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The Magnetic Properties of Some Paramagnetic Crystals at Low

Temperatures.

By

Bhagawati Charan Guha,

Presidency College, Calcutta,

Introduction.

A view and convenient method for measuring accurately the

magnetic anisotropies and princinal susceptibilities of single
crystals was developed by Professor K. S. Krishnan and the

present writer a few years ago. The chief advantage of the
method was that the erysteals eould be used in their natural
form without being ground into spheres, or into cylindrical rods
or discs as in the earlier magnetic measurements on single
erystels. It is only a few crystals that can be obtained in sizes

large to be ground in this manner . whereas with the
nresent method the ervstals weighing even a few milligrams cen be

studied for their principal suscertibiliti eS The results of the

made by this method on a Jarge nunber of

erystals, beth inorgenie and organic, and 4 detailed discussicn
of the resnits in relation te their erystal structure, were

(1933)reported in a paner&.. Tt was shown, in particular, that in the

menanrearant netic

organic erystals of the eromatic clase ( severel of which were
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studied in this paper), whose molecules are highly anisotropic
magnetically, and the magnetic anisotropies of the erystals give
valuable information reggarding the orientations of the benzene

rings in the lattices of these erystals. This experimental method

has been used extensively by Krishnan and Banerjee ,and by Kathleen
Lonsdale for measurements on the organic crystals, - aromatic,
aliphatic,and heterocyclic, More recently several paramagnetic
crystals have been studied by Krishnan and his collaborators both
at room temperature and at low temperatures

The importance of studying the principal cusceptibilities of
paramagnetic single erystals arises from the following circunstance.
The large.deviations observed in the magnetic behaviour of the

paramagnetic ions in these crystals from the ecoretical behaviour
of an assemblage of free inns, are due to the large electric fields
present in the crystals, and the splitting, of the Stark type, of
the energy levels of these ions under the influence. of these ficlds.
The study of the principal susceptioilities of these exystals at
different temperatures gives us therefore a powerful insight into
the Magnitudes and the asymmetries of these electric fields and the
nature of the splitcing of the energy levels in these fields.

In most of the common paramagnetic crystals, as for example
in the salts of the rare-earth and the iron groups elements, the
coupling between the spin and orbital moments of the electrons in the
incoplete shells of the paramagnetic ions is of the iussell-Saunders
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Russell- Saunders type. From the point of view of the Stark
splitting of the energy levels of the paramagnetic ions under

the crystalline electric fields, these crystals fall naturally,
as Van Vieck {ht) has pointed out, into the following three classes:
(1) those in which the fields are too feeble to break the coupling
between the spin moment of the ion and its orbital moment, The

rare earth salts belong to this group. The reason is that the

paramagnetism of the rare earth ions arises from the spin and

orbital moments of the electrons in the 4f shell, which remains

incomplete, whereas some of the outer shells like 5s and 5p are

filled up. These latter completed shells will therefore effectively
shield the electrons in the former, which account for the observed

paramagnetism of the ion, from the electric fields due to the

neighbouring charged atoms. (2). To_the second class belong crystals
in which the internal electric fields are strong enough to break

the coupling between the spin moment of the puramagnetic ion and

'its orbital moment but not strong enough to break the coupling

among themselves of the spin moments of the different electrons

in the incomplete shell of the ion that gives the resultant spin

salts of the iron group of elements, (3) The third class consists

of crystals in which the crystalline electric fields are so large

that the Russell-Saunders coupling is broken, and the spin moments

of the different electrons in the incomplete shells orient in the

applied magnetic field independently of one another? though they

will exert strong influence on one another through the remnants

of that coupling. Such strong fields would obtain for example

in the complex salts in which the binding of the paramagnetic

moment of the ion. This condition is fulfilled in the

to its neighbours is of the covalent type. The interatomic&tom
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interatomic distances corresponding to covalent binding, as is
well known, are much smaller. than the corresponding distances
in ionic binding, and hence the electric field in the neighbour-
hood of the paramagnetic atoms in these crystals will be much

stronger than in the corresponding ionic salts. The Stark patterns
in these three types of crystalline fields will naturally be widely

different, and hence also their effects on the magnetic properties
of tne puramagnetic ions,

From the.point of view of the effects on the magnetic proper-

ties, the asymmetries of the crystalline electric fields will be

nearly as important as the magnitudes of the fields. For example,

a field of rhombic symmetry may produce under favourable conditions,
more striking changes in the magnetic behaviour than a cubic field
of the same magnitude. In order to eliminate the possible effects
of exchange interactions between the spin moments, which will be

complicated and difficult to allow for, it is desirable to select

magnetically dilute crystals for study. In some of the crystals
like the Tutton salts or the highly hydrated sulphates and sele-

nates, usually selected for such studies, there may be as many as

twenty or more diamagnetic atoms for each paramagnetic atom present.

many of these crystals heve a large water of crystallization, and

in such crystals the paramagnetic ion is generally surrounded by

six water molecules which occupy the corners of an octahedron and

which present their negatively charged oxygen ends towards the

central ion. Under these conditions the electrie field in the

neighbourhood of the central ion will be that due to an octahedral

distribution of six equal negative charges at the corners of a

nearly regular octahedron. The field will therefore be predomi-

nantly cubic in symmetry with a feeble rhombic component super-
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superposed on it. All the anisotropic effects observed in these

salts will be just those produced by these feeble components... On

the other hand, if the negatively charged atoms immediately surround-

ing the paramagnetic ion are not of the same kind, then their
distances from the paramagnetic ion will be different for different

atoms, and the field will then show much larger deviations from

cubic symmetry th@n would occur when the surrounding atoms are all *

of the same kind.

Thus the magnetic properties of the paramagnetic ions in these

crystals will be sensitive both to the magnitudes of the crystalline

fields, which will be determined by the closeness of approach of

the neighbouring charged atoms, and hence ultimately by the nature

of the chemical binding between the paramagnetic ion and its neigh-

pours, and to the asymmetry of the fields, which will be determined

py the geometry of disposition of these eharged atoms.

The present work concerns itself with the study of the principal

magnetic susceptibilitiés of single crystals of a number of salts

belonging to the iron group of elements, from room temperature down

to about 80°K. In some of these crystals, like potassium ferri-

cyanide and potassium permanganate the bindings of the paramagnetic

jon to its neighbours are covalent and the electric fields therefore

conform to type (3). The majority of the crystal studied, however,

are ionic and the fields in them conform to type (2). In many of

them like the Tutton salts and the sulphates and selenates, the

field is predominently cubic in symmetry with a small rhombic

component, and in others like copper ammonium chloride and cupric

acetate the fields deviatesmuch from cubic symmetry. In the acetate

and.the other organic salts studied, namely the oxalates and the



the acetyl-acetonates of trivalent chromium and iron, the chemical

bonds apparently deviate slightly from the ionic type and the erys-

tailine fields will therefore be intermediate between types (2)

and (3) discussed above, Among the crystals: studied are thus

represented crystalline fields ranging from large to small magni-

tudes and from nearly cubic to strongly asymmetric ones. The

magnetic data obtained are discusses on the basis of the Stark
b

splitting of the energy levels of the ions produced these fields,

The Influence of Crystalline Electric Fields on the

Magnetic Properties of Paramegnetic Ions in Crystals.

That many solid substances.are paramagnetic snows that even

iu tic soilu state tne elementary magnetic moments which are res-

ponsible for the paramagnetism of the substance, are capable of

rotating and taking up preferred orientations in the magnetic field.

Such orientation can not be quite free, but will be restricted.

The main effect of any restriction to the free rotation of ele-

mentary magnetic moments would be to make the temperature varia-

tion of tue susceptibility of the substance deviate from the
2

Curie law, namely X= where x is the susceptibilityC/T,
N

per gram molecule or ion and N is the Avagadro number, When the

deviations from the law are small, the susceptibility can be

expressed us a Tayler Series in powers of 1/T, and if we negleet

all the terms of the higher powers than i/T?, the expression for

the susceptibility will reduce to the form X= Cc/(T -@). Many

of the paramagnetic substances that have been studied for the.

temperature variation of their susceptibilities have been studied

at room temperature and higher temperatures which are easily
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easily accessible in the laboratory, i.e., for TS 300°K and

therefore fairly large: hence it is. not surprising that many of
them do confirm roughly a law of the above type. This experimental
finding, together with some theoretical predictions made by Weiss

regarding the paramagnetism of ferromagnetic substances at tempera-
tures higher than the Curie temnerature, namely that this para-
magnetism too conforms to the formula X= C/(T - 0), where @ is
the Curie tempmrature of the substance, has led to a greater physical
significance being attached to this law, as representing the

temperature variation of susceptibility of all paramagnetic

substances, than is justified by the experimental finding, Indeed

from this circumstance it has been presumed that the devigiton from

the Curie law in all paramagnetic substances and not merely in

ferromagnetic substances above their Curie temperatures was du e Le
essentially the same mechanism, namely/the presence of "inner magnetic
fields" in these substances, This assumption, however, is not

justified, First, it is found experimentally that 0 occuring in

the above expression assumes negative values nearly as frequently
as positive values; secondly, it is found that even in substances

to

for which@ is positive, the substances never become ferromagnetic
however low the temperature may be lowered below @ ; thirdly, the

peculiar conditions that account for the ferromagnetism of sub-

stances like iron, cobalt, nickel and some of the alloys, are not

present in the ordinary paramagnetic substances; none of these

substances is metallic in character and the @ values persist
unimpaired even under conditions of high magnetic dilution in which

the distances between the paramagnetic atoms are increased enormously

and indeed they persist even in the liquid state and in state of
solution in suitable solvents, Thus the deviations from the Curie
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Curie Law can not be to the presence of inner

Iagnetic fields of the feiss type as in ferromagnetic bodies.

ihere are also other features of paramagnetic behaviour
which do not receive an explanation on this basis. Hor example,
the postulate of an inner magnetic field will not explain why

in the rare earth salts the magnetic momemt of the are earth
jon calculated from tae observed values of G in tne above formula

roughly conforms to tiie moment to be empected for the free
ion from its known spectroscopic state, whereas in the salts
of the iron group of elements the contribution to the masmetic
moment appears to come almost xclusively from the spin moment

of the electrons in the paramagnetic ion; nor does it explain whg

mucnin some of the complex salts the magnetic moment may

lower than is to be expected from ever the spin moments, and in
some of them like the six coordinated cobalt salts, or plane four
coordinated nickel salts the moment becomes nothing, thus rendering
tae salts diamagnetic. Again the postulate of such an inner

magnetic field can not explain even in a general way the large
magnetic anisotropies exhibited by many of these salts. men

remember +1 even if all the above features of the paramagnetic
behaviour were explained satisfactorily on tae postulate of an

inner Magnetic field, the postulate would not be acceptable
because of the difficulty of finding a suitable mechanism that
can produce such internal fields; it will be clear that we have
to look elsewhere for an explanation of these parar icat

features,

Such an explanation is indeed forthcoming, as has been shown by
Kramers(1930), Bethe (1929,350), Van Vleck (1932), and others, when

we regard the disturbing influences inside the erystals as being



being the large electric fields that would be present in the

neighbourhood of the paramagnetic ions in these erystals, instead
of the magnetic fields contemplated in Weiss's theory. That large
electric fields should exist in the neighbourhood of the para-

magnetic ion would be clear when we remember that the paramagne-

tic ion in the crystal would be surrounded by negatively charged

&toms, whose charges will be of the order of the electronic charge

and whose distances from the paramugnetic ion will be of the order

of a few Angstrom units, Though at first sight the influence of

these electric fields on the magnetic properties of the ion may

not be obvious, a little calculation shows that the electric fields
involved must be much larger tham are used , for exaitple, in the

studv of the Stark effects of atoms in the laboratory, and the

Stark separation produced by these internal electric fields in

crystals should therefore be enormously greater than the separae-

tions observed with the electric fields used in the laboratory.

