction (own values) and other noteworthy remarks.

Of the nine substances, four have been used for magnetic meas-
urements at high temperature, the other five for measurements
at room temperature only, partly because they had not the proper
quality and partly as a consequence of the high dilution of the Co
ions which made the Xg too small for measurements at high tem-
perature,

The magnetic data are collected in table 4.2 and fig. 4.1. In
table 4.2 Xp (exp.) is the susceptibility per gram atom of Co ex-
pressed in e. m,u.; the values are corrected for diamagnetism. In
the columns XA.103 (calc.) the values were calculated with the for-

mula Xp = A + TC_:_@ in which the constants A, C and 8 are as com-
pletely as possible adapted to the experimental data. The values
of A, C and © and other figures which are interesting to compare

are given in table 4.3.
In the discussion of the results (following section) data on the
substances Coq 90Zng go©(I1A) and C°0A1052”0.8950(HA) are not
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Table 4.2.

Co Z Zn £ 1118

0.11%70.899- I | C99 105%"0.895°"

T XA.103 XA.103 T xA.103 XA.103
exp calc. exp. cale.

—
(oo]
O

83| 17.1 83| 16.6

.07 .84
.02 .05
27 582| 3.87
.34 742 .16
.65 889 .15
a3 02
.80 2.35
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.24
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644
779
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Substance T

oZn o) ' 9020y go©- 1Al 83

Coy 050%%0.950 288

3 3 ‘
T [|XA-10°|XA.10 .105ZHO.8950' 286
exp calc.

81| 22.3 | 26.9 Zn 0. 80
290| 7.54 54 .033770.967 294

430 .30 .24 .
583| 3.98 .00 <20 07eO- 2
738| 3.26 26 .025770.975 251

891| 2.77 78 ,
089| 2.58 56 IR SRS 3
1093| 2.35 36 0.0257"0.975 290

0NN DD WO =]

incorporated. As already mentioned in table 4.1 the latter sub-
stance consisted of two phases (rocksalt and wurtzite). This is
now confirmed magnetically. The XA-value at room temperature
(5.26.10-3) of the product is much smaller than that of the fired
substance IIB (6.84.10-3). The homogeneizing effect of the firing
procedure brings the Co atoms further apart, which causes an
augmentation of the susceptibility. For the same reason the sub-
stance Cog 20Zng goO (IIA) is not discussed. Although the X-ray
photograph gave no indication of incomplete mixing, the X value at
room temperature increased from 5.90. 10-3 to 6.22.10-3 after an
extra heating period.

In fig. 4.1 we have plotted 1/Xp for the four substances versus
the absolute temperature from 80 to about 1200°K. A plotof X.T
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against T offers no particular advantages because of the value of
8, which is in most cases different from zero.

Table 4. 3.

Cobalt-zinc oxides

Xa.103| xa.103 3 3
Substance liq. air| roomtemp. A.109] 8 |C.10 ")

COO'2OZn0.800. B| 12.5 6.22 0.49 | -68| 2063 | 4.06

C°0.qu“0.8900' I| 17.1 7.02 0.58 | -30| 2068 | 4.07

C00.105Z110A8950' IIB| 16.6 6.84 0.54 | -28| 2023 | 4.02

COO.OSOZHO.QSOO' 22.3 7.54 0.47 | o | 2050 | 4.05
C°o.0332‘“0.9670' 23.5 7.61
Coo.o..)‘sZn0 975O. I| :23:9 7.66
C00.0252n0‘9750. II{ 24.0 7:72

4.3. Discussion

A first glance at the 1/X-T plots (fig.4.1) shows that the lines
are not straight ones. The Curie-Weisz law is not obeyed and
there arise 4 possibilities which may have caused the bending of
1/x towards the T axis.

a) With rising temperature, a shift of magnetic ions to other
positions in the crystal lattice, where they exhibit a larger mo-
ment may occur. This process should be reversible and relatively
fast (the curves are reproducible within 2%). As in the wurtzite
structure only tetrahedral holes are occupied, the cobalt ions will
have to move to interstitial octahedral holes. The following rough
calculation shows that this is very improbable. Taking for an ex-
ample CoZn8,1209,12(IIB), we derive from table 4. 2.

X990 = 7.00.1073 e.m.u.

X1095 = 2.33.10-3 e.m.u.

From the value at room temperature we obtain an effective mo-
ment of approximately 4 Bohr magnetons for Co2t ions in tetra-
hedral holes. For Co2* ions in octahedral holes a value of 5 UB is
very reasonable (chapter I11). If the Curie law is fulfilled we may
expect

XA = 1.86. 10-3 at 1095°K

To explain the much higher value of 2.33.10-3, some 40 - 50%
of the cobalt ions should have occupied the interstitial octahedral
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holes. Although the effect of occupation of interstitial holes is
quite common in ionic crystals, in general this does not happen to
a greater extent than a few percent. We may thus exclude this
possibility.

b) The curves may be Néel hyperbolae. In the Néel 5) theory of
ferrimagnetism curved 1/X-T plots occur which may be repres~-
ented by the formula

Y PR e
T o L~0
There are two reasons that make this assumption unacceptable.
First, it is very improbable that in a wurtzite structure two sub-
lattices are unequally occupied. In the case of one kind of magnet-
ic ions, this is a necessary condition. Secondly, the substances
should become ferromagnetic at low temperatures. As may be
seen from fig. 4.1, the 1/X points at the temperature of liquid air
are above the lines drawn through the points at higher tempera-
tures. There is thus no indication that the substances will become
ferromagnetic.

¢) The moment of the Co2* ion may vary with the temperature
as is the case for the rare earth ions Eu3t and Sm3+. Here the
multiplet separation is comparable to kT and the electrons are
not all in the ground state. The calculation of the susceptibility
as a function of temperature is very complicated. We have not
tried to carry out the calculation (if this is possible at all), so
this possibility can not be excluded.

d) The Co2% ions exhibit, besides their normal paramagnetism
temperature-independent paramagnetism. In this case the l/x-T
plot is a hyperbola with a horizontal asymptote at 1/A, where A is
the magnitude of the temperature-independent paramagnetism. It
is readily seen from table 4.2 that the XA values calculated ac-
cording to the formula
C
XA = A+ T:E

are in excellent agreement with the experimental values, and table
4.3 shows that for four different substances, of which three have
different dilutions of the Co ions, the agreement in the values for
this temperature-independent term and for the values of the mag-
netic moment is very satisfactory.

One has to bear in mind that the deviation from the straight line
is not very large so that an accurate calculation of the constant
term is difficult. Moreover, the measurements become more and
more inaccurate as the temperature is raised, which is a conse=~
quence of the smaller forces acting on the sample. A third source
of errors is the molecular weight of the substances. The accuracy
of the magnetic measurements mentioned in Chapter II have their
bearing on the Xy values. The value Xp contains also the error in
the cobalt conteng of the substances, which may be considerable in
the case of high dilution.

The diamagnetic correction may cause, as we have seen in
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chapter III, considerable errors, especially in the highly-diluted
substances. We have used Xp = -0.026.10-3 for ZnO. This value
has been determined by direct measurement on ZnO (Merck p.a.)
and shows an appreciable difference from that calculated accord-
ing to Klemm 12), namely -0.019.10-3.

Several measurements on ZnO can be found in the literature.
The values -0.027.10-3 obtained by Chevenau 25) and -0.026 . 10-3
by Pascal 26) are in excellent agreement with our value, while
-0.021. 10-3 obtained by St. Meyer 27) agrees better with the value
calculated according to Klemm. Any error in the diamagnetic cor-
rection appears only in the value of the constant term A.However,
A =0.5x 103 will not be far beyond the true value. Although the
highest diluted substances with 3.3 and 2.5% CoO are not meas-
ured at higher temperatures, no interesting developments are to
be expected, as the Xa values at room temperature and even those
at liquid air temperature do not much differ from the correspond-
ing values for the substance with 5% CoO (see table 4.3).

The question arises whether these results are to be expected
on theoretical considerations or are simply curiosities. As we
have seen in the preceding chapter CoZ2* ions in octahedral oxy-
gen holes show a moment with an appreciable orbital contribu-
tion. This is in agreement with the moments usually found for
Co2+ ions. The ions following Mn2* and Fe3*+ all show the same
behaviour. The ions with less than half filled 3d shells show,
together with Mn2+ and Fe3*, no orbital contribution to the mo-
ment. In these ions the orbital moment is quenched by an octahe-
drally-shaped electric field of negative ions or water dipoles,
while Mn2t and Fe3* have no orbital contribution at all, as they
are in an S-state. In the second half of this group the coupling of
L and S becomes stronger and the crystal fields are no longer
able to quench the orbital contribution to the magnetic moment
completely. The theory of this phenomenon of quenching is due to
Van Vleck 28).

We will now compare Cr3* and Co2* ions in their normal sur-
roundings of 6 electrical charges.

3+ 2+
Cr (4F3/2) Co (4F9/2)
spin configuration T t T i T
of d electrons
$
gpftlribution Oft. no orbital appreciable orbital
OXDILAL. L0 MEgNELLe contribution contribution
moment

The spin configurations of three unpaired electrons in Cr3+ and
three "electron holes' in the 3d shell of Co2t are very much alike.
The term schemes of both ions are built up of the same levels and
energy differences but in a reverse order. Gorter 29) has drawn
attention to the fact that a term scheme is turned upside down
when the symmetry of the crystal field changes from octahedral
to tetrahedral. The orbital contribution in Co2+ ions in octahedral
interstices is not only due to a stronger L - S coupling but is also
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a consequence of the fact that in a cubic field the lowest levels are
split into two triplets 39). If now, in tetrahedral surroundings the
term scheme is turned upside down, a singlet level becomes low-
est, as is the case for Cr3T ions in octahedral holes, and one of
the causes of the orbital contribution to the moment disappears.
We may thus expect Co2* ions in tetrahedral interstices to exhibit
a p value much closer to the spin-only value, although as aconse-
quence of the stronger L. - S coupling, the orbital angular momen-
tum is not completely quenched.

It is not easy to predict a temperature-independent term for
this situation. It is, however, possible that the crystal field
strength in tetrahedral holes is smaller than that in octahedral
ones. Consequently, the energy difference between the lowest and
the highest energy levels will be smaller and temperature-inde-
pendent paramagnetism, which is inversely proportional to this
energy difference, will become important.

The satisfactory description of the data by the formula

C
T-0
and the support which can be found from the theory make it very
improbable that the magnitude of the magnetic moment of Co2%
in tetrahedral surrounding is a function of temperature. If
remains possible, however, that in the higher temperature region
this effect might become of importance.

