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PREFACE

Magnet;c susceptibllity measurements have been
used by inorganic chemists principally for the determination
of oxldation states and to a lesser extent for the
determination of the stereochemistry of complexes, Very
recently, investigation df the Influence of temperature has
been used for the estimation of bond parameters,

Of the various types of inorganiec compounds,
fluorides contain the most electrovalent bonds, hence these
might be expected to conform most nearly to the simpler
theory of magnetism and provide suitable systems for studies
of the chemical bonding. |

However, fluorldes and fluoro complexes of the
transitlion series frequently possess eoffective magnetic moments
which are much lower than the predicted values, and which
are strongly dependent upon temperature. The present thesis
describes an attempt to discover the source or sources of
those deviations among compounds formed by members of the
first transition series,.

The research was begun under the assumption that
the principie'cause of the magnetic anomalies resided in the
fact that fluorides, like the extensively studled oxide

systems, are rarely "magnetically dilute". Since this proved



to be trume, it was of interest to determine whether the
interactions between paramagnetic lons are of direct or
indirect type. The behaviour of oxidés (ferrites, etc.)
has recently been ascribed to the latter type of interaction.
The principle aim of thls thesis 1is to éhow that
the Information which can be obtained from the magnetic
properties of fluorldes 1s compatible with theorles of
indirect exchange and electronic configuration which have

been applied to oxides.
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ABSTRACT

Theories of magnetism with special reference to
the indirect exchange mechanism and ligand field theory
are discussed. |

The magnetic susceptibilities of VF3, MnFB,
Nin-Mng, KaNiFthzMth, and K3N1F6— 2.8A1F558 were studied
over a temperature range of 90° K to 300° K.

The effective magnetic moments of the para=
magnetic lons increases as their concentration in the solid
solutions decreases. This i3 explailned as being due to the
presence of indirect interactions between paramagnetic ions
in the pure substance which aré decreased by magnetic
dilution. It was found that the moments are still dependent
upon temperature even at infinite dilution. This behaviour
is aseribed to the orbital contribution which is itself
temperature dependent,

Evidence 1s adduced for the presence of Ni(III) ion
impurities in the N1F2~MgF2 system when 1t 1s contaminated
with traces of oxide,




INTRODUCTION

A, Theories of Magnetism

Magnetic effects are of two types, one arising from
the motion of the electrons which are charged particles, and
the other from the spin and orbital angular momentum of
unpaired electrons., The former effect gives rise to the

Phenomenon of diamapnetism and the latter to that of para-

magnetism, In most cases the effects of diamagnetism are
small compared to those of paramagnetism, and 1t will be
dealt with here only as a correction in paramagnetic
measurements,

Ferromagnetism and antiferromagnetism are extensions

of paramagnetism; they are the result of iInteractions between
magnetlc dipoles on neighbouring atoms. In a filled shell,
both the spin and orbital angular momenta of the electrons
cancel out to zero, and the system is left with only the
diamagnetic effect, This is the reason that paramegnetism
is found mainly in the transitional and lanthanide series.

If a substance is placed in a magnetic field of
strength H, then the magnetic induction B, the field inside

the specimen, is expressed as

— ey po—y

B = H + lnlI




where I is the intensity of magnetization, the degree of
dipole alignment or charge polarizatign induced by the field,
The strength of a magnetic field is expreased in "oersteda®
or "gauss" is ofﬁen used incorrectly in the same 3ense. A
field has a strength of one oersted if a unit magnetic pole
pPlaced in it experiences a force of one dyne,

Quantitatively fhe most important chemical aspects
of magnetlsm can be expressed as the magnetic susceptibility,
elther as the "volume Susceptibility" K , or the "gram
susceptibility® X

KWa I/M  and X = W/ pP

wvhere [ is the density of the material

Table I

Lo o e e ey

Classes of Mametic Behaviour

Class of magnetism Sign of X Magnitude Pleld  Dependence
Dlamagnetic -Ve 1lx 10’6 Cele8, Indey, of H
Paramagnetie +ve 1t0100x10'6 Cefe8 Indep, of H
Ferromagnetic +Ve 10°2 to 10t CeZe8 Dependent on H
Antiferromagnetic +Ve 1t0100x10'6 Cege8 Often dependent on ¥

It is sometimes convenient to deal with "susceptibilities

per mole" or per gram atom.



)CM = X x molecular weight
Xa = X x atomic weight

Although diamagnetie Susceptibilities are usually
small compared with the paramagnetic ones, in cases where
the number of ligand atoms in a complex compound is very large,
the diamagnetic contribution to the Susceptibility may become
quite considerable, This is particularly important for large

organic molecule ligands,

The Classical Theory of Paramagnetism and Diamagnetism

A classical theory of paramagnetism was developed

1 on the assumption that each atom is a little
would

permanent magnet. These atomic magnets/tend to line up

by Langevin

parallel to an applied magnetic field were they not prevented'
by the "temperature agitation". This Influence becomes
stronger with increasing temperature,

Langevin expressed the molar paramagnetism as

Xy = Nu2/35r (1]

where N 1s the Avogadr_'o number, p is the permanent moment,

k is the Boltzmann constant, and T 1s the absolute temperature,
A precilse expression will also include a term for the felatively
small diamagnetic part of the sﬁsceptibility. kkxpression (1]

is applicable only for cases where molecular interactions are

negligible, Paramagnetic susceptibility is inversely proportional




to the absolute temperature, provided that the density is
kept constant, This is known as Curie's lawe X = %,
obtained experimgntally before Langevin's theory, € is the
Curle constant, The Curie law is epproximately t;ue in many
instances, but the more accurate magnetic measurements become,
the more are deviations from it discovered.

In diamagnetisﬁ, one considers the Induced rather
than the permanent magnetic moment of the atom. The maegnetic
moment resulting from orbital motion is proportional to the
angular momentum. Suppose the molecule has no electronic
angular momentum in the absence of the external fields; 1f now
a magnetic field i1s applied, the electronic motion 1s modified,
end an induced angular momentum is created. In general the
diemagnetlic susceptibility 1s independent of temperature.

Van Vleck3 using quentum mechanics obtained the

analogous expression for paramagnetisms

X N u%/3kT + N & [2]

]

M
N o is the combined temperature independent contribution of the
high frequency elements of the paramagnetic moment and of the
diasmagnetic part, Equation [2] can also be expressed as
B® u
l?ﬁ'ﬁ ] (31
where uﬁ is the low frequency part of the magnetic moment

expressed in Bohr magnetons, The Bohr magneton is a wnit of




atomic magnetic moment whose magnitude is given by

B = eh/lw mec = 0.917 x 10™2° erg oersted™t

Quantum Theory

In the previous section it was mentioned that in
general the magnetic moment of an atom consists of the orbital

contribution and the electron spin contribution. This can be

expressed in vector notation as

— —
g o= (L + 28) B

— : —
where L 1s the total orbital angular momentum and 8 the
total spin angular momentum (in units of E%)‘of the set of
electrons in the atom. In different normal states of the etom,
the inclination of the orbital and spin contributions may be -
different. However, in most cases of "molecular" paramagnetism
in contrast with "atomic" paramagnetism, the orbital
contrlbution appears to be quenched out.

In most cases one deals with atoms which have more
than one electron and the magnetic moment of those atoms will
depend on the way the orbital angular and spin momenta of the
atoms combine.

The most frequent type of coupling is "Russell=-
Saunders" coupling (LS coupling) in which all the orbital angular
momenta £ of the electrons combine vectorially to give the

resultant quantum number L. Similarly the angular momenta due




to the spin s couple together algebraically, to give the
resultant S. PFurther the resultant angular momenta J, are

obtained by diffgrent vectorial combinations of L and S

J=L+8S, L+8S =1, L+8 =2, ecemene=, /IL-5/,

Although the LS Coupling, in which the interaction
of the individual £ vectors and the s vectors is strong,
is common to the majority of elements, in some cases the
"spin<orbit" interaction of each electron is stronger. This
may lead to the "j=3j" coupling.

LS coupling applies very well for those atoms with
z s( 30, where z 1s the atomic number, at least up to the end
of the first transitional series, and the j~-j coupling for the
heavy atoms such as those of thé third transitionsl series.

In evaluating ;2

and a in equation [3] there are three cases
for which different equations are required:

a) Multiplet intervals small compared to kT.
The high fregquency elements of the paramagnetic moment are absent,

and the paramagnetic susceptibility can be expressed by

2
Xy = Fp IS (s +1) + L (L +1)] [k

In many crystalline compounds, the orbital contribution to the
magnetic moment may be quenched out. This leads to the so-called

"spin only" formula

2 :
Xy = 3r s s+ 1) [5]




Equation [5] can be simplified further into the

expression
2

1y =3 W@+2)] 6]
where n 1s the number of unpaired electrons in the unfilled
shell,

b) Multiplet intervals large compared to kT.

This 1s applicable for most ions of the rare earth elements.,

c) Multiplet intervals comparable to kT.
This case involves summation of the contributions of atoms with
different values of J. Here departures from Curiets law are

observed.

The Welss Constantu

The magnetic susceptibility of many substances may
be represented by the Curie=-Weilss law X = ¢/(T + A) much
better than by the simple Curie law X= /T,

Weiss5 obtained the expression by conaideration of
the mutual interaction of the elementary magnets on molecular
magnetic fields. 4 is referred to as the Welss constante.