Endeed the internal electric fields in many of these crystals are

so strong that the over-all separations of the energy levels

produced by tnem are of the order of 10°cm~, The energies,thus

become compareble with the energies of chemical binding between
Ao

atoms, and one can understand the profound influence which such

fields can have on the magnetic and other properties of these

An extreme case may beitMMen to illustrate the influence of

these electric fields, namely when they are strong enough to

break the Russell-Saunders coupling in the ion. As is well

known the ferrous ion contains 6 electrons in the 3d shell; the

spectroscopic ground state of the ion is 5 with its spin aad5

and orbitel moments corresponding to the quantum numbers 5 = 2
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2 respectively. The effective magnetic moment of the ion,end L

defined in the usual manner, will be equal to Bohr

magnetons, where g is the Landé splitting factor and has the. value

1,5, while the quantum number J has the value 4. Hence the effective
magnetic moment of free "ala ion should be equal to] 45 Bohr magneton.
Now in the presence of a large electric field -sufficiently large
to produce the analogue of the Paschen-Back effect with magnetic

fields -- not only the coupling between the S and L moments, but

also the counling of the spin moments of the six electrons in the

3d shell will be broken, The Stark pattern obtained with such a high

field will thus e the pattern characteristic of a single d electron.

Suth high fields will occur, for exe iple, in the neighbourhood of the

in the crystal of potassium ferrocyenids in which the ion

will be surrounded by six negatively charged cyanogen groups at the
Fe++ ion

corners of an octahedron,

Representing, as usual, the potential of an electron at any point

x y z in the neighbourhood of the paramagnetic jon by the expression

representing the cubic part of the field, will be the predominent

this field will consist of a triplet and a doublet, the separation

that for the type of field contemplated above, the cubic field

constant: D occuring in the above expression for the potential will

be positive, in which case the triplet will be the lower. Now each

x4 yan \4 Ax By A+B t fourth.power terms,2

terms for the above field. The Stark pattern of @'electron in

petween them being of the order of 10 cm Further it can be shown

Pauliaccording to
of the five levels can 4accommodate electrons,

willRxelugion Principle. Since we have 6 electrons to be acco odated in

these five levels, only the lower three, forming the triplet ,



will be occupied, each of these levels by a pair of electrons
with opposing spin moments, while the upper two levels forming
the doublet, whose separation from the lower level is very much

greater than kT at even the highest temperatures accessible for
experimenting, will hot be occupied at all, Hence the Fe** ion.

under these conditions will have no spin moment, and the erystal
i™

will therefore be diamagnetic, which is indeed the case; though
as we have seen , in the ionic salts of Fet +

++
the effective magnetic

moment of Fe ion is large,.

Similarly in potassium ferricyanide the disposition of the

CN groups around the ferric ion will be the same as in ferrocyanide
neice the electric field in its neighbourhood and the Stark pattern
produced by the field, But the number of electrons'in'the 3d shell
of Fet** is however 5, instead of 6 in Fe' * and these 5 electrons
wili occupy the three lower levels constituting the triplet, four

of them occupying two of the three levels in pairs, and the fifth
electron occupying the third level singly. The upper two levels
forming the doublet will be left unoccupied as before, and the

magnetic moment of the ion will thus correspond to the spin moment

f of only one of the five electrons in the 3d shell, i.e., to S=1/2,
whereas for the free ferric ion the moment would correspomd to S= 5/2.
These predictions from the crystal field theory agree with observa-.

tion.

The fields considered in the above two crystals, which are

strong enough to break the Russell-Saunders coupling, are not

5 typical, and as mentioned previously occur only under the excep-

tional circumstances that prevail in the complex salts. They
é

serve, however, to illustrate how striking may be the effects
even of electric fields, when they are sufficiently strong, on



on the magnetic behaviours of the ions. In the

ordinary ionic salts, however, the fields are not so strong, though

they may still be sufficient to break the coupling between the

L and S moments of the ion. Under such fields, the Stark pattern

of the energy levels of the ion will consist of (2L+41) levels,
whose over-all separation will be of the order of Lo"em™, each

of the levels will retain a €2S41)-fold degeneracy due to the

spin moment of the ion, which will be removed only on the application

of the magnetic field. In other words, the orbital part of the

degeneracy of the ion would have been removed, either partially
or wholly, by the crystalline field, even before the incidence

of the magnetic field. The contribution from the orbital moment

of the ion to the susceptibility will be frozen , either partially
ex or wholly, and the extent to which it is frozen will depend on

the nature of the distribution of the (2L41) levels in the Stark

pattern, particularly of its low lying levels, i.e., those levels

whose energy separations from tne ground level are not large

comparéd with kT, since only they will be occupied. when, for

example, the lowermost of the (2L41) levels is so far removed

from the upper levels that it will be the only occupied level,
then evidently the contribution from the orbital moments to the

observed susceptibility will be quite negligible, and the spin

moment alone will contribute to it. This explains in a feneral

way the empirical finding by Sommerfeld in the salts of the iron

group of elements ;: the paramagnetic ions behave magnetically as

though they re in the S-state, and the more extensive

observatims to the same effect made by D. WE @Bose > namely that

their magnetie moments conforn roughly to the spin- only value.
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On the other hand in the salts of the rare earths, the influence
of the crystalline electrie fields will not be so striking as in
the salts of the iron group, owing to the shielding of the

paramagnetic electrons bg the electrons in the 5s and other outer
snells. Secause of this shielding, the crystalline electric
fields in tiese salts are not sufficient to break even the L-S
coupling. The result is that the (2J+1) levels of the ion, which

in the absence of the erystalline field will all have the same

energy, will be separated by the crystalline field. All the

(23#1)-fold degeneracy will not be removed, however, by the

crystalline field, since the energy levels corresponding to the game

values of the magnetic moment, but in the positive directions, will
have the same energy. That is why the separation of the enerzy levels
by crystalline field does not produce any magnetization. If now the
magnetic ficld is put on, these degeneracies left over by the
electric field will be removed, and in general all the energy
levels will be altered, and hence also the relative populations of
tre ions in these leve13; thus accountins for the observed para-
magnetism. But it is obvious that the paramagnetisn produced under
these conditions will be widely different from that to +be expected
for the free ions, in which case all the (2J4+1-fold degeneracy

v would have been left over to be removed by the''magnetic field alone,
Thus in the rare earth salts also, though the effects of the

crystalline fields may not be as drastic as in the complex salts,
or even as marked as in the salts of the iron group, they will be

considerable,
=
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Some Striking Applications of the Crystalline Field Theorv.

Having shown that the effect of a strong electric field
on the magnetic behaviour of. paramagnetic ions may be as pronounced

as that of strong magnetite fields, and further that in actual

crystals such large electric fields can exist, we shall now proceed

te show that the internal electric fields in these crystals are

sufficient to explain satisfactorily all the observed deviations

from the behavieur to be expected fer the free ions, In the first
place it will be clear from what has been said in the previous

section that the orbital angular momenta of the ions play a large

part in determining the nature of the Stark pattern, and therefore

in determining the deviations from the free ion behaviour. Indeed

where there are no orbital angular momenta to be quenched by the

erystalline electric fields, as in the case with the Sestate ions,

the splitting of the energy levels will be extremely narrow, and

hence the influence of the crystalline electric fields will be
ae

qui te negligible except at the lowest temperatures, ef the order

of AY, whereAY is the over-all Stark separation ef the S-levels,

That is why the magnetic behaviours of the S-state iens,e.g. Mn*t

** are particularly simple. Single crystals of salts

Containing these ions have been & studied extensively for their

magnetic anisotropies and absolute susceptibilities by Krishnan

and Banerjees The susceptibilities of these salts conform

almost exactly to the spin-only value, and their temperature varia-

tions te the Curie law. Their anisotropies are extremely feeble,

the difference between the two extreme susceptibilities in the

0manganous salts fer example, at room temperature, being only
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only 1/3000 of the absolute susceptibility. This feeble anisotropy

would correspond to an over-all splitting of the erder of O.tem™?, in

satisfactory agreement not only with the narrow Stark separation

to be expected theoretically, but alsp withthe observed specific
heats of these salts at temperatures in the neighbourheod of the

absolute zero, and the lewering of temperature produced by the

adiabatic demagnetization of these salts at these low temperatures,

There is another special case, already referred to, in which

though the orbital angular momentum of the paramagnetic ion is
considerable, the iow may still behave as though it were zero, i.e.
as though the ion were in the S-state, This will be the case under

the following special, conditions, Let us assume that the crystalline
electric field is of the second type referred to in the Intzduction,
namely one too feeble to break the Russell-Saunders coupling but at

the same time is strong enough to break the L-S coupling in theiion.
If in the Stark pattern, the lowest level is a singlet and it is
sufficiently removed from the other levels to be exclusively occupied

by the ions, then it is the (25 spin degeneracy of this

lewest level that will determine the magnetic properties of the ion

at all ordinary temperatures, the contributions from the higher levels -

being negligible, The ion will thus behave as though it were in the

S-state with @ spin moment corresponding to S. This is the case

for example, with the chromic salts, and to a less close approximation

with the nickel salts,

On the other hahd, when theprbi tal angular momentum of the ion

is not completely quenched, as in the case considered just new, but
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but is quenched partially, that is when the separation of the upper

levels from the lowest level is not large in comparison with kI, then

the remnants of the orbital angular momentum will play an important

part in determining the magneti properties of the ion. It will be

net' so much through the if ay

yeoatribution to the susceptibility, as

in"directly by the strong orientative influences which they exert on

the spin moments through the spin-orbit coupling, This large influ-

ence of the orbital moment, may xm at first sight appear inconsistent

with the statements usually made that in the salts of the iron group,

the susceptibility cerresponds to the spin-only value, This incon-

sistency is only apparent, because in the earlier theories, the sus-

ceptibility was fitted with a formula of the type X=C/(T-6), which

as we have pointed out, can always be done if the deviation from the

Curie law is small, i.e., if 0< T; in this expression the value of

the constant C will cerréspond te the spin-only value, The influ-

ence of the orbital moment will be confined to determining the value

of 0 ; since © was attributed, in the older theories, to some inner

magnetic field ef unknown origin, the effect of the orbital momentum

was naturally overlooked,

But actually the influence ef the orbital angular momentum of

the ion on the susceptibility is all-important, since ultimately all

the influence of the crystalline m= field ~ this influence as we

have seen may be quite large -- is exercised through it. It is

through the orientative influences of the orbital moments on the

spin moments, and to some extent also on account mf of the directional

asymmetry of its direct contribution to the susceptibility of the

crystal, that the crystal exhibits at all a magnetic anisotropy.
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we shall now mention some of the striking aspects of the appli-
cation of the crystal field theory, and illustrate each of these
aspects by a typical example. We shall refer first to the interesting
prediction made purely on the basis of the crystalline field theory
by Krishnan and Mookherji (1936,37,38), regarding the directions of
the principal magnetic axes of the exystal of copper sulphate
pentahydrate, md the relative of the susceptibilities
along them. The crystal is triclinic, and its unit cell contains
2 molecules of Cus0,OHO. fach Cutt ion in the crystal is found

fr

to be located at the centre of an octahedron of negatively charged
oxygen atoms. The octahedron is not a regular one, but is that obtained
by elonggating symmetrically one of the diagonals of a regular
octahedron. The electric field produced in the neighbourhood
of the Cu**ion in the centre by this distribution of negative
charges will obviously have an axis of tetragonal symmetry. The
effect of such a field will be to make the magnetic susceptibility
of the ion along the tetragonal axis, say Ky per gram ion, differ
considerably from tue susceptibility along perpendicular directions,
say Ky ber gram ion. From the fact that the tetragonal axis of tie
field is the long diagonal of the tetrahedron; one can further show
that Ky should be greater than Ky Since there are two such Cutt
ions in unit cell, the directions of the three principal magnetic
axes of the crystal can be immediately predicted: two of them
should be the interior, and the exterior bisectors of the angele
between the two tetragonal axes, and the thirdaxis will naturally
be perpendicular to these two. Denoting the acute angle between
the two tetragonal axes by 26 » the gram ionic susceptibilities of
the erystal along the three magnetic axes as determined above will
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will evidently be equal to K, Cos*04K, Sin28 , K, Sin Cos"8 ,

end K, respectively. Actually in the crystal of Cu50,5H50, 26

ig found to be nearly a right angle. Hence besides predicting the

directions of the thregprincipal axes, one can further predict that
the susceptibilities along the first two axes should be nearly equal,
an&@ less thah along the third direction. All these predictions have

peen verified experimentally. The directions of the three axes as

determined experimentally, and as calculated from the known distribution
of the negative charges round the Cu'* ions, are given in the following
Table, taken from the paper of Krishnan and Mookherji (1938). The angles

given in the Table are the angles which the principal magnetic axes make

with the a, b, ¢, axes of the crystal.
Table

Principal Magnetic Axes of CuSO,OH,0.
az6.12 1 a= 82°16

b= 10.7 " B=107926'
e=5.97 " J=102°40'

Angles which the magnetic axes make with the
Magnetic

i
erystallorraphic axes

Axis a D G
(x<y<z)

Caleu- ooserved caleu- ooserved Calcu- opserved
lated lated lated

x 154 50155 64 68

66 66 85 86 42 42

80 85 Ze 103 100ae

The agreement is remarkable particularly since the crystal is
triclinic and the magnetic axes are not thus directly related to
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to the crystallographic axes. The susceptibilities along these
directions have been found by Krishnan and Mookherji to conform

nearly to
Az 0.399/(T-2.0) and 0.286/(T+1.3), thus verifying

the approximate uniaxial masnetic symmetry also predicted fron
the structure of the erystal.