X = A+

Summary of Chapter IV

Mixed crystals of CoO and ZnO with wurtzite structure were
made with up to 20% CoO, and magnetic susceptibility measure-
ments were carried out from 100 to 1200°K to investigate the
magnetic behaviour of Co2* ions in the tetrahedral interstices of
an oxygen lattice. The temperature dependence of the susceptibil~

ity could be described by the formula X = A + I(—:—B The tempera-

ture-independent term varied from 0.47 - 0.58 . 10-3 e.m.u. per
gram atom Co and the magnetic moment calculated from the for-

mula p = V’ﬁpB varied from 4.02 to 4.07 Bohr magnetons.

The occurrence of temperature-independent paramagnetism and
the nearly spin-only value of the moment could be accounted for
by theoretical considerations of Gorter 29, 30),
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Chapter V

THE SYSTEM Co0Alg04-ZnAlg04

5.1. Introduction

The cobalt-zinc aluminates have been investigated by Ro-
meyn 31). This author concluded, from X-ray intensities deter-
mined very carefully with a Norelco spectrometer, that CoAl204
and the mixed crystals with ZnAl204 are normal spinels. The in~
tensities were not influenced by the heat treatment of the samples.
Heating at 1300°C. and quenching made nodifference.In contrast to
the observation of Romeyn 31), Greenwald, Pickart and Grannis 32)
assumed on the basis of their X-ray intensity measurements that
CoAlyO4 is a partially inverse spinel with 19% Co?2* situated at
octahedral interstices. A sample heated to 1400°C. and quenched
appeared to contain 31% of the Co2t ions at the octahedral sites.
The susceptibility measurements on these CoAl204 samples up to
1200°K gave as a result a low temperature slope of the l/x -T plot
corresponding to a Curie constant C= 3.07 and a high temperature
slope corresponding to C = 3.86.

Assuming for Co%* in the tetrahedral holes a g factor of 2, they
caleculated for Co2t in the octahedral holes a g factor of 4.30 from
the high temperature Curie constant and the ionic distribution of
the quenched samples, and.a g factor of 4.26 from the low tem-
perature Curie constant combined with the ionic distribution of
the tempered sample. The agreement between these two values
for the g factor in octahedral interstices seemed to be a support
of the view that the CoAlgO4 spinels are partially inverse.

5.2. Experimental part

All the experimental data concerning this group of substances
are collected in table 5.1 and figure 5.1. Of all the substances
Debye-Scherrer diagrams were made. No deviations from the
spinel structure could be observed. The error in the final weight
of the substances Aw is not given in the table as for most of them
it was not determined.

We have used our own diamagnetic corrections based on a di-
rect measurement of the susceptibility of ZnAl304. The most di-
lute substances have not been subjected tohigh temperature meas-
urements as the effects became too small. As the curves of these
mixed crystals were so much alike, not all the 1/x-T plots are
drawn in fig. 5.1.
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Table 5. 1.

Substance

CoAl0,. (Al

293)0.03

C0A1204. I1.

Al,O

Cop 75200 2581504

Co Zn Al,O

0.503™70 497724

Prepared
from:

Co oxalate +
Al(NO3)3

Co(NO3)2 +
Al(NO3)3

Co oxalate +
Zn(NO3)2 + Al(NO3)3

Co oxalate +
Zn oxalate + Al{NO3)3

Method

AC

A

ACB

AC

Firing

Sh.

1100° - 7h. 700°

15h. 11009

30h. 1100°

4h. 1100° - 7h. 7000

Atm.

air

&4

Oy

O2

Ma

180

177

237

358

Xp. 103

-0.08

-0.08

-0.10

-0.15

Magnetic
data

XA 103
exp. calc.

XA 103

Xa.103|xa.

exp.

XA. 103
exp.

3
T Xa. 10
exp

14.1 T2

59 9.04
.58 54
48 47
54 54
.03 01
42 42
85 82
.41 43
.98 01
S

73
.50 51
+33

.32
.26

WLk

NNISNIGWW b ®

NN W

6.67
.35
10
.04
.28
.95
74
40
217
19
.10

NN WO

ol Sl S S B el 3
=S B VIR R TS}

VR SV R U U S

W W

o BN N W WL W8 ']
NN oW

80| 1
195
289
293
420
546
639
773
308
926
1000

1070
1197

8]

.30
.76
.63
.84
86
.12
817
.76
.50
o

.19
.04

KiNiN N WWwbhbOO O
SN NN NDWWb OO

.26
0.50

0.51

~33°K.

-49K

1940

1830

3.94up

3.83 B




Table 5.1. (continued 1)

o
=) " 5 : S .
Substance C00,402n0.GOA1204' Coy 5 %0 goP1a04- LI[Coy 504Ny, yoAlaOy- 1LY Coy 17027 8308199,
Prepared Co oxalate + Co oxalate + Co(NO3)2 + Zn(NO3)2 + (2: 8::}3:2 :
from:|Zn oxalate + Al(NO3)3|| Zn oxalate + A{NO3)3 AL(NO3)3 AL N
S ALNO3z)3
Method AC AC A AC
Firing 4h. 11000 - Th, 7000 || 4h. 11009 - 7h. 700° 12h. 11009 7h. 1100°
Atm. air air air air
Mp 452 913 910 1071
Xp. 103 -0.18 -0.38 -0.38 -0.45
Magnetic T [XA- 103|xa . 103 T |XA- 10| Xxa. 103 T [xa 103|xa .103 T %A 103 |xa. 103
data exp. cale. exp. cale exp. cale. exp. cale.
83|18.0 21.7 80| 20.7 27.1 83| 20.9 25.5 80| 24.1 33.6
202| 6.65 6.65 192| 10.03 10.5 288 T7.30 7.25 289 §.10 8.12
420 4.79 4.78 289 6.99 6.99 288| 17.25 7.25 418| 5.67 5.67
518| 3.99 3.98 292 7.01 6.92 424| 5.03 5.01 532| 4.50 4.51
635| 3.35 3.33 407 5.09 5.04 575 3.78 3.78 T17| 3.44°| 3.44
T44| 2.92 2.92 451 4.60 4.58 686 3.21 3.23 773| 3.25 3.22
843| 2.63 2.63 523 4.06 4.00 734 3.04 3.04 939 | 2.69 2.72
971 2.33 2.35 624 3.50 3.42 893 2.55 2.56 1075| 2.42 2.43
1080| 2.15 2.16 638 3.35 3.35 991 2.33 2.35 1197 2.20 2.23
1188| 2.01 2.01 741 2.95 2.94 1050| 2.24 2.24
809 2.70 2.73 1195| 2.04 2.01
926 2.44 2.44
1015 2.24 2.26
1108 2.11 2.11
1194| 2.03 1.99
A. 103 0.48 0.46 0.38 0.46
8 ~39K. +12°K. +6OK. +179K.
C. 103 1820 1809 1938 2090
i 3.82up 3.80 yg 3.94 g 4.08 up




Table 5.

1. (continued 2)

Substance

Al, ()

€9.100%%0.900 4

(,oo

Zn, 945

U!'l'

AlO

L

0.0 10..¢ JbSA‘l O

Co

Zn Al, () 1.

C0o9.033%09 967

Prepared
from:

Co oxalate +
Zn oxalate + AL(NO3)3

Zn ¢

Co oxalate +
xalate +

Al(NO3)3

Co oxalate +
Zn oxalate + Al(NO3)3

Co(NO3)2 + Zn(NO3)2 +
Al(NO3)3

Method

AC

AC

AC

A

Firing

4h. 1100© ~ Th. 700°

4h.

11009 -~ Th.

7009

4h. 11009 - 7h. 70009

8h. 1100°

Atm.

air

air

air

Ma

1814

3330

Xl)‘ 109

-0.76

-1.38

Magnetic
data

XA 103 103

exp.

XA -

T

84 30.:
290
296
419
523
633
738
810
972
1090

97
.84
.55
.98
.82
29
.10
.61
.44

NINWWW b U g-aWw

0.48

+159K.

2059

4.06 HB

For meaning of letters and symbols see tables 3. 1.

and 4. 1.
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5.3. Discussion

From fig. 5.1 it may be seen that all the mixed crystals of
CoAl204 and ZnAl304 behave in the same manner as CoAl204 it-
self. We discussed in chapter IV the four possibilities which may
cause the bending of the 1/X-T plots of the mixed crystals
(Co, Zn)O. The assumption that the curves may be Néel hyperbo-
lae can be excluded beforehand (see section 4.3). The hypothesis
that Co2+ ions shift to other crystallographic positions is a more
probable possibility in a spinel than in a wurtzite structure. In
fact, this supposition is made by Greenwald, Pickart and Gran-
nis 32). They have drawn two different straight lines through a
series of 1/X points which actually lie on a smooth curve., Table
5.1 shows how excellent the susceptibilities of all our substances

can be represented by the formula X = A + T—(}.S where A as well

as C are fairly constant throughout the whole series of dilutions
and are practically the same as the constants A and C found for the
mixed crystals (Co,Zn)O, as may be observed by comparing the
tables 4.3 and 5.1.

From all our experimental data, it is evident that in the Co-Zn
aluminates the Co2t ions occupy the tetrahedral interstices of the
spinel structure. This observation is in excellent agreement with
the conclusion of Romeyn 31) that CoAlg0O4 and ZnAlyOg both are
normal spinels. As for the observations of Greenwald et al., we
may notice that the experimental data agree in so far as the
shapes of the 1/X-T curves are compared, although our X values
are somewhat lower. We must conclude, however, that these
authors have made a wrong interpretation of the experimental facts,
as they have neglected the temperature-independent paramagnet-
ism of Co2* ions in tetrahedral interstices.

We did not observe any influence within the experimental er-
rors of the heat treatment of the sample on its magnetic behav=-
iour. The substances quenched from 1100°C. and those tempered
at 700°C. show no important difference in the values of A and C.
As we have not quenched our samples from a higher temperature
than 1100°C., we cannot exclude the possibility that at more ele~
vated temperatures a partial inversion occurs. This might be the
reason that Greenwald ef al. observe a difference in X-ray in-
tensities between a sample quenched from 1400°C. and a temper-
ed one. We must make the same remarks as in chapter IV con=-
cerning the temperature dependence of the magnetic moment of
the Co2+ ions. In the higher temperature region, the influence of
a slight temperature dependence remains possible.