The significance of A In the light of the present
knowledge 1s threefold. First & appears as an empirical constanﬁ
from the fact that the multiplet intervals are neither very

large nor very small compared to kT. In this case, the Curie




constant C will itgelr change with temperature, and A will
have no real significance and will not remain constant over
8 very large temperature interval, The second source is the
inhomogeneous electric fields produced by neighbo;'ing ions
upon the orbital moment of the electrons. The third source of
A lies in the Heisenberg exchange interaction. When magnetic
atoms or ions are very ciose together, this interaction has the
effect of introducing a very strong coupling between the
respective spins. This effect is responsible for the phenomenon
of ferromagnetism. The relationship

X = NBS (s + 1)

M X (T = To] | [7]
vwhere _
= 2J2 8 (8 + 1) '
Te . 7 — 3k (8]
is equivalent to
X = G

T + &)
Here J 1s the 'exchange integral, z is the number of equidistant
neighbours with which the atom: has exchange coupling. We will

see later that this exchange Interaction can lead to the phenomena

of ferromapgnetism and anti-ferromagnetism.

A may be obtained experimentally from the intercept
of a plot of l/xM against absolute temperature.




Anti-ferromagnetism

The theory of paramagnetic susceptibility discussed
earlier applies only to atoms and ioﬁs which are free from
matual interactién, 1.6y to those which are magnetically dilute.
In magnetically concentrated substances, ferromagﬁetism arises
from parallel locking of spin moments between adjacent magnetic
atoms or ions, and anti-ferromagnetism arises from an antie-

parallel locking of spin moments.

The susceptibility of a typical anti-ferromagnetic i
substance as a function of temperature has a critical point
known as the Néel point, Above the Neel point, most anti-ferro=-
magnetics follow the Curie-Welss law, below this point, the

susceptibility drops andﬂiometimes becomes more or less

dependent on the fileld strength.
Suggestions for understanding the anti-ferromagnetic
phenomenon were first made by Néelé It was later developed

by Néél,T Kramers,e Huthe/n,9 Bitten,;OVan Vleck,11

and others.
Early dé&elopments in the theory of anti-ferromagnetism,

considering nearest neighbours only suggested equation [8]

A= T, = 2328 (s+1)/3k [8]
whrre
J = the exchange integral
z = number of nearest paramagnetic neighbours
S = spin quantum number
k = Boltzmann constant
Tc = temperature at which susceptibility is maximum




More recent developments by Van,Vleck12 are due to
the suggestion by Néel that anti-ferrpmagnetic substances may

be regarded as consisting of two sublattices in one of which

the atomic moments all orient themselves in one direction while

in the other they all orient in the opposite direction. The
influence of the second nearest neighbours on a given atom

causes A to be larger than Tc.

Exchange Mechanisms

Three mechanisms, kmown as direct exchange, double
exchange, and superexchange, may be used to explain the inter-
action between electron spins. These are based on the Paull
principle.

l. Direct exchange tends to align the net spin on
neighbouring lattice elements anti parallel to each other.

2. Double exchange proposed by Zener,13 requires the
transfer of electrons between two kinds of ions, particularly
two of the same element but with different charges, and hence
is Inhiblted if these cations are ordered. Double exchange
tends to align spins parallel to each other.

3e Kramer38 suggested the third mechanism, called super=
exchange which is an indirect mechanism. It is due to an
admixture of excited states with the ground state of a system
containing two like cations separated by an anion, The excited

states are the result of removing an electron from the snion
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(say 02-) and placing it in an empty or half filled cation
orbltal. Indirect magnetic interactions between cations on
opposite sides of an anion are:

1) Anti-ferromagnetic if the anion p orbital pre@ominantly
overlaps on each side elther an empty or half filled cation
orbltal (case (a) and (c) in fig. 1).

2) Ferromagnetic if the‘cation orbital 4s half filled on one
side and completely empty on the other (case b).

Goodenoughlu suggested a different mechanism for the
indirect magnetic interaction. The mechanism is called "semi-
covalent exchange". One of the two electrons in the anion
p orbitals participates In semicovalent bonding between the
anion and the cation. This electron has a spin parallel to
that of the cation since the anion p orbital overlaps an-

empty catlon hybrid orbital. The other electron may participate

in semicovalence with a cation on the other side of the anions
This will provide a mechanism for anti-ferromagnetic inter-

actlon. This can best be 1llustrated by fig. 1 case (a).

Crystal field theoqzls was first developed by Bethe,16

Penney and Schlapp%7

In this theory, a transition metal ion in a compound
or complex is subjected to an electrostatic field produced by
the ligands in its environment. The ligands here are treated

as negative ions or as dipolar molecules; in the latter case,
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Flgure 1.

Schematlic dlagram for three different
types of 1ndirect interaction.
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the negative end of the dipole is invariably directed towards
the metal. The effect of the electric field due to the
ligands upon the orbital energles of the electrons of the
central ion is similar to a Stark effect. In the absence of
the field, the five d orbitals and the seven f orbltals are
both degenerate, but in the presence of a ligand field of
non=gpherical symmetry tﬁeir individual energies are affected
differently.

Consider a central ion in an octahedral coordination
MX,+ The coordinate axes of the five d orbitals of M 1lie along

MX bond directions. The d 5 and d, _ 2 wave functions have
z X

¥
substantial amplitudes in the direction of the ligands but those

assoclated with orbitals dxy’ dyz and dxz do nots A perturbation
calculation shows that in a regular octahedral environment the
set of five d orbltals splits into two groups. One group is
comprised of the three orbitals dxy’ dyz’ dxz and because of

the symmetry properties, this is referred to as the t2g group.

The other group consists of the d 2 o and d o orbltals and
x z

-
is referred to as the e8 group, In this lnstance the eg orbitals

have an energy which is higher than that of the tZg orbitals,
If the octahedral coordination is not regular, but distorted
into a rhombohedral or a tetragonal symmetry, the degeneracy
of the d orbltals is reduced even further., The varlous

splittings of the orbital energies are shown in fig. 2,
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Figure 2. Orbital splittings in flelds of warious symmetries
() free atom, (b) cublc, (¢) rhombohedral (a < 60°),
(a) tetragonal (¢c/a > 1).

If the energy of the 68 orbitals is Ee and that of
tzs is Et’ then the difference Ee - Et equals 10 Dq and is
called the energy separation. The quantity Dqg is an enpirical
parameter of fundamental importance which may be estimated
from the optical spectra or in some cases from lattice energles,

In 2 molecule there are definite electronic levels

corresponding to those in the 1solasted atom, and the orbital
groups are rilled up gradually according to the "Aufbau" principle
starting from the levels of lowest energye. In the distribution

of the d electrons between the tZg and eg orbitals, there is a
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competltion between the exchange forces which tend to favour
the maximum multiplicity (Hund's rule) and the ligand field
which tend to force the electrons to Qccupy, as far as
possible, the orﬁitals of lowest energy. The former is
favourable if 10 Dq is small, and this will lead fo the
"spin free" or "high spin" states. The latter will be
realized 1f 10 Dq is largé, and "spin paired" or "low spin"
states will be more stable,

The value of 10 Dq depends primarily upon the
nature of the ligands and the charge on the central ion. An
1llustration may be presented for the first transition series%s’lg
(1) For the bivalent fons in the halides 10 Dg falls in the

1 and for trivalent ilons it 13 in the

range 7500~12,500 cm”
range 13,500~21,000 em™t. (2) The common ligands may be
arranged so that 10 Dq for their complexes with any given metal
increases along the sequence: I~ < Br ¢ c1” { F~ ¢ H,0 < oN”,
(3) Finally 10 Dq for compounds of the second and third series
is j0~80% larger than for the corresponding compounds of the

first serles.

Molecul.r Orbital Theory of the Bonding in Inorganic Complexes.

Ligand Field Theory,

Molecular orbital theory was discussed at an early

20

date by Van Vleck. This theory considers the nature of the

bonding between the metal and the ligands. There are both



theoretical and empirica121 grounds for believing that a
conslderable amount of coordinate bonding occurs in transition
metal complexes. This means that chafge transfer from one
directed hybrid 6rbita1 on each ligand to the metal ion must
be allowed for. |

In a regular octahedral complex Mxé, the ligand
orbitals may combine to form symmetry orbitals snd these
interact with the metal orbitals, Each interaction between a
symmetry orbital of the ligands and an atomic orbital of the
metal gives rise to a bonding orbital more stable than elther,
concentrated mainly on the ligands, and an antibonding orbital
léss stable than either and concentrated mainly on the metal.
The metal orbitals with no counterparts on the ligands
contribute nothing to the bonding in a first approximation.

This is 1llustrated in fig. 3.
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Flgure 3. Correlation between atomic and molecular orbitals

In octahedral complexes.
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In molecular orbital theory in contrast to the crystal fileld
theory some electrons have a certain probability of being
on the ligand atoms, |

The térm "Ligand Field Theory" has been suggested
to cover a more general approach to the chemistry of the
transition metals, The crystel field theory is adequate
provided the electronic wave funetions are more or less
localized on the central ion, the ligands behaving merely as
the source of an electrostatic perturbing potential, When,
however, there 1s strong interaction between the central ipn
and the ligand orbitals, the transition involves orbitals
having a large degree of delocalization over the ligands and
the central ion, it i1s no longer adequate to conaider the
simple crystal field approximation and instead the ligand
field approximation is used, being a combined approach of
the molecular orbital theory and the crystal field theory,

B, The Background and the Development of the Problem

In the development of the structural chemistry of
trensition metal compounds, fluorides nave occupied an
importent position: since the difference in magnetic properties
between the gtrongly paramagnetic complex ions, such és
[FeF6]3', and the weakly paramagnetic complex ions, such as
[Fe(CN)6]3', i1s the key point in the division of bonds in

ferric complexes into two types,
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For octahedral complexes the essential distinction
is between the use of 3d2 hs hpB hybrid orbitals ("covalent"
bonds in Pauling's terminology) and ls hpB hdz hybrid orbitals
("tonic").

It is well lmown that, in the first transition series,
the more electronegative ligands such as F, C1, O favour the
use of the higher orbitals, giving compounds with maximum
magnetic moments, The fluorides of transition metals are
especially interesting, since fluorine is rarticularly effective
in producing abnormally high oxidation states.

