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Introduction.

A iew and convenient method for measuring accuratelv e
. 1 \'V ! n Wi b ned {1} aCCUl'cdLE Ll

macnetic anicotroniecs snd nrinecinal cj}qrt.r_vr\f'[]-\,'j_]ﬁ,'f",ﬂ':.,o of sinegite

crystals was developed by Professor K S Krishnan and

present writer a few vears ago 'he chi advantage of the

method was that the crvstals coul K in - their natiursl

form without being ground into spheres, into evlindrical rods

or discs as in the earlier magnetic measurements on singl

erystals;: 1% s only a few crystals that can be obtained in sizes

e

auufficientlv ¢ ) i o anner. whereas with the
aent meth od the ervstals weichine even 9 ffew milli grams ca2n be
stuidied for their nrinecinald susceptibilities The recults of the

made bv thie a‘nc;')‘_hc_(:" on. s large niimber ”‘f’ dilama (’h(*j @

.
cervsestals., both inorecani nd e ] and a detailed discussion

of the pedilte 3 31 their ervstal structure, were

reported in ¢ , Was -showrn. 1n

particular, that in

orcganic crvstals of mati class ( severasl of which
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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 V{eck%@ﬁjhas pointed out, into the following three classes:

(1) those in which the fields are too feeble tb Break the coupling

between the spin moment of the ion and its orbital moment, The
1ts

rare earth sa 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
gshield 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 paramagnetic 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
ordinaty,
moment of the ion. This condition is fulfilled in thejfionic
salts of the iron group of elements, (3) The third class consists
of crystals in which the erystalline 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 onme 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

stom to its neighbours is of the covalent type. The interatomic




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=~
hocd 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 erystalline fields will naturally be widely
different, and hence also their effects on the magnetic properties
of the paramagnetic ions,

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

ties, the asymmetries of the crystalline electric fields will be

nearly as important as the magnitudestof 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 negafively 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 &
nearly regular octahedron., The field will therefore be predomi-~

nantly cubic in symmetry with a feeble rhombic component super-




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 paramsgnetic ion will be different for different
atoms, and the field will then show much larger deviations from

cubic symmetry th&mn 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 sensiti%e 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 jon and its neigh-
bours, and to the asymmetry of the fields, which will be determined

by the geometry of disposition of these eharged atoms.

The present work concerns itself with the study of the principal
magnetic sﬁsceptibilitiés of single crystals of a number of salts
belonging to the iron group of elementis, from room tamperature down
to about 80°K. 1In 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 thersfore
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 gelenates, the
field is predominently cubic in symmetry with a small rhombic
component, and in others like copper ammonium chloride and cupric

acetate the fieldsdeviatesmuch from cubic symmetry. In the acetate

[ 4¢4%
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 crys-
talline 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 discussed on the basis of

T by
splitting of the energy levels of the ions produced these fields.,

The Influence of Crystalline BElectric Fields on the

Magnetic Properties of Paramagnetic Ions in Crystals.

That many solid substances are paramagnetic snows that even
ig the solid state the elementary magnetic moments which al
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 gquite free, but will be restricted.
The main effeet of any restriction to the free rotation of ele-
mentary magnetic moments would be to make the temperature varia-

tion of tune susceptibility of tne substance deviate from the
s :

: N s i : S

Curie law, namely X= »tk = C/T, where X is the susceptibility
kT ,

per gram molecule or jon 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 neglect
511 the terms of the higher powers than 1/T2, the expfession for
the susceptibility will reduce to the form X= c/(tr -6 ). Many
of the paramagnetic substances that have been studied for the.
temperature variation of their gsusceptibilities have been studied

at room temperature and higher temperatures which are easily




easily accessible in the laboratory, i.e., for T;{bOOOK and
therefore fairly large; hence iﬁ is not surprising that many of
them do confirm roughly a law of the above typé. 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 cenforms to the formula X- /(T ~9’), where B is
the Curie temperature of the substance, has led to a greater physical
significance being attached to this law, as representing the

ature variation of susceptibility of all paramagnetie

substances, than is Jjustified by the experimental finding. Indeed

: : . ; L.
from this circumstance it has been presumed that the dev1a@on from

the Curie law in paramagnetic substances and not merely in
ferromagnetic substances above their Curie temperatures was due te
to to
'ssentiaLLyA e same mechanism, ndmulj/t presence of "inner magnetic
s -1in se substances, This assumption, however, is not
justified, PFirst, it is found experimentally that © occuring in
the above expression assumes ne ive values nearly as frequently
as positive values; secondly, it is found that even in substances
for which© is positive, the substances never become ferromagnetic
however low the tempsrth“a may be lowered below © ; chirdly, 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 O values persist
unimpaired even under conditions of high magnetic dilution in which
the distances between thepar wmmbneblc atoms are increased enormousily
and indeed they persist even in the liquid state and im:state of

solution in suitable solvents. Thus the deviations from the Curie




L
C i

L

(>

hn
villd

.

2I1eY]

LT ar e
» LWL LS

-]
o

:’Q

) o
>

-
.

5}
1

Ql
7
OHuhd L
-

e

4

-]
=

e

(ORE N

5 o 1] S
Decause




being the large electric fields that would be present in the
neighbourhood of the paramagnetic ions in these crystals, 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 parsmagne-
tic ion in the crystal wonld be surrounded by negatively eharged
atoms, whose charges will be of the order of the electronic charge
and whose distances from the paramagnetic ion will be of the order

strom units, Though at first sight the influence of
fields on the magnetic properties of the ion may
not be obvious, a little calculation shows that the electric fields
involved must be much iarger tham are used , for exaiple, in the
study of the Stark effects of atoms in the laboratory, end the
Stark separation produced by these intafnal electric fields in
crystals should therefore be enormously greater than the separa-
tions observed with the electric fields used in the laboratory.
fndeed the internal electric fields in many of these crystals are
so strong that the o & separations of the energy levels

. 4 e
produced by them are of the order of 10"em”~, The energies, thus

become comparable with the energies of chemical binding between

1
AL

atoms, and one can understand the profound influence which such
fields can have on the magnetic and other properties of these

ions.,

An extreme case may beltzken to illustrate the influence of
electric fields, namely when they are strong enough to
the Russell-Saunders coupling in the ion, As is well