We will now mention briefly two points which might be of inter-
est.

a) The values of @ are in some cases positive. We cannot say
whether this is an effect of a wrong calculation of the constants
from the experimental data or a real indication of some positive
coupling effects when the Co2% ions become further apart. The
occurrence of the temperature-independent term, however, makes
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the calculation of the Curie temperature too inaccurate to be able
to decide if such an effect exists.

b) As already mentioned in the experimental part, we used our
own diamagnetic correction. We found for ZnAl2O4 a diamagnet-
ism of -0.076.10-3 e.m.u./mol. and used the same value for
CoAl504. Greenwald, Pickart and Grannis 32) mention exactly
the same value. No measurements on pure synthetic ZnAlpQOy4 are
known in the literature. Originally we used the correction tables
of Klemm 12). The result was a value of A decreasing from
-0.50.10-3 to ~0.20.10-3 e. m.u. with increasing dilution of cobalt
ions. The X values at room temperature showed a similar de-
crease beyond the dilution of 10% Co. Both effects were strong
evidence for a wrongly-introduced diamagnetic correction, which
was confirmed by the determination of the sus ceptibility of ZnAl204.
The same effect has been discussed already for ZnO (see section
4.3).

Summary of Chapter V

CoAly04 and mixed crystals of this compound with ZnAl204 were

subjected to susceptibility measurements up to 1200°K. The exper-
imental data could be represented by the formula X = A + _’f(E—O

The temperature-independent term A ranged from 0.46 -
0.56.10-3 with one deviating value of 0.38. 10-3 e. m.u., and the
magnetic moment of Co2+ calculated from the Curie constants
with the aid of the formula y = V8C upg was found to be 3.80 to 4.08
Bohr magnetons. The values of A and { are in excellent agree-
ment with those found for (Co,Zn)O. We concluded that CoAl3O4
is a normal spinel in agreement with the X-ray measurements of
Romeyn 31), and contrary to the conclusion of Greenwald el
al. 32) from X-ray work and magnetic measurements.




Chapter VI
THE SYSTEM CoAl204-MgAl30y4

6.1. Introduction

This series of mixed crystals has not, as far as we know, been
investigated. Romeyn 31), who did an extensive X-ray analysis of
a series of mixed aluminates, investigated, in the case of
CoAl204, only the effects of dilution with ZnAlgOy4 already dis-
cussed in chapter V. Although this system of mixed crystals is
not of direct importance in relation to Co304, it seemed interest-
ing to see whether there exists any difference in the effects of di-
luting CoAlgO4, with MgAlyO4 or ZnAlgO4. Romeyn assumed
MgAl204 to be a normal spinel and our conclusion from the pre-
ceding chapter is that CoAl204 is also a normal spinel. The latter
conclusion is in agreement with the observation of Romeyn 31)
and contrary to the conclusions of Greenwald, Pickart and
Grannis 32),

6.2. Experimental part

Three substances with the general formula (Co,Mg)Ala04 were
prepared according to the methods described in chapter I. Details
of the preparations are given in table 6.1. The lattice constants
of two of the substances were determined by means of the Unicam
9 cm powder camera. The extrapolation method of van Arkel 33)
was applied to five high angle reflections. The diamagnetic cor-
rections are calculated according to own measurements on
MgAlgO4. The results of the magnetic measurements are collect-
ed in table 6.2 and fig. 6.1. In table 6.3 the values are given of
the constants A, C and ® used to calculate XA according to the
formula

x 2 A Ra _C_

A T-9
The constants for the compounds CoAlyOy4 I and II are given in the
same table for comparison.

6.3. Discussion

In the same way as with the cobalt~zinc oxides and the cobalt-~
zinc aluminates, the cobalt-magnesium aluminates show a tem-~
perature-independent paramagnetism and a temperature~depend-
ent magnetism which can be described by a Curie~-Weisz law.
Actually, the calculated 1/X-T curve fits the experimental data
better than for any other substance so far discussed, as may be
seen from table 6. 2,
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) Table 6. 1.
Sl Aw
Substance Prepared from |Method Firing Atm. in % Structure | MA |XD- 103
M AL.O Co-oxalate AC 4h. 1100° atrs 4 Spinel 318| -0.10
Coy 503MEp.497* 24 | MgO and AL(NO3)3 7h. 700° a=8.093 &
Co(NO3)2 Spinel
: ir |-0.19 o 745| -0.24
Co, onMg Al,O Mg(NO3)2 A 7h. 11009| air 0.1°| . _"g ogo & .2
0.20 0.8077°274 A1(NO3)3 a
Co(NO3)2
Co Mgo qul, O4 Mg(NO3)2 A 12h. 11009]| air -0.1° Spinel 1460| -0.48
Table 6. 2.
Coy 503M80.49741204 Coy 20MeE.g0#1204 Coy 10M€g 9041294
2 2 2 ’ 2 2
T |Xp- 10 exp. Xa - 10° calc.| T Xy 10° exp. Xa- 103 cale.| T Xp 10” exp. Xy - 107 cale.
81 19.5 20.9 82 23.4 25:2 82 29,2 27.8
290 7.62 7.62 292 7.88 7.88 288 8.17 8.17
408 579 5.69 412 5.73 912 407 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
779 321 5 862 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
1196 2.30 2.30

For meaning of letters and symbols see tables 3. 1. and 4.1.




Table 6. 3.

Substance Firing A.103 © |c.108] 1

CoA1204 1 1100° - 700° 0.50 | -33] "1942 | 3.94
C0A1204 II 11009 -~ quenched| 0.46 | -35| 2023 | 4.02
Co, 503Mg0 497A1204 1100° - 7009 0.41 | -32| 2321 |4.31

C A1204 1100° - quenched | 0.29 | -10| 2292 | 4.28

°.20M8¢ g0

0 =
COO.IOMgO.90A12O4 1100 quenched | 0.24 1 | 2291 |4.28

Three important aspects of the magnetic behaviour of these
substances need some comment.

a) The values found for the magnetic moment of the Co ions are
larger than those found in the Co-Zn oxides and the Co-Zn alumi-
nates, the difference being approximately 0.3 Bohr magnetons.
This value of 4.3'Bp lies between the spin-only value and the val-
ue found for Co2+ jons in octahedral interstices. Our assumption
is that in the Co-Mg aluminates the Co2+ ions partially occupy the
octahedral interstices: in other words these spinels are partially
inverse.

Perhaps the colour difference between the Co-Zn aluminates
and the Co-Mg aluminates (a more bright blue in the latter case)
is a consequence of this difference in ionic distribution. The red
coulour of Co2t% ions in octahedral interstices may cause a shift
to a more violet blue.

This conclusion seems rather surprising, for if MgAlpO4 is
indeed a normal spinel there is no reason why the system
(Co, Mg)Al204 should behave a different way than (Co, Zn)AlyOy.
It is now interesting to note that from the neutron diffraction
work of Bacon 34) it does not necessarily follow that MgAlsOy4 is
a 100% normal spinel. We will therefore take the following table
from Bacon's paper, in which the calculated intensities for the
normal and the inverse structure are obtained for a value of the u
parameter of 0.387 which is well-established by the neutron dif-
fraction experiments of Bacon himself as well as by earlier X-ray
work by Barth and Posnjak 35). The u parameter in a spinel lat-
tice determines the position of the anions; for u = 0.375 the anions
form a ideal close-packed lattice; for u > 0.375 the tetrahedral
holes become bigger and the octahedral holes become smaller and
slightly distorted.

As may be seen from table 6.4, all the values of the experi-
mental intensities (except one) lie between those calculated for
the two different arrangements of cations, although the values
for the normal structure are best approximated. On the basis of
these data it is not permissible to exclude a partly inverse struc-
ture
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Table 6. 4.

Intensity calc. .. |Intensity calc.
Reflections for normal Int::sny for inverse
arrangement P- arrangement
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
N R R AR
Ratio 3530 4.9 5.4 7.8
Rutia 2ooc-aad 18.3 17.5 4.0
Q|
Ratio 222 3.7 3.3 0.5
111
c 3114 222 o
RathWﬁ— 1719 1.03 0.71

We determined, as already mentioned in the experimental part,
the lattice constants of two of the mixed crystals and compared
them with the values calculated according to Vegard's law, which
states that the lattice constants of mixed crystals shall be linear
functions of their compositions. We used in the calculation Ro-
meyn's values for CoAl,0,: a=8.105 A, for MgAl,0,: a = 8.086 &.

The results are as follows: COO.SOSMgO.497A1204: aexp. =8.093 &,
= 8.096 A Coy. 200MEp gooAls04: Boxp. - 8089 A,
= 8.090 A. If there exists any deviation from Vegard's

a
calc.

qcale.
law it is very small, and from the observed data we may not con-
clude with certainty that such a deviation exists.

From the mean magnetic moment we are able to estimate the
percentage of inversion in the following way:

(1-8) (ypep )2 +8 (0, )% = @
+85 = (4.3)%;

6:

(1-84a2

0.3

We have used in this calculation 4 and 5 Bohr magnetons for
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Wetr. and Poct,» respectively. Thus, about 70% of the Co2* ions
must occupy the tetrahedral and about 30% the octahedral holes to
account for the experimental moment. We must remark that this
value of 30% is probably the maximum that is required. If the mo-
ment in tetrahedra is 4.1 pug and the moment in octahedra is lar-
ger than 5y a much smaller percentage of inversion is sufficient.

b) As may be seen from table 6.3, quenching or annealing the
sample has no influence on the magnitude of the mean magnetic
moment.

¢) The constant A decreases with increasing dilution, although
we have used our own diamagnetic correction,, determined
from a direct measurement on MgAla04. No good measurement
on pure synthetic MgAlp04 could be found in the literature.

We have seen that the use of the corrections of Klemm 12) re-
sulted in a similar decrease in A for the cobalt-zinc aluminates.
A direct measurement on ZnAlpO4 revealed that these corrections
were too small. We must conclude from this decrease in A that
for MgAl,0O4 our own diamagnetic correction is probably also too
small. A comparison of the differences between our values and
those of Klemm for both ZnAlsO4 and MgAlpO4 supports this view.

Yp- 103 (Klemm)  Xp. 103 (own value)
ZnAl,0, -0.050 -0.076

MgA1204 -0.043 ~0.048

Introducing a value for MgAlgO4 of -0.065.10"3, based on the
value of Klemm and the difference found for ZnAlzO4 we obtain
A values of 0.45, 0.38 and 0.41 . 1073 e.m,u. for the three dif-
ferent substances, which are very satisfactory magnitudes.

Comparing the results of chapters III, 1V, V and VI we notice
the remarkable fact that the diamagnetic corrections determined
for ZnO and ZnAlyO4 appear to be much better than those obtain-
ed for MgO and MgAl204. The measurements on such very weak-
ly magnetic substances are very inaccurate and the slightest para-
magnetic impurity may cause appreciable errors.