AS a second example, we shall take the striking contrast observed

by Mrishnan and Mookherji (1957,38), between the magnetic properties
of isomorphous salts of cobalt and nickel, and again between the

properties of ordinary flesh coloured cobalt salts in which the
Cott is six-coordinated, and the blue coloured cobalt salts in which
the ion is four-coordinated. Both the Cott and Nitt+ ions are in
the F-state, the former with 7 electrons in the 30 shell and the

will be the same, and in a cubie field will consist of 5 triplets
and m Singlet. The singlet level will be one of the extreme levels
in the pattern and the other extreme level will of course be one

of the triplets. For a given cubic field though the Stark patterns
for Cot and Nit+ are thus very Similar, only there is this essential
difference between them that out of the 7 and 8 electrons respectively
in the 4d shells of these ions, five form a sub-group for which
the resultant orbital moment is zero, This can be seen from
the fact that Mn** and Fet*+ ions, both of which contain five
electrons each in the 3a Shell, are in the S-state. Thus the observed
orbital angular momenta of L=2 for Cott ana Nit* arise in one
case from the two electrons and in the other from the three electrons
that are present in the 30 shell in excess of the five that
form ah orbitally closed sub-group. That the orbital angular
momentum is the same for both the ions arises from the circumstance

latter with 8 electrons infit. for both the ions the Stark pattern

that the number of these extra electrons in Cot* and Ni 2
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and Ni namely two and three are complementary, since five elec-
trons will form again a sub-group with zero orbital angular momen-

.tum, In view of this complementary nature of the number of electrons

in Co'* and Ni**, the Stark patterns of the ions in a given cubic

field though similar, will be inverted one with respect to the other, j
In other words, whereas the lowermost level in one of them will be

the singlet, in the other it will be a triplet. This will naturally
make an enormous difference in the magnetic properties, A singlet
ground level separated widely from the upper levels, i.e., by energy

intervals much greater than kT, will eliminate most of the effects
v of the orbital moments and the ion will thus behave as though it ©

were in the S-state, with a moment corresponding to spin-only value;

it should have very little magnetic anisotropy. On the other hand,

with the triplet level as the ground state, the orbital contribu-

tion and the anisotropy of the crystal.will be pronounced, Though

a priori in a given field, such as exists for example, in the

Tutton salts, in which the paramagnetic ion is surrounded by an

octahedron of 6H,,0 molecules, it does not seem possible to predict
whether the singlet level should be lowermost in the Stark pattern

of Co*tor inthat of witt, yet the observed contrast in the magnetic

behaviours of the two salts should evidently be attributed to this

inversion, and there is little doubt that it is in Ni** the singlet

level is lowermost, since it has a low anisotropy and its principal

susceptibilities accord with the Curie law, as contrasted with the

large anisotropies, large deviations rom the Curie law, and large

contributions from the orbital moment to the susceptibilities,

observed in cobalt salts of the type considered,

We should refer here to another interesting result namely that
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hat abe erectness or the inversion of the Stark pattern will be

determined by the sign of D in the expres sion for the potential

of an electron in the given cubic field. It is only when Dis

nositive that the singlet level is lowermost in the pattern for

, and this is indeed te case, as we have mentioned earlier,
when the field is due to an octahedral distribution of six equal

negative charges, as in the Tutton salts, and in the ordinary

hydrated sulphates, selenates etc. On thé other hand, as has

peen shown by Gorter (1932), if the cubic field is due to 2

tetrahedral distribution of four equal negative charges,or a

cubic distribution of eight, the dign of D becomes negative.

Sinee the effect of a change in the siga of Dis equivalent to

an inversion of the Stark pattern, it follows that in a cubic

TT i++

OL positive D, in the six-coordinated salts

singlet level will be lowermost in i and uppermost in Cott ,

whereas in 2 field of negative D, i.e., in tetrahedrally
Pour-coordinated r cubically eight-coordinated salts, tne

singlet pattern will be lowermost in Co ana wonermost in Wi

Such 5 4-coordination for example, is found in the blue double

chlorides Cs,Coll, and Cs,CoCl in "hich, according to the X-ray

analysis of their structures by Powell and (1935), the Cott

ions are surrounded by 4 negatively charged chlorine atoms which

oecupy the corners of a tetrahedron. These crystals have been

studied for their magnetic properties by Krishnan and his

collaborators both at room and low temperatures and they find that

these erystals have a low anisotropy, and tneir susceptibilities

++

5?

deviate much less from the spin-only value and from the Curie Law,

than the 6-coordinated salts of cobalt.

This striking contrast in magnetic properties between the salts
of cobalt and nickel in a given crystalline field, and the contrast
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contrast between the the 6-coordinated and the 4.-coordinated

salts of cobalt, are difficult to explain on any basis,

and,one of the striking achievements to tie credit of the

erystalline field theory.

Among the more recondite applications of the crystalline field

theory may be mentioned the quantitative explanation of the

temperature variations of the principal susceptibilities of

preaseodymium and neodymium sulphates among the rare earth salts,
and of nickel and cobalt salts by Schlapp and Penney (1932).

Postulating a crystalline field suitably large and asymmetric, and

using the known values of the spin-orbit coupling im these ions

deduced from the spectroscopic data, they have succeeded in

explaining quantitatively the general features of the temperature

variation.
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Magnetic Measurements at Low Temperatures:

The main part of the apparatus is the cryestat, described by Krishnan,
Mookherji and Bose (1939), for maintaining the temperature of the rx
crystal constant at any desired value. It is a cylindrical double-:
walled round bottomed vessel, closed at both the ends, and made of thin
sheet of copper. The cryostatic chamber contains a large number of
thin copper discs with their planes at right angles to the axis of the
cylinder. The discs are perforated by small holes and they are so
arranged that the holes in the consecutive discs are not ins line so
that when the cold air from the refrigeration chamber is passed through
the cryostat, there is uniformity of temperature, The cryostat is kept
covered by felt, and is housed inside a long cylindrical Dewar vessel,
which is kept in between the large flat pole-pieces of the electromagnet.

The temperature control of the cryestat is made automatically.
Three holes are bored in the lid of the cryostatic chamber. One of them
serves as the neck of the constant volume air thermometer, a pentane
thermometer is inserted in the second hole and through the
third cold air from the liquid air chamber is delivered to the cryo-
stat by a double-walled tube, the space between the two walls having
been evacuated, The constant volume air thermometer is connected to

U tube containing mercury. 'Two electrodegof tungsten are fused through
the glass tube of one of the limbs of the tube, so that one electrodeis always under mercury and the other is just at the mercury level.
'The two electrodes are comnected xx with a sensitive relay
tha t controls tive an air-pump. The current operating the relay is made
ar broken according as there is contact between the unver electrode
and mercury or not, A glass tap is peexite provided between the
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the manometer and the air thermometer,and is used to adjust pressure

inside and thence the level of mercury in the manometer, When the

temperature is to be lowered, the tap is opened to the atmosphere

so that there is contact between the upper electrode and the mercury

level, The relay circuit is now completed and the pump is in action,

cold air from the liquid air chamber is sucked inside the cryostat.

The tap is closed when the cryostat has cooled down to the desired

temperature, If there is any further cooling, the air in the thermo-

meter will contract and the circuit will be broken, On the other

hand any rise of temperature inside the cryostat will make the air

in the constant volume thermometer expand and push up the mercury

level, thus making again the electrical circuit working the suction

pump, This make and break of the circuit go on alternately in rapid

succession and the temperature of the cryostat remains steady to

within 0.1°C, The range through which the cryéstat can be used is

from room temperature to about 80°K,

Measurement of Temperature

A copper-constantan thermocouple is used for the measurement

of the temperature of the cryostat. One end of the thermocouple

is put inside a Pyrex glass tube upto the bottom of the crystal

chamber, the other end being kept in broken ice contained in a

thermo-flask, The thermocouple was calibrated with reference to

a number of fixed points and a table is made for ready reference,

The potential difference is measured by means of a

Leeds Northrup standard potentiometer and the corresponding
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corresponding temperature is found out from the table.

The imate temperature insides the cryostatic chamber

is read on a pentane thermometer inserted in the chamber.

Measurement of Anisotropy.

A thin-walled cylindrical copyer tube, with its lower end

closed, is placed vertically and centrally inside the eryostatic
chamber, and as deeply inside it as possible. Through the open

end of this conver tube is fitted a longs glass tube, the junction
peing wade air-tight by means of soft was. a graduated tovsion

psead 1S placed at the upper end of the glass tube and

a collar of rubber tubing of large diameter is fitted at the joint.
The torsion head is of a special type. The plane of the graduated
dise of the torsion head is vertical, so that the scale can be

read easily, and the 'torsion is converted with the help of suitable
tooth-wheels into a totation of the vertical pin of the suspension
system, over exactly tha same ansle as the rotation of the graduated
disc.

the guspending system is made of two parts; the upper part,
attached to the torsion pin, being a thin fibre of quartz, and the

lower being of stout glass carrying at its lower end the erystal
and thus forming with it a rigid system. The purpose of naking
the suspension in two parts as described above is to keep the

entire Length of the quartz fibre outside the cryostatic chamber

and thus keep the torsional constant of the suspended system

independent of the temperature of the system. The crystal is
suspended with any desired direction vertical, in the centre of
a homogeneous, horizontal magnetic field. A small glass pointer
attached horizontally to the upper end of the glass fibre serves
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serves for observing the rotatary movements of the ervstal, since
the erystal itself is not directly observable,

Measurements on the anisotropy were made from room temperature
down to bue iowest temperature obtainable with liguid uir, nemely

60°K, at intervals of about 15 toe £0 degrees, The general princi-
ple of the method adopted in these measurements was to compare the

magnitude of the maximum couple acting on the crystal, at the temper-
ature of measurement with the magnitude of the couple at room

temoerature, Since the field is uniform, and the intensity of the

field and the torsional constant of the susnension svstem are both

indevendent of the temperature of measurement, the ecunles observed

different tomperetures ure directly proportional to the anisotro-
pies at these temneratures, i,e. vroportional to the values of

Ay - Ary at these temveratures and since the value of A, -4,,
at room temperature is already known, the values at the lower

temperatures also become known, In practice the values obtained at
different temneratures were plotted against temperature and the

valus of KX, Il-x at any desired temperature can be directly
read from the gravh,

Measurement of Principal Suscertibilities

For the measurement of the vrincipal suscevtibilities, it
would be sufficient, since we know alreadv the anisotropies at

different temperatures, to measure the absolute value of the

suscertibility along any one direction in the crystal. The direc-
tion selected for this measurement was the direction that set

itself along the magnetic field when the crystal was suspended,

from one arm of a delicate quartz torsion balance,by a thin quartz

fibre. Knowing the direction of suspension of the crystal the

direction that é
1
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direction that would set itself alon® the field is known from

the previous knowledge of the anisotrovy of the crystal. The

ervstal is susnended at such a height that it will lie in a region
of magnetic field where the field is strong and horizontal and its
gradient is vertical, Since the thermal coefficient of the erystal
ls small, it will occuny at all temperatures practically the same