22 have made a survey of the available

Nyholm and Sharpe
data for transition metal fluorides and fluoro-complexes. Only
the results for the first transition series will be tabulated
here with a few additional data (table II).

We assume to a first approximation that the magnetic
moment should depart from the "spin only" value only because
of some orbital contribution or because of indirect exchange
coupling governed by principles outlined in figure 1 cases (a)
and (c). If this 1s so, some compounds in table II deserve
attention, First of all VFB’ .v has a rather complicated
structure but with an octshedral coordination., The vanadium (I11)
fon is a &° (tzgz) case, The moment of VF3 is noticeably lower
than calculated for the "spin only" value of 2 wnpaired electrons.

Both spin orbit coupling and indirect exchange in this case will




19

9f* 1
N0}
g°e
An0° Y
6t
2 mo

LS*T

4

0"He

0°0
PaTNCy
lote
TN
fig*2
Satnbn
L6°2
Mty
sg°e
JTN

go°t
J00Y
lL6°2
9g00%80

£°a
9a00¢ 80

£°s
9a00®
S1°s
9g00ty
£°s
g0t uy

T*s
€

Qy

Fq00% 171
"
gtiee
40D
09°1
J0D

6L°1
;mpmmo
se*t
ommm.mmom

T6%S

omm

«Sq04°( Tun)

Lg*th
SaeaSy
08°s

8°s

904 ( Tun)
96°g9
Yaeat e

L9°s

YpadtT

m&m&

65°5

o4

6g°1
JUDL
98°t
Fqupy
¢
iy
e+

€ quy
€L°s

C qup

€

o°

6lL°e

0%He “€an

LL*e

0%uz M ( Maw)

fiLte

0%r*uny

9L°1 6lL°2
Ng0ax0n € (M)
6L°¢ 6L°2
0%r* qa0%y anty
6°¢ qq°e
€120 an

0 ,lc=0c 38 SJUSUOK OT3SUSBR

IT °1q%g

AN Sy e

0°0

0%m* %111ty

0°0

S411%%




20

0°0
€ 4€ (€nn) 0p
0°0

€29Ennyon

0°9

9 o.0€

LEL A ']

LT°h

m.m oM

(penuT3uod) 11 S1qed




2%

depress the "spin only" value of the moment, but in the absence
of data for various temperatures, calculation of A and
application of the Curie~Weiss law is not possible,

Nyholm tabulated the magnetic moment of CrF, as
3,9 B,M which is in good agreement with the value calculated
for 3 unpaired electronr. Without any further explanation this
is wnexpected since indirect exchange 1s possible and hence
a lower magnetic moment 13 expected, CrF3 has a structure in
which each chromium atom is surrounded by six fluorine atoms
at corners of an octahedron, These octahedra are joined at the
corners in three dimensions. The Cr (III) in this case has three
unpalred electrons in the t2g group,., Spineorbit coupling should
be small but indirect exchange between neighbouring chramium}ions
through the intervening fluoride ion is expected to occur, The
magnetic moment of CrF3 in Table II was calculated from magnetie
susceptibllity results obtained by Bizette and Tsai.23 They
found that the susceptibility of CrF3 follows the Curie~Weiss
law between + 20° and =183° C, with a Curie constant of 1,88 and
a Weiss constant of + 133° K, Between =-183° and -210° ¢ the
susceptiblility ilncreases with fall of temperature and decreases
with increasing field. At -210° C CrF3 Seems to become ferro-
magnetic,

The moment of MnF3 12 unexpectedly in reasonable

agreement with that caleulated for four unpaired electrons, Here




the Mn (III) is in octahedral coordination, and is in a spin
free state d* (tZgB eg). Orbital contribution should be small,
The MnF6 octahedra are jJoined in thrée dimensions by sharing
corners.zh It is to be expected that indirect exchange
interaction would occur here, In a related case;KéMnFB, HZO’
Nyholm observed a reduction of moment which he did not expect,
and this compound is being further investigated,

Martin et a125 on the magnetic susceptibility
measurements on compounds with perovakite type structure KMF3
(where M = Mn, Pe, Co, Ni, Cu) concluded that the low valie of
the magnetic moments are due to antiferromagnetic interaction,

Ferric fluoride was also studied by Bizette.23 It
shows field dependence at both +20° and -183°C, hence maments
are meaningless,

The moments of several complex fluoroferrates have
been measured at 20° C. Some slight indication of field strength
dependence was obtained for the more concentrated compounds.

The "apin oniy" value 1s observed for the hexafluoroferrates. It
may be doubted whether there can be indirect exchange in the
hexafluoro salts, since the p-orbitals of the ligands on
neighbouring groups would overlap little if at all and moreover,
fluorine cannot engage in dn - dﬁ bonding. In fact, most salts
contalning discrete hexafluoro anions, e.g. Rqua', MnFBZ’,

FbFBB' appear to be free from indirect exchange effects.26’27’28
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29

Hoppe™“ measured the magnetic moments of some alkali f1uoroe

metallates and his results are tabulated in Table IIiI,

Table III
. p’c&l B.M,
Compound Temp. Ok Bepp, B.M, normal complex complex
L1 yC0F 5.1 .90 0
Na300F6 5.3 L.90 0
K300F6 5.15 .90 0
RbBCoF() 5.3 4.90 0
K300F6 5.3 L.90 0
90 2.12
K3N1F6 195 2,26 3.87 1.73
294 2.54
.90 2.6
29, 2.97

With the exception of the lithium salt, the above
M300F6 compouhds and K3N'1F6 have the same K3FeF6 type structure,

The M300F6 compounds are normal complexes (with outer orbitals),
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However, KjNiF% did not follow eilther the Curie or Curie-Weiss
law, Hoppe suggested that KBNiFB may be a case of a compound
having a paramagnetic central atom wﬁich is in a state
intermediate betﬁeen & normel and that of a penetration complex,
No proof of this was provided,.

Also there scems to be complication in the case of
Cs,CoFy and there is no clear explanation of this either as
yet. In both cases, indirect exchange is not expected and it
was hoped that isomorphous dilution would confirm or deny the
view that these compounds are in an intermedlate spin state,
since if indirect exchange interaction 1s present, isomorphous
dilution should increase the moment. Consequently, such an
experiment was strongly indigated. Since i1t 1s easier to
prepare solid solutions of KNiFg with an isomorphous diamagﬁetic
host than it would be to prepare solid solutions of 03200F6
the former compound was chosen for investigation,

Henkel and Klemm30 measured the magnetlec susceptibility

of CoFé

in Table I¥,

» Nin, Cqu2 and CoF3 and thelr results are summarized



Teble IV

25

No. of unpaired Temp.K

:melo

Compound 1 obs
eff cale,
electrons (B.M.) (B.M.,)
90 120 1.0
CuF:2 1l 195 12,0 1,40 1.73
293 1050 . 1,57
90 62,0 2.13
NiFé 2 195 4390 2.62 2.83
293 BT 2.85
90 22000 .00 _
CoF2 3 195 12100 .36 3.88
293 8980 4,60
90 3510 1.60
CoF3 195 254.0 2.00
293 2570 2.6

Poa1e, WasS obtained from the "spin only" formula. Cobalt in its

difluoride 1s in a "spin free" state a’ (tzg5 egz).

ortitai contribution is expected in this case.

A considerable

The Ni(II) and

Cu(II) ions in the difluorides are likewise in "spin free" states
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the orbital contribution to the moment should be small. Plots

(t egz) end 47 (t2g6 983) respectively. In both cases

of the values of ?%? against temperafure indicate that the
Curie-Weiss law is ffllowed approximately for cobglt and nickel
difluorides and Weiss constants of +50o K and +160° X were
obtained for the cobalt ang nickel cases, respectively.
In the cupric difluoride case, it was not possible

to obtain the Weiss constant, since it does not follow the
Curie-Weiss law or il the best Straight line is drawn (plot
of 1/xr4 vs T) the Weiss constant obtained is too large to be
of any significance., The Jahh-Teller distortion is a further
complication here, All of the iron group difluorides have the
rutile type structure which is distorted in the cases CrF2 an@
Cqu. |

A positive Welss constant has a real slgmificance

and can be used to evaluate the moment according to the

expression pu = 2,€3 VIQLM x (T +4) only when 1t is established
that the deviation from Curie's law is caused by anti-ferro=
magnetlic interaction, 'This is especlally important when the
Welss constant obtained is large as in the case of NiF,. The
technique of isomorphous dilution 1s sometimes employed to ‘
confirm the présence or absence of anti-ferromagnetic interaction
in a substance,

The value for CoFy has been confirmed by Nyholm and

22

Sherpe, For this compound there is also a temperature
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dependence at least up to 293° K, but the Curie-Weiss law is
not obeyed; hence the limiting value of u is certainly
greater than 2,5 B,M, CoF‘3 has a stfucturé in which each
cobalt atom has six octahedrally arranged fluorine astoms as
nearest neighbours, Tervalent_cobalt is dé; if the bonds were
3 a2 Ls hp3 the compound would be diamagnetic, but the use

of "ionic" or s hp3 hdz'bonds requires a moment of },,90 B.M,
Nyholm suggested that with the exception of the M300F6 Series,
in which moments indicate I unpaired electrons, tervalent cobalt
in 1ts complex compounds resembles the second and third
transition series much more than those of the first,

Westland and Hoppe,31 after several attempts
obtained a sample of KéNiFh which obeyed the Curie-Weiss law
with a Weiss constant of +1u0° K. The magnetic susceptibility
of that sample is given in Table V,

Table V
Temp., °K X x 106 X, X 106 " B.M p (B.M,)
p. g M efr olle odle
90 17.60 3830 1.66 2.66
195 12,00 26,40 2.03 2.66
292 - 9.20 2040 2,18 2.65

Other attempts have resulted in magnetic susceptibilities

characteristic of an anti-ferromagnetic substance.below the Néel
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point, e.g. the Susceptibility decreased with decreasing
temperature, KéNiFh has a structure which_is ideally suited
for indirect exchange interaction, isomorphous dilution
would decrease this interaction and hence should increase

the effective moment,

The behaviour deseribed above is, for the most part,
roughly in agreement with simple magnetic theory modified by
the inclusion of the indirect exchange mechanisms "a" ang Me®
on page 12, The triflorides VF3 and MnF3 appear ancmalous
however, FPurther more, the precise behaviour of certain
substances, e.g, the slight departure from the Curie-Weiss

law In the case of NiFé, is not accounted for by simple theory,
Consequently, it appeared desirable to relnvestigate VF3 and
MnF3 and to subject some typlcel fluorides, those of nickel,

to & more detalled study by means of isomorphous dilution in

a diamagnetic "host" compound.