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

S e .
spectroscopic ground state of the 1onm 1s D4 , with its spin

and orbitsl moments corresponding to the gquantum numbers S =




and L -2 respectively. The effective magnetic

&g moment of the ion,

SRR e

= i

88 defined in the usual manner, will be equal tc 3 [ J(J+1 Bohr

magnetons,

1,5, while the quantum number J has the value 4,

IS P ot , 3 . ++ % > > s v
magneiic moment of freé Fe ion should be equal tojrﬁﬁ

Now in the presence of a large electric field — sufficiently large

the analogue of the Paschen=Back 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 bebthe pattern characteristic of a single d electron,
Sugh high fields will occur, for example, in the neighbourhood of the
P ¥ ion in the crystal of potassium ferrocyznide in which the ion
will be surrounded by six negatively charged cyanogen groups at the

corners of an octahedron,

1 3 =3 =} ) i 1 - o 16 i .t
Reprasenting, as usual, the potential of an electron at any poln
Representing s

: ~ 07 3 3 nNe axy ‘r‘eog'
X y ¢ in the neighbourhood of the paramagnetic 1on by the expressil

o )
o
A

- 4 4 4 R mlt [ A+B 2" the fourihopower HFTEN,
V2B LE ¥y 22 +axa by / )

representing the cubic part of the field, will be the predominent
terms for the above field. The Stark pattern of atd’electron 1n
this field will co ist of a triplet and a doublet,

between them being of the order of 10icm'l. Further it can be

that for the type of field contemplated above, the cubic field
constant D occuring in the above expression for the potential will
be pésitive, in which case the triplet will be the lower., Now eaci
of the fi#e ljevels can accommodate 2 electrons, according to Pauli'e

Pr v ron be @ mmodated iin
: S s Loa oo 2 atlectrons to De accommodatec
Gxclusion Principle, Since we have 6 elec

s € nine the triplet will
these five levels, only the lower three, forming the tXLE .




wii; be occupied, each of these levels by a pair of electrons

with opp®sing spin moments, while the upper two levels forming
the doublet, whose separation from the lower level is very much
zreater than kT at even the highest temperatures accessible for

B

gxperimentiing, will het be oecupied at all,
under these conditions will have no

will therefore be diamagnetic, which i case; though

as we have geen , in the ioniec salts of Fe the effective magnetic
T

-+ 3 o
moment of Fe't ion is large,.

Similarly in potassium ferricyanide the disposition of the

O

CN groups around the ferric ion will be the same as in ferrocyanide
ncuce the electric field in its neighbourhood and the Stark pattern
produced by the field, But the number of electrons inithe 3d ghell
of Fe'' igs nowever 5, instead of 6 in Fe++ and these 5 electrons
will eccupy the three lower levels constituting the triplet, four
of them occupying two of the three 1levels in pairs, and the fifth
electron occupying the third level singly. The upper two levels
forming the doublet will be left unoccupied as befona’and the
magnetic moment of the ion will thus correspond to the spin moment

of only one of the five electrons in the 34 shell, i.e., to S=1/2,

whereas for the free ferric ion the moment would correspomd to S= @@.

These predictions from the erystal field theory agree with observa-

The fields considered in the above two ecrystals, which are
strong enough to break the Russell-Saunders coupling, are not
typical, and as mentionmed previously occur only under the excep-

tional circumstances that prevail in the complex salts. They
@
serve, however, to illustrate how striking may be the effects

even of electriec fields, when they are sufficiently strong, on
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Having shown that the effect of a strong electric field

on the magnetic behaviour of paramggnetic ions may be as pronounced
as that of strong magnetic fields, and further that in actual
crystals such large electric fields can exist, we shall now proeceed
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 for the free iomns., In the first
place it will be clear from what has been gaid im the previous
section that the orbital angular momenta of the ioms 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
crystalline electric fields, as in the case with the S-state ions,
the splitting ef~the energy levels will be extremely narrow, and |

hence the influence of the crystallinme electric fields will be

quite negligible except at the lowest temperatures. ef the order

of 4V , where Y is the over-all Stark separation of the S-levels,
That is why the magnetic behaviours of the S-state iens,e.g. Mn*t
E@+++ » Gd+++ are particularly simple. Single crystals of salts
containing these ions have been & studied extensively for their
magnetic anisotropies and absolute susceptibilities by Krishnan

and Banerjggs - The susceptibilities of these salts conform
almost exactly to the spin-only value, and their temperature varia-
tions to the Curie law, Their anisetropies are extremely feeble,

the difference between the two exireme susceptibilities in the

manganous salts for example, at Troom temperature.'&aing 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 0.1cn’1, in

satisfactory agreement not only with the narrew Stark separation

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

absolute zero, and the lowering 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 iom may still behave as though it were gzero, i,e.
as though the ion were in the S-state, This will be the case under
the following speci#l,conditions., ILet us assume that the cryétalline
electric field is of the second type referred to in the Inﬁ@?uction,
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 simglet and it is
sufficiently removed from the other levels to be exclusively occupied
by the ions, then it is the (25 + 1)-fold spin degeneracy of this

lowest 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 a 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 hahnd, when thﬁkrbital angular momentum of the ion

is not completely quenched, as in the case considered just new, but




but is quenched partially, that is when the separatiom of the upper

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

the remnants of the orbital angular momentum will piay an important

part in determinimg the magnetic properties of the ion. It will be

diyeet
not’ so much through their/contribution to the susceptibility, as

in:directly by the strong orientative influences which they exert onm
the spin moments through the spim-orbit coupling, This large influ-
ence of the orbital moment, may im 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— 0 ), which
as we have pointed out, can‘always be done if the deviation from the
Curie law is small, i.e,, if 6§: 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,x in the older theories, to some inmner
magnetic field of unknown origin, the effeect of the orbital momentum

was naturally overlooked,

But actually the influence of the orbital angular momentum of

the ion on the susceptibility is all-important, since ultimately all
the influence of the crystalline x 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 =f of the directional
asymmetry of its direct contribution teo the susceptibility of the

crystal, that the erystal exhibits at all a magnetic anisotropy.
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and N1 , 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,
In other words, whercas 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 effeets
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 centribu-
tion and the anisotrogy of the crystal.will be pronounced. Though