OH (whereregion of the magnetic field and hence the value of
oy

y is the verticak direction) on which the pull on the crystal
denends, may be taken' to be indenendent of temperature, The vull
at the temnerature of measurement is compared with the pull at

room temperature ( for which the absolute gusceptibility of the

crystal along the direction concerned is already known ), Thus the

value of the absolute susceptibility along this direction at differ-
ent temperatures is obtained,

In calculating the susceptibilities at different temperatures

for a given suspension from the observed pulls at these temperatures,

the following corrections have to be applied.

if
F, is the force at any temperature t°

Fy is the force at some standard temperature (room temp.) 6 ,

X, is the susceptibility at t°

X, is the susceptibility ato
k is the volume susceptibility of air at6 ,

kg is the volume susceptibility of the erystal at @ ,

f is the temperature coefficient of air at t°,
then the ratio F,/F, can be put in the following elegant form,

2

ae

1+
Re6

The absolute susceptibilities have all been corrected for
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for the diamagnetism of the crystal,

The effective Bohr magneton numbers Pi? p, and along the

three principal axes of the crystal, are calculated from the relations
2.2

4
= 1y 23 Se

where
p
is the Bohr magneton and is equal to eh/4T me,

If the susceptibility concerned obeys the Curie law, then the

corresponding effective magneton number will be independent of

temperature, Hence any deviations of the values of Py? Pe
and Dz

for the three principal axes of the crystal give a measure of the

deviations of the corresponding susceptibilities from Curie law.

ted

In the crystals that have an axis of summetry, vViz., tetragonal,

trigonal and hexagonal crystals, the gram molecular susceptibilities

along and perpendicular to the symmetry axis are denoted by A, and x,

respectively. In crystals belonging to the orthorhombic class the

principal magnetic axes are the crystallographic axes themselves and

the gram molecular susceptibilities along these axes are denoted

by Xo Lon
and X, respectively. In the monoclinic system of crystals

two of the principal magnetic axes are in the (010)-plane and the

susceptibilities along them are denoted by A, and Ks the former being

the greater of the two. The third susceptibility is along the b-axis

and is denoted by Xz. Tne X,-axis is inclined at an angle W to

the c-axis and at (A -W) to the a-axis, f being the obtuse angle

between a and c. The (001)-faces of most of the crystals are well-

developed,gxxxxxxax, and hence the inclination 6 of the Xo-axis to

this face can in most cases be directly measured, The positive direc-



direction of 9 is given by the relation pe Y+047, - When the

erystal is suspended in a uniform magnetic fided with b-axis
vertical, the inclination of (001)-face to the normal to the

field gives 8

The values of the susceptibilities and anisotropies are to be

multiplied by 10 and expressed in the6

The room temperature data for the principal susceptibilities
of the crystals, on which the determinations at low temperatures
have been based, have in general been taken from the Philosophi-
cal Transactions of the Royal Society, 232 (1933), 235 (1936),
237 (1938) and 238 (1939). The room temperature data for
Cu( CH,COO ) H have been supplied by Mr A. Mookherji.2 2
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Values of Anisotropies at Different Temperatures - Table I

N1S0,7H,0
A. is the constant of the spin-orbit coupling.

observed calculated observed calculated
A Az -360cm™ 1 Ka- % x =~470emremp.°K hy

305 169 1.000 1.000 49 1.000 1.000
280 185 1.095 1.094 53.6 1,094 1.096
260 201 1.190 1.193 58.5 1.194 1.195
240 221 1.308 1.313 64,5 1.316 1.316
220 246 1.456 1.462 71.6 1.461 1.468
200 278 1.645 1.648 81.3 1.659 1.654
180 319 1.888 1.889 93.4 1.905 1.900
160 375 2.219 2.213 110 2.245 2.229
140 451 2.669 2.661 132 2.695 2.685
120 560 e313 3.316 165 3.367 3-346
100 740 4.379 4.349 216 4,409 4.398
90 864 5-112 5.111 254 5.183 5.171
80 1015 6.006 6.114 303 6.183 6.223

1

NiRb, (SO, ),,6H 0

observed calculated observed calculated
Temp. x,x-370emA=°K A=-350cm™1Xy- Ay

303 142 1.000 1.000 134 1.000 1.000
280 156 1.69 1.096 146 1.090 1.092
260 170 1.197 1.195 159 1.187 1.191
240 188 1.324 1.316 175 1.306 1.310
220 208 1.465 1.468 195 1.455 1.456
200 236 1.662 1.654 221 1.649 1.638
180 270 1.901 1.900 251 1.874 1.878
160 318 2.240 2.229 293 2.187 2.197
140 383 2.698 2.685 353 2.634 2.638
120 AT5 3-345 3 346 440 3.284 3.285
100 624 4.394 4.398 aTT 4,306
90 735 5.176 5-171 676

4,300
80 882 6.212 6.223 798

5.044 5.051
6.0665955



NiRb,(Se04) 2 +6H50

observed calcu ated erved calculatedTemp.'K X,,1 A 70 em 1, _ X,0bs A AX: -350 eof1

303 156 1.000 1.000 143 1.000 1.000
280 171 1.096 1.096 156 1.091 1.092
260 187 1.199 1.195 171
240 206

1.196 1.191
220 Bog

1,320 1.316 188 1.315 1.310
1,468 1.468 209 1.462 1.456

200 259 1.662 1.654 237 1.658 1.658
180 298 1.910 1.900 270 1.888 1.878
160 349 £238 2.229 315 2.203 2.197
140 421 2.699 2685 379 2.651 2.638
120 521 3.339
100

3.346 472 3.301 53.285

90
688 4,411 4.398 619 4,329 4,300803 5,147 5.171 723 5.056 5.051

80 961 6.160 6,223 860 6.014 6.066

NiCso5(S04)5.6H50

303 132 1.000 1.000 124 1.900 1,000
280 144 1.091 1,091 135 . 1,088 1.091
260 156 1,187 1.189 147 1.185 1.187
240 172 1.303 1.305 162 1.306 1.303
220 190 1.440 1.448 179 1.444 1.445
200 215 1.629 1,629 202 1.629 1.625
180 245 1.857 1.863 230 1.855 1.857
160 287 2.174 2.174 268 2.161 2.166
140 344 2.606 2,605 322 2,597 2,594
120 428 3.242 3.237 401 3.233 3,220
100 560 4,242 4,227 522 4,210 4.199
90 656 4.969 4.956 612 4.937 4,922
80 784 5.939 5.944 734 5.920 5.900

N1T15(S0q)9-6H50

303" 278qi 111.5 1.000 1.000 106 1.000 1.000

240 26°.3)3 145 4.301° 1.305 138 1.302 1.306

120 362 3.247 3,237 347 3.273 3,253

80 662 5.939 5.944 633 5.971 5.985

Temp. k 2 observed calculuted
1

observed calculate ad

Temp. observed calcue observed calculatedlated 540cm -1

280 1,094 1.091 116 1.094 1.09126.. 122
260 1.184 1.188 125 1.180 1.18926.6 132

220 1.444 1.448 153 1.443 1.452161
200 1,624 1.629 173 1.632 1.63420" .7 181
180 1.857 1.863 198 1.868 1.86820".6 207
160 25" .5 242 2,171 2,174 234 2.179 2.182
140 2,601 2.605 277 2.613 2.61725".3 290

100 473 4243 4,255 4.2524 2e7 452
SO 553 4,961 4.956 529 4,991 4.9872

1
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observed
A 4 1

A
calcu ateaTemp, K 8 6Ocm™ X,-Xz observed calculated

A @J550cm~A:
303 32.7 121 1.000 1.000 1145 1.000 1.000
280 132 1.091 1251.094 1.091 1.092
260 Ot. 144 1.199 1.193 156 1,188 1.191
240 159 1.314 1,313 150 1.510 1.310
220 iY 177 1.463 1,462 167 1,458 1.456
200 201 1,662 1.648 188 1.643 1.642
180 83 290 1.905 1,889 215 1,878 1.878
160 33.3. 267 2207 201 2193 2.197
140 34.0 324 2.677 2.661 302 2.637 2.638
120 34,7 3,313 3,316 376 3,284401 (404) 3.285
100 435 626. 4,949 4,349 a9t 4,288 4,500
90 35,7 620 5.124 5,111 576 5.030 5,051
80 746 6,164 6,144 690 6.026 6.066

Ni(MH,)..SO,Se0, 6H 2

observed calculated
1

observed calculatedTemp «°K Xp A X= -360 om A= -315 em 1

303 39.2 129 1.000 1,000 114 1,000 1,000
280 14140.3 1,093 1,094 124 1,087 1.090
260 41.2 154 1.194 1.193 134 1.176 1.184
240 42.1 169 1.510 1,313 147 1.289 1.298
220 43.0 189 1,465 1,462 163 1.430 1.458
200 43,7 214 1.659 1.648 185 1.623 1.614
180 44,4 244 1.891 1.889 210 1,8421.844
160 45.2

4 AO"
285 2.209 2.215 245 2.149 2.144

140 344 2666 2.661 293 2.570 2563
120 46o4 428 3.318 3.316 363 3.183 3.172
100 563 4,564 4,549 473 4,150 4.127
90 654 5.069 5.111 550 4,825 4.828
80 790 6606,124 6,144 5.789 5.776

CoSO 2

Temp. °K 1 Kp 1 1 3

303 69,1 1928 1100
280 2296 1261
260 2716 1485
240 t 3252 1775
220 3925 2137
200 4733 2090
180 5784 3195
160 7145 4005
140 9026 5136
120 12000 6901
100 16740 9977
90 19510 11714
80 1338421960



CoSed oH4° 2

Temp .°K 6 1 Kg Ay
-

Xs
299 3 4030 2415

it280 4407 2658
260 4916 2909
240 If 5580 3327

It220 6431 3827
200 7494 4446
180 it 8857 5239
160 10670 6289
140 13170 7757
120 16880 9880
100 tt

at

22370 15077
90 25570 14950
80 29450 17210

a CoRb.( S04) 2 e650

Temp. °K 0 1 - Xp Ky~ Xs

299 40.5 2400 1246
280 1 2751 1404
260 3159 1610
240 3667 1867
220 4302 2189
200 5121 2603

5138180 6165
160 7447 3787
140 9126 4631
120 f{ 11210 5670
100 a 14150 7154
90 tt 16150 8172
80 18760 9550

CoRb9(Se04)o- 6H 2

Temp. X,-X0 X4-X3
299 35.2 2900 2208
280 35.0 3296 2573
260 34.7 3776 2982
240 34,5 43593 5486
220 34.4 5126 4121
200 34,2 6063 4906

7213 5860180 34.0
160 33.7 8750 7115
140 33.3 10760 8719
120 33,2 13510 10850
100 33.2 17170 13630
90 19400 15270
80 21930 16990
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Table I

2
CoCs (SO

Temp 34

299 2600
280 292 81

no
260 S663393change
240 S951 764
Pane) 4593 881
200 7428 1021

180 6449 1200
160 1408T7S2 A

140 9497 1706

120 11900 Lone

100 12060
90 16900 5420

2S55

Co 1,(SC, ) 526%,0-

Temp .°K 0 A, - Xs Xy
- Xs

299 54.2 2010 931

280 54,0 2299 1069

260 53,7 2643 1243

240 53,5 3083 1460

220 53,2 3607 4725

200 52.7 4268 2085

180 52,2 5065 2526

160 51,7 6112 3080

140 51.2 "571 3004

120 50.9 9526 4920

80 50,2 15470 8030

100 50.5 12030 6247

gO 00,3 13600 7078



ble I

FeS04 7H2

Temp, °K 1 - Xp 1,-Xz
303 7,0 1289 1276
280 1409 1394
260 1552 1538
240 no 1740 1732
2e0 change 1970 1978
<00 2268 2289