EXPERIMENTAL

A. Magnetic Susceptibility Measurements

The Gouy method was used for the susceptibllity
measurements. In this method the specimen takes the form of
a rod of uniform ecross section, one end of which 1s situated
in a region of large fisld strength H and the other in a
region of small fleld Hb. Integration over the range of field
gradients involved, leads to the expression for the force
which acts on the rod, |

F o= 3 A 4@ -g? [91

where A = cross sectional area.
A = volume susceptibility.

In practice, H 1s the field at the centre of the
pole gap between the magnets, and Ho is very small or zero,
being the fleld in a region out of the influence of the magnet.

Equation [9] holds if the atmosphere surrounding
the sample has negligible susceptibllity. If the sample is
suspended in alr, the expression becomes

Fo=ga@-82 (- y) (0]

where ){' is the susceptibility of air, which 1s equal to
+ 0,029 x 107° Ceges units/cc at 20° c.
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In practice the sample tube was evacuated and if the
condition of zero field at the outer end of the tube cean be

achieved (sufficlently long sample); then equation [10] can
be simplified to

F = -:él- A W g2 [11]

The technique employed was to measure the difference in force
developed on the application and removal of the field H, The
apparatus used is shown diagramatically in fig, |

.

Szmple

Pole l l Pole

Fig. L. Apparatus for the Gouy method.
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If the apparent change of weight of the sample upon
the application of the magnetic field H is AW then

F = g = A WE® [12) i

-

where g 1s the gravitational constant, and further

K= 2g4W
A B® |

and to obtain gram susceptibility we have

18 = -2—-§-2!'——A! [13]
m

where 1 and m are the length and the mass of the sample,

respectively.

The Samples

The samples were ali in powder form and were contained
in a pyrex tube. The dimensions of the tube were: outer
diameter = 3 mm., ilnrer diameter = 1,5 mm., and the length of the
tube = 8,60 em.

In order to obtain reasonable accuracy in the
measurement of the susceptibilities, it is essential to pack the
sample uniformly. This was done by sealing the tube to another
tube with larger dlameter and having a ground glass joint at
the other end., Small quantities of the powder were introduced
into the tube and the bottom of the tube was then tapped firmly
on & wooden surface, This process was continued until the tube

was filled up to the necessary length, usually 6-8 cm. Then
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the tube was evacuated and was sealed off at the upper end,
A hook was made at this end and the tube was suspended by
means of & quartz fibre from the left hand pan of the magnetie
balance. At tlils stage care was taken to ensure that (i) the
tube with content was vertically placed (ii) the bottom end
of the sample was in the middle between the pole pieces
horizontally (iii) the magnet was aligned so that the tube
and content wés pPlaced centrally between the pole pieces.

The tube, quartz fibre and turnbuckle were enclosed
in a glass jacket, so that they were protected from air

currents, The glass jacket was covered all along with asbestos

string.

Correction for the Empty Tube

The tube itself comprises a form of hollow specimén
and consequently develops a force which 1s always present
and which has to be subtracted from the observed force in order
to obtain the force on the sample alone., The force is usually
negative since the glass 1s dlamagnetic.  The correction for the
empty glass was obtained by measuring; the apparent change of
weight of the evacuated tube alone, when the magnetic field

was applled,

The corrections for the tube used in subsequent

measurements are given in Table VI,




Teble VI
Temperature
Current 295-302° K 22l.5° K 195° K 90° x
2.5 Amp., -.047 mg. =050 mg. =.050 mg., =-.056 mg.
5-0 Amp. -,200 mge =.209 mg. -,209 mnge -.226 mMge
705 AMP- -DLI-BS mg‘o 'QLI-BS Mmge -.1,.35 mge. "oll.gu- nmge
10,0 Amp. "061-!-9 mge '06,-]-8 mMge -.6,4.8 mnge ‘071-’-5 nge.

The Deseription of the Balance

An Ainsworth projection type micro balance was used
for measuring the apparent change of weight when magnetic field
was applied, Weighings were carried out under the same
conditions every time by the method of swings. The sensiti&ity
of the balance was determined before measurements at each
temperature,

In order to obtain the correct value for the change
in weight when fileld wgs applied, it was of particular
importance, especially for low temperature measurements, that
rest points were recorded before and after every reading to

obtain the mean,

The Magnet
An electromagnet was used, It possessed truncated

pole pleces, with a gap between them of 1.9 cm. Yhe eléctro-
magnet is adjustable in two horizontal directions at right




1
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angles to each other,

Measurements were made at four different field
strengths obtained by using currents of 2.5; 5.0; T.5; and
10.0 amps, ‘

The current was drawn from a set of lead accunulators,
adjusted by two rheostats, and was. measured by a Bach=Simpson
Ltd., Model 9 Ammeter with an accuracy of % 0.5%,

Calibration of the Fleld Strength

Although it is possible to use the Gouy method
directly for absolute measurements of magnetic susceptibility
by measuring H, A, etec,, this is rarely done, Instead, the
apparatus is calibrated by means of a substance of known
susceptibility, In the present work, hydrated ferrous ammonium
sulphate (Mohr's salt) was used., The gram susceptibility 1s

glven by Selwoodu as

Xg = 9500 x 1078/(T + 1) [14]

where T is the absolute temperature,

Chemically pure Mohr's salt was recrystallized from
water, dried, and finely powdered before packing wiformly in
the tube,

The measurements Wwere done at room temperature and
the value of H® was calculated from equation {14], The

average value of three measurements are given in Table VII.
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Table VII
Currents in Amps, Fleld Strength in Oersteds
2.5 145y
5.0 2937
7.5 : 14351
10.0 5349

Magnetic Measurements of Different Samples

The measurements were carried out at different
temperatures: room temperature, 22&.50 K, 195° K and 90° K,
The temperatures were measured with a copper-constantan
thermocouple., For low temperature work, the lower end of the
glass jacket was immersed in a cooclant contained in a specially
constructed Dewar flask which fitted between the pole pieces,

The gram susceptibility was calculated using
expression [13] after the necessary correction for the empty
tube,

Usually the samples showed a s8light ferromagnetism
so 1t was necessary to obtain the value of .xg at infinite
field by extrapolating the plot of .Xg against 1/H,

The gram susceptibilities of the paramagnetic ion in

the solid solutions were calculated by using Wiedemann's




additivity law

where is the experimentally determined susceptibility

and j(l, 7(2, m, and m, are the susceptibilities and weight
fractions of the t wo components, respectively. The molar i
susceptibility of the pafamagnetic compound is obtained from

Ay = X, x ¥ - YX [16]

g

where M is the molecular weight of the paramagnetic compound,
ng is the gram susceptibility of the paramagnetic compound
and ~X A is the diamagnetic susceptibility of each of the
paramagnetic atoms. '

Magnetic moments were calculated using the equation

bopp = 2483 '\/XM x T [17a]

or

TR 2.83’\/XM x (T + 4) [17v]

Preclsion and Accuracy of the Magnetic Measurements

These were determined by Bhiwandker.32 The largest
error was probably due to non-uniformity of packing and it

amounted to about ¥ 24,
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B. Preparation of Samples

Magnesium Difluoride MgF2

Thls can be prepared in a wet way by the precipitation
from a solution of magnesium sulfate by potassium fluoride, §
In the present work, MgFé was brepared by the fluorination of f
reagent grade anhydrous magnesium sulfate, Mgsou, since this
method seemed to be favourable for the Preparation of the solid §
solutions of MgFé and Nin.

A lmown weight of finely powdered MgSOh was placed

in a small porcelain boat, and was fluorinated at a temperature

of 250° C for 2 hours., The furnace was allowed to cool to

room temperature without interrupting the fluorine stream
before removing the product this was again weighed to ensure -

the completeness of the reaction,

Nickel Difluoride NiFé

Nickel difluoride was prepared by fluorinating nickel
sulfate monohydrate Nisqk' H20°

Reagent grade NiSOh.éﬂzo was heated in an oven at
120-130° ¢ for at least 12 hours to obtain the monohydrate
Nisqu.Hzo. This was then finely powdered and was fluorinated
at 250° C for 2 hours. After the product was sufficiently cool,

the fluoride was transferred to a vacuum system using a sultable

transferring device. The sample was then heated in vacuum for
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2 hours at 400° ¢ to bring the nickel of the higher oxidation
states to the bivalent state, The product was pure yellow,
Analysis: Ni calculated = 60,7%, found = 59.5%,

The Mixed Sulfates (Ni, Mg) 50y, + 6,0

Various proportions of reagent grade NiSO .6H20
and MgSQu were dissolved in water to obtain a saturated solution,
The solution was heated almost to boiling and filtered. The
filtrate was evaporated slowly and precipitated rapidly using
an ice~salt bath as a coolant, The fine crystals wWere filtered

off and dried umder suction,

IThe Solid Solutions of Nigkel Difluopide and Magnesium Difluoride

These were prepared by the fluorination of the
corresponding mixed sulfates, -

Samples of (Ni, Mg) SQu.éHZO of various compositions
were heated in an oven at 120-130° ¢ to obtain the monohydrate,
They were then finely powdsred and fluorinated at 250° ¢ for
2 hours and subsequently heeted in a vacuum for 2 hours at
400° ¢c. The products were various shades of light yellow,

X-ray diffraction patterns were obtained to ensure the

homogeneity of the solid solutions,

Potassium Megnesium Sulfate K Mg (50, ),,.6H,0

This was prepared using the solubility data of

Klooster.33
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In the present preparation, a 60:40 weight proportion
of Mgsqh to Késqh was dissolved in wgter to obtain a saturated
Solution, The solution was heated almost to boiling and
filtered, The filtrate after being concentrated slowly, was
allowed to crystallize at room temperature, Thelcrystals were

dried out under suction before storing them in a desiceator.