& priori inm a gi#en field, such as exists for example, in the

Tutton salts, in which the paramagnetic ion is surrounded by an
octahedron of 6H20 molecules, it does not seem possible to predict
whether the singlet level should be lowermost in the Stark pattern

of Co't'or thathat of Ni'', Vef 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 from 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
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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 mx
crystal constant at any desired value. It is a cylindricsl doublea-

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 sxis of the
cylinder. The discs are perforated by small holes and they are so
arranged thast the holes in the consecutive discs are not in g line a0
that when the cold air from the refrigeration chamber is passed through
the cryostat, there is uniformity of temperature. The cryostst is kept
covered by felt, and is housed inside a long cylindrical Dewsr vessel,

which is kept in between the large flat pole-pieces of the electromagnet

L/

The temperature control of the cryestat is made automatically,
Three holes are bored in the 1lid of the cryostatic chamber. One of them
serves as the neck of the constant volume air thermometer, a ventane
thermometer is inserted in the BXx 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 electrodegbf tungsten are fused through

the glass tube of one of the limbs of the tube, so that one electrode

is always under mercury and the other is just st the mercury level,

The two electrodes are connected =xx with a sensitive relay
thé} controls ke an air-pump. The current operating the relay is made
or broken according as there is contact between the unver electrode

and mercury or not, A glass tap is pxmxiEwe provided between the
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amr) @ ~ 73 T @ A - TE TR 4 Ve o A0 S ' - S
temperature 1is ©o | d, the tap is the atmosphere

w LIl b LI

4

there is contact between the
The relay circuit is now complet
cold air from the liquid air chamber is
down to the desired
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 suckion

o

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

3

successio d the temperature of the cryostat remains steady

(s o : 3 ,
within 0,1°C, The range through which the erydostal can

- 4 S 4 e 0 >
from room.temperature to about 80 K,

m

Measurement of Temperature

copper-constantan thermocouple is use for the measurement

of the temperature of the cryostat, One end of the thermocouple

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

chamber, the other end being ! t in broken ice contained in a
thermo-flask. The thermocouple was calibrated with reference to
o number of fixed points and a table is made for ready reference,
The potential difference Iis measured by means of

lLeeds Northrup standard potentiometer and the corresponding
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movements

observable,

the anisotropy

measurement with the magnitude of

temoeratu: Since the field is uniform,
constant of the susvrension : are
independent of the tempverature of measurement, the couples observed

at different temperatures are directly proportional to the anisotro-

pies at these temperatures, i,e. proportional to the values of

XI = Are at these temperatures and since the value of XI - X

e

Ll

at room temperature is already known, the values at the lower

temveratures also become known, In nractice the values obtained at
tempnersture and

value of XI "EX”I at any desis: smperature can be directly

read from the graph.

Measurement of Principal Suscentibilitie

For the measurement of the principal suscevptibilities, it
would be sufficient, since we know already 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 erystal was suspended,
from one arm of a delicate quartz torsion balance,by a thim quartz
fibre. Knowing the direction of suspension of the crystal the

direction that
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direction that would set itself along the field is known from
the previous knowledge of the anisotrovy of the crystal. The
crystal is susvended at such a height that it will lie in a2 region
of magnetic field where the field ig strong and horizontal and its
gradient is vertical, Since the thermal coefficient of the crystal

is small, it will occuny at all temperatures oractically the same

region of the magnetic field and hence the value OfvﬁV%E—s (where

y is the vertical direction) on which the pull on the crystal
depends, may be teken to be indenendent of temperature., The pull
at the temverature of measurement is compared with the pull at
room temperature ( for which the absolute dusceptibility 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,

55

force at any temperature t° ,
force at some standard temperature (room temp.) 6 ,
susceptibility at t© ,

the susceptibility at @ ,

the volume susceptibility of air at 8 ,

the volume susceptibility of themcrystal at 6 ,

4 is the temperature coefficiemt of air at t9,

then the ratio Ft/Tbcan be put in the following elegant form,

Al o

The absolute susceptibilities haye 2ll been corrected for




for th

three

ility concerned obeys the Curie law,
magneton number will be independen
deviations of the values

princ sxes of the crystal give

deviations of the corresponding susceptibilities

Notation Adopted

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

trigonal and hexagonal crystals, the gram molecular susceptibilities
along and perpendicular to the sy
eppectively.
principal magnetic es are the
the gram molecule eptibilities along

1

In the monoclinic system of crystals

greater of the two, The third

is denoted by Xa* The 7( is is inclined at an angle

c-axis an ai (@ ~VY) to the a-axis, ﬁ'b eing the obtuse angle

between a and ¢. The (001)-faces of most of the

a

developed,Zxxxxxxxx, and hence the inclination € of the

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




direction of 8 is given by relation 6: qh+e+'¢é « When the

crystal is suspended in g uniform magnetic fifled with b=-axis
vertical, the ineclination of (001)-face to the normel to the

field gives 8 ,

The values of the susceptibilities and anisotropies are to be

The room temp ur vba £« he principal susceptibilities
of the crystals, on which the determinations at low temperatures
heve been based, have in general been taken from the Philosophi-
cal Transactions of the Royal Society, 232 (1933), 235 (1936),
237 (1928) and 238 (1922). The room temperature data for
Cu(CH5C00),Ho0 have been supplied by Mr A. Mookherji.
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Values of Anisotroples at Different Temperatures -— Table I

N18047H20
A 1s the constant of the spin-orbit coupling.

calculategl
A==370cm

observed | calculated 1 | observed |
A A= -360cm=1| %a— Xclf A

.

