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CHAPTER - T

INTRODNCTTION

Considerable attention i1s being given to the
investigations of the thermel properties of suwbstances over
8 broad range of temperastures as they provide basic data
for thermodynamic functions for which there is a great
demand in many areas of science and technology. Statistical
thermodynamic and gquantum mechanical analyses of these
resnlts provide deeper insight into the details of their
molecular structure, electronic energy level pattern and
the mechanism of variows processes such as order-disorder
transitions, phase transformations, occurring in a solid,

The experimental findings can often be compared with the
theoretical predictions and also be correlated with the
results of other solid state electrical, magnetic and lattice
dynamical properties,

The prodnction of low temperatures and results of
eryogenic investigations are also finding rapid application
to commercial and military uses, viz. masers, superconduct-
ing compnters, high field magnets, cryogenic fuels and

isotopic separation.

In this dissertation we are concerned with studles
of low temperatwre heat capacities which provide an
extraordinary wealth of information about suwbstances, Tt
may be worthwhile to review briefly developments of some



-2 -

typical areas of cryogenic calorimetric stuwdies of our
interest, No comprehensive survey of these areas has been
attempted as these are well described in several recent

reviews. 1,8

There are two principle mechanisms for the absorption
of heat by a so0lid: one, throngh atomic vibrations and the
other, through increased kinetic energy of electrons, The
latter factor becomes increasingly important at very low
temperatnres (below 20°K) but not so at ordinary tempera-
tures since only a fraction of electrons near the Fermi
surface are excited, The energy absorption is then
predominently through the lattice vibrations. The differen-
tial increese of energy with temperature, given by the ratio
(%-%—)v = Cy, 1is known as the heat capacity at constant
volume . Tsnally Cp, heat capacity at constant pressuvre, is
measured and Cy evaluated from the well known relation
Cp =Cy = __9_:&52 , where « is the linear thermal expansion
coefficient, V,the specific volume, T the absolute tempere-
ture and IB*tho compressibility coefficient. Thus the heest
capaeity as a function of temperature gives considerable

insight about the mechanism by which energy is absorbed.

Measurement of Cp, of various phases (xq, XpeoeooXp)
together with enthalpy increments, AHI. oceurring reversibly
at temperatwres, T, permits evaluvation of standard enthalpy
and entropy (8) of a swbstance, respectively,by the equations.
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Entropy 1s related to the manner of the arrangement
of the entities that make wp a system whereas enthalpy is
related to the forces holding them together. These
functions may be combined to yleld the standard Gibbs energy
function for the snbstance.

P = -

.....T_—:.-q = u - BT

T T
The change in Gibbs energy AFp is related to the equi-

librium constant K, of a reaction by the equation
AFp = ~RTInKk where R is the gas constant.

The availability of the values of the thermodynamic
functions, inter alia, enables generally either to control
or predict chemical behaviour, and therefore compilations
of such data are being made through the efforts of the
International ™nion of Pure and Applied Chemistry.
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According to the classical law of Dulong and Petit,
atomic Cy * 3R or 6 cal.deg.’ and is independent of
temperature, The first important relation of heat capacity
change with temperature of solids, was given by Eimtoin3
on quantum mechanical considerations assuming that the
system of atoms in a crystal vibrate as independent
harmonic oscillators with the same freqnency » . Soon
after Dﬂ::n"l improved it by assuming that the crystal has
» whole spectrum of frequencies from V), to >, where the
Vm is the maximum frequency allowed, As the temperature
is increassed, the distribution of freguencies is moved
towards the upper end and ultimately at a temperature @,
called the Debye temperature, all the frequencies would be
close to V, where the Einstein model becomes essentially
valid, According to the Debye and Einstein eqQuatiocns Cy
tends to vanish a$ 0°K is approached and at high temperatures
approximates to the Dulong and Petit limit of 3R.

In contrast with the contimmm isotropic medium

assumed by Debye, Born and l&amnﬁ gave a complicated

trestment based on the periodic boundary condition and near

neighbour interactions. Bllu:lmnn6 extended these calcula-
tions taking into account also the next nearest neighbour
interactions. GSeveral m1w|7'8’9 have given exhaunstive
account of these and related theories., 1In general, it may
be stated that heat capacity behaviour is semiquantitatively
explained in terms of the Debye theory and more accwrately

by the lattice dynamical theories.
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lost of the earlier work on heat capascity measure-
ments was concerned with the testing of the third law of
thermodynamies whieh states that the entropy of 211
snbstances approaches zero at OOK and does so in the case
of a perfectly crystalline soliéd, However, any randomness
in the arrangement of molecnles at lattice sites wonld
reswlt in a finite entropy even at 0°K. Extreme examples
are found in vitreoms solids which have the same orienta-
tionsl disorder as ligwids. Thns Glanque and Gibsoni®
observed a residwal entropy of £.6 cal.degflmole.‘1 at

absolrte zerc in the glassy state of glycerine,

For crystals whose energy spectra are composed of
normal vibrational motion of their constitwent atoms,
Cy versns T plots are nswally characterised by sigmoid
shape enrves., As typical examples may be mentioned the
tetra. luorides of the gronp IV E elements of the periodic
table observed in the renge 5-860°K by Westrvm et _1.11