Potassium Nickel Sulfate KéNi(th)2.6H20

This was prepared using the solubility data of
Caven and Johnston.Bu A 50:50 weight proportion of N:I.S.Ol\L to
Késoh was used in this preparation to obtain Kéﬂi(soh)2.6ﬂéo.
After simllar treatment as in the case of K2Mg(sou)2.6H20,
green crystals of KéNi(SOh)a.éﬂéo were obtained.

The Mixed 8ystem sgﬂNi, Mg)(Sthg:6§22

Taking into consideration the phase diagrams for the
preparation of both KéMg(SQh)2.6H20 and KéNi(SOh)z.éﬂzo, a
mixture of reagent grade Késo » MgSOu and NiSO .6H20 in certain
proportions were dissolved in water to obtain a saturated
solution, After similar treatment as before, the saturated
filtrate was cooled repidly using an ice-salt bath., The
resulting fine crystals were separated by filtration aﬁd dried,

Potassium Cyenonickelate KéNi(CN&i

This was prepared by dissolving an excess of nickel
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cyanide ]Sli(CN)2 in potassium cyanide solution wntil 1t was
saturated, The excess nickel cyanide was filtered off and
the hydrated Kéﬁi(CN)u was crystallized from the filtrate,
The crystals were then heated in an oven at 120-130° C to

obtain the anhydrous KéNi(CN}u. |

Potassium Magnesium Fluoride KéMgIh

This was prepared by the fluorination of the
corresponding sulfate,

KéMg(SOh)2.6H20 was first heated in an oven at
120+130° C to form the monohydrate, The crystals were powdered
finely and fluorinated at 300° C for 2 hours, The product was
heated in vacuum at l50-475° ¢ for 2 hours to provide a similar
treatment as was given the nickel analogue.,

Analysist Mg calculated = 13,62%, found = 13,92%.

Potassium Nickel Fluoride K.zNiFl£

This was prepared in the same manner as in the case
of K2MgF s using KéNi(th)z.bﬂéO as the starting material, and
this was first converted to the monohydrate before the

fluorination,

The product of fluorination was fuschis in colour
(K,NiFe ). Thls was heated in vacuum at 450-475° G for l~6 hours
to obtain the pale yellow KéNiF .

Applying the same procedure as the above, KéNiFh can
also be obtained using KzNi(CN)u as the starting material,
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Analysis: Ni calculated = 27,57%, found = 27,L0%,

The Solid Solutions of KéMgFL and KéNiFh

These were prepared by the fluorination of the
corresponding mixed sulfates monohydrate at 300° ¢ for 2 hours,
Then it was heated in vacuum at }j50-475° ¢ for =6 hours,

Xwmray diffractioq patterns were taken for K MgF, ,
KéNiFh and theilr solid solutions,

Potassium Nickel (III) Hexafluoride K3N1F6

An equivalent mixture of anhydrous potassium nickel
sulfate KéNi(Soh)a and potassium sulfate were used for this

preparation.

First KéNi(SOh)a.éﬂao was heated in a muffle furnace

at 350° ¢ for at least 10 hours to obtain the canary yellow
anhydrous KZNi(Sou)Z' This was then mixed intimately with
Késqh to give a 2:1 mole proportion of KéNi(Soh)Z to K,30, .
This mixture wes fluorinated at 450° ¢ rfor iy hours, The
product was fuschia (mostly K,NiF, + KEX). But after it was
heated in vacuum for l hours at“300° C the final product was
the lilac coloured KBNin, which was rather wnstable., It was
stored in an ampule containing dry nitrogen,

The same procedure can also be applied to a mixture

of 131 mole proportion of KCl to KéNi(CN)u.KBNiFé was also

prepared according to Klemm and co-workers§5 In this preparation,
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the fluorination of the mixture of the sulfates was carried
out at 30° ¢ for 2 hours. But in this case the fluorine gas
was diluted with anhydrous 002 to glve S:h volume proportion
of F, to C0,. The product obtained was 1ilac,

2 2
Analysis: Wi calculated = 20,24%, fownd = 19,51%,

Potassium Aluminum Alum KAl (S )5+12H,0

This was prepared using the solubility data of

Bl‘ittono 36

Potassium Cryolite K, 8A1F5“8
c 2, K

This was prepared by the fluorination}of & mixture
of Knl(sou)a and KéSOh in & mole proportion of 1 to 0.9,
respectively, '

KA;L(SO!J’)2 was first obtained by heating the alum in
a muffle furnace at 325° C for 2l hours, This was mixed
intimately with the correct proportion of KéSOh and subsequently
fluorinated at 340° C for 2 hours, The fluorine gas was diluted
with GO2 in the same manner as for the preparation of K3N1F6.
Weights of the sample were recorded before and after the
fluorination, and that of the fluorination product agreed with

the expected value for K2,8A1F5.8

The S0lid Solutions of K2.8A1F5.8 and K3N1F6

A mixture of the sulfates for the preparation of
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K3N1F6 and that for Ké.BAlFS.S was prepared in various
proportions. The intimately mixed Sample was fluorinated
for 2 hours at 30° C. In this case again thé fluorine was
diluted with 002 as before,

The X-ray diffraction patterns of the solid solutions
could not have revealed any inhoﬁogeneity in the solid solutions
since the X-ray diffraction pattern of K2.8A1FB.8 and K3N1F6

are very much alike in dimension as well.

Manganese Sesquioxide M’nao3

The procedure of Meyer and Rgtger837 was used using

manganese dioxide Mno2 as the starting material,

Ammonium Pentafluoromanganate (III) (Nﬁi)2MnF3

Manganese sesquioxide Mn203 was dissolved in
concentrated hydrofluoric acid in & platinum dish. The dark
purple solution was added to a saturated solution of ammonium
fluoride in a teflon beaker, A pinkish fine precipitate was
formed and this was recrystallised from water containing
amnonium fluoride, The precipitate was first air dried and

then dried further under vacuum at room temperature for 2ly hours,

Mangenese Trifluoride MnEB

The method employed was based on that of Hoppe.38
(NHu)ZMan was fluorinated for 2 hours, starting at

room temperature &nd gradually raising the temperature to 250° C.
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The fluorine gas was diluted with dry nitrogen in order to
Slow down the reaction.

The purplish MnF3 was unstablé; it changed into a
brownish substance‘fairly quickly in air, and was kept in a
glass ampule containing dry nitrogen. |
Analysis: Mn calculated = 49,08%, found = L6,74%.

Vanadium Trioxide V203

The preparation was based on the procedure by

Spencer and Justice.39

Technical grade VéOS was the starting material, and
this was first purified.

Vanadium trioxide was then prepared from the purified
pentoxide by heating it in a stream of hydrogen at E75° c

for 3 hours,

Vanadium Trifluoride VEB

The method used here was based on the procedure of
Carpenter and co-workera.uo

Vanadium trioxide was treated with anhydrous HF gas
in the fluorination furnace at room temperature for one hour,
After this period of time, the temperature was gradually.raised
to h60° C (maximum temperature possible for the furnace). The

HF flow was continued for L hours at this temperature and also

during the process of cooling., When the furnace had cooled
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to 60° C, the sample was purged with dry argon to remove the
adhering HF, The green product was pulveriged in an anhydrous
N2 atmosphere and was stored in an améule.

Analysis: V caloulated = 47.20%, found = L16.25%.

C.  Analyses

Duplicate determinations were carried out in each
case, All weighings were done under conditiors approaching
50% relative humidity. The balance used was a Sartorius-

Werke projected scale semimicro balance,

Determination of Magnesium

In KéMgFl. A welghed sample contained in a platinum dish was
treated with a small guantity of concentrated HZSOA and was |
heated on a hot plate to dissolve the sample and to expel the
HF formed. The solution was transferred to a beaker and was
diluted with distilled water to a total volume of 150 mls.
Magnesium was then determined gravimetrically as
the pyrophosphate, Pure diammonium phosphate (NHu)aHPQu was
used as the precipitating agent and double precipitations were

carried out to obtain a precipitate of the proper composition,

Determination of Nickel
In NiF, and the solid solutions (Ni,Mg)F,. The compositions

2 P e

of the pure compound and the s0lid solutions were established

by determining the Ni content gravimetrically with dimethyl-
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glyoxime, Samples were decomposed in a manner similar to that
used in the case of KEMgF .

Solutions of known Ni content with varying Mg
concentrations both as the sulfate,were analysed for preliminary
investigation, It was found that-a concentration of Mg in the
mixture as high as 95 atomic % did not interfere with the
Ni analysis,

The results of the analyses of various solid solutions

are given in Table VIII.