1.000 49 | 1.000 1.000
1.094 53,6 | 1.094 1.096
1.193 58.5 | 1.194 | 1.185
1.313 64:5| 1.516 | 1.316
1.462 71,6 | 1.461 1.468
1.648 81.3| 1.659 | 1.654
1.889 93.4( 1,905 | 1.900
2,213 [ 110 2.245 | 2,229

|
|

Soor | 3,346
5.183 | BelTl
6.183 6,223

3.316 165
5.349 216
5.111 | 254
6.114 303

2,661 L399 § 2,69 - | 2,685
|
g

Einz(so4)26Héo

observed| calculated observed calculated

A 7L=-3700m'1 Xl"‘ X} A A ==350cm™ 1

1.000 134 1,000
1.096 146 1.092
1.195 159 L 138
1.316 175 1.310
1.468 195 1.456
1.900 251 1.878
2.229 293 2.197
2.685 353 2.638
3.346 440 | 3.285
4.398 577 | 4.300
5.171 676 | 5.051
6.223 798 6.066




0

) o -6H

2

observed

A

calculated =1
0 cm

Ay~

‘ 7
b lobserved | calculated
31 A A= =350 emt

1,000

1,096
1,199
1,320
1.468
1.662
1,910
2.258
2,699
3,339
4,411
0,14%
6,160

1.000
1.091
1.196
1.315
1.462
1.658
1,888
2.205
2,691
3.301
4,329
5.056
6,014

1,000
1.092

14191
1.310
1.456
1.638
1,878
2,197
2,638
5,285
4,300
5,051
6.066

observed

A

calculated _4
K; -340 cm

observed
A

calculated 1

Az - 330em”

1,000
1.091
1.187
1.303
1.440
1,629
1.857
2,174
2,606

d.242

4,242
4.969

5,939

1.000
1,091
1,189
1.305
1.448
1,629
1,863
2.174
2,605
3,237
4,227
4,956
5,944

1.000
- 1.088
1.185
1.306
1.444
1.629
1.855
2.161
2,597
3,233
4,210
4,937

5.920

1,000
1.081
1.187
1,305
1,445
1,625
1.897
2.166
2.994
3,220
4,199
4,922
9.900

NiT15(S04)o.6Ho0

Xl— Xz

A

observed| calcu-

lated Z
Az =335¢ecm

1

observed

A

calculated 1
A=z =-340cm™

111
122
132
145
161
181
207
242
290
362
475
553
662

2

1,000

1,094
1.184

1901

1,444
1,624
1.857
Pl 71
2.60%
3,247
4,243
4,961
0,939

1,000
1,091
1,188
1.305
1.448
1,629
1.863
2,174
2,605
| 3.287

4,227
4,956
5.944

1.000

1.094
1.180
1,302
1,443
1,632
1.868
2,179
2,613
3,273
4,255
4,991
$.971

1.000
1.091
1.189
1,306
1.452
1.654
1.868
2.182
2.617
3,293
4,252
4,987
5.985
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Pable I’

I3 T o] a0

observed | calculated X,-X. |observed | calculated
’ 2 e%oOcm - 1 3 9 AL _3bcen"”
124 1,000 1,000 g s 1.000 1.000
132 1.091 1,094 125 1,091 1,092
144, 1,199 1,193 136 1,188 1.191
159 1.314 1,915 150 1,310 1,310
177 - 1,460 1,462 167 1.458
201 1,662 1.648 188 1,643
230 : 1.905 1,889 215 1,878
267 2,207 2.213 2ol 2,195
324 2.677 2.061 302 2.657
AQB (409 3,313 3,316 376 3,284
526 | 4,349 4,349 491 4,288 !

|
1
|

620 5,124 L I 576 5.030 |
746 6,164 6,144 690 6,026

Vi ( NE .56 ,Se0, 61
Tl(NH4)2 0,5e0 oTZO

4

- : K

< bserved | calculated ‘ ae 15 te

Temp , °K| Lo g " e -1/ X, - X, | observed calculated
49 s = A Az =360 em™ " "1 3 A XaaBib an™

303 99 .2 129 1,000 1,000 114 1,000 1,000

I
280 40,3 141 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 1:910 1,313 147 1,289 1,298
220 45,0 18¢ 1,465 1,462 163 1,430 1.438
200 43,7 214 | 1.659 1.648 185 1.623 1.614
180 44,4 244 1.891 1.889 210 1,844 1,842
160 45,2 285 2,209 2.219 245 2,149 2.144
140 45 C | 344 2,666 2.661 293 B as 2.563
120 46,4 428 3,318 3,916 363 3,183 3,172
100 " 563 4,564 4,349 4735 4,150 4,127
20 " . 6954 9,069 %11 550 4,820 4,828
80 " 790 6.124 6.144 o 660 5,789 5,776

CoSO4.7H20

A=A A=Ay
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fable I

005604.6Hﬁﬁ

4030
4407
4916
0580
6431
7494
88957

10670

13170

16880

22370

25570

29450

40,5 2400

29781
3159
3667
4302
o121
61695
7447
9126
11210
14150
16130
18760

Xy -%g

2900
3296
3776
4393
5126
6065
7219
87560
10760
15510
17170

19400
21950







1289 1276
1409 | 1394
1552 | 1538
1740 | 1732
1570 ; 1978
2268 | 2289
2638 2679
3130 3180
3806 3850
4805 | 4837 .
8592 6460
7432 7702
8670 9498
e - e e o]

CuSO, .Rb_80,6H_0
4 2 4 2

s S

B

350
372
399
432
470
514
565
629

713

-

| o0
| (@<

. 975
1065
1163
ik
CuSQ4 1

—

o
6H_0
&

o
.00

2
XiL e XZ

283
296
216
342
372
411
456
515
584
673
796
872
961

4
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Table I

ONH,C1CuCl 2H.0
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The Ratios of Anisotropies at Different Temperatures - Table II

KMnO,,

The anisotroplies at room and other temperatures are denoted by aAx
and a&X/

Along Along
Temp.oK Xa= Xy VXa.*Xc,
AX7/AX AXTAX

303 1.00 1.00
280 1.16 1.04
260 1.29 1.08
240 1.43 1.11
220 1.56
200 1.69
180 1.81
160 1.94
140 2.06
120 2,18
100 2.29
80 2.40

® o o

O
L ]

’—l

WO O Fouwowm
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()0 gt S SRV

Susceptibilities and Magnetic Moments at Different Temperatures -

Mn(NH4)2(504)26H20

Diamagnetic correction -= 203

Temp.oK Xl

303.9 14000
242.8 17680
204.7 20800
9.7 53340

K3F9(0204)33H20

Diamagnetic correction = 192
' 2
A s
34,75

34,83

34,69

34. 60

34,70

34.66
34.67




Diamagnetic correction - 164.