2658
i60
180 2679

3130 3180
140 3806 5850
120 4805 4857
100 6372 6460
90 7432 7702
80 8670 9498

CuSO, .Rb,S0,6H,,0

Temp. °K 8 Ki,
- Xs KiXz

240 432 127
220 470 139
200 514 154

86° 350 100299
280 tr 372 106
260 { 399 114

180 565 170
160 629 190
140 713 214
120 822 248
100 975 288
90 1065 308
80 1163 330

CuSO, «T1580, .6H,0

Temp, °K 6 Ky - Ag Ay
- Ag

299 88.2 283 71
280 296 74
260 316 79
240 342 87
220 372 97
200 no 411 111
180 change 456 127
160 515 147

584 167140
120 673 193
100 796 227
90 872 246
80 961 2&9
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Table I

4C1CuCl,2H,0
emp. °K a Temp.°K e -Xy
304.1 260 160 470
280 283 140 537
260 701 120 62"
240 B24 400 47

Gu (CHC00) 2 .H0
Temp. °K 6 Ki - Xe ki -X2
305.1 33° 198 133
280 201 135
260 201 136
240 200.5 135
220 197 133
200 192 130
180 183 123
160 170 114
140 150 106
120 124 82
100 65
BO 75 A5

220 451 90 B34
GO 90489 C424

tt

tt

tt

K Fe (CN),

9 Xx -1 4 A,Temp .°K

123303.1 89° AFT
200 402 139
280 ne? 154
270 ABD 169

604 184260 ivy200 653
240 704 219
230 AE, 94
Zed 828 267
210 900 287

979 310200
338190 1070

180 1167 569
170 tt 1281 398
160 1414 434
150 1564 467

1737 500140
579130 t

1965
2242 064120

110 a 2558 550
100 2914 504
90 309 420
80 3739 57
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The Ratios of Anisotropies at Different Temperatures - Table II
KMnO4

The anisotropies at room and other temperatures are denoted by ax
and &X.

Along Along
Temp. °K a~Xe

AXT/AX 2XAX
303 1.00 1.00
280 1 16 1.04
260 1.29 1.08
240 1.43 1.11
220 1.56 1.15
200 1.69 1.19
180 1.81 1.23
160 1.94 1.28
140 2.06 1.34

1.40120 2.18
100 2.29 1.49
80 2.40 1.63

Susceptibilities and Magnetic Moments at Different Temperatures =

Table III.
Mn (NH, )o (SO, )>6H 02

Diamagnetic correction 203

2
Temp. °K 11

303.9 14000 34.30
242.8 17680 34.61
204.7 20800 34033
79.7 53340 34.28

K Fe (C20, )33H503

Diamagnetic correction - 192

1Temp.°K
2

296.9 14520 34.75
248.9 17350 34.83
198.9 21640 34.69
146.8 29240 34.60
108.2 39790 34.70
96.9 44380 34.66
81.1 53040 34.67
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Table III
Fe (CH CO)» .CH 3

Diamagnetic correction ~ 164,

Temp. °k 2

30 14440 35.21
219.8 19890 35,24
12.8 28750 35,37
83,2 52400 35,14

(NH, ),Cr(C,0,),.3H,,0
Diamagnetiec correction 203

Temp. °K Ks
303.1 5652 13,81
237.6 7113 13,62
176,8 9371 13,56

11930 13,16140.1
104,5 15450 13.01
82,9 19180 12,81

cH]Or [( cH,60), 3

Diamagnetic correction = 164,
&

Temp .°K 1 Py
302,4 5070 12,37

7195 12,12208.8
146.4 9916 1i 70
88.6 15590 11 14

NiSo, .6H Q
2

Diamagnetic correction -124,

Temp, K Ay

303,1 4195 4086 4159 10,24 9,98 10 15
6277199,4 6337 6157 10,19 9.90 10,09

g 95143,6 8689 8414 8597 10,06 9.74
111.3 11090 10710 10970 9.95 9,61 9,84
80.6 15290 14660 15080 9,94 9,52 9,80

2 2 2



Table ITI

NiSeo, .6H 0a

Diamagnetic correction -132.
Temp .°K 2

Ky
2

Py
298.6 4422 4332 4392 10.67 10.45 10,60

6216e11.8 6082 Ol71 10.61 1,39 10.54
168.4 7793 7613 7733 10.58 10,54 10,50
110.7 11660 11350 11560 10.40 10.13 10,31
82.1 15580 15030 15400 10,30 9,95 10.18

NiSO, .7H,0
Diamagnetic correction -136,

Temp .°K Bpe.he, x Pa Pp
304.4 94255 4067 4186 4163 10.40 e- 10.28 10.22
261.9 4901 401 4843 4815 10.35 9.95 10,22 10.17
234,4 5468 5242 5402 5371 10.33 9.90 10.el 10,15
189.0 6736 6435 6648 6606 10.27 9,80 10.135 10.07
137.3 9169 8707 $050 8969 10,15 9,64 10.00 9.93
102.3 12190 11480 11970 11800 10.05 9,47 9,88 9.80
78.1 15840 14790 15510 15380 9,97e 9,31 9.77 9.68

NiRb,(S0,)2+6H,0
Diamagnetic correction = 213,

2 2 2 2
Temp. °K a, ahKe A, X p

299.9 10,22/10.24/10,343475 4229 4257 4280 10.97
BOI & 10.15/10.175692 5493 5508 5564 10.52 10.28
148.7 8683 8324 8353 8453 10.41 9,9810,01}10.15
87.1 14470 15700 13770 15980 10.16 9,62 9.67 9,82

0NiRb,(Se0,4)2 OH2

Diamagnetic correction -229,
Temp .°K Xy 1Ke Ae P Po Ps
295.1 4539 4379 4392 4437 10.80 10.42 10.45 10.56
191.1 6986 6710 6734 6810 10.76 10.34 10.58 10.49
136,0 9728 9294 9330 9451 10,67 10.19 10.23 10.36

14260 15470 13550 1576090.9 10.45 9.67 9.93 10.08
4°37

2
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NiCS9(S04)5-6H50

Diamagnetic correction -241,
2 22 2Temp, °K Ay te Pokz P1 BS

295,1 4461 4325 4332 4373 10,61 10.4010,29 10.30
243 ,4 5405 5237 5247 9296 10,60 10,28 10.29 10.39
159.2 8144 7853 7868 7955 10,45 10.08 10.09 10.21
113.0 11380 10914 10944 11080 10,37 9.94 9.97 10,09
83.6 15280 14540 14590 14800 10.30 9,80 9,83 9.98

NiT1,(S0,)..6H 02

Diamagnetic correction -251,
Temp .°K KaKy Xs Pa

Py Po

298.8 4381 4267 4273 4307 10,55 10.28 10.29 10.37
213,4 10.716103 5935 5944 5994 10.50 10,23 10,31
152.6 10.45849 8250 8242 8322 10,13 10.14 10.24
79,9 15980 15340 15360 15560 10,29 9,88 9,90 10,03

Diam, Correction -267,NiTl,(Se04) 26H20&

x 2
Temp, Ky

2
P, Po Pa3

4543
6010
8694
14690

4350
6019
8712
14750

4587
6074
8802
14940

297.3 4467 10.70 10,41 10.424 10,c1
214.1 6193 10,69 10,38 10.39 10,49
145,5 9001 10,55 10.20 10,22 10.32
83,4 15390 10.55 9188 9.92 10.05

Ni( NH42 50 Se0 6H,4 4 2

Diamagnetie correction - 2i0,

Temp Ky Dy.°K 2
Ks ® f Pale Po

305.1 4390 4262 4275 4509 10.80 10.48 10,52 10 .60

225,7 5904 S728 5747 5791 10.74 10,41 10,46 10 o4

138.6 9429 9077 9131 g212 10.54 10,14 10 30

85,3 14980 14290 14390 14550 10,30 9,83 9,90 10,01



Table fII

Diamagnetic correction = 136.

CaSO4

i 2 2Temp. K Ko Xz
21

10300
12560
16120

22470
30260

303.7 8576 9196 9290 20 23 20,02 Leevd 22,76
247,5 9556 10970 11030 29,06 19,06 21.89 22.00
188.3 .10820 13190 13330 24.46 16.43 20.02 20,30
135.1 12770 16850 17360 24,4 13,91 18.35 18.93
101.3 14060 20660 21990 24.71 11.48 16.88 17.69
78.7 58810 16510 20210 26840 24,62

CoSe0, .6H,,0

Diamagnetic correction ~ 132,

298.6 11440 7560 8990 9263 27,54
255.0 13310 8260 10290 10620 27,96
157.1 21290 10210 14760 15420 20.97
121.0 27480 10880 17700 18680 26,81
100.1 52280 10200 19320 20600 26,06
79.8 99020 9520 21630 200990 20.11

Diamagnetic correction ~ 213.

11250 8790 10000 10010 2?,01
198.4 16500 11290 13850 13880 26,58
146.3 22120 13720 17810 17880 26.10
84,5 36330 19.100 27500 27840 24,75

10 47 16.00 17<03

Temp. 0 21 Ke Kg X,
222

321

17.71 21,64 AE 30

16,98 21.15 21.83
12.93 18.69 19,53
10,61 17.27 18.23
8.23 15.60 16.63
6,12 13.92 15,05

CoRb,(SO,)., O

2°

(} 2
Temp. K A 4K4 Ke Ks

222
321

297,7 21.11 24,00 24,04
18.05 22.19ma @

16.19 21,01 21,10
13,01 18.74 18,83
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Table IDI

CoRb..(Se0ale 6H
2

Diamagnetic correction -229,

1 3
Temp. °K 13

2222

2

295.6 12000 9050 9630 10300 28.61 21,57 22.94 24,37
181.5 19220 12120 13420 14920 28,09 17.72 19.62 21,81
133.7 29780 14280 16410 18820 27,80 15.39 17.69 20,29
88.1 38060 18310 22560 26310 27,04 13,01 16.03 18,69

Diamagnetic correction =241.

294.8 11420 8740 10900 10350 27.14 20.77 25.99 24,60
236.4 14150 10150 13370 12560 26.96 19,54 29,48 29299

193.7 17180 11430 16080 14900 26.85 17,85 LO ele Loent
147,4 22170 13270 20550 18660 26,35 15.77 24.42 22,18
103.0 30640 16140 27820 24870 20,409 15,44 25410 20565

80,8 38230 19430 34310 30660 24,90 12,66 22,35 19.97

CoT1,(S04)5«GH,0

Diamagnetic correction = 251,

298.8 10770 8740 9830 9780 25.94 21.06 25.68 29,06
209.7 13200 10130 11720 11680 29.02 19,58 22-65 22,08

185.7 16840 11960 14400 14400 Deen 17,91 21,56 21.06
148.7 20890 13970 17330 17400 20.11 16,75 20.78 20.87

122.8 290 <0 15920 20530 20420 24.77 15,76 20.12 20,26
101.2 29410 17680 25510 20470 25.99 14,43 19.02 19,15

79.9 36610 20¢10 28520 28680 25.08 13,47 18.57 18,47

2 4CoCs (SO )_ 6H
2

Temp. K 2
22

32
2
1

2
3Temp. K 21



eae Sap h Be N oe ORT SAN ER LE NEA TLD Sp ae

~ 42 - )
Table IM

Diamagnetic correction -136,

10520 10540 10960 28,85 20.69 £0474 26,76
12980 12990 13550 28.635 20 e2o1 £29.02 26.42
16100 16060 16920 27,99 24.17 24.12 25,41
20580 £20520 21840 27 49 20,16 25.09 24,58
25400 25320 27270 26,00 21.99 £21.92 25,60
32030 31330 34580 26,69 21.17 20.84 22.90

Diamagnetic correction -213,

298.9 1663 1313 1563 1513 4,006 5.163 3.765 3,645
257.7 1943 1539 1826 1769 4,036 3.190 5.793 3,675