Table VIII

Composition of solid solutions (Ni,Mg)Fé

Product No, Wt., % Ni Wt., % NiPF

5 Atom % Ni
1 36,58 60,30 49.1i8
2 20,98 .56 25.39
3 12,56 20,69 14,39
Ly 12.25 20,20 14,03
5 5.61 9.25 6.16
6 5.00 8.2l 5.48

Ni in KZNiFIg.r and the solid solutions Ka(Ni?.Mg)Fh' Ni content

was determined as described previously. In some cases, the

filtrates remaining after the Ni determination were analysed
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for thelr Mg content by the pyrophosphate method in order to

verlfy the composition of the solid solutions,

The results of the analyses‘are given in Table IX,

Table IX

Composition of solid solutions K2(N1,M3EiL

Product No, Wt. % Ni We, % K N1, Atom % Ni
1 19,56 70.95 67.19
2 16,4l 59.63 55.30
3 1L.84 53.83 49.50
I 14,20 - 5.5 47.19
5 12.47 L5.23 40.91
6 9,00 32,6l 28.89
7 4,75 17.23 14.89
8 1.79 6.9 5.50

Ni in K3N1F6. The sample was treated with 10 mls of dilute

Hasqh (1:1). Evolution of gas was observed and the sample
dissolved quite readily. The solution was evaporated slowly
on & hot plate, It was then transferred to a glass beaker and
diluted with distilled water to & volume of 150 mls, The Ni

content was determined by the usual method,



|

- 48 -

Ni in the solid solutions of KiNin and Ké.BAlFB.B' Decomposi=-

tion of the samples was carried out as indicated in the case

of K Nin.

3

The resulting solution was diluted with water and
approximately 3 grams of amnnoni’mn chloride and a few drops of
methyl red indicator were added, The solution was heated to
boiling and dilute ammonium hydroxide (1:2) was added slowly
untll the colour of the solution changed to a distinet yellow,
The solution was boiled for 1-2 minutes and the AIHOH)3
precipitate was separated immediately by filtration through
peper. The precipitate was washed thoroughly with hot 2%
armonium chloride solution and the filtrate was analysed for
the Ni content as usual,

The results of analysis of the solid solutions are

given in Table X,

Teble X

Composition of solid solutions of IEg.SALFS.B and K3N1F6

Product No. Wt 75 Ni Wt. % K3N1F6 Atom % Ni

i 2.05 10,13 8.75
)  14.89 24,15 21.30




Determination of Manganese

In MnFa. A weighed sample contained in a p;atinum dish was
treated with few ml. of concentrated"HESOh and was evaporated
on a hot plate until dense white fumes were evolved,

The solution was transferred to a beaker using a
small quantity of distilled water, At this stage fine brownish
particles were still undissolved but after the addition of
2 ml; of 30% H,0, a completely clear and colorless solution
was obtained,

The oxidation of Mn (II) by sodium bismuthate was
done in a nitriec acid solution containing approximately 22%

by weight of concentrated HNO Sodium bismuthate was added

3.
mtil some was left undissolved, The residue was separated
by filtration through a sintered ecrucible and it was washed
with cool 3% nitric acid solution until free from permanganic

acid, Ferrous sulfate was added to reduce Mn(VII) to the

bivalent state and excess ferrous ion was titrated with standard

permanganate solution.

Determination of Vanadium

In VF,. The sanple was dissolved in concentrated HF. The
-3 P

resulting solution was evaporated on a water bath, 16 ml;, of
dilute stou (1:1) were added and the solution again evaporated
to expel the remaining HF,

The green solution was diluted with freshly boiled
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water to a volume of 100 mls, A 0.1 N standard KMnOh
solution was added dropwise until the solu’gion was slightly
pink, It was then poured through a Jones reductor and
collected in a beaker containing 100 ml. of 10% ferric alum
solution [Fb(NHh)(SOh)z.lzﬁéOJ,The resulting ferrous ion

was titrated with standard 0,1 N Kl'fnf),.L solution,
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Results and Discussion

The results of the magnetic susceptibility
measurements on pure compounds and various solid solutions

are given in tables XI, XII, XIII, XIV, XV, XVI

Table XI

Results of magnetic measurements on pure compounds

Compound Temp. °K 4 8x:Lo(’ xMx106 T "
B M,
VF3 300 2l 140 2731 2.56
195 29,80 3326 2.28
90 L47.80 5309 1.96
*MnF3 +
silice 297 6.11 10713 5.05 oSl
155 9,38 16453 5.07 .51
90 22,08 38640 5.28 )
Silica 298 =0,166
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Table XI, continued
K2N1FjLL 298 8.80 1959 2.16
195 8,09 1806 1.68
90 6,66 1500 i.04
KaMgFu 297 -0, 362
90 -Oo 360
NiF, 298 3. 60 hly 2.87 3.61
90 60, 30 598l 2.08 3.56
KNiFg 301.5 8.60 2689 2.55
195 10,00 3112 2.20
90 21,00 622 2.15
K2.8A1F5.8 301 «0,279
195 ‘Oo 322
90

-0.478
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;tg at a given temperature was calculated for
every field strength, There was a 8light field dependence,
To. correct for this, Rﬁg values foi the various
temperatures wefe plotted against %-and :Kg tapulated was
obtained as the extrapolated value at infinite field. ‘The
values of ZfM are reported after the correction for the
diamagnetism of the various ioms including the underlying
diamagnetism of the paramagnetic ion itself,

*MnFB had to be diluted in the foﬁm of a mecheanical
mixture with silica as the apparent change of weight when the
field was applied was too large for accurate measurements
when the pure compound was used, |

The results will be discussed Separately for each

paramagnetic ion,

2 2
The Configuration d (t2 ) Vanadium (III)

The effective moment of VF3 shows a temperature
dependence. The room temperature value agrees with that
obtained by Nyholm and Sharpe,22 who obtained a value of
2.55 BM at 20° c. The present result shows that Kepp decreases
with decreasing temperature and that the Curie-Weiss law is
not obeyed a8 can be seen from Fig, 5.

Veanadium (III) in an octahedral coordination is
a tag2 case, A moment of 2,83 B.M is to be expected for #wo
unpaired electrons., Spin-orbit coupling might decrease the
moment since the shell is less than half filled. Further,




Figure 5, Plot of l/;(M vs ' for VF

3
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indirect exchange might decrease the moment by the mechanism
of case (a) in PFig, 1, However E.D. WOllanhl found no
evidence from neutron diffraction studies of superlattice:
reflection characteristic of anti«ferromagnetic structure
in VF3 even at a temperature as low as h.2° K.

Figgisuz has calculated and obtained a graphical
representation of the magnetic moment as a function of the

parameter kT/VA| for Vanadium (III) ion in an octahedral

environment, A is the spin-orbit coupling constant for ;

1 for Vanadium (III)

the free ion which is equal to 105 cm™
ion, From the plot it can be seen that Rers decreases with
decreasing kT/ | A| for both medium and weak ligend fields,
Figgis' curves are reproduced in Fig, 6.

The present Hofp values of VF3 at room temperature
and 195° K 1is in agreement with the medium field epproximation,
but that of 90° K 1s considerably higher, the value being
closer to the weak-~fleld approximation. The moment of
Vanadium trifluoride does not exactly follow the theory and
this may be for several reasons, The field strength is possibly

intermediate between weak and medium, and the assumption of a

free ion in a field of perfect cublic symmetry, upon which the
plot was based, is not entirely true in this case., The compound
has a rather complicated structure which 1s shown in Fig. 7.

The wnit cell 1s Jz'hombohedrs.:l.l"3 with dimensions: a = 5,37

3 0,002 A°, a = 57.52 £ 0.03°, The octahedron of F atoms



Flgure 6, Hgpp V8. kT/|a) for vt (A positive),
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Figure 7. The structure of VF3.
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aroumnd each V atom is not regular; there is some distortion
of the cubic symmetry.

| The temperature dependence of the moment of VF3
may not entifely be due to spin-orbit coupling, but also
to indirect exchange interaction, Although tﬁe V=F=V bond
angle in VF3 is not ideal for indirect exchange, nevertheless
it is believed that indirect exchange between neighbouring
vanadium atoms is not completely eliminated, However, a
definite proof to establish this view cannot be gained from
susceptibility measurements alone. An experiment which may
decide this question of possible indirect exchange is the
isomorphous dilution of VF3. There is a difficulty in such
an experiment, hOWever, as there i1s no dlamagnetic trifluoride
with a VF3 type structurs that can serve as a host latticé.
It may, however, be possible to prepare solid solutions of
VF3 and A1F3, up to a certaln concentration of the former
while the ;ystem retains the VF3 structure,

It is consequently not possible at present to

draw inferences from the behaviour of V‘F3 which could serve

to establish a theory of indirect exchange for transition

metal fluorides.,

The Configuration d’*(tz g3 e,) Manganese (III)

The results of magnetic measurements on M’nF3

are given in Table XI,
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The Curie-Weiss law is obeyed, at least to temperztures

as low as 90° K and a Weiss constant of -12° K was obtained
from/plot of 7%- against T in Fig, 8, The moment calculated
M

according to the formula p = 2.&3\/ZM(T - 12) gives an
average value of ;.92 B.M, in gocd agreement with that obtained

by Nyholm and co-workers.au

Anti-ferramagnétism, which is expected to occur in
MhFB, is generally associated with a positive Weiss constant,
During the present investigation the author encountered a
paper by Bozorth and Nielsenuhv in which it was reported that
anti-ferromagnetism is pPresent in MnFB, with a Néel point of
+ 47° K and a Weiss constant of - 8° g, They also came to the
conclusion that the Curle-Weiss law is obeyed above 50° k and
obtained a moment of 5,0 B,M, E.D. WOllanul and .cosworkers
found evidenece of anti-ferromagnetism from neutron diffraction
studles of MnFB. The compound shows a growth of superlsattice
reftections at low temperatures but anti-ferromagnetism in this

case ls different than in other trifluorides of the iron group

(CrFB, FgFB, CoFB).Wollan found the Néel temperature to be + };3° K,

The crystal structure of MaF, is monoclinic®¥ with
dimensions: a = 8.904 ¥ 0.003 4°, b = 5,037 % 0.002 A°,
=13.448 ¥ 0,005 Ao; B =927, % 0.04°, fThere are 12 molecules
per unit cell, but the basic anti-ferromagnetic structure can
most easily be described in terms of an idealized cubiec fofm
as in Fig. 9,



Figure 8, Plot of 1/7¢M vs. T for MnF

3.
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Figure 9. Ordering of dz2 orbitals for the compound

MnFB.
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The magnetie structure of MnFs is similar to that of
LaMh03 previously observed by E,O0, IrJ‘ollan.LLS This structure
appears to be associated with the bresence of only one electron
in the e8 orbitals, In a cation with a 3dh outer configuration
in a1 octahedral coordination, the e8 orbital pair will te
split into a stebilized d ° orbital and a less stable d 2 2
orbital due to a distortion of the octahedron to tetragonal
symmetry with o/a > 1. Of the two e, orbitals, the d_2 orbital
is occupied causing a greater electrostatic repulsion between
cation and anion d ong the z-axils than perpendicular to it: also,
orbital overlap with ihe empty d 2 2 cation orbitals further
stabilizes the four coplanar bonds.