e e

Diamagnetic correction - 203

B

85
13,81
13,62
13,36
13,16
13,0

o)

12,81

Vrr

Temp, K

‘R‘
(o

(o)}
s
4]

2 Ui
F
Ol

DR

23%7.6
176.8
140.1 _
104,5 i
82,9 |

(o
o O

= B O

® O -3
O O

(@]

[
W0

Cr [( CH, CO). uni] .
< >,

Diamagnetic correction

i

‘Temp.oK Xl i

Le)
- N

\ 302.4 5070
| 208,8 7195
| 146.4 9916
| 88, 15590

R
£

e
-
@ @ [
e R ¢
> O N =

-
Y
»

NiSO est O

4 2

Diamagnetic correction
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)
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rection = 132,

4332 | 4392
6082 | 6171
7618 | 9733
11350 | 11560
50 15400

Diemagnetic correction - 136,
14186
4843
5402
6648
9030
11970
15510

:
| © |
| o]

==l

@

D
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s
(@
(&)
-3
O
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(&
& O

S
O oW
|
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S
=
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o
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5
A
g
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169| 870
190

84(

OO
[ BEGEY
e
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O @
© o
o =
(A0
o O
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L O

1
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Dieamagnetic correction = 213,

= 2

X L x Py
4237 4280 | 10,57
5508 B564 | 10,52
8353 8453 | 10.41
13770 | 13980 | 10,16

NiRb 8604)2@6H20

o
Diamagnetic correction == 229,

= <
Ay A3 A Py

10.80
10,76
10,67
10.45




2
s i

10,61

10,60
| 10.45
| 10,37
J‘ 10,30

JileH .0

4

Diamagnetic correction — 251,

|
|
_@
|

&

Correction = 267.

’ 2
Ps

6010 6019
8694 8712
14690 14780

Nl\NH4)2bO4ueO4 .01{20

Diamagnetic correction =

!

,,,X :

Temp . °K 1 : 7(2

|
|




Diamagnetic correction = 136.

= 0_
Temp, K

4

i

2
P
<

303.7
247,5
188,3
135.1
1613

\
78.7

10300

12560
16120
22470
30260

38810

8376

955

10820
12770
14060

16510

9196
10970
13190
16830

0660

20210

9290
11030
13330
17360
21990
26840

20,52
19,06
16,43
13.91
11.48
10,47

Diamagnetic correction - 1

CoSe0, .6H_O
4 2

X1

Kg

X3

&

11440
33

1290
27480
92280
39020

7360
8260
10210
10880
10200
9520

8990
10290
14760
17700
19320

21630

9265
10620
15420
18680
20600
25390

CoRb (S0.) .6H 0
oRb,(S0, ), .6H,

Diamagnetic correction — 213,

T

A3

—_—

/@

e

4w)
(8
~J
®
-3

]

[
)
L ]

o
a
tn N >

o
N
k-J

10000
13850
17810
27500

10010
13880
17880
27840
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Table ITT

Diamagnetic correction = 229,

A 2 & X

12000 ) 9630
19220 1 13420
25780 16410
38060 22560

GoCe {80 ) .60 0
oCs,(50, ), -6H,

Dieamagnetic correction

12 x."j : I

20,77
19,34

17.89

(@

10350
129

'_._.
>

(S
(0]

N0 Oy O
SO O
D

™

18 7%
15,41

12,66

B
o ~2
[ 0 @ )

[T
@)
C

L % 5

10770 9830 9780
13200 11720 11680
16840 14400 14400
20890 17330 17400
25020 20330 20420
29410 25310 25470
36610 8920 28680
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Table IIT

FeS0, .7H_O
M

agnetic ecorrection - 136,

A3

11810 0 10540
14690 12980 12950
18610 16100 16060
20580 20520
25400 25320

32030 31330

CuRb (S0 ) .,6H O

< 4 o &

Diamagnetic correction - 213,

XZ

Diamagneti

XE

1411 1621
2081 2310
4209 4797
4877 59541
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Table. IT1

2NH, C1,CuCl,, ,2H,0

Diamagnetic correction: — 163,

§ N /\
Cu(CH_CO0)_ ¢#2.0
3 ge®

When a-axis is made vertical, b-axis sets perpendicul
field,
Volume susceptibility

K = 81, .

Diamagnetic




KiFe(CN)é

Dismagnetic correction:-« 132

s x

2132 2065
2454 2370
3031 2908
3531 5354
4552 3977
6528 5547

KZ)Fe(CN)6
2

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

Temp. °K Pg Temp. °K P§

290 290.6 5.662
273
200

197.4 5.488

90.3 4,640
84.9 4,580

170

150 6
L) 4.
9% 80 558

82 75.7 4.533

75
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distribution will produce a small rhombic component, as reguired
by observation., Now in all the paramagnetic nickel salts studied,
and whose structuresare known, the Nit*tion is found to be surrounded
by such an octahedron of negatively charged atoms, so that the crys-
tallinérﬁgdall 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 rhombiec

component,

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

degeneracy corresponding to the 3F4-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 1O4cm‘1. Under the
rhombic field, the components of the two triplets will separate

out, these latter separations being of the order of 1020m"1

, and
thus smaller than the separations produced by the cubic parts,

Bach 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 Nit* is a OF-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

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

in the S-state, 1like the Cr***ionm,

' But actually, owing to the spin orbit coupling in Ni++being
large, about 335 em™ ! as compared with 8y em~! for Cr***, the beha-
viour will not be so simple as in the latter ion; the orbital
moment will exercisq an appreciable influence on the magnetic

susceptibilities, through its coupling with the spin, Thus though




ji ahd Bose )39) have utilized
the deviation - th ,?’f N1y value, an 8 variation with
temperature which grise rom tI arge value of the spin-orbist
coupling A , alculate the o7 rbit coupling itself; i.e. to

calculate the spectroscopic constanta purely from the magnetic

megsurements. this calculation it is assumed that the crystal-
line field remains practically independent of temperature, which i
regsonable gssumpti o mak in view of the low coefficient of

1l expansion in th 3 C - atat The value of the

agrees well with the

-k * o1
extensive dats

conclusions Using these dats and assuming

X
» We hawe calculated the

incipal axes

= - : e iy
neighvourhoods of the Ki ion,




ion, these axes being sumed to be the same as the
magnetic axes of the crystal [he oa's are related
D, A and B of the c¢rystalline field, and ultimately

principal susceptibilities by the relations

5 d
d, + d’_.f.o(a an(

o i
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Tt will be seen from the Tables that in all the cryvstals
the OL's gre practically independent of temperature. Further
I ¢ 5
thevy : ; dcalta:

but for the other salts also.’