3292 2606 5086 29G9 5,884 3.075 3.644 3,553
87,4. 5556 4468 -S24E 0089 3.915 3.148 5.695 35,0985

84.4 5725 4607 5404 5245 3.895 3,134 3.676 3,568

Diamagnetic correction. - 251

302.1 1691 1411 1621 1574 4.119 35.4356 5.949 3,855
207.2 2415 2021 2510 2249 4,034 5.576 3,859 35,756

97.6 5027 4209 4797 4678 5.956 5.011 3,756 3.676
85,3 5793 4877 5541 5404 3.983 32553 3.811 3,716

FeS0
2

7H 0

Temp. K Ry Ky X 2222
31

303.1 11810
241.9 14690

186.3 18610
139.6 244350

107.4 #31070

82.0 40380

CuRb
& (80,), 6H

2

Temp e OK X. Xe Xs, x 2
1 3

1,43

2CuTl (SO 6H

Temp, °K Xs
22

2
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2NH,C1,CuCl, »2H,,0

Diamagnetic correction -163,

Temp » K p
74

290.1 1624 1552 1533 3.796 3.162 3,585

227,0 2049 1711 1936 . 3,748 3,129 3,542

164.0 2726 2265 2572 5.604 2.995 3.401

114.9 3771 3102 3552 3,493 2,887 3,291

85.2 4882 4002 4589 3,005 24748 3-151

Cu(CH,COO) » MO
When a-axis is made vertical, b-axis sets perpendicular to the

field,
Volume susceptibility = 7.355, measured along the b-axis, at 32,5°C

A, = 881, X%n
= 683 and XA,

= 749 at 32°C,

Diamagnetic correction - 8',

3Temp. K Ay Xo Ks pe
2

21

304.4 968 770 835 858 2,385 1,898 2,058 2,114

252.3 996 795 860 884 2,026 1.617 1.749 1.797

219.9 963 166 830 853 1.707 1.326 1,472 1,502

190,7 914. 726 187 809 1.406 1,116 1,210 1,244

144,3 772 617 669 686 0,898 0,718 0.778 0,798

108,1 585 47? 512 525 0.521 0,416 0,446 0,461

82,8 420 542 © 372 578 0,280 0,228 0,248 0,202
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6Fe cH)
3

Diamagnetic correction 132

Temp. °K 2 2 2 2A, 3Ko

304.9 2252 1812 2132 2065 5537 4.454 5.241 5 077

254.9 2646 2011 2454 2370 5 438 4.132 5.042 4.871

193.9 3359 2334 3031 2908 5.250 3.648 4.736 4.546
156.9 3973 2498 5531 3334 5.023 3.159 4.465 4.216

123.6 4890 2710 4332 5977 4.871 2.701 4.315 3.962
81.1 55476891 5221 6528 4.512 2.109 4.272 3.631

1 3

Fe(CN)

2

6

values calculated from L.C.Jackson's experimental data.

Temp. °K 2
Po

1

Temp.

290 5998 5 067 290.6 5.662
273 5.946 5.282

197.4 5.488
200° 5733 4.543

90.3 4,640
170 5.608 4.165

84.9 4.580
150 5495 3.894

80.6
90 4.898 2.786 4.558

82 4.785 2.613 757 4.533

75 4.690 2.452

2 2
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Discussion of the Results.

There are severel interesting points that strike one cn a

critical examinetion of the experimental results tabulated in

the foregoing veges. Before considering thee noints, we shall

refer to some importent results that are elreedy and

are emply verified by the extensive dateobtained in the present

work, The following are some of them.

First,in the case of a peranegnetic ion whose gromnc state

an and has no orbital moment to be quenched by tie
ervstalline electric fields, the splitting of tne Stark-pattern
will be extremely narrow, and hence varamngnetic erystels whose

peramagnetism arises from such jens will have very Little aniso-

tropy, and secondly treir susceptibilities will follow

the Curie law, and thirdly the effective ramen s

af t-e in t ese erysteals will he imos + exactly 63

where s ie the spin quantum number. Among the ervstels etudied

here there are three belonging to this class, one #

eslt and the othor cf iron 3 the mongancus

and ferric ions ere both PAC. / weve Towa ne ss
2

from the Tables that in all the three salts, the effective

m eneton number p is practically independent of
i.

anisotropies of ell the three ealts were founs te be tec feeble

emnersture

to be messurahle w th our errengenent, 1 as was to be expected.

and agrees well with the theoretical value ©

eee

and hene the of tre oreanic salts; they grow more as
laree erystels and are more stable.

an Ordinary ferric not easv to obtain



+++Considering the chromic salts 2 though the Crfe ion is in
Ah

the F-state, namely it still behaves to a first approximation

as though it were in the S-state, owing to tue fact that the lowest

Level in the Stark-splitting is very far removed from the higher

levels, and the lowest level has. only the (2841)-fola degeneracy

due to the spin moment s being 3/72. As will be seen, the py" values
for the chromic salts differ only little from the spin-only value of

3/2?

15, and its Variation with temperature, is also small.

The magnetic properties of the nickel salts have been discussed

theoretically by Schlapn and Penney (1952), on tha basis of the crystal-
field theory. Denoting the potential due to the crystalline electric
field in the neighbourhood of the paramagnetic ion, as usual, by
V= D ( 7 ) + x 4 By® (A+B)z they find first that in all
the ordinar hydrated nickel salts for which the magnetic data are

available, the observed masnetic susceptibilities can be exolained

satisfactorily on the assumption that the crystalline electric field
is predominently cubic in its symmetry with a small rhombic

component superposed on it. In other words, the fourth power terms

in the expression for the potential V decide the main features of
the paramagnetism, and that the influence of the square terms is
relatively less important. Secondly, the sign of the constant D

defining the potential due to the cubic part of the field has to

be assigned a positive sign. This will be the case if the distri-
bution of the negatively charged atoms immediately surrounding the

positively charged paramagnetic ion is such that there are Six of
them occupying the corners of an octahedron. If these six negative
charges are all ecual, and tne octahedron a regular one, the field
at the centre will be strictly cubic in symmetry, and will have no

rhombic components. Any small deviation from such an ideal distri-~
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distribution will produce a small rhombic component, as required

by observation. Now in all the paramagnetic nickel salts studied,

and whose structures are known, the wittion is found to be surrounded

by such an octahedron of negatively charged atoms, so that the crys-
talline,in all such salts do satisfy the requirements of the theory,

namely that the cubic field should predominate, that D should be

positive, and that there should also be a small rhombic rhombic

component.

Under the influence of such a field, the seven-fold orbital

degeneracy corresponding to the °F,-state of Ni** is fouhd to split

up under the cubic part of the field into a singlet, which will be

the lowest, and two triplets, the separation of the latter two

from the singlet being large, of the order of 10*em-1, Under the

rhombic field, the components of the two triplets will separate

out, these latter separations being of the order of 1 and

thus smaller than the separations produced by the cubic parts.

Hach of the seven levels will retain all the (2s+1)-fold degeneracy,

due to their spin moment s (s being equal to 1, since the ground

state of Nitt is a °F-state), With such a Stark pattern , i.e. with

the lowermost level having a three-fold spin degeneracy, and the =

other levels being sufficiently removed from this) level, the nickel

bon will naturally behave to a first approximation as though it were

in the S-state, like the Cr'**ion.

But actually, owing to the spin orbit coupling in Ni being

large, about 335 cm as compared with ey cm™/ for Cr***, the beha-

viour will not be so simple as in the latter ion; the orbital

++

moment will exercise an appreciable influence on the magnetic

susceptibilities, through its coupling with the spin, Thus though
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though the deviation from the Curie Law may still be Sinall, the
deviation of the effective magneton number from the Spin-only
value of S will become considerable.

ine orincipal magnetic susceptibilities of several Ni Salts
measured at room temperature have been utilized by Krishnan and

Mookherji (1958) to calculate the crystalline fields in them. They
find that not only the cubic part of the field, which is the
predominent part, but also the rhombic part, is of nearly the same

magnitude in all. the nickel Salts. This shows that the dispositions
of the water molecules, which are the immediate neighbours of the Nit?
ion in all these salts, are nearly the same in all these salts.

More recently Krishnan, Mookherji ahd Bose (1939) have utilized
the deviation from the spin-only value, and its variation with
temperature which arises from the large value of the spin-orbit
coupling A , to calculate the spin-orbit coupling itself; i.e. to
calculate the spectroscopic Constanta purely from the magnetic
measurements. In this calculation it is assumed that the erystal-
line field remains practically independent of temperature, which is
a veasonable assumption to make, in view of the low coefficient of
thermal expansion in the solid state. The value of the spin-orbit
coupling obtained in this manner agrees well with the spectroscopic
value.

The extensive data obtained for a large number of nickel salts
fully support these conclusions. Using these data and assuming
tne spectroscopic value of A= 335 emt, we have calculated the
erystal field constants A,» a, and a for the three principal axes
of the crystalline field in the neighbourhood of the Ni ion,r+
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ion, these axes being assumed to be the same as the principal
magnetic axes of the crystal, The a's are related to the constants

D, A and B of the crystalline field, and ultimately to the three

principal susceptibilities by the relations

and
3

8(8A~-3kT)

3kT
X - X, X,-X, "(8% 2

kT OKT )

The values of a, -a, 9 OA, ~o, and a, +AX,4+ % thus calculated
3

are entered in the following Tables.

Table

NiSO, .6H,0

Temp, °K (a,-a,)10° (2a, +a, )i0®

300 7,6 043
220 76 259
140 76 047
80 7.6 034

NiSe0,.6H,0

300 6.2 298
6.8 305

140 6.2 303
80 6.8 237

80 11.9 3,6 QP

Temp .°K ( Oy +a, ) 10

Niso,

(X ..4Temp 10 + Oy,+ ) 10

300 11.9 3,5 251
11.8 35 253220

140 Le.1 3.5 245
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a TableIv
NiRb(S04)5 6H

BOO 9.9 °,4 265
2a0 io .0 9.4 ale
140 10.2 G.4 264
80 0.4 9.4 234

NiRb.

300 10.8 10.0 29
220 11.0 10.1 30 1

140 Li.c 10.3 ac8
80 11.3 19.1 265

300 9,2 8.7 ave
220 9,2 8.6 279
140 g,2 8.6 2738
80 Ged 8.5 204

BOC 7.8 7A 270
220 7.8 74 277
140 7.8 7.4 278
50 78 7.4 266

300 8.5 8.0 286
220 8.5 8.0 299
140 8.7 8.1 291
80 8,8 8.1 269

2

a 10" ( a 3 4)10° -( &,+ a+Temp. K (a 12

Tomp. K ( ay a }10 -a, )10 - ( A + Ata.Ka

6

NiCs (S04)

( a a, jictTemp TG
3

Temp .°K
3a,(a. (M+ a +a ji0°

Temp. K ( a, - a, ) a.- A,)10 (a +a +O,) 105
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Ni (NH, ) 950,Se0,6Ho0

Temp. OK ( &o- %,)19 (O,- A)10° - (A, tHe +4,)10

300 9,0 7.9 2OB

220 9,4 749 S01
140 O42 7.9 290
aO 9,2 7.9 261

It will be seen from the Tables that in all the crystals

the O&'s are practically independent of temperature. Further,

they are nearly of the same magnitude for not only Tutton salts,

but for the other salts also.'

Cobalt Salts.

We shall now vroceed to consider the new results to whicn

we referred at the beginning of tnis section.