According to the Debye egnation Cy at low tempera-
tnres wonld be proportionzl to the cube of temperature (Ta).
However, there are many crystalline swbstances which are
anisotropic dve to their lamellar or fibrows structwres

and thus deviate strongly from the Debye model.

Theoretically Debye-like egmations have been developed
by Tarasov1? and by othera%3'14 Tarssov's limiting law
_ predicts Cy = T° for = lamellar crystal and Cy>= 1T for a
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fibrous erystal. Crystalline molybdemmm trioxide and
disnlphide15 may be taken &s representatives of the lamellar
type and selenivm and tcllnriumls as those of the fibrons
type.

New01117 has criticised this law, however, on the

grounds that any physically acceptable theory umst predict
a 'I"'3 law at suficlently low temperstures., Thws graphitel8
which follows Tarasov's limiting law above 15°K indicates

a T°*? dependence at 4°k. Similarly boron nitridel®

shows
Ta dependence at very low temperatures but ollows Tarasov's
law at slightly higher temperatures. On the basis of these
considerations it may be contended that Cy = aT* where the
exponent x gradually dec eases from a valne of 3 at the
lowest tempersature region to probably zero st sufficiently

high temperatures,

The Flectronic Specific Heat

The primary interest in measuwrement of the electronic
specific heat, Cg stems from the fact that it allows an
evelvation of the density states, N(E®) at the Fermi energy,
E¥, in the energy band. Tswally, studies are confined to
metals and the electronic speciflic heat coefficient Y, 1is

calenlated from the egmation
Cpb = Cy = a¥di(?

where the measurements are done at 1igmnid heliuwm temperatwres

so that Ce becomes & significantly important fraction of the
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totel observed Cp. From Ce the number of electrons per atom

Ny, can be calcul:zted from the expression.

Ce = 2,26 x 10'5 Vz/3 nal/aI cal./mnle,.deg.

wvhere V. 1s the molar volume of the metal, m, the free

-

electronic mass and ng the number of electrons per cm.”

However, 1t 1s necessary to modify the above formum-
lation of Cg when considering the partially bound electrons.
In the transition metals contribwtions to Cg by the
electrons in the unfilled d-band are predominant, since dve
to their tighter binding the d-electrons show a much
narrower band than the 8 electrons and so have a greater
number of energy levels per unit energy range. A discussion
on the recent developments on the electronic specific heat

20
in metals has been given by Daunt.

The value of U calenlated from low temperatwre
heat capacity measurements, is llkely to be in error if
there is a contribntion to Cp from the excitation process

of the Schottky type.21

This latter type occurs when the lowest energy state
of an ion in a crystzl is composed of two or more levels
which are separated by a small encrgy KI'. /it temperatures
very much below T' the ions cannot be excited to the upper
levels and will all be in the lowest state. 43 temperature

T' is approached, some of the ions will be excited to the
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higher states. As this regnires additional energy there
will be extra specific heat in this region., Above T' there
is no further excitation and hence specific heat behaves
norma’'ly. The extra entropy assocleted with Z number of

separate energy levels for an ion is given by

sScmttk’ ol R 108. 4L .

Such type of an anomaly hes been cbserved by burns
et 81.11 at 6.4°K, in the case of "F,. Heat capacity of
(NHg)CnC1,.2Hp0 has been found®® to exhibit a maximm at
200.6°K. The extraordinary broadness of the anomzly, ss
well as & small jump of Cp at the transition point, hsas
been ascribed to the weak interaction between the ammonium
ions in this crystal. The broad hump above the transition
point is assumed to be due to a Schottky anomaly, based on
the population difference of the individuval ammonivm ion
between the two sites of different energies associated with
the different chlorine ions, in the disordered state. 1In
one possible orientation of the ammoniuz ion, all the four
protons are directed to the chlorine ions hydrogen bonded
with the crystalline water, while in the other all protons
are directed to the free chlorine ions.

Order-Disorder Transitions

23
The recent thermal stuwdies by Sugs et al. on

potassium cyanide are interesting. The heat capacity shows
anoralies at 82.9°, 168.2°K and & small hump at 190°K.