Cobalt Salts.

We shall now proceed to consider the new

we referred at the beginning of this section.

- . : - . i - 4
The cobalt ion is also in the F-state, namely F s <and
7 o/ q / C-) P

: - o : .  ++ 3 .
since its orbital moment is the same as in Ni , one should expect

the Stark patterns of the two ions to be similar as regards the
removal of the orbital degeneracy by the crystalline field.ThHis
so, but with this essential difference, namely that for a given
field, the Stark pattern for Cott is inverted with reference to

3 kb > % 3 : = SR o + 3+ +
pattern for Ni ', This arises from tre circumstance that 1n LO he
orbital moment L=3, is the resultant contribution from two of the

electrons in the 3d shell, whereas 1in Nit*it is the contribution from




-

three, That the orbital contributions in the two cases are the
is due to the faet thatrthe resultant orbital moment due to
electrons in the second half of the 3d group is zero. Thus
Nit* are in a sense complementary to one anoth Cwing to this
circumstance the Stark pattern of Co** will be inverted with respect
to the pattern for Ni** ., As & result of this inversion, the lowest
level of the Stark pattern, which in Ni** is a singlet in the kind
of cubic field considered, will now be a triplet. 1is makes the
aviour of Co'! much more compli than that of Nit*t
contribution fror e ital moment L will be
and hence the principal susceptibilities will be much more
sensitive to the rhombic part of the field than in Nitt The
theoretical calculations of the principal susceptibilit from the
known field constants will be complicated, and will involve much
labmur, but the general tremdsof the results to be expected can
deduced on the basis of certain simplifying assu
rhombic field constants,
terms in
ply Al3 ’ Making such
Penney have made detail calculations assuming

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

typical values for the rhombic field, corresponding to A

and lastly a very high value., We shall state here only their
1ain conclusions, With a purely eubic field, the effective moments
alomg the three principal axes are naturally identical, and they fall
the fall of t@mperatureg slowly at first and rapidly at lower

temperatures, BEven with the smallest rhombic field considered by
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by Schlapp and Penney, namely th

the effective moments along the

naturally different, ! s 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 Py, decreases less slowly,
With a further increase of\the rhombic field from A = 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 6ther 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

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

wer rhombic fields., For a

L)
all temperatures, the mean value of p~

the magnitude of the rhombic field,

the calculations of Schlapp and Penney the cubic field is
to be the same as in the nickel salts and its magnitude is
ulate 1 he latter salts
same field as
the ionic compounds, 1in
surrounding the
ts 8 here, the surround-

e e ,
water molecules ( ¢ part of the
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be nesrlvy the came

e

yroper choilce of thie rhombic part of the
fit with the observational data presents ne gifficultyv:
are two striking effects of the rhombic field in cobalt salts
which one can use as rough criterion for choosinge the magnitude

= a

of this FPivld: Fipst the loreer the rhomibic part of the £iecld
will be the effective magnetic moment corresponding to

mean of the three princinal susceptibilities Secondly with

the larcer rhombic fielde 3ll the three rjannc\h‘i‘f}*,f]:lf--:ﬁc varwy clow -

<)
v with temperature. and at low temperatures n mav actuallyvy rise
L > 4 2 d 2 v ¢ .

fall of temperstire .

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

theoretical calculations Schlann and Pennev refer to the 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 ecrystal; in other words to the case when
the principal axes of the fields associated separately with the
different paramagnetic ions in the crystal are respectively
parallel to one another, This will in general be the case

only when the unit cell of the crystal contains one cobalt ion,
whereas actually the number in the unit cell is rarely one. 1t
is two, for example in the Tutton salts, and four or sixteen

in some of the hydrated sulphates and selenates considered
here. Hence in general the field axes associated with these
different ion=z. in the unit cell of the crvetbal will be inelined

to one another, and the three principal susceptibilities of

the cr retal per egram icon of cobalt will not be the same




: .5’}5} -”
same 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 ioms, If the principal
moments of the cobalt ion determined by the field injits neighbour-

hood are P P P1>P2>P3 and P1sPosP3 those characteristic of

1! P2?
the erystal, then p, will in general be smaller than P,, and py
greater than P3 = 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

calculations refer; Pfﬁ-P§+-P§ will of course have the same value

as Pf%—Pg—%Pg . Hence even when the rhombic field is so large

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

2
1

both Pg and Pg fall rapidly with fall of temperature and they also
contribute to the value of pf . If inspite of this pf for the

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

'crystal 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 p2 does not show such an increase
1

2

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

P
sign of the temperature coefficient of pf at low temperatures is
not a suitable criterion for estimating the magnitude of the rhombic

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

the low value of (pf+.p§¢_p§)/3 on which the mean of the suscep-

tibilities of the ecrystal depends is a more dependable criterion,
. . 2 2 2 t
An examination of the pl > p2 ’ ps yersus 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
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ITn the two simple hvdratec calte of ecobalt namely CoSl 7H O
E 5 q oo A D

and CoSe0,6H~0, the rhombic fields are definitely much greater
than in the Tutfon salts. . The mean susceptibilities of these

two crvstals., pnarticularly of CoSe0 ,6H,0 are much smaller than in
O
the Tutfton salts . and fiurther:the © values in these ervstals

have much smaller than in the Tutton

)

he hexahydrated cobalt selenate the p wvalue correspond-
ing to the lowest of the three principal susceptibilitiles [
down so rapidly with decrease of temperatiure that this susceptibi-
lity actually shows a maximum at about 130°K, below which tempera-
ture the susceptibility deereases with the Jowering of temperature,
The condition for the occurrence of such a maximum can be easily

investicated. By definition the sdusre of tiec effective moment
) 3k
s given by  p o mWZXﬂy v%o”@‘X is the corresponding gram mole~

cular susceptibility. Now d(p?)/dT = 25 (X + T.d®/dT). At the

N
temperature corresponding to the maximum of the susceptibility
pera 0] sponding Tc )