The cobalt ion is also in the F-state, namely "Fy jo?
and

since its orbital moment is the same as in Witt, one should expect

the Stark patterns of the two ions to be similar as regards the

removal of the orbital degeneracy by the crystalline fielc.This is

so, but with this essential difference, namely tnat for a given

field, the Stark pattern for Cott is inverted with reference to the

pattern for watt, This arises from t.e circumstance that in Cot* the

orbital moment L=3, is the resultant contribution from two of the

electrons in the 4d shell, whereas in Nit*it is the contribution frou
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three, That the orbital contributions in the two cases are the same

is due to the fact that the resultant orbital moment due to five
electrons in the second half of the 3d group is zero. Thus Cott and

are in a sense complementary to one another, Cwing to this
circumstance the Stark pattern of Cott will be inverted with respect
to the pattern for Ni** . As @ result of this inversion, the lowest

level of the Stark pattern, which in is a singlet in the kind

of cubic field considered, will now be a triplet. This makes the

magnetic behaviour of Cott much more complicated than that of Nitt+

In particular the contribution from the orbital moment E will be

large, and hence the principal susceptibilities will be much more

sensitive to tue rhombic part of the field than in Nitt . The

theoretical culculations of the principal susceptibilities from the

known field constants will be complicated, and will involve much

deduced on the biusis of certain simplifying assumptions, for example

that one of the rhombic field constants, say B, is Zero, so that A

becomes equal to -C, and tne square terms in the expression for the

potential V become simply A(x? = 2"), Making such an assumption,

Schlapp and Penney have made detailed calculations assuming the cubic

field to be of the same intensity as in nickel salts, and also tuking

some typical values for the rhombic field, corresponding to Az0, 40,

200 and lastly a very high value. agYe shall state here only their

labaur, but the general trend. of the results to be expected ea: n b

main conclusions. With a purely eubice field, the effective moments

alomg the three principal axes are naturally identical, and they fall

with the fall of temperature, slowly at first and rapidly at lower

temperatures. Even with the smallest rhombic field considered by
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by Schlapp and Penney, namely the one corresponding to say A = 40,

the effective moments along the three principal directions become

naturally different, It is found that all the three effective

moments fall with fall of temperature, two of them in more or less

the same way as with a purely cubic field, while the third, corres-

ponding to the largest value of p, say Pi» decreases less slowly.

With a further increase of the rhombic field from A z 40 to A= 200,

the three principal moments are separated further, i.e., the aniso-

tropy of the crystal is further enhanced, The temperature varia-

tions of the effective moments become now very small down to about

200°K; in éther words the temperature variation of the principal

susceptibilities obeys practically the Curie law down to about

200°K, with different Curie constants for the three directions.

Below this temperature, the temperature variations of the effective

moments become large, The maximum moment p, now increases with
1

fall of temperature while the other two fall in the same manner

as for the lower rhombic fields, For a given cubic field, and at

all temperatures, the mean value of is the smaller the larger

the magnitude of the rhombic field.

In the calculations of Schlapp and Penney the cubic field 1s

assumed to be the same as in the nickel salts and its magnitude is

easy to calculate in these latter salts from the magnetic data.

This assumption of the same field as in nickel salts is justified,

since practicolly in all the ionic compounds, in which tne six

negatively charged atoms surrounding the omy A me ioh are the

game w= this is the case with the salts studied here, the surround-

ing atoms being oxygens of wuter molecules - the cubic part of the
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the field will be nearly the same.

The prover choice of the rhombic part of the field that will
fit with the observational data presents som: @ifficulty. There

are two striking effects of the rhombic field in cobalt salts
which one can use as rough criterion for choosing the magnitude

of tnis field. First the larger the rhombic part of the field,
the lower will be the effective magnetic moment corresponding to

the mean of the three princinal suscentibilities. Secondly with

tee larger rhombic fields all the tnree susceptibilities vary slow-

ly with temperature, and, at Lew temp may actually rise
1

witn fell of temperature.

The second criterion, however, is not always available. The

theoretical calculations of Schlapp and Penney refer to tne simple
case where the principal axes of the electric fields in the neigh-
bourhocd of the paramagnetic ions, coincide with the principal
magnetic axes of the crystal; in other words to tne case when

the principal axes of the fields associated separately with the

different paramagnetic tons in the erystel are respectively
parallel to one another. This will in general be the case

only when the unit cell of the ervstal contains one cobalt ion,
whereas actually the number in the unit cell is rarely one. It
is two, for example in the Tutton salts, and four or sixteen
in some of the hydratec sulphates and selenates considered

here. Hence in general the field axes associated with these

different ions in the unit cell of the erystal will be inelined

to one another, and the three principal susceptibilities of

the erystal per pram icn of ecbalt will not be tne same
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game as the principal susceptibilities of the separate cobalt ions

per gram ion. The observed value for the crystal will thus be the

average of the values for the separate ions. If the principal

moments of the cobalt ion determined by the field inits neighbour-

hood are Pi2PosPs, and Di »PorPs those characteristic of>P >P

the crystal, then p, will in general be smaller than P,, and p.

greater than - in other words the three susceptibilities will
tend to approach each other in the crystal, as compared with the

three susceptibilities for the ion, to which Schlapp and Penney's

-3

calculations refer; pe, Po + Ps will of course have the same value

Hence even when the rhombic field is so large

that the value of Pe
for the ion tends at low temperatures to increase

with fall of temperatures, pa may not show such an increase, since

as +P +P)222
1

erystal does show an increase at low temperatures it can certainly

be regarded as indicating a large rhombic field, The converse, how-

ever, is not true, since even when
pe

does not show such an increased

might, and the rhombic field may therefore be large. Thus the

sign of the temperature coefficient of pe at low temperatures is

not a suitable criterion for estimating the magnitude of the rhombic

field, except when the coefficient is negative. On the other hand,

the low value of (p?+
on which the mean of the suscep-

tibilities of the crystal depends is a more dependable criterion.

An examination of the pe ' Ps ' pe
versus temperature curves

shows that in all the cobalt Tutton salts, the mean square of the

effective moment. falls down from about 23 at room temperature to

both Pe and pe fall rapidly with fall of temperature and they also
3

contribute to the value of p?, If inspite of this Py for the2

2
1

p +p2
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to about 128 at ©9°K, These values, and also the general trends
of the temperature variations of the nrincirpal moments show that
the rhombie fields in all these s-its should he of nearly the

seme magnitude, the fields in of them being bl rreaater

then would corresnond to A = 40, considered by Schlann and Penney.

In the two simple hvdratec salts of cohalt nemely CoSa ,7H_0

end CoSe9,8H5d, the rhombic fields are definitely much greater
tran in tre Tutton salts. The mean susceptibilities of these

two erystals, particularly of CoSe0,SH,0 are much smaller than in
the Tutton salts, and further the

DP,
values in these crystals

have much smaller temperature coefficients than in the Tutton

salts.

In the hexahydrated cobalt selenate tiie value correspond-

ing to the Lowest of the three principal susceptibilities falls
down so rapidly with decrease of temperature that this suseeptibi-
lity actually shows a maximum at about 130°K, below which tempera-
ture the susceptibility decreases with the lowering of temperature.
The condition for the occurrence of such a maximum can be easily
investigated. By definition tre square of tie effective moment

is given bv p" = 42, where X is the corresponding gram mole-_
cular susceptibility. Now d(p")/aT = - (X+ T.d%4/dT). At the

temperature corresponding to the maximummum of the susceptibility
d%/dT should be equal to zero. Thus when slope of tne p versus

T curve exceeds tne value p*/T, the thermal coefficient of suscep-

namely dT should positive, whereas ordinarily

4k

t

2

it is negative. This criterion can be expressed geometri-

cally in the following manner, Consider any point ® on

Then the temperature variationthe p™ versus T curve,
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variation of susceptibility at will be positive if the slope
of the p° versus T curve exceeds the slope of the line joining
Q and the origin (T=OC, p= QO). This condition is satisfied at

low temperature for lowest of the three principal moments.

mhere is one other salt among the crystals studied by us that

shows a Similar maximum in the susceptibility curve, namely copper

acetate monohydrate, in which all the three principal susceptibili-
ties show this phenomenon; owing to the effective moments for all
the three directions coming down rapidly with fall of temperature.
The Dp vs T curves for all the three principal directions in this
erystal have slopes higher than that given by the equation given

2

in the foregoing paragraph.

As against the occurrence of a maximum of susceptibility in the

susceptibility versus tempermture curve observed above the curve

ean exhibit a minimum too under suitable couditions. Such a minimum

has been observed for example in samarium salts, at about 400°x,
The- multiplet intervals for samarium are not 1 aPpee so that it is
not only the levels for which J= 5/2 (the Lowest possible value of
J) but also the immediately higher level of which J= 7/2 that will
be occupied, Now the higher level corresponds to a considerably
larger magnetic moment the lower level . Starting from low

temperatures, as tue temperature is raised continually there will
come a stsge when the population in the pper level will increase
rapidly - The' average moment per ion will thus increase surficiently
rapidly with rise of temperature to overbalance direct influence of
temperature, If

PD
is the value characteristic of thie lower level
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2level and Py of the higher level, then the value of p will rise2

2
1

at the point Q of inflection the slope of the curve is greater than

from to a(p + ps) as the temperature is raised. Suppose that2

1

the critical value deduced above. Then

evidently there will be two points A and B,
Fig. 49. where the slope will have the eritical

value. If a and
qT,

be the corresponding
temperatures, then the dX /dT will be

normal,i.e., negative for temperature TCT, or >T whereas for
temperatures in the interval

temperature Ty and qT will thus be the

positions of minima and Maxime of the ourve.

adx/at will be positive. TheA B

Fig. 50.
if p= 0, 1.@. if the lower level is non-

2

magnetic, the susceptibility will fall
continually as we lower the temperature

from Tas without exhibiting any mininun.

Coming back to the crystal of CoSe0,6H,0, here too the Cott ion
is surrounded by an octahedron of six water molecules,just as in the
Tutton salts. That the rhombic field in this crystal should be

greater than in the Tutton salts shows that in all of them the
octahedron may be more or less regular and account for the cubie
part of the field, whereas the rhombic part, which as we have seen
is much feebler, may form the next near neighbours, These will
naturally be different in the Tutton salts and in the sulphate.

Before we conclude this section on cobalt salts, we should
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should draw attention to tne abnormal rise in tne anisotropy
of CoS0,7H50 with decrease of temperature, as compared witn

the corresponding rise for all the otner cobalt salts studied

here. The valuesof t, -% and X, -kK, increase seven

to eight times as we pass frcm the room temperature to about

B0°K for ali the other salts, whereas for CoS0O,7H QO this2

and twelveis nearly eleven times forincrease
times for X, - Ke This abnormal rise of anisotropy is
evidently connected with the large field present in the crystal

Ferrous Sulphate Heptahydrate.

** gon is Das and in a cubicThe ground state of the Fe

field of the type considered above, i.e. with a positive
coefficient D in the expression for the potential, it splits
up into a triplet and a doublet, the triplet being lowermost.

Fach of the five levels will have a-five-fold spin degeneracy.

Owing to the lowermost level being a triplet,as in Cott, and

for other reasons, tne magnetic properties of Fet* ion should

be very similar to those of Co**, Measurements have been made

on one ferrous salt, namely. the monoclinic FeS0,7H50. The

squares of the three principal magnetic moments and their

variations with temperature.show a striking resemblance to

those of cobalt salts. Firstly the anisotropies are of nearly

the same magnitude and the temperature variation also nearly

the same as in cobalt salts. As we pass from room temperature

down to 80°K the anisotropies XK, -AK5y and %,- Xz increase

nearly seven times, which is roughly the ratio of increase in
3

2
practically all the cobalt salts. Secondly all the p curves

2fall down with fall of temperature, p more slowly than the
1
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the other two. Lastly the mean p° value is lower than tne

theoretical value for the free ion, by nearly the same amount

as in cobalt salts, and it decreases with fall of temperature

in nearly the same manner.

There is one other result in connection with FeSO,7H50
to which we might draw attention here. Though the crystal
is monoclinic, and there is no tendency in the crystal to
exhibit pseudo-symmetry of a higher type, two of the principal
susceptibilities of the crystal, namely the two lower ones

are nearly equal. In CoS0,7H20 , which is isomorphous with

FeS0,7H50, there is no such uniaxial magnetic symmetry observed

This shows that the crystal itself has no such pseudo-symmetry.

The symmetry observed in the ferrous salt and not in the cobalt

salt should therefore be attributed to the differences in

their Stark patterns, Though in bot Fe and Co ions the

ground level is a triplet, the next higher level, transitions

to which determine tine orbital contributions to the effective

magnetic moments and hence to the anisotropies of the erystals,
are not similar in the two cases. In the Stark pattern for

Co"* this level too is a triplet, whereas in the pattern for

++ ++

Fet* it is a doublet, and this should be responsible for two

of its principal susceptibilities being equal.