Summary of Chapter VI

Mixed crystals of CoAlgO4 and MgAl1204 were made in the ra-
tios 1 :1, 1:4and I:89.

Susceptibility measurements were carried out from 80-1200°K
to investigate the influence of dilution with MgAl204 on the mag-
netic behaviour of CoAl304.

The magnetic data could be represented by the formula

C
T-8

X =A+F
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The value of A (temperature-independent paramagnetism) varied
from 0.41.1073 to 0.24.10°3 e.m.u per Co atom. This de-
crease in A on increasing dilution is perhaps a consequence of a
wrong diamagnetic correction.

For the mean magnetic moment a value of 4.3ug was found. The
conclusion was drawn that the mixed crystals (Co, Mg)AlgOy4 are
partially inverse spinels to a maximum of 30%. MgAlpO4 itself
was also suggested to be partially inverse. Neutron diffraction ex-
periments of Bacon 4) tend to the same conclusion. A deviation
from Vegard's law could not be detected with certainty.
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Chapter VII

THE SYSTEMS ZnAl304-ZnCo0204, ZnCo0204
AND ZnCo304-Co0304

7.1. Introduction

The investigation of these systems was undertaken in direct
connection with Co304. Indeed, the successive substitution of all
the cations in ZnAls04 by cebalt has led to a final elucidation of
the problems concerning Co3O4. As far as we know these mixed
crystals have not yet been investigated magnetically. Crystallo-
graphic work has been done on the three pure components, which
turned out to be spinels.

The work on ZnAlsOg4 has already been discussed in chapter V.
For the present purpose it is important to know that this sub-
stance is a normal 2-3 spinel.

Holgerson and Karlsson 36) prepared for the first time a series
of cobaltites, among them ZnCog04, and determined the crystal
structure The mixed crystals of ZnCo204 and Co304 were inves-
tigated by Robin 3). These mixed crystals and ZnCo204 itself can
only be prepared from a mixture of the nitrates, and the tempera-
ture of firing must be lower than 550-6509C. A mixture of ZnO
and Co3O4 is obtained when a mixture of the oxalates is fired or
when the mixture of nitrates is heated at too high a temperature.
Mixed crystals with spinel structure and a Zn-Co ratio higher
than 1 : 2 could not be prepared. For this reason Robin as-
sumes ZnCo204 and Co304 to be normal 2-3 spinels. The pure
substance Co304 is discussed separately in chapter VIII.

7.2. Experimental part

For most of the details we may refer to the tables 7.1, 7.2 and
7.3, and to fig. 7.1. All the data concerning the mixed crystals
Zn(Co, Al)304 are collected in table 7.1. As may be seen fromthis
table, the Debye-Scherrer diagrams were not very good and in
most cases the strongest ZnO reflections were just visible. Ap-
parently the substances are not homogeneous. For our purpose
however, the quality appeared to be sufficient. Magnetic measure-
ments were performed only at liquid air and room temperature,
as the substances were so weakly magnetic thateven at roomtem-
perature the ngalue was comparable with that of the empty quartz
vessels.

The data for the pure zinc cobaltites and two zinc cobaltites with
5% excess ZnO aregiven in table 7.2. Here too the Debye-Scherrer
diagrams were poor, but became better when the original sub-
stances were fired at higher temperatures, mostly in sealed tubes
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Table 7.1

Substance

Prepared from

Firing Atm.

Structure

Magnetic data

~ 1¢
An[(,ou.‘.jAll 710,

Zn(NO3)2
Co(NO3)2
Al(NO3)3

24-36h.

lh. 600°C

325°C

spinel
faint D. S. diagram
ZnO lines present

XM- 103

0.46
0.16

zn[Co, 4AL, 7]04
H

Zn[Co, 4AL ,]o,

3h. 620°0C

spinel
faint D. S. diagram
ZnO lines present

XM. 103

0.52
0.16

~ "‘
An\(,oo_sml5}04

Zn(NO3)2
Co(NO3)2
Al(NO3)3

24-36h,

l1h. 600°C

3259C

spinel
faint D. S. diagram
ZnO lines present

Xpn- 103

0.75
0.28

zn[co, 5A11l5]04

H

Zn[CoO_sAll_s 104

3h. 620°C

spinel
faint D. S. diagram
ZnO lines present

Xn- 103

0.79
0.28

Zn [(,ou 67

]
Al:.:s3J0

Zn(NO3)2
Co(NO3)
AL(NO3)3

24h. 350°C

3h. 6500C

spinel

faint D. S. diagram |:

no ZnQO detectable

XM 103

0.81
0.29

M

XM

= molecular weight per formula unit AB204
XD = diamagnetic correction per formula unit AB904
= susceptibility per formula unit AB304 corrected for diamagnetism

The other symbols have the same meaning as in table 4. 1.




Table 7.2.

(o2}
o drepare = > 2
Substance ; !g_}iﬁ](d Method Structure M Xp-10° Other remarks
Z,n(,«)z(,);1 @o—o:(m;ﬂ& C 751”“"'1' faint D. S. diagram, 3 947 -0.066
; Zn-oxalate becomes better on further heating
series A4
ZnCo,0O Co-oxalate spinel, rather sharp D. 5. diagram, » iz
274 > ; ’ Tty 24 -0.06¢
: Zn-oxalate A ZnO lines not visible i B

\ series A7

[ ZnC(),)(,) .0.05Zn0O Co-oxalate

firing: 3h. 350°C

8 A9 | Zn-oxalate C spinel, faint D. S. diagram 251 | -0.067 4h. 680°C
[ in Oy
i ZnCo,0,. 0.05Zn0O Co-oxalate . : > J> X A ¢ <
24 y spine 2 -0.067 : 3h. o
2 410! | Zn-ozaiate C spinel 51 0.067 firing: 3h. 610°C
=
’ Substance ZnCo,)U‘;._A‘\% Zn(‘.o,)(_)‘;.:‘\AlA Z.nCo,)O_X.A'Hi '1311C<).)()4 AAC ZnCo,,OJ,A«ll) ZnCo.)()4 AT ZnCo,)O4.A7A
| : o aenOr
Firing on. 3509C | 20n. 4200C | 16h. 5100C |in. 500-600°C| 3h. 7000C | - 350 °C | 3n. 7000C
i, 4h. 620°C
A P sealed tube sealed tube sealed tube sealed tube . .
| Atm O2 02 09 02 02 Og Og
‘ ) ag "l‘ lats Y 9 - 2 e i < o
Magnetic datal ¢ | y\0 303 | T |xpq.10% | T |Xp.10° | 1T Xy.103 | T [xm-10% | T [Xm.109 T |Xp.10°
| ZnCo,0,. AB|f 80| 5.74 80| 4.49 80| 4.20 81| 4.12 80| 4.07 82| 2.70 83| 2.30
’. = —1291| 2.32 294 | 1.907 295| 1.81 292| 1.75 293 1.59 204 | 1.073 | 201| 0.894
T |xp.108 [[397( 1.83 388 | 1.529 289| 1.85_ 457| 1.27 288| 1.64 203 | 1.087 | 492| 0.629
R 457| 1.66 510 1.25 375| 1.519 529| 1.15 374| 1.329 375 0.909 | 641| 0.547
Facdicll S AUt 552 | 1.43 599 1.12 529 1.17 646| 1.00 513| 1.048 506 | 0.744 | 417| 0.701
200 | 2.36 : % ,
€ = 773| 0.90 691| 1.02 675| 1.006 631| 0.913 635| 0.650 | 745| 0.51°
764| 0.95 826| 0.783 744 | 0.609 | 865| 0.492
ZnCo,0,.A10 874 | 0.546 | 981| 0.511
. = 1068| 0.622
T |xm-10°
287| 2.10 For meaning of symbols see table 7. 1.




Tables 7. 3.

Zn Co,0,.

0.125™0.875 "2
A5

Co,O

0.125%70.875C°204

ASA

€0y 033%1) 967

series M1

C020

Prepared from:
Co-oxalate
Zn-oxalate

Method: C

M ’ 247

Xp- 103 = -0.066

Structure:
spinel

firing:

3h. 350°C in O3

Prepared from:
product A5

M = 247

Xp- 103 = -0.066

Structure:
spinel

firing:

3h. 650-700°C

sealed tube O3

Prepared from:
Co-oxalate
Zn-oxalate

Method: C
M 247
Xp- 103 = -0.066

firing
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670°C,
670°C,

Co9 095%% 905
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COBO

Magnetic data

Magnetic data

T XM- 103

T | Xy 103

80 5.60
295 2.10
291 2.188
372 1.787
507 1.352
634 1.114
782 0.878
872 0.794

82 4.16
294 1.57
292 .59 _
374 .309
519 027
628 .904
718 .835
805 .808

Prepared from:
Co-oxalate
Zn-oxalate

Method: C

M 2417

Xp. 103 = -0.066

firing

. 670°C,

700°C,
7000°C,

Cop.193%M:807

series MIII

COZO,

Prepared from:
Co-oxalate
Zn-oxalate

Method; C

M 246

D - 103 = -0.066
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under oxygen. We will now draw attention to the remarkable fact
that at the same time the paramagnetism of these substances de-
creased, sometimes to extremely low values.

The samples were measured in sealed quartz containers,
which were filled with oxygen in all cases except one. The quartz
vessel containing ZnCo204 (A7A) was evacuated before sealing.
Table 7.3 contains all the data on the mixed crystals (Co, Zn)
Co204.

In the series MI, MII, and MIII only the room temperature value
of X was determined. The susceptibility appeared to be very
dependent on the heat treatment, and there are reasons to believe
that none of the substances is well-defined. Therefore, we made
no further attempts to investigate the whole system of mixed
crystals of Co304 and ZnCo204.

In fig. 7.1 we used a plot of XpT versus T. If it is to be ex-
pected that the value of @ will be negligible, this method of plott-
ing can be applied with success. The bending of some of the lines
in fig. 7.1 is not caused by a finite value of 8, but is caused by a
chemical change in the sample. We will discuss this point in the
following sections.

The diamagnetic corrections used for all the substances dis-
cussed in this chapter, are calculated according to the data of
Klemm 12). An eventual error in these corrections will only
affect the values of the temperature-independent term A.

7.3. Discussion of the system Zn(Co,Al).ZO4

Although the substances in this group are not completely ho-
mogeneous (most of the X-ray diagrams showed the strongest
ZnO lines), they consist for the most part of a spinel with the
general formula ZnCoyAls_,O4. The only condition is that the
mean valence of the cobalt ions must be three and the possibil-
ity of an equal amount of Co2+ and Co%4* may not be excluded
beforehand.