(=)

d X /dT should be equal to zero. Thus when slope of the p” versus
O 3 . .
T curve exceeds the value p” /T, the thermal coefficient of suscep-

tibility namely dX/ dT should become positive, whereas ordinarily
B, ) Y & ] o/

1

it is negative. This criterion can be expressed geometri-

cally in +the following manner, Consider any point @ on

(D] ¢ i
the p versus T ecurve, Then the temperature variation
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the critical value deduced above. Then
evidently there will be two points A and B,
where the slope will have the eritiesl
value. 1If TA and TB be the corresponding
temperatures, then the a X /dT will be
normal,i.e., negative for temperature T<:?& or >TB” whereas for
temperatures in the interval $A<fr<f%3 d X /4T will be positive., The
temperature ?A and TB will thus be the
positions of minima and maxims of the eurve.
If pi: O, i.,e. if the lower level is non-
magnetic, the susceptibility will fall
continually as we lower the temperature

from TAg without exhibiting any minimum.

Coming back to the crystal of CoSeOéﬁﬂgog here too the Co™t ion

is surrounded by an octahedron of six water moleculeg,czjust as in the
Tutton salts. That the rhombiec 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 rhombie 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 econclude this section on cobalt salts, we should




should draw attention to the abnormal rise in the anisotropy

of CoS0,7Ho0 with decrease of temperature, as compared with

=

the corresponding rise for all the other cobalt salts studied

here. The wvaluesof K -~ K and x — Kr increase seven
; 1 > 1 3

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

ey g s : . - - ] S 3 :
80"K for all the obther salts, whereas for Co&ﬂ4“nqu this

increase is nearly eleven times for X —g, and twelve

times for X, —X, . This abnormal rise of anisotropy is

evidently connected with the large field present in the crystal

Ferrous Sulphate Heptahydrate.

The ground state of the Fe't ion is 5D45 and-in a cupie
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
Bach of the-five levels ! will have a five~fold spin degeneracy.

Co't, and
for other reasons, the magnetic properties of Fe™™ 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 Xl ~Xo and %1"'Xz increase
nearly seven times, which is roughly the ratio of increase in

' (»}
practically all the cobalt salts. Secondly all the p curves

o
fall down with fall of temperature, pi more slowly than the
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the other two. Lastly the mean p® wvalue is lower than the

theoretical value for the free ion, by nearly the same amount
in cobalt salts, and it decreases with fall of temperature

nearly the same manner.

There is one other result in connection with FeSO,7H,0

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 principa
susceptibilities of the crystal, namely the two lower ones
are nearly equal. In CGSO4VH?O , which is isomorphous with
FQSO47HQO, 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 botn Fe and Co ions the
ground level is a triplet, the next higher level, transitions
to which determine the orbital contributions to the effective
magnetic moments and hence to the anisotropies of the crystals,
are not similar in the two cases. In the Stark pattern for

his level too is a triplet, whereas in the pattern for

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

of its principal susceptibilities being equal.

s g s +
Incidentally even this difference between the Fe't and
Co salts tends to emphasise the essential similarity between
the two in other respeects, to which attention has been drawn

earlier.

4+ ;
Similarly in all the Ni salts two of the principal

susceptibilities are nearly equal, which are the two lower,




lower, as in FeS0,7H,0, in all the Tutton salts of nickel, and

the two higher in NiSO,6H,0 and NiSeO,6H/0.

Copper Balts.

he copper salts studied by us fall into three distinet

groups as judged by thelr magnetic properties. To the first

belong the Tutton salts in which though the three principal
moments are very different, corresponding to a large anisotropy
for the erystal, they are practically independent of temperature,
In other words, the temperature variations of all the three
principal susceptibilities follow the Curie law X= Ci/T, the
Curie constant C. being different for the three directions. In

this respect they resemble CuSO,5H,0, whose anisotropy has been

4 1938Y

studied at low temperatures by Krishnan and Mookherjif and the
. - O
principal susceptibilities by A. Bose; in which the p™ values

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 n1lgnAFuﬂm: 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 “D — and secondly to this
orbital contributions being confined to presumably some specific
direction with reference to the Cu'? ion,. It suggests that the

non-cubic part of the crystalline field in the neighbourhood

E 3




metryvy: in
the ital moment of the C ion will be conserved
aloneg this axis onlyv and will be ieally frozen out alonge

?prrphﬂﬂhw'~v directions.

Ta the rronr‘,@ﬁ_ f‘\—‘i’f‘gr‘(z\ helongcs

9NH]hTFUﬂ7ﬁmHﬁﬁ: Here the three n“ values 'm temperature
A i) - 'S . ’ - 1 L C

1.1
are ronchl

v of Ghe maegnitiude 35 in the Tiuatbton sgits. But as

the temperature is lowered their values come down , slowly at

first, and rapnidly at lower temperatures., reminding one
ature variation curves for the cobalt and ferrous

Oir ; ~ P
Tndeed at low temperatures, namelyvy 807K the smailest ol the

9

')
P values 1s definitely 1 ,han the spin-only value,

showing that for this direction and at these low temperatures

the contribution from the orbital moment is opposed to the

apin econtepibution.

To the third class belongs copper acetate monohydrate,
o

in which all the three p~ values are very small. At room
temperature the highest 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 At
the lowest temperature of our experiment, namely 82.8%K, the

B
values of p., P, and p- are 0.280. 0,228 and 0.248 respeciively

o

= o i , ,
corresponding t value of P = 0.252, whieh is extremely
low. Indeed the trend of the curves suggests that a further

(o) - 2
lowering 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 ecrystalline

fields in these salts. In the first c¢lass, to which the Tutton

g belon z,
ioltié 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 immediatelv surrounding

A
5 3

the Cu ion in these erystals. On the other hand in the double

=

ghloride, which is typical of the second class, the distribution

of the neighbours is wvery different. The CTuV'L+ fon in this
(1929, 34),

shown by the X-ray studies of Chrobak/on its structure,

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 opposite 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.