The anti-ferromagnetic structure can be accounted for
by the d 2 orbltal arrangement as shown in Fige 9. It consists
of ferromagnetic layers on 8, -8, plane in which the spinsin
alternate layers are oppositely oriented and the anti-ferro-
magnetism 1s along the c-axis, The spacial ordering of the
orbitals which 1s required to account for this type of structure
18 made reasonable by X-ray measurementzh in which an
unusual occurence of three dift'erent Mn-¥ bond lengths has been

observed (1 = 2,09 Ao, m=1,91 A® and s = 1.79 4%),
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The Configuration d t2g eg

¢ Nickel (II)

The NiFZ-MgF2 system

The magnetic susceptibility and moments of N1F2 and
the solld solutions (Ni, Mg) F, are given in Tables XI and
XII respectively,

The moment of N1F2 calculated by using the relation

L = 2.83 VXM x (T + A) 1s somewhat higher (3.60 B.M.) than
that calculated from the data of Henkel and Klemm,3o which was
353 B.M. The plot of 1/{M against T in Fig. 10 is not
strictly linear, but the best stralght line drawn through the
three poilnts resulted in a Weiss constant of + 175° K as
compared to + 160° K obtained from the susceptibility measurement
of Henkel and Klemm. B:!.ze't;te""6 obtained a value of A considerably
lower, 1.0, + 115.6° Ke In view of these conflicting results,
the study described below seemed to be in order.

The Bopp Values for three temperatures increase and
approach one another with Increasing dilution as shown in Fig. 11.
The Welss constant decreases with increasing dilution (Fig. 12).
These results are expected for a substance in which there is
considerable indirect exchange. However, for concentrafions
decreasing bel&w sbout 20% NiFZ, the effective moment at 221;.5o K
and at room temperature drops this may be due to impurities,

posslbly oxide, which become significant at low Ni concentration.
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Figure 11. Plot of Beppy VSe composition for Ein-

MgF2 system.
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Figure 12. 1/ xy VS+ T for NiF,-MgF, system.
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dxide ion in amounts up to a few percent are an
almost invariable contaminent of inorgaenic crystalline fluorides.
The introduction of an oxide ion to fhe coordination shell of
the nickel ion éan have two possible consequences:
1) An extra fluoride ion may be eliminated from'the lattice,
2) The nickel ion may be raised to the triply charged state.
 Table XII

Results of magnetic measurements on (Ni,Mg)Fz solid solutions

6
Prod. No.  Temp, X X0 Xyqx10° & Pers BLM.

1 298° ¥ 24.20 3,917 3.05 3.2
224,5° K 30,35  L4.904 +75°K 2.9¢ 3.43

90° X  55.00 8.860 2.52 342

2 301,5° K 14,46 4,080 3.1k 3.39
224.5° ¥ 19,16 5.395 +50°K 3.11 3.4

90° & 36,76 10,320 2.72 3.40

3 298° ¥ 8,89 14.190 3.16 3.36
224,5° ¥ 11.49 5405  +39°k  3.11 3.37

90° K 23.49 11,014 2.61 3.37




Table XIX, continued

I 298° K 8.59 h.152 3.15 3.3
224,5° K 11.29 s.h6  +38°Kk 3,13 3.36

90° K 23.1l 11.125 . 2.83 3.3

S 3019 .3.718 3.925 3,08 3.17
195° k 5.518 5.809 +20°k 3.01 3.16

90° X  10.92 11.l60 2.87 3,18

6 302.5° K 3,220 3.815 3,04 3,12
195° K 4.790 5.658 +17°k  2.97 3,10

90° K 9.72 110447 2.87 3,12

An estimate of the energy to bring about these two
conditions as represented by the arrangement described in Fig, 13(B)
cases 1 and 2, are calcuiated as follows:

Case 1
Energy involved for:

8t e2 1
8&) The omission of 1= F~ = + A~ (1 - =),

2 2
b) The omission of 228 F~ = + Af,—- 1 - %—) + 5—?—;—- 108,
2 2
¢) The insertion of one 0~ = = Aég- 1 - %4 - %%g 108,

2
- ng 108 - 90’-‘- 32 108 = "5-77 Ve

Total




Figure 13.

Possible oxide impurity defect structure
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Case 2
- 62 1
a) The omission of cne F = + A< (1 -3)
- 2
b) The insertion of cne 0 = g%—(l - % )
2 2 2
¢) The omission of one Nift = (+ AA%}--'gg- +,h9;)(1 - %)

’ 2 2 2
d) The insertion of one Ni3* = (- a8 4 3% - 62)(1 - )
r r r n

) 2 2
- e e 1. 2 8
Total = (*BAE;— - -1-"—-) (1 - ?l) = '2.0).]. e 10

= "29.10 CeVe

Here A = Madelung constant = 1,204 for a rutile type structure

r = Ni«F distance ~ 2,01 x ZI.O"'8 ch.

e = electron charge = ..802 x 10~10 €eSelle

ja i
it

Born exponent = 8,

Case (1) has also the (E = 1/2 D) energy term whiéh
amounts to 6i1.5 kcal/mole = 2.80 e.v. to its disadvantage.
Overall energy involved in case (1) = (& 5¢77 + 2.80) ee.ve

- 2.97 eeve

The crystal fleld stabilization energy is of the
same order for both N12+ and N13+ ions. The difference between
case 2 and case 1 1s « 26,13 e.v. which accounts for
approximately 75% of the third ionization energy of nickel which
is 35.16 e.ve

In the above approximation, the distortion around
the N13+ and some degree of polarization of the bonds were

not considered,
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A similar calculation on [A1F6]3' considering the
fluoride lons as point charges resulted in an energy
approximately 28% lower than the experimental value.u7 Thus,
the value of 26.13 e.v. for the defect enepkgy inlNi(O,Fz)
may be low by 9 e,.v,

If a Ni3+ lon were to take part in the sequence

N13topmoy1et

» the p=orbital of the fluorine atom would over=
lap with a half filled o orbital on the N4%* 1on but may
overlap a vacant °g orbital on the N13+ ion. If there is
rundom ordering of the nickel ions of unequal charge we have
Zener's condltion for ferromagnetism. Such is the case with
nickel fluoride which contains oxygen.

Due to the mobillity of the oxide ilon and the lowest
energy obtained by placing the oxide ion next to a Ni3+'ion;
it 1s reusonable to assume that the oxide lon migrates toward
the oxlidizable cation in mixed crystals of N1F2 and MgFZ. Ir,
as an i1llustration, one considers the NiFa-Mng system

containing 5 mole % NiF,, the presence of 1% oxygen impurity

IT III

F1‘99 00.01 in which 204 of the nickel 1is present in the

could result in the formation of Ni

trivalent state. Consequently the effect of small traces of
oXygen can héve a pronounced effect upon the paramagnetism
at high dilution.

In an attempt to demonstrate the presence of Ni (III)



- 72 -

ion in the present preparation, the author compared the
reflection spectra of a 50 mole % sgmple and a 5 mole % sample
of NiF, and KBN;F6. These are shown in Fig. 1l and designated,
(a), (b), (e}, (4), respectively. The minimum absorption
which occurs at approximately 6C0 mu in (a) has shifted toward
lower wavelengths in (b) and even more so in (¢) and this
approaches the correspoﬁding one in the spectrum of KéNiFG

at 450 my in (d). Also the relative heights of the bands at
400 and 800 m: in (c) as compared to (a) give an indication

of the presence of nickel in 1ts trivalent statee.

The presence of Ni (III) should lower the average
gram atomic susceptibllity of the nickel fluoride as the
susceptibility of the Ni (III) ion in K3N1F6 has been shown®’
to be lower than that of N1 (II) ion in the Nin-MgFZ solid.
solutions of medium conecentration.

If the straight line portions of the curves be
extrapolated to infinite dilution, different values of the
moment are obtained for different temperatures (3623, 3.20 and

2.9 B.M. at room temperature, 22l.5° X and 90° x respectively).
This temperature dependence is roughly in accord with theory
which takes account of spin orbit coupling in the first
excited state of Ni (II) lon, i.e., the t2g5 eg3, con;f':lg‘ureatt:lon.h’8

The moments obtalned from the Curile~Welss expression

are plotted against composition in Fig. 15. The drop at low



Figure 1.

Reflectlion spectra of
(a) NiF,

(b) NiFa-MgFe Product 1
(e¢) NiF,~MgF, Product 6
(d) K3N1F6.
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Filgure 15,

Plot of u against composition fop
Nin-MgF2 system.
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N1 concentration is also attributed to the vresence of

oxygen lmpurity.

The KaNiFh-KzMg?h‘System

The magnetiec susceptibilities and moments of
KZNiFh and the s80lid solutions K2Niq¥§szth are glven in
Tables XI and XIII respectively.