The susceptibility measurements, however, enabled us to de-
cide between the two possibilities. We will compare the experi-
mental values of the Curie constants at room temperature (neg-

; : Co2t + Co%t .
lecting @) with those calculated for Co3* and ¥ i T (using

spin-only values).

C (cale.) for

Substance C (exp.) C (calc.) Co2+ + Cod+

with; per Co for Co3+ 5
0.3 'Co 0.16 o 1) 31
05 Co 0.16 3.0 i |
0.67 Co 0.125 3.0 3.1

Neither of the two possibilities seems to be a good approximation.
The extremely low magnetism of these substances can only be
explained by the assumption that the valence of cobalt is three,

63




but that the metal ion does not exhibit the normal paramagnet-
ism of four unpaired electrons. Indeed, a practically non-mag-
netic cobalt is found in the numerous complex compounds in which
Co is trivalent and surrounded by 6 NHg, 3 ethylendiamine,
6NOg~, 3(COOH)2 or other groups to which it is covalently bond-
ed.

It is important to know that this non-magnetic state is only pos-
gible if Co is surrounded by six groups. The sim lest way to
explain this situation is with the aid of Pauling's d2sp3 hybrids.
Co3+ has six 3d electrons. If this ion shares an electron pair with
each of the six surrounding groups, the total number of electrons
becomes 18. Then the 3d and the following 4s and 4p shells are
completely occupied which causes an extra stability. At the same
time the permanent magnetic moment disappears since all elec-
trons are paired. Pauling proved that these d2sp3 bonds point to
the corners of a regular octahedron.

In the general discussion we will consider Pauling's method,
its disadvantages in coordination lattices and the other methods
which may be used for treatment of the problems. For the mo-
ment it is sufficient to note that in the octahedral interstices all
the requirements are fulfilled for the occurrence of this binding
mechanism.

We have yet to explain the small positive magnetism which is
observed. The assumption is made that the magnetism is caused
by the inhomogeneity of the samples. If ZnO can be detected by
X-ray analysis a part of the cobalt must be in the divalent state,
since in a spinel structure with only di- and trivalent ions the
ratio of these ions has to be one to two.

In the following section, we shall see that although Colll in
octahedral holes has no permanent moment, it is not completely
diamagnetic. A small temperature-independent paramagnetism
is found of about 0.1.10-3 e.m.u. per Colll. Applying this cor-
rection to the Curie constants already mentioned, we obtain for
ZnCoxAlg -x04:

x = 0.3 Cyg000 = 012 Copops = 0:32
x = 0.5 Cygpoc = 012 Canor ~0:11
x = 0.67 Cygpog = 009 Cgpog = 9-08

From the agreement between the Curie constants at liquid air
and room temperature, we may conclude that the neglect of 8 was
admissible. As a second result of the calculation it follows that
the observed weak paramagnetism can be explained with less than
6% of the total amount of cobalt in the divalent state. This esti-
mation is based on a Curie constant for Co2+ of 2.0, a value which
is found in tetrahedral interstices.

All the experimental data can thus be explained by the assump-
tion of the occurrence of Colll, which has no permanent magnetic

moment.
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7.4. Discussion of the zinc cobaltites

After the discussion of the mixed crystals Zn(Co, Al)204, the
interpretation of the experimental results obtained with ZnCo904
will be much easier. The very low value of the susceptibility is
again a striking feature. The magnetic behaviour of these sub-

stances can be described by the general formula X = A +% The

assumption that € = 0 is confirmed by the linearity of the Xpp. T
versus T plots from which we can derive the constants AM and
CmM (per mol. ZnCo20y4).

ZnCo,0, Apr- 103 Cym
A4A 0.37 0.450
A4B 0.37 0.426
A4C 0.37 0.405
A4D 0.33 0.372
A7 0.28 0.237
AT7A 0.26 0.183

The temperature-independent term AM is attributed to the
"covalent Colll atoms', and the Curie constant to the occurrence
of Co2* jons. It appears, that AM as well as C)j are very de-
pendent on the heat treatment. Apparently the successive firings
of the original substance ZnCo204(A4) had a different influence on
the amount of Co2+ ions.

In general, the amount of Co2*ions decreases as the firing tem-
perature is raised. It seemed interesting to investigate whether a
ZnCo204 sample could be prepared without any Co2t ions. The
substances A7 and A 7 A approximate much better an 'ideal"
ZnCo20y,.

We did not succeed in making a better zinc cobaltite than the
product A 7 A. As may be seen from table 7.2, the products A 9
and A 10 containing an excess ZnO are as bad as the substance
A 4. Perhaps the excess ZnO is an extra stimulation for cobalt
to become divalent by the possibility of forming mixed crystals
(Co, Zn)O.

It is still an open question if it will be possible at all to prepare
pure ZnCop0O4 which will exhibit only temperature-independent
paramagnetism.

We will finally discuss six points which require some comment.

a) The question may arise how it is possible that the oxidation
from Co2t to Colll continues in sealed tubes. Apparently the sub-
stance A 4 with which this procedure is carried out to prepare
A4A, A4B, A4C and A 4D is not completely free from ni-
trate. If the hot tubes were taken out of the furnace a brown gas
was visible above the solid substance. Actually the black sub-
stances obtained when the nitrates were preheated at 3500C in air
lost their last small amounts of nitrous gases only on heating at
more elevated temperatures.
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b) The dependence on the heat treatment of the constant A is a
consequence of the Co2t+ jons present. We have seen in chapters
IV and V that Co2* ions in tetrahedral interstices exhibit besides
their normal paramagnetism a temperature-independent para-
magnetism of approximately 0.5 e.m.u. per Co. As the Curie
constant C\[ decreases from A 4 tot A 7 A, the amount of Co2*
jons decreases and consequently the contribution of the tempera-
ture-independent paramagnetism of Co2+ must decrease. It is
very reasonable to assume that the Co2t ions in excess are sit-
uated in tetrahedral interstices. They may occupy the sites of
the wurtzite structure of ZnO or the tetrahedral sites in a spinel
of composition (Co, Zn)Co204.

A rough extrapolation of the constants AM to pure ZnCog0y
indicates that the two Colll atoms contribute 0.2 . 103 e.m.u.
to XM. Thus, per Colll, a temperature-independent paramagne-
tism of 0.1 . 10-3 e.m.u. is found. This magnitude agrees well
with that found for Colll in complex compounds. Rosenbohm 37)
obtained values from 0.055 to 0.073 . 10-3 for what he called a
"paramagnetic increment'. Asmussen 38) mentioned values of
0.070, 0.081, 0.090, 0.117, 0.060 and 0.029 . 103 in the series
hexammine to hexacid complexes, and recently Kernahan and
Sienko 39) investigated Co(NH3)5HCO2I2 and Co(NH3)5NO2I2 and
found 0.141 and 0.165 . 1073, respectively.

¢) A further support for the assumption of Co2t ions in these
substances is the deviation of the liquid air points in fig. R 52
This deviation becomes smaller with decreasing Cp; values, a
consequence of the greater dilution of the Co2% ions. Actually,
the difference between the calculated and experimental value of
Xgoog  for ZnCog04 (AT A) is no more than 7.5%.

d) We are able to estimate the percentage Co2% which must be
present to account for the observed paramagnetism. Taking for
the Curie constant of Co2% in tetrahedral holes approximately
9.0, we obtain for the substance A 7 6% and for A 7 A 4.5% Co2t,
in excellent agreement with the value estimated for the
Zn(Co, Al)204 mixed crystals.

e) The occurrence of Co2+ ions in the zinc cobaltites must be ac-
companied by a deficiency in the oxidizing power. Two determina-
tions carried out according to the description in chapter I (section
1.2) gave as a result 1.94 and 1.95 Eq/mol. The theoretical value
for pure ZnCog04 is 2.00 Eq/mol. The titrations, however, were
not performed in a nitrogen atmosphere but in an open flask.
NaHCO3 was added to the solution to fill the vessel with COg and
to prevent oxidation of the liquid by air. Co3O4 samples titrated
in this way showed oxidizing powers of 1.98 and 1.99 Eg/mol.,
while the titrations under nitrogen atmosphere of the same sam-
ples showed these values to be 1.93 and 1.94 (see chapter VIII).
It is quite certain that the determinations in open flasks result in
a too high value of the oxidizing power. We may thus conclude that
for ZnCoy0O4 (A T7) a lack in the oxidizing power of more than 3%
is found.
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Of the other substances, only ZnCo204 (A 4 B) and (A 4 D) were
subjected to one titration, since not enough material of the others
was available. The oxidizing power was found to be 1.83 and 1.84
Eq/mol, respectively, which indicates a Co2t content of more
than 8%. Although the absolute values of the percentage CoZ2*
determined magnetically and chemically do not agree very well,
the comparative values of two substances are satisfactory as
may be seen as follows.

Substance % Co2t estimated % Co2* determinated
magnetically by titration
ZIICO:ZO4 AT 6% 3%
ZnCOZO4 A4D 9.5% 8%
ZnC0204 A4B 10.5% 8.5%

f) The behaviour of the curves for ZnCo204 (A 4) and (A 7 A) at
high temperatures is quite different from the others and rather
unexpected. Both phenomena can be very simply explained. The
substance A 4 changed during the measurements (in sealed quartz
vessel) into substance A 4 C. Actually, at this time the influence
of an extra heat treatment on the magnetic susceptibility was dis-
covered.

The substance A 7 A was measured in an evacuated quartz con-
tainer. The sudden rise in the X value between 700 and 800°C is a
consequence of a partial decomposition of the substance. This
process appeared to be partly reversible, as may be seen from
the X values which were determined afterwards.

T = 497 XM = 0.764

T = 778 XM = 0.585
It is, of course, fortuitous that the substance A 7 is almost form-
ed again (fig. 7.1). We may only guess about the nature of the

decomposition process. It is very probable, however, that the
substance loses oxygen.

7.5. Discussion of the system (Co, Zn)Co204

The only important substance in this system is the product
Cop.125Zn0.875C0204 (A 5 A). As may be seen from fig. 7.1,
this substance fits exactly in the series of ZnCog0Qy4 already dis-
cussed in the preceding section. X is given by the formula

- A + C.M i i = 5 "3
XM Y T n which AM = 0.32 10 e.m.u. and
Cm = 0.366.

The estimated amount of Co2* ions is approximately 0.185 per
mol. As 0.125 Co2+ is already present at the tetrahedral inter-
stices, only 3% of the cobalt from the Co304 group is in the di-
valent state. The determination of the oxidizing power (titrated
in open flask) showed an oxygen deficiency of 2% (1.96 Eq/mol).
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The identical behaviour of this mixed crystal and the ZnCo304
samples is an extra confirmation of our assumption that in the
latter substances the weak paramagnetism is a consequence of
the inhomogeneity of the products. The other products may be
discussed very briefly. Our attempts to prepare more members
of the series were not very successful.