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 other and
practically neutralize each other's effects. This will naturally
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

asymmetric field, butAthe composition of the molecule, one can

4=

see that there are not enough atoms of the same kind to build
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A E
build up a symmetrie surrounding for the Cu Ton:: IE the

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

the rhombic part of the field should be widely different.

ium Ferricyanide and Potassium Permanganate.

These two crystals are essentia

remaining ones in that the paramagnetic ions in them, Fe

o 74 > - e o o
In° ° respectively, are covalently coordinated with their neigh-
bours. Such a covalent binding, as we remarked earlier,
conduce to a much closer approach between the central ion and
the surrounding atoms ond hence to a much larger crystalline
electric fic in the centre than will be the case in the ionic

The effeect of sueh a strong electric field wiil be

salts.
break up the Russell-Saunders coupling between the spin and the
orbital moments of the individual electrons present in the 3d

shell and responsible for the paramagnetic moment of the ion.
These electrons will therefore orient themselves in the applied
magnetic field independently of one another, and we have therefore
to regard the medium as consisting of n separa d elettrons per
atom, n being equal to 5 in Pe for-example. It is not the
energy levels of the Fe'™  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 34 electrons,

distribution of 2all the available 3d electrons in these levels.
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This makes a great difference to the magnetic properties
50 ltevel will espond to an orbital nmoment

therefore split up into five levels in the

. . . : +4 . ] : Sae
just as the D level of the Fe'  ion, but Eh this difference,

namely that in the Stark pattern for the electron the doublet

level will be lowermost, whereas in the pattern for the D-state
ion it is the triplet level that will be lowermost. Confining

o

attention now to the former pattern, the up

widely separated from the lower doublet, /e are to accomiodate

»

in these levels 5 electrons per atom of fron. -Naturally four
of them will occupy the lower doublet level, one pair

occupying each level of the doublet,

will form a magnetically neutral group. he fifth electron can
oecupy any of The three upper levels, and 11 dis this odd electron
that will be responsible for the observed paramagnet:

crystal of potassium ferricyanide, and indeed in al

six coordinated ferric salts. BSince the three components of the
upper triplet will be slightly separated from one another due to
the asymmetry of the , the probability " the odd electron
eccupying these levels will not be the same for the three levels,
except ‘at high températures. It is the relative probabilities

of occupation of three levels by the odd electron that will deter-

mine the observed anisotropy and its temperature variation.

A detailed calculation of the principal magnetic moments in

(1533 : : s
this salt has been made by Howard?Z®’, who finds that the orbital

contributions are quite large and strongly asymmetric, and vary

2
with temperature., These results would also be clear from a priori

considerations of the relative probabilities of occupation of the

triplet levels.

The prinecipal susceptibilities of the crystal have been
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Aetermined in 2 d4fferent manner rouchlv confirm Jackson's wvalues.

There is one imnortant result. which is not brought
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rises verv sharplv, reaches a maximum at about
‘ o/ g = 7

ecrially ranidly on 2 further lowering of temperature.

mentioned coneral acreement between
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values and ours. Ehi joes not extentd to the details.

() (5]
For example,.the numerical of pY, po and p, obtained by

)

"“Cf?’ﬁ congsistently lower Acain our pn°~ wvalues

o

are Practicallv indenendent of temneraturelin the recion between
£ > i
and 200K whereace Jaekeon'le wvalues fall rapnidlv with 1"_(31':]rw; o

thre even In - this rance.

We should also mention here that both Jackson's values and
surs fit well with the theoretieal calculations of Howard, based
on some reasonable assumptions for the field, over the whole

rancge of our measurements.

Regarding KMnO,, since manganese atom contains 7 electrons
in the &d ! o Mn 7t should have the argon configuration, and
should be diamagnetic. If in potassium permanganate the
manganese atom may be regarded as having lost all its 7 electrons,

Ly 1 ; . i .
and in Mn'  ion, we should expect the crystal to be diamagnetic.
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small. corresponding to p~ = 0.25, as obtained by Mookherjig

The Darama vg-(':"pt"! ( =8 \ “ * Y Ex ’?'P the crv f"‘,ti‘W i ye i ¢ an L.".’,'{]C,'} T

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

paramagnetism need not o sion surprise, since the assumption

of the presence of the M r Homs s O n approximatic

The absolute wvalue of the nsceptibility being

J L

was no *’)")f‘c’\b']o with our ?m—«r‘-ng@yﬂa{:nﬂ*a which was desiened for

measurement of ordinary paramagnetic crystals, to'measure the

temnerature variation of the principal susceptibilitice

could measure only the anisotropies. The temperature variati

of the anisotropies X — Xh and A _ - Xo are interesting. T
= n a >

anisotropies plotted against temperature give almost straight

lines which are bent towards each other, X —%U, having much
. e

ol

smaller slope than y Gae K{f The ratios of anisotropies at room
Iy q + -
L=

and other temperatures are given in Table II#, It will be seen
a1 >r temp : are g

that the values of X — 1b and A_— X increase

Ox Q=
imes pecepnectivelv as we pass from 300K to 80 K.
.imes respectively as we psc fre .

to estimate how much of the observed feeble anisotropy of the

erystal is due to its diamagnetism.
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rhombic part of the field than in the nickel salts. An estimate

ig given of the rhombic part of the field.

The copvrer salts, as judged by their magnetic properties
fall into three distinct classes. In the first class all the
orineipal susceptibilities follow the Curie law, but with different
Curie constants, i.e., the effective moments are different for
different directions, but all of them are practically independent
of temperature, To this class belong the Tutton salts. In the
second class the principal moments are nearly the me as before,
but 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 @xaﬁyl@ 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 1is lowered. The three classes correspond

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

lowest in the first class and highest in the

Attention is dréwn:to the oecurrence of an axis of magnetic
symmetry, ininickel and - ferrous salts, even though the crystal

structure does not Tead btoe 1k.

The influence of covalent binding on the strength of the
electric field, and ultimately on the breaking of the Russell-
sgunders coupling not only between the spin and orbital meoments, but

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

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