The susceptibility data of K2N1Fh reveals a strong
anti-ferromagnetism,

In K2N1Fh, every nickel atom is surrounded octahedrally
by six fluorine atoms. The N1F6 octahedra ars jolned at four
corners leaving two opposite corners unshared.h9 The unit cell
is tetragonal, the Ni=FeN1 bond 1s linear, hsnce the compound
ls even more susceptible to indirect exchange than NiF2 in which
the angle 1s A/ 120°,

Isomorphous dilution results in en increase in the
effective moment as can be seen from the plot of Fors against
compogition in'Fig. 16. Here a uniform rise of the moments
with increasing dilution i1s shown. The large anti-ferromagnetism
1s overcome but again the values obtained upon extrapolation to
Infinite dilution are temperature dependent as is shown in

Table XIV.
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Figure 16, Plot of Hopp 8g8Inst composition
KZMFL'_ - KaMgF’+ ayatem,
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Table XIII

Results of magnetic measurements on K2(N1,Mg)Fh solid solutions

Prod. No, Tenp. X,exp.xlo6 )4 Nix103 Bops
' BeM,

1 296,8° ¥ - 7.68 2.378 2.38
195° 843l 2.581 2.01

90° x 9.11 2.806 1.h2

2 298° x 6490 253l 24116
195° k 779 2.853 2.11

90° x 9430 3.355 1.55

3 297° k 6,72 2.730 2.55
195° x 7.78 3,151 2.22

90° k 9.97 14,016 1.70

b 299° x 639 2.713 2.55
195° 7.63 3,226 2.2l

90° x 10.08 LLe239 1.75




Table XIITI, Continued

5 298° & 54922 2.861 2.61
195° x 7.02 34379 2.30

90° 9455 14568 1.81

6 296° | L.717 3,150 2.73
195° 5,842 388l 2.6

90° x 8.83 5.832 2.05

7 296° x 2,709 34421 2.85
195° & 34523 Lely27 2.63

oc® ¥ 6.161 7.688 2.35

8 297° 1.112 3,720 2.97
195° 1.512 5,032 2.80

90° 2.812 9.295 2459

Table XIV

Effective moments

of X NiFh°K2MgFu at infinite dilution

2

Temperature Ropp 8b Infinite dilution
298° x 3.06 B.M
195° x 2.9y
90° x 2.76 "
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The data do not fit the Curle-Welss law, (Fig. 17)
therefore the temperature dependence is not slmply due to
the neglect of a Weiss constant term;‘rather this seems to
be another instance of the temperature dependence of the
orbital contribution.uB

There is no decrease in the moments at high dilution
in this system as was shown for the difluoride case. It is
not clear why this case differs but 1t may be that the
introduction of oxide ion into the lattlee in this instance
results in the omission of one of the singly attached fluoride
ions rather than the oxidstion of a N1(II) ion to Ni(III), -A
slmilar electrostatic calculation as in the NiF2 case has not
been attempted to Jjustify this view.

Configuration 4', Nickel (ITT)

The system K3NiF6'K2.8A1F5.8

The efrective moments of K3N1F6 given in Table XI
are 1n good agreement with Hoppe's vqlues.29 It 1s difficult
to prepare pure K3NiF6, and 1t was observed that the magnetic
susceptibilities orf K3N1F6 are very much affected by the

presence of Impurities, ©«gs traces of K N1F6. Since K. NiF6

1s diamagnetic,; its presence in a sample of KéNiFé will decrease

the susceptibility.




Figure 17. Plot of 1/, vs. T for KN1F) ~K MgF)

system.
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In contrast to KBCoFé, the effectlve moment of
K3N1F6 is temperature dependent and the values are lower than
the spin-only value expected for a normal complex but higher
than that for a penetration complex « From the p;ot of
l/'x_M against T in Fig. 18, it may be seen that the Curie=
Welss law is not obeyed.

Hoppe29

suggested that K3N1F6, unlike K300F6 or
K3FeF6, is not a normal complex, instead it is a case of a
compound with a paramagnetic central atom in a state
intermedlate between a normal and a penetration complex,
However, proof of this interpretation was not given. A recent
paper by Klemm, Brandt and prpe35 repeated the magnetic
measurements on K3N1F6. Their results tabulated in Table XVv'
are in good agreement with Hoppe'!s previous values and the
present results.

Alternatively, this magnetic misbehaviour of K3N1F6
may be explalned as being due, at least in part, to indirect
exchange. But 1t 1s here suggested that fluoro complexes

of iron group elements containing dlscrete MeF6 octahedra are

free from this 1nteréction.




Figure ;8. Plot of 1/ Xy 8gainst T for K3N1F6-

K2, BALFS .8 system,
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Table XV

Magnetic susceptibilitles and moments of K3N1F6.35
Sample No. | Tempe %M b4 Z!.O6 Borp
I 90° K 621,0 2.13
195° K 3280 2.27
295° 2790 2.57
11 . 90° X 5960 2.08
195° 3270 2.26
295° x 2680 2.53

The magnetic measurements on the solid solutions
of KBI\H.F6 and KE.BALFS.B were intended to test for the absence
of magnetic interactions. The results of the experiment are
given in Table XVI.

The plot of 1/')(,M against temperature for K3N1F6
and two mixed crystal systems are shown in Fig. 18. The
significant point about these plots 1s the fact that the
departure from Curie~Welss law behaviour 1is not lessened upon
dilution. The fact that the susceptibility values decrease
is only incidentals. It is concluded from this experiment that

the temperature dependence of the effective moment is not
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caused by appreciable indirect exchange coupling. The
original assumption of an equilibrium between "high spin"
and "low spin" states seems thus to be borne out by the

present results,

Table XVI

Results of magnetic measurements on the solid

solutions of K3N1F6 and K2.8A1F5.8

Prod. No. Temp. 9 expx106 X g %103 bopp(BoM.)
1 302° k 1.1433 1.82) 2,10
195° x 1.683 2.126 1.82
90° K 3423 o217 1,74
2 301° x 0.493 1.507 1.90
195° x 04552 1.681 1.62
90° K 1.081 3.197 1.57

The overall decrease in the values of the susceptibility
is presumed once again to be due to the presence of oxide ion
in the coordination sphere of the nickel ion. In this case
the Ni(IV) FSO group would be diamagnetic and should influence

the average susceptibility values even more strongly than in
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the NiFa—Mng system . The diamagnetism of the quadrivalent
nickel lon is exhibited in the compound KNiF,.%2

There is indication of the presence of Ni (IV) in
the reflection spectrum shown in Pig. 19 (b). In this the
relative heights of the bands at 530 mu and 650 my and also
the shoulder at approximately LOO mu provide evidence of the

presence of the higher oxidation state as may be seen by

comparing the spectrum with that of K NiF, given in Fig. 19 (a).



Figure 19.

Reflection spectra of
(b ) K3N1F6"'K2 . BALF5 .8 product 2.
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CONCLUSIONS

Certain conclusions may be obtained from the
present investigation. The assumption that fluorides and
fluoro complexes, like the corresponding oxides, are
magnetically concentrated was borne out by experiment. It
i1s possible to account for the properties of these substances
by assuming that magnetlc interactions are of indirect type
(cases (a) and (b) in Fig. 1),

Indirect exchange can occur when the anion hss the
proper orbital symmetry that can overlap with the paramagnetic
cation orbitals in the cation~anion=cation sequence.

In NiF2 and KgNiFu this happens to be the case and
strong anti-ferromagnetism :is: found in both compounds. This
is also true for MnF3 glthough the anti-ferromagnetism is
overlald by ferromagnetism. No definlite conclusion can be
drawn from the behaviour of VF3, but 1t 1is possible that
Indirect exchange is also present In this case by the
mechanism (a) in Fig. 1. Compounds of the first transition
serles containing dimscrete MeF6, like K3N1F6, do not show
these interactionsas expected.

It can also be concluded that the magnitude of indirect
exchange 1n a compound 1s largely governed by the structure of

the compound. 1In N1F2 both of the unpaired eg clectrons. of



Ni(II) participate in the indirect coupling, but only one
of the two in the case of K2N1Fu’ ye# antl-ferromagnetism
> o0 This 1s attributed to
the more favourable structure of K2N1Fh in which the Ni-F-Ni

in K NiFu is greater than in NiF

bond is linear as compared to the nonelinear Ni-ﬁ-Ni bond in

2 3
is unfilled in Cr(III) with octahedral enviromment, therefore

NiF.,. This 1s also observed in CrF,. The eg orbltal pair

the exchange interaction might be expected to be relatively
small, However, the anti-ferromagnetism is pronounced in

the case of trifluoride, Thls 1s again due to the favourable
structure of CrF3 in which the Cr=F«Cr sequence 1s almost
linear and the sub-lattices are jolned in three dimensions.

At infinite dilution the paramagnetic Ni(II) ions
exhibit an effective moment which 1s dependent upon
temperature. This ls ascrlibed to the tempersture dependent
contribution of the orbital moment of the first configurational
exclted state.

This leads us to the most Interesting conclusion

which is that of 2ll the halides, fluorides, even when
magnetically dilute, may show the largest magnetic "anomaliles"
rather than the opposite situation that was expected. This can
be understood when it is realized that asyrmetric ligand fields
tend to diminish the orbital contribution which causes the

magnetic moment to be dependent upon temperature. It 1ls readily
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Seen that electric fields in layer lattices which are almost
invariably found among paramagnetic chlorides, bromides
and iodides, are fzr from symmetrical.while the field in the
corresponding flﬁorides which crystallize in coordination
lattices are usually quite regular, Thus VFB, Nifé, and
KéNiFh, show a temperature dependence of the moment even at
infinite dilution as is to be expected from the most recent
theories of magnetism, while chlorides, oxo-salts, etec, do
not,”

The oxide impurities which are present in most
fluorides probably provide a serious limitation to the
technique of isomorphous dilution,

For example, in the NiCla-M3012 system which has been studied

by A.D, Westland and R. Hoppe (unpublished work) no change in
the moment of the nickel lon was observed upon dilution. The

Curie-Weiss law was obeyed throughout,
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