The Xvalues at room temperature of the substances MI, MII
and MIII decreased after every new firing procedure. It seems
very difficult to find the proper conditions for the preparation
of good zinc cobaltites.

This failure to obtain data for the whole series of mixed crys-
tals between Co304 and ZnCo304 causes no serious lack in our
knowledge since no other important facts are to be expected and
all the problems can be solved without this series.

Finally, we will only draw attention to the substance
Cop 125200 g75C0204 (A 5). Its magnetic behaviour is completely
comparable to that of ZnCo204 (A 4) (see section 7.4 f). Both sub-
stances were prepared by heating the nitrates at 350°9C in oxygen.
The assumption already made (section 7.4 a) that such substances
are not completely free of nitrate is confirmed by the determina-
tion of the oxydizing power of A5, which was found to be 2.09 Eq/
mol.

Summary of Chapter VII

Mixed crystals of ZnAlyO4 and ZnCo204, a series of ZnCo204
samples and some mixed crystals of ZnCoy04 and Co304 were
prepared. The magnetic susceptibility of all the substances could

be described by the formula X = A + —,?— Cobalt in the trivalent

state in octahedral interstices appears to exhibit a temperature-
independent paramagnetism of about 0.1 . 103 e. m. u.

The weak normal paramagnetism which is observed in all the
substances is attributed to a small amount of Co2* ions in tetra-
hedral interstices. None of the substances is homogeneous. The
determination of oxidizing powers showed in all the cases an oxy-
gen deficiency. Most of the X-ray diagrams showed the strongest
7ZnO lines. The attempts to prepare a pure ZnCos04 were not
successful

The spinel structures, as far they are present in the substan-
ces, are normal 2-3 spinels.

No further attempts were made to prepare the whole series of
mixed crystals between Co30O4 and ZnCos04, since the magnetic
behaviour of these substances was too much dependent on the heat
treatment.




Chapter VIII
Co304

8.1. Introduction

Although many different cobalt oxides are mentioned in the lit-
erature 40) CoO and Co304 are the only compounds in this sys-
tem which have been shown to exist with certainty. CoO crys-
tallizes in the rock salt structure; its magnetic behaviour,
already discussed in chapter III, shows, apart from a strong
antiferromagnetism, no surprising aspects. Co304 crystallizes
in the spinel structure and exhibits a rather low magnetic suscep-
tibility, as we mentioned briefly in the introduction to this thesis.

Verwey and de Boer 2) were the first to consider the four
structures which are possible for the ionic distribution in Co304,
namely:

Co?t [Cog+]04. Co®* [co**co®]0,, Co4+[Co§+]O4 and

2+ [ 04+

Co?* [co*tco?t Jo

4
On account of the low conductivity of Co304, the small parameter
u which was determined as 0.380 + 0.085 and the intensity ratio
of the Debye-Scherrer lines 111 and 222, they concluded that this
compound could be a normal 4-2 spinel.

We will give an elucidation of their reasoninf. The low con-
ductivity excluded the structure Co3+[Co2+Co +]0O4, since the
presence at crystallographic equivalent positions of ions of the
same element differing only one charge unit will cause the sub-
stance to be a good conductor, as electrons may pass from one
ion to another leaving the total number of both kinds of ions con-

stant. The structures C02+[Cog+ ]04 and Coz"'[Co‘HCozq'-]O4 were

less probable because of the low value of the u parameter. Since
a small u parameter corresponds to a relatively small tetra-
hedral hole, the Co2* ions (supposed to be larger than Co3* or
Co4+) were assumed to be too large to fit in the tetrahedral

holes. The remaining structure Co4+ [Co§+] O4 could be account-

ed for by the observed intensity ratio of the 111 and 222 reflec-
tions, and offered the further advantage of a half-filled 3d shell
in the Co4* ion (as in Fe3* and Mn2%), which appears to be an
energetically favourable electronic configuration.

Recently Robin 3) and Robin and Benard 41) made an extensive
X-ray study on oxides containing Co and other transition group
elements. It appeared impossible to replace more than one Co in
Co304 by a divalent ion such as Ni2* or Zn2+, which was a reason
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to assume that only one Co2* ion is present in this compound. In
the substances obtained by gradual replacement of Fe in Y-Fe203
by Co, an irregularly in the cell dimensions occurs not far

beyond a Co content of 33% %. Y-Fe9O3 has a spinel like struc-
ture which may be written as Fedt [ Fed*( %Fe3+ %D)]O4

(O means an unoccupied octahedral hole). The replacements of Fe
by Co now proceed in the following way:

- - 3 A 5
re¥' [ re® (2re’, 1D)]o, + Co*" —

Fes+[Fe3+C02+]O4+ 3Fe (1)

: : = ‘
Fe'%[F‘e‘HCo“+]O4 + (x+y)C03+ —
3+ o3t [pedt

Co F

Ftl—x X el—y

C0;+COZ+JO4 + (x+y)Fe’T (2)

3% coP[Fed colco® o, + A Coot —
= = il 4

3+

"[codt Jo, +AFe™" (3)

& o OF
Co LCoﬁyTAl« e

2-x-y-4

24e . SF 3+
co*[ co? 8

‘ e 3+
AR R R S )

o,

C02+{Cog+ B+ (2-x-y-BFe>" (4)

Replacement (1) is accompanied by a linear increase of the cell
constant. The maximum is reached for a composition CoFe204
which is an inverse spinel. The gradual decrease of the cell con-
stant which accompanies replacement (2) is interrupted at 39%
Co and the following increase is accomplished at 41.7% Co. In
this short interval, rearrangement (3) is supposed to take place,
which is actually a relatively sudden change from an inverse to
a normal spinel initiated by the addition of a small quantity (A) of
Cos™t ions.

The following replacement (4) proceeds in the regular way ac-
companied by a linear decrease of the cell constant. The failure
to replace more than one Co by Zn or Ni and the irregularity in
the cell constants of the mixed crystals of CoFe204 and Co304
both were reasons to assume that Co304 is a normal 2-3 spinel.

The magnetic measurements on Co3O4 (and "Co203'") of
Bhatnagar, Prakash and Qayyum 4) gave as a result the very low
Bohr magneton number of about 3.0 per cobalt ion. Their meas-
urements ranged from 300 to 5009K. The Xg values at room tem-
perature were approximately 31 . 1076 e. m.u. for Co304 and
28 to 29 . 106 e.m.u. for '"Co203". From these data it is quite
clear that they did not obtain Co303 but only Co304. The & values
were rather large and were measured from -150 to ~1809K. From
the present knowledge concerning Co304 two basic problems
arise, namely, the uncertainty as to whether this compound con-
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Table 8. 1.

lﬁSubStan(‘.(- C0304. A3 C03()4»A6 00304. B6 Co3044 All
Firing 1h. 600° - 4h. 3509 [ 12h. 670° - 60h. 250° 17h. 6700 20h. 900°
Aw +0.2% 0 -0.1% -0.4%
Magnetic | - [Xm-103 [XM. 103 o | XM 103 |xp-103 || ¢ [xm-103|xM- 103} ¢ 1XM- 103 | xp. 103
data exp. calc exp. calc. exp. cale, exp. calc.
81| 14.4 16.0 81| 14.6 17.19 81| 14.4 17.2 |[395| 5.62 5.62
195| 9.07 92 || 204 6.96 6.96 |[[295| 6.95 6.94 |572| 4.25 4.23
291 6.89 6.93] 295| 6.90 6.94 ||205| 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 |l4a98| 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 |l771| 3.33 3.32
528 | 4.47 4.49| 798| 3.23 3.24 |l877| 3.05 3.02
576 | 4.19 4.22| 894| 2.99 2.98 |l948| 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
2] ~59°K -499K., ~-499K . -50°K.
C. 103 2110 2143 2143 2176
B 4.11pyg 4.14 ug 4.14 i 4.17 B




sists of di- and tri- or di- and tetravalent cobalt, and the un-
usually low magnetic susceptibility.

8.2. Experimental part

The experimental data concerning the different Co304 samples
are collected in table 8.1 and fig. 8.1. All the preparations were
made from cobalt oxalate (32.0% Co) according to method D, i.e.
direct decomposition of the product in a platinum boat. The fir-
ing took place in oxygen. The structure of the substances was
determined with the aid of Debye-Scherrer diagrams. Only spinel
reflections could be observed.

The magnetic measurements were carried out in sealed quartz
vessels. The sample Co304 (A 11) was subjected to measure-
ments at extremely high temperatures in an evacuated quartz
vessel. The results are plotted in fig. 8.1. As may be seenfrom
this 1/x~T curve, the X value begins to increase again when the
temperature is raised to more than 1050°K. Three points which
have been determined at lower temperatures after the measure-
ment at 1263°K are given in the same plot. The fact that the whole
curve lies a little higher than the others is apparently caused by
the use of a correction for the quartz vessel, obtained in older
measurements.

Unfortunately, this correction could not be determined after-
wards, as the quartz wall had been attacked by Co304 and could
not be cleaned completely. This is the reason that no numerical
values of this measurement are given in table 8.1. However, we
will discuss these effects as far as possible in the next section.

8.3. Discussion

As we have already seen several times in foregoing chapters,
the 1/X-T plots concave to the T axis may be described by the

formula X = A + T—(-:@ here as well. There is again a close agree-

ment in the values of A, ® and C for different substances.
We will discuss the three constants separately:

a) The mean value for the constant A is about 0.75 . 10~3 e.m.u.
This is in excellent agreement with the assumption that Co304
contains % of its Co as Co2t ions at the tetrahedral sites and
Z of the Co as more or less covalently-bonded Colll in the oc-
tahedral positions. We have seen in chapter IV that Co4%t ions in
tetrahedral holes exhibit a nearly spin-only moment and a tem-
perature-independent paramagnetism of 0.5 . 10"3 e.m.u. In
chapter VII we discussed the magnetic behaviour of ZnCo304
samples and concluded that Colll in octahedral interstices has no
permanent moment but exhibits a temperature-independent para-
magnetism of 0.1 . 10-3 e.m.u. Thus 0.2 . 10-3 e.m.u. per
Cog04 group is found. Together with the value for Co2% ions in
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tetrahedral interstices, we calculate a temperature-independent
term for CogOg4 of about 0.7 . 10-3.

b) The value of 8 of about -50°K, is in good agreement with -35°K
found for CoAlyOy, which is a confirmation of the similarity of
the two compounds. From chapter V we know that CoAlgOy4 is a
normal spinel, Z.e., with Co2t ions at the tetrahedral interstices
and diamagnetic material at the octahedral interstices.