Incidentally even this difference between the Fet* and
++

Co salts tends to emphasise the essential similarity between

the two in other respects, to which attention has been drawn

earlier.

Similarly in all the Ni salts two of the principal++

susceptibilities are nearly equal, which are the two lower,



lower, as in FeS0,7H505 in all tre Tutton salts of nickel, and

the two higher in NiSO,6H_9 and NiSe0,6H.0.

Copper Salts.

The copper salts studied by us fall into three distinct
groups as judged by their magnetic properties, To the first
belong the Tutton salts in which though the three principal
moments are very different, corresponding to a large anisotrony
for the crystal, they are practically independent of temperature.
In other words, the temperature variations of all the three

principal susceptibilities follow the Curie law X= C,/T; the

Curie constant being different for the three directions. In

this respect trey resemble CuSO,5H,0, whose has been

studied at low temperatures by Krishnan and Mookherj the

principal susceptibilities by A. Bose; in which the p" values

(41938)

are different for different directions, but are practically
independent of temperature,

The square of the effective moment corresponding to the

direction of smallest susceptibility is only slightly higher than

the spin-only value of 3, again as in CuSQ4 whereas in the

other directions the value is considerably higher, pointing in
the first place to a large contribution from the orbital moment

of the Cu'" ion - its ground state is OT and secondly to this
orbital contr butions being confined te presumably some specific
direction with reference to the Cu** ion.. It suggests that the

non~cubic part of the ecrvstalline field in the neighbourhood
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+4neishbourhocd of thr Cu ion hes an axis of syrmetry; in

along this axis only. and will be nractically frozen out along

+4
which case the orbital moment of the Cu ion Will be econserved

parpendicular directions.

the second elass belongs the double chloride -

eNH,C1lCuCl2H.9. Here the three p values at rocm temperature

are roughly of the magnitude as in the Tutton salts. But as

the temperature is lowered their values come down , slowly at

first, and rapidly at lower temperatures, reminding one of the

temperature variation curves for the echalt and ferrous salts.
Indeed at low temperatures, namely SO°K, the smailest of the

p values is definitely lower tnan tne spin-only value,
showing that for this direction and at these low temperatures

2

the contribution from the orbital moment is onvosed to the

spin contribution.

To the third class belongs copper acetate monohydrate,

in which all the three values are very small. At room

the hishest of them is only 2.585, and therefore

considerably below the spin-only value of 3, and all of them

fall off very rapidly with the lowering of temperature. At

the lowest temperature of our experiment, namely 82.8°K, the

values of ae ps and
Py

are 0,280. 0.°28 and 0.248 respectively,

2

corresponding to a mean value of p = 0.252, which is extremely

low. Indeed the trend of the curves suggests that a further
2lowering of temperature by 20° or 30° all the p- values

might almost vanish.

The striking contrast observed above in the magnetic

properties of the three classes of copper salts must evidently
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be attributed to the large differences in the crystalline

the crystalline field will be predominently cubic in

character, with a small non~cubic part (presumably with an axis
of symmetry and hence either trigonal or tetragonal) superposed
on it. This is due to the field being determined almost wholly

by the octahedron of the water molecules immediately surrounding
the Cu. ion in these erystals. On the other hand in the double

chloride, which is typical of the second class, the distribution
of the neighbours is very different. The Cu"? ion in this
salt, as shown by the X-ray studies of chr (oheeeet" its structure,
is plane 4-coordinated. The four neighbours are two chlorine
atoms and two oxygen atoms of water molecules, and they occupy
the corners of a rhombus, the opnrosite corners being occupied by

Similar atoms. Under these conditions the rhombic part of the
field with its principal axes along the two diagonals of the

rhombus will be very much stronger than in the Tutton salts.

in these salts. In the first class, to which tne Tuttonfields
salt

The rapid drop of the principal magnetic moments at low tempera-
tures is evidently due to this circumstance,

In copper acetate monohydrate, which represents the third
class, the non-cubic part of the field should have less symmetry

than in class II, and its magnitude probably even greater, so as

to make the spin and orbital moments oppose each otner and

practically neutralize each other's effects, This will naturelly
be particularly marked at low temperatures, whereas at higher
temperatures, owing to thermal agitation, this neutralization
will not be so effective, We do not know enough of the struc+
ture of the acetate to verify the existence of such a strong

rom
asymmetric field. composition of the molecule, one can3

see that there are not enough atoms of the same kind to build
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build up a symmetric surrounding for the Cu ion. If the

field has a large rhombic part, tne A and B constants defining

++

the rhombic part of the field should be widely different.

Potassium Ferricyanide and Potassium Permanganate.

These two crystals are essentially different from the

remaining ones in that tne paramsrnetic ions in them Fe and
7+vn respectively, are covalently coordinated with their neigh-

bours. Such .a covalent binding, as we remarked earlier, will
conduce to a much closer approach between the central ion and

the surrounding atoms, and hence to a much larger crystalline
electric field in the centre tnan will be the case in tne ionic
salts. The effect of such a strong electric field wiil be to

break up the Russell-Saunders coupling between the spin and the

orbital moments of tne individual electrons present in the 4d

shell and responsible for the paramagnetic moment of the ion.

These electrons will therefore orient themselves in tne applied

magnetic field independently of one another, and we have therefore

to regard the medium as consisting of n separate d electrons per

for-example. It is not theatom, n being equal to 5 in Fe

energy levels of the Fett? ion as a whole that we have to consider.

now and their splitting in the field, and the relative populations

of the available Fe*** ions in these levels; but it is the energy

+++

levels of the 3d electrons, their splitting in the field, and the

distribution of all the available 4d electrons in these levels.
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This mekes a great difference to tre mmgnetic properties, The

3d level will correspond to an orbital moment L = 2, and will
therefore split up into five levels in the crystalline field,
just as the D level of the Fett ion, but with this difference,
namely that in the Stark nattern for the d electron the doublet
level will be lowermost, whereas in the pattern for tne D-state
ion it is the triplet level tnat will he lowermost. Confining
attention now to the former pattern, the triplet will be

widely separated from tre lower doublet. We are to accomuodate

in these levels 5 eleetrens per atom of tron. -Naturally four

of them wili occupy tie lower doublet level, one pair of electrons

oceupving each level of tne doublet, and thus these four electrons

will form a magnetically neutral group. The fifth electron can

occupy any of the three upper levels, and it is this odd electron
that will be responsible for the observed paramagpnetism of tne

crystal of potassium ferricyanide, and indeed in all covalently
six coordinated ferric salts. Since the three component s of the ~

upper triplet will be slightly separated from one another due to

the asymmetry of the field, the probability of » the odd electron

occupying these levels will not be the same for the three levels,
except at high temperatures. It is the relative probabilities
of occupation of three levels by the odd electron that wili deter-
mine the observed anisotropy and its temperature variation.

A detailed calculation of the principal magnetic moments in

this salt has been made by Howard \
+ who finds that the orbital

eontributions are quite large , and strongly asymmetric, and vary

with tem-erature, These results would also be clear from a priori
considerations of the relative probabilities of occupation of the

triplet levels.

The principal susceptibilities of the crystal have been
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been measured previously by Jacksons ;from rocm temperature to

K. He cuts dises of suitable size out of the crystal 3 Wwita

the axis of the dise along some selected direction in the crystal,
and finds the foree acting on trem jin an inChomogenous field,and
thenee determine the three principal susceptibilities. Our values

of the suscentibilities and the direction of the vrincipal axes,

determined in e different manner rourhiv confirm Jackson's values.

There is one important result, which is not brought out in

Jackson's measurenents, but is conspicuous in ours owing to the
o

anisotropies being measured here directly. The A, Xz value

rises very sharply, reaches a maximum at about 1°O°K, and falls
equally ranidly on a further lowering of temperature.

Though, as mentioned, there is s. general agreement between

values and ours, this does not extend to the details.
For example,.the numerical values of Dy» Po and Pe obteined bv

are practically indenendent of temperature n the region between

199° and 89°K, whereas Jackson's values fall rapidly with tempera-

62

valuesconsistentlv lower than Jackson's. Again our Pp3

ture even in this range.

We should also mention here that both Jackson's values and

ours fit well with the theoretical calculations of Howard, based

on some reasonable assumptions for tne field, over the whole

range of our measurements.

Regarding KMnO,, since manganese atom contains 7 electrons

in the 4d shell, vin?+ should have the argon configuration, and

should be diamagnetic. If in potassium permanganate tne

manganese atom may be regarded as having lost all its 7 electrons,

and in Nn
T+ ion, we should expect the crystal to be diamagnetic.
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The paramagnetic susceptibility of the crystal being extremely

small, corresponding to n = 0.25, as obtained by wlookher

conforms to this prediction, That there is left over a feeble

psremagnetism need not occasion surprise, since the assumption

(1943

of the presence of the vn?+ ion is only an approximation.

The absolute value of tre susceptibility being so small, it

was not possible with our arrangement, which was designed for the

measurement of ordinary paramagnetic erystels, to measure the

temperature variation of the principal susceptibilities; and we

could measure only the anisotropies. The temperature variations

of the anisotropies Xp and A. XK are interesting. The

anisotropies plotted against temperature give almost straight

lines which are bent towards each other, A. X
e having much

smaller slope than a 7, - The ratios of anisotropies at room

and other temperatures are given in Table II#. It will be seen

that the values of L- 1, and 1.- XR, increase 2.4 and 1.6

times respectively as we pass from Z00°K to eO°K, It is difficult
to estimate how much of the observed feeble anisotropy of the

erystal is due to its diamagnetisnm.
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Summary

In the paper is given an account of measurements on the principal
magnetic susceptibilities of single crystals of a large number of para-
magnetic salts of the iron group, from room temperature down to about

80°K, A discussion of the results is given on the basis of the crystald-
line field theory, The: following are gome of the main results obtained,

In manganous and ferric salts in which the paramagnetic ion is in

the Sestate, the anisotropies are negligibly small, and the temperature

variation of the susceptibility almost exactly follow the Curie law.

In chromic salts also this is 50, even though the Cr™++

in the S-state, This is due to the lowest level in the Stark pattern of

Ccrt+*peing a singlet, and its being widely separated from the upper

Levels; the singlet level, however, having a (2st+ 1)-fold spin-degenera.

cy.

The nickel salts are very similar to the chromic salts in their

magnetic behaviour except that the spin-orbit coupling in Ni is much

greater than in cr', which conduces to a much larger deviation from

the S-state behaviour than in Cr in other words it leads to an

appreciable magnetic anisotropy and deviation from the Curie law,

These deviations are utilized to calculate the crystal field constants,

and it is found that not only the cubic part of the field which is

ion is not

+++

predominant, but even the rhombic part, which is small, is nearly the.

the same in most of the nickel salts, and they are practically indepen-

dent of temperature,

In both Co" and Fe" salts, owing to the ground level being a

triplet, the magnetic properties are more sensitive to the rhombic
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rhombic part of the field than in the nickel salts. An estimate

is given of the rhombic part of the field.

The salts, as judged by their magnetic properties

fall into three distinct classes. In the first class all the

orincipal susceptibilities follow the Curie law, but with different

Curie constants, i.e., the effective moments are different for

aifferent directions, but all of them are practically independent

second class tne principal moments are nearly tiie same as before, /

put they all decrease with lowering of temperature, slowly at

first and rapidly at later stages. The double chloride of copper

and ammonium is a typical example of this class. To the third

class belongs cupric acetate monohydrate in which the principal

moments are all very low even at room temperature and decrease

rapidly as the temperature is lowered. The three classes correspond

of temperature. To this class belong tie Tutton salts. In the

to the non-cubic part of the erystalline field being very different,

lowest in the first class and highest in the third.

Attention is drawn to.the oecurrence of an axis of magnetic

symmetry, ininickel and ferrous salts, even though the erystal

structure does not lead to it.

The influence of covalent binding on the strength of the

electric field, and ultimately on the breaking of the Russell-

Saunders coupling not only between the spin and orbital moments, but

also between the spins of the different electrons.of the ion, and

its effect on the magnetic properties of tne ion, is discussed.