¢) The value of the moment of the Co2*ions is found to be 4.14 Kp.
This is a somewhat larger value than that found for (Co,Zn)g,
namely, 4.05 pg. At this point we must recall the behaviour of
ZnCo904. We found in chapter VII that this substance could not
be prepared completely stoichiometrically. The question arises
if the higher moment found in Co304 is perhaps due to a slight
oxygen deficiency and consequently a larger ratio between di-
and trivalent cobalt than 1:3. We have made determinations of
the oxidizing power of Co304 samples made at different tempera-
tures. Unfortunately the substances of which the susceptibility
was measured have been lost in failures. We have therefore made
a series of 5 new samples, determined the exact formula by
means of their final weight and determined the oxidizing power
according to the method described in chapter I. The results are
given in table 8.2. All the firings took place in oxygen. The for-
mula in the last column was calculated from two determinations
of the oxidizing power. The mutual difference between two de-
terminations was never larger than 1%.

Table 8.2.
Preparation and analyses of Co304 from cobalt oxalate
Firing procedure Fo?'nula bgsed on For'm.ul.a based on

inal weight oxidizing power

5h. 600°C Co303 94 Co303 .97

5h. 700°C Co303 .96 C0303.965

6h. 800°C Co303.96 Co0303.97

6h. 900°C Co303 .97 Co303.965

6h. 1150°C Co0303.69 Co0303.76

As may be seen from this table, a slight oxygen deficiency of 3%
is indeed found for all the substances except for that fired at
1150°C. This means that one formula unit contains 1.06 Co2*
instead of 1.00. The mean Bohr magneton number now becomes
4.02 instead of 4.14. The agreement with the value found for the
mixed crystals (Co,Zn)O, which was 4.05, is much better. We
are not able to give an elucidation of the problem where the extra
0.02 Co2+ in Co3 0204 must be placed in the spinel lattice.

It is however possible that some systematic error has occurred
in the determinations of the oxidizing power so that actually
Co304 is a real stoichiometric compound. In this case we must
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assume that the value of 4.14 ug for Co2* ions in the tetrahedral
holes of this substance is the real value. Then the differences
between the values found for Co304 and those found for (Co, Zn)O
and (Co, Zn)Als0O4 may be caused either by systematic errors in
the Co content of the latter substances or by slight differences
between the electric crystal field in the three types of lattices.
We think the latter assumption to be the best one since the final
weights are not completely reproducible (see the values for the
samples A3, A6, B6 and All in table 8.1) and the values of the
oxidizing powers appear to be independent of the firing tempera-
‘ture.

We will now discuss the effects observed at very high tempera-
tures for Co3O4(A 11) and to a slight extent also for Co304 (A 3).
As may be seen from fig. 8.1 the curves for both substances show
a maximum between 900 and 1000°K. This means that the values
beyond this temperature increase with increasing temperature.

a) Trivalent Co begins to contribute to the magnetization because
of a higher energy level which will be occupied successively with
rising temperature.

b) Decomposition of Co304 into CoO and Oy takes place.

Since we know that in one atmosphere above 900°C (that is,
about 1200°K), Co304 loses oxygen to form a product with more
Co2* jons and finally gives CoO, the latter assumption seems the
more probable. A rough calculation shows that, as the tempera-
ture is raised, the observed X value of Co304 (A 11) starts to
deviate from the calculated value at a temperature as low as
950°K. We have seen a similar decomposition of ZnCo204 which
was not completely reversible. X measurements showed, how-
ever, that for Co3z04 this decomposition is almost reversible.

We are convinced of the fact that our investigation of Co304 at
elevated temperatures is not complete enough to be able to give
any conclusion with certainty.

It would be interesting to carry out the following investigations:
1) Preparation, careful X-ray analysis (also intensity measure-
ments) and X measurements in a wide temperature range of sam-
ples of cobalt oxide with an oxygen content between that of Co304
and CoO.

2) high temperature X measurements on Co304 samples in closed
quartz vessels under different pressures.

Both investigations should be helpful in solving the problem
whether Co304 is stoichiometric or not, the behaviour of tri-
valent cobalt at high temperature, the problem whether the prod-
ucts between Co3O4 and CoO are mono- or bi-phase systems
and the mechanism of the decomposition of Co304 into CoO and
Oy.

Summary of Chapter VIII

Four different samples of Co304 made at different tempera-
tures up to 900°C were subjected to susceptibility measurements.
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The results could be described by the formula X = A + ’I%B The
mean value of A was about 0.75 . 10-3 e.m.u. and the meanmag-
netic moment for the Co2+ jon at the tetrahedral position was
found to be 4.14 pg. The temperature-independent term was as-
sumed to consist of a contribution of about 0.5 . 10-3 from the
Co2+ jons in the tetrahedral holes of the spinel lattice and about
0.2.10-3 e.m.u. from the Co204~ group. The trivalent cobalt
at the octahedral position exhibits no permanent magnetic mo-
ment. The assumption is in agreement with the results found for
the mixed crystals (Co,Zn)O and the ZnCo204 samples discussed
in the chapters IV and VII. The value of 4.14 UB which is some-
what different from that found for Co2+ ions in the tetrahedral
interstices of (Co, Zn)O or (Co,Zn)Al204 is perhaps caused by a
slight oxygen deficiency of the samples. Another assumption is
that this cobalt oxide is exactly Co304. The difference in the
u values may then be explained either by dilution errors in the
Zn oxides and the aluminates or by small differences in the elec—
tric crystal fields.




GENERAL

CONCLUSION

In order to draw general conclusions, we will compare the re-
sults of chapters IIFto VIII. For this purpose we have made fig.
C.1 in which the I/X" T plots have been drawnfor arepresentative
of each group of substances. The mean values of the constants A
and p found for each group are given in table C. 1.

Table C. 1

Substance or group A.103 per formula ¥ in g
of substances unit per Co4%t ion
Co - Mg oxides 0 4.8
litt. 21) 22)
5.0

Zn oxides 0.52 4.05
Co - Zn aluminates 0.48 3.93
Co - Mg aluminates | 0.24 - 0.41 4.29
(0.41 with other
diamagnetic
correction)
CoAlgOy4 (2 samples)| 0.48 3.98
Co304 (4 samples)| 0.75 4.14

(4.02 when corrected
for oxygen deficiency)

ZnCo204 (extrapolatec
to stoichiometric
subst.) 0.2

The magnetic behaviour of all these subStances is similar,
which is readily seen from the table and the figure, where all the
values refer to formula units containing one Co2* ion. The cobalt-
magnesium oxides show a deviation such that no temperature-
independent paramagnetism is found and that the moment is some
20 to 25% larger than for the other substances. They are the only
representatives in this thesis of the large group of substances in
which the Cd’ions occupy octahedral interstices. Abragam and
Pryce 42) have given a satisfactory theoretical interpretation of
the magnetic behaviour of Co2* ions in octahedral surroundings,
based on the crystal field theory of Van Vieck 28) and Penney and
Schlapp 43). The ground state of a Co2* ion is, according to the
Hund rule, a 4 F term. This ground level is split by a cubic field
into a triplet. If the octahedron is tetragonally distorted, as is
the case in many hydrated Co salts, this triplet is split further
into several doublets, the lowest of which is again split into two
triplets by the L - S coupling which is rather strong in the second

77




CoAL,0, z
Cog,ZnggAL,0, m
Cog.105ZNgggs0 18
Coy,MgyAL,0,
Co,0, B6
Cog119M3g.910

|
600

FIGURE C .1




half of the transition group elements. Together with a rather
low-lying 4 P term, a very complex system of energy levels is
formed. The number and distances of these energy levels are
very dependent on the crystal field. This is the reason that the g
factors, which are closely related to the term scheme and con-
sequently to the pvalues determined from susceptibility measure-
ments, may be different from one compound to the other. Accord-
ing to tables which may be found in the books of Van Vleck (Elec-
tric and Magnetic Susceptibilities) and Bates (Modern Magnetism),
the Bohr magneton numbers for Co2+ jons in different compounds
range from 4.4 to 5.3. The crystal field theory is confirmed by
paramagnetic resonance experiments which allow a direct meas-
urement of the anisotropy of g factors in single crystals. Exten-
sive reviews on resonance data are given by Bleaney and Ste-
vens 44) and by Bowers and Owen 45), According to the latter
authors, a dependence of the g factors on the dilution of the Co2%t
ions may not be excluded, although such an effect does not appear
from the resonance data so far available. The different values
for yfound in our cobalt-magnesium oxides of different Co content
are not very surprising from a theoretical point of view. We
will mention one other point in relation to the cobalt-magne-
sium oxides. In chapter III, we discussed the diamagnetic cor-
rection which had to be chosen for MgO to avoid 1/X-T curves
convex to the T axis. The question arises if the observed devia-
tion from the Curie-Weisz law, when Klemm!'s ion susceptibilities
are used, may be caused by this complicated character of the
low-lying energy levels in Co2* jons. The possibility may not be
excluded, but the fact that CoO shows no deviation, together with
the observation that the effects become more pronounced with in-
creasing dilution, make our assumption of a wrongly-introduced
diamagnetic correction all the more probable.

Another, although much smaller, deviation is found in the
cobalt-magnesium aluminates. They show a temperature-inde-
pendent paramagnetism of 0.4 ., 103 e, m.u. and a permanent
moment for Co2+ of about 4.3 pg. The suggestion was made that
we have here representatives of a group of substances in which
both octahedral and tetrahedral interstices are occupied. This
led to the assumption that MgAlgO4 could be a partially inverse
spinel. In all the other substances discussed in this thesis the
Co2t jons occupy tetrahedral interstices.

Not very much is known about Co2+t jons in tetrahedra. The
reason is that in most substances the Co2* ions are situated in
octahedral positions. No theoretical treatment of Co2* ions in
tetrahedral surroundings exists, as it does for the case of Co2t
ions surrounded by six water molecules 42), Again, the crystal
field theory of Van Vleck 28), extended by Gorter 29), gives a
satisfactory theoretical basis for the magnetic behaviour. The
tetrahedrally shaped crystal field, opposite in sign to the octa-
hedral one, causes a singlet level to be lowest. The only con-
tribution of orbital magnetic moment to U now comes from the
L - S coupling which is rather strong in the second half of the
transition group. Our values found for (Co, Zn)O, (Co, Zn)Al204,
CoAlp04 and Co304, which are, respectively, 4.05, 3.93, 3.98
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and 4.14 “1?' are indeed somewhat higher than the spin-only value
for a 3 d 7 configuration, namely 3.87 V. The differences in
these | values may be caused by slight differences in the mag-
nitudes of the crystal fields, small errors in the dilution of the
Co2+ jons or in the case of Co304, by a slight oxygen deficiency.
If in the latter substance the p value is corrected on the basis of
our determinations of the oxidizing power, a value of 4.02 Vg is
found. With the aid of the present experimental data, we are not
able to decide among the three possibilities. Paramagnetic reso-
nance experiments have been performed by Owen on Cs3CoCl5 in
which the Co2+ ions are situated in tetrahedra of Cl” ions. As far
as we know, this work has not yet been published, but the results
are given in the review on resonance data by Bowers and
Owen 45). They report g/ =2.32 £0.04 and g, =2.27 £0.04 much
lower than usually found for Co2% jons.

As no other experimental work is available with which to com=~
pare our results, we must accept a permanent moment of 4.0 to
4.1 pg and atemperature-independent paramagnetism of 0.5 .107°3
e.m.u. per Co2* jon in the tetrahedral holes of a wurtzite lat-
tice., A better comparison with other work is possible for tri-
valent cobalt in octahedral interstices.

In chapter VII we have already mentioned the extensive inves-
tigations of Rosenbohm 37), Asmussen 38) and Kernahan and
Sienko 39) on numerous Colll complexes in which cobalt is sur-
rounded by six monovalent or three divalent groups. All the sub-
stances were diamagnetic, but a temperature-independent para-
magnetism varying from 0.029 to 0,165 . 10-3 e.m.u. had to be
assigned to the central cobalt atom. Our value of 0.1 . 1073
e.m.u. per Colll agrees very well with the above mentioned
values.

Investigations of Bommer 46) and Zernike 47) on cobalti-alums
and of Friedman el al. 48) on cobaltiperchlorate solutions in
HClO4 leave no doubt about the diamagnetic nature of the
Co(H20)g3+ complex ion.

According to Pauling 49), Co(NH3)3.F is diamagnetic and
CoF3 shows an antiferromagnetic behaviour with @ values much
lower than the theoretical ones 50), KgCoFg appears to be the
only complex compound with isolated groups in which Co3* jons
exhibit the normal value of the magnetic moment of 5.3 UB 49)51),
Actually, fluorides are the most heteropolar compounds which
may be prepared. The paramagnetism found for K3CoFg is thus
not very surprising. It is now interesting that for the oxidic com-
pounds described in this thesis the diamagnetic form of trivalent
cobalt is found, since oxides may be considered to follow the
fluorides in heteropolarity. In a preliminary report on Co304 and
ZnCo204 52), the suggestion was made that the energy difference
between the paramagnetic and diamagnetic states of trivalent
cobalt might be small in order to be able to explain the curved
character of the 1/X-T plots of ZnCo204. The more extensive
study we made after this publication revealed that this curvature
is due to a temperature-independent paramagnetic.term, but the
idea of a small energy difference between the paramagnetic and
diamagnetic states of trivalent cobalt remains valuable, as may
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be shown from the following. Apart from our investigation on
Co304 and ZnCo204, two more studies on oxides containing tri-
valent cobalt are known. Merck and Wedekind 53) tried to prepare
pure Co203, but obtained either anhydrous Co304 only or samples
with an appreciable water content and still containing some di-
valent. cobalt. Extrapolation of the X values at room temperature
from pure Co3O4 to pure Co0203.H20 led to a value of practically
zero for the latter compound. This is in complete agreement with
our observations for spinels containing trivalent cobalt. The
other investigation is by Jonker and van Santen 54), They deter-
mined the magnetic behaviour of LaCoO3 and mixed crystals of
this compound with the hypothetical SrCoO3. The mixed crystals
are ferromagnetic and are supposed to contain Co4*+ ions.
LaCoO3, however, is a normal paramagnetic substance with a
moment for Co3+ slightly less than the spin-only value.

The fact that trivalent cobalt in this Perovskite structure,
where it occupies also the octahedral positions, behaves in a quite
different manner to trivalent cobalt in spinels, might be explained
by the assumption of a small energy difference between the para-
magnetic and the diamagnetic states. If this energy difference is
small, slight modifications in the electric field of the surround-
ing ions may cause in one case the paramagnetic state to have
the lowest energy and in the other case the diamagnetic one.

In chapter VIII we have already briefly given Pauling!s method
of describing this diamagnetic state. The nine electrons of a
cobalt atom are divided among the five 3d~ the one 4s- and three
4p-orbitals. Then two of the 3d-orbitals (3dx2-y2 and 3d322—r2)'

the 4s- and the 4p-orbitals (4p_, 4p._ and 4p_) are hybridized, to
X py Z

yield six d2sp3 hybrids which point to the corners of a regular
octahedron. If now, for example, a substance like K3Co(CN)g is
formed, this central cobalt atom shares the nine available elec-
trons with the three valence electrons from the K atom and the
six electrons of the 6 CN groups. In this way all electrons are

shared and the Co(CN)g_ ion is diamagnetic. For trivalent cobalt

in a lattice of negative oxygen ions this description leads to an
unsatisfactory charge distribution with an electric charge of plus
one on all the oxygens in the lattice.

A better description is possible by means of Mulliken's M. O.
method or by the method of Penney and Schlapp. Mulliken's ap-

proach to the problem is the linear combination of the 3dx2_y2.
3d3z2-r2’ 4s and 4p orbitals of the central atom with 2p, or 2py

orbitals of the surrounding oxygen atoms and it turns out that the
lowest energy of the complex is obtained when twelve of the eight-
een electrons occupy the 6 molecular orbitals while the other six
occupy the 3dxy' 3dxz and 3dyz orbitals of the central Co atom.
All electrons dre shared and the complex is again diamagnetic.
Penney and Schlapp assume that the electri¢ potential field at the
position of the Co atom is so large that the Russell-Saunders
coupling between the d5 electrons is broken by the crystal field.
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The energy levels of the d shell are then split into an upper
doublet and a lower triplet with so large an energy separation that
effectively two sub-shells are formed. The lower dxy, dyz and
dgz orbitals are then first occupied by 3 pairs of electrons. This
Co3+ ion is again diamagnetic. The three methods are discussed
by Van Vleck 99),

The difference between the magnetic behaviour of trivalent Co
in a spinel and a perovskite like LaCoO3 is also easier to under-
stand by the method of Mulliken or that of Penney and Schlapp,
while Pauling's method fails also with respect to this problem,
although it may not be said that the other two ways of description
give a real solution. Following Mulliken, it may be said that the
field in which the electrons travel is influenced by the 8 La3* ions
surrounding the CoOg group in such a way that the oxygen orbitals
have the greater coefficients, causing a practically ionic behav-
iour. Similarly, according to Penney and Schlapp, the 8 La3+* ions
weaken the electric field of the surrounding oxygen ions to such
an extent that the Hund rule is still valid for the central Co3+ jon.

From the comparison of our results on trivalent cobalt with
those obtained by other investigators, we may conclude that in
most cases the diamagnetic state is favoured, It is, however, not
easy to predict when the paramagnetic state will occur. So far
only one fluoride and one oxide have been found to be paramag-
netic. It would be interesting to investigate if there are other
compounds behaving in the same way.
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SUMMARY

The main object of this investigation has been the elucidation
of some of the problems concerning Co304. The magnetic be-
haviour of divalent cobalt in octahedral and tetrahedral inter-
stices and of trivalent cobalt in octahedral interstices could be
studied separately.

From the measurements on mixed crystals of CoO and MgO,
which crystallize in the rock salt structure, the moment of Co2+
ions in octahedral interstices of an oxygen lattice was determined
to be 4.7 to 5.0 Bohr magnetons (chapter III), The moment of Co2+
ions in tetrahedral interstices was found from measurements on
mixed crystals of CoO and ZnO crystallizing in the wurtzite
structure. Values of 4.0 to 4.1 Bohr magnetons were observed
together with a temperature-independent paramagnetism of ap-
proximately 0.5 . 103 e.m.u, per Co2+ (chapter IV). The dif-
ferent behaviour of Co2* ions in octahedral and tetrahedral inter-
stices could be accounted for on the basis of the crystal field
theory of Van Vleck.

The behaviour of trivalent cobalt in octahedral interstices was
studied in ZnCo304 and mixed crystals of ZnCo204 and ZnAl304
(chapter VII). No permanent moment for this trivalent Co was
found. A small temperature-independent paramagnetism of ap-
proximately 0.1 . 10-3 per Colll was observed. The zinc co-
baltites and the mixed crystals with zinc aluminates have not
been obtained completely free from Co2* ions. The magnetic be-
haviour of Co304 could be represented by the formula X = A + T(?%
(chapter VIII). The temperature-independent term was found to
be approximately 0.7 . 10”3 e, m.u. per mol, of which 0.5 . 10~3
was assumed to be due to one Co2% jon in tetrahedral surround-
ings and 0.2 . 1073 to the two trivalent cobalt atoms at the octa-
hedral interstices. The moment of the Co2+ jon in the tetrahedral
hole was found to be 4.1 to 4.2 Bohr magnetons. An oxygen defi-
ciency of about 3% was found for Co304 but some systematic er-
ror in the determination of the oxidizing power could be possible.
We could conclude from the experimental data with certainty that
Co304 is a normal 2-3 spinel.

In addition to this, the mixed crystals of CoAl204 and ZnAl204
were investigated (chapter V). A temperature-independent term
of about 0.5 . 1073 was again observed. The moment of the Co2*
ions appeared to be 3.9 to 4.0 p3. We concluded that CoAlpO4 and
the mixed crystals with ZnAlyO4 are normal spinels., For the di-
lutions of CoAl304 with MgAlsO4 we obtained the rather surpris-
ing value of 4.3 pg for the Co2+ ions, and a temperature-inde-
pendent term of about 0.4 . 10°3 e.m.u. (chapter VI). These
mixed spinels (Co, Mg)Al2O4 were assumed to be partially in-
verse., All the experimental data are collected in tables and fig-
ures. A comparison with other experimental work and theoretical
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considerations are given in a general conclusion. Preparative and
analytical procedures are described separately (chapter I). All
the magnetic measurements were carried out with a sensitive
torsion balance (Faraday method) in a temperature range from
80 to 1200°9K. A schematic description of the apparatus and an
extensive series of calibration experiments with different sub-
stances are given in chapter II. On account of the latter experi-
ments, NiSO4.(NH4)2504.6H20 was chosen as a standard sub-
stance.
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