The N-shaped cooperative transition at 82,9°K with an
entropy change of RIn2 41s duve to the orientational order-
disorder rearrangement of the cyanide ion with respeet to its
head and tail. A perfectly ordered structure for the orien-
tation of the cyasnide ions has been suggested.

The erystal undergoes a phase transition at 168.3°K.
According to Bijveet and Lery~>
rotate freely or are oriented randomly in eight body diagonal

the cyanide ions either

directions in the cubie-phase, while they are all parallel

to the b-axis of the orthorhombiec lattice of the low tempers-
ture phese. After repested temperature cycles, a broad
thermal anomaly was located at abont 158°k corresponding to
the intermediate monoclinic-orthorhombie transformation

26,26

previonsly observed by "bbelohde and co-workers from

X-ray studies, The small snomaly at 190°K seems to be
assoclated with some change in higher order structural

defects in the transition at 168.3°x.
ha
A phase found below 2’ melting temperature in
erystals made up of globulaire, Ti-mer-an327 named it
plastic crystal. They are generally characterised by a
lowv entropy of fusion, high triple-point temperature,
easy deformability, high symmetry and one or more energetic

transitions in the solid state.

A sherp transition in the heat capacity of tri-
ethylene diamine at 351,08°K associated with the trensforma-
tion to the plastically crystalline state was observed by
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Trewbridge gt 31.28 The entropy of transition was 7,19 e.m.
Fusion occurs at 432,98°K with an entropy increment of

4.10 e.u, confirming the classification of the smbstance
under plastic crystals.

Two anomalies in the heat capacity of triethanol-
amine borate at 466,64°K and 511,.86°K were obuervod.zg
The first transition wvas attributed to a solid-solid trans-
formation with low entropy of transition and the second
to melting with high entropy of fusion (11,26 e.u.) thus
indicating that high symmetry alone is not sufficient to

ensuwre the existence of plastic crystal phase,

Ferroelectric Transitions

S8ince energy mmst be supplied to destroy the
spontaneous polarization of a ferroeleetric crystal, the heat
cepacity is expected to reveal a peak or hump in those
regions where the spontaneous polarization is changing with
the temperature.

The heat capacity measurement of crystalline potassium
ferrocyanide trihydrate by Nakagawa 13,31,30 revealed a hump
at about DGB°K corresponding to the ferroelectric transition
temperature, vhile that of the anhydrous salt exhibits®® a
normel behaviour at this temperature, indicating that water
moleeules of the hydrate are responsible for the ferroelectric

effect.
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Magnetic Transitions

Many lonic compounds containing elements with
partially filled 4 or f shells have a pattern of electronic
energy levels such that a completely ordered form with more
or less zero entropy value at low temperature changes to a
nearly random distribntion among several electronic states
at higher temperature, DIecause of the magnetic moment
accompanying the spin and orbital angular momenta of the
electrons, these svbstances may thus be antiferromagnetiec
or ferromagnetic in the low temperature and paramagnetic in
the higher temperature regions, This change may be called
a magnetic transition and the corresponding transition
temperature as the Neel or Curie point (Ty or Tu).

It may be mentioned that the mmber of antiferro-
magnetic substances is mwch larger than the corresponding
ferromagnetic substances, Thus at present many of the
properties appearing wvhen normally paramagnetic substances
are cooled down to low temperature, may be explained by
assuming the onset of antiferromagnetism below a transition

temperature, Ty,

The first theory of antiferromagnetism was suggested
by Née1°C He divided the erystalline lattices of the
magnetic atoms into two sublattices swpposing that each
magnetic atom in one of the lattices experiences a molecular
field proportional to the opposite of the magnetization of
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the other sublattice. Néel's original theory has been
extended in several respects by Blttor?a Van Vl«kf4
Andorson,35 ll(lll!l.36 10316037 and Slatoraa as well as

by Neel hinsel?.2? There are several recent review articles
on antifcrronacn¢t1au.4° Here we shall only mention a few
points and typiecal examples of the behaviour of magnetic

salts 2t low temperatures.

As indicated before, the majority of the substances
vhich show antiferromagnetic properties are ionic crystals
in which the magnetic ions are separated from each other by
the anions 0, 0, F etc, and show a strong antiferromagnetic
exchange coupling between next to nearest magnetic lons
transmitted via the intervening anions, The mechanism of
superexchange wes proposed by Kr-!nri‘l to oxplaljhiiznntlc
behaviour of parsmagnetic salts and Bizette'Z and Nee1®®
emphasized the importance of this interaction mechanism in
antiferromagnetic substances., The interaction energy may
be described as an exchange energy
S- 2 358y By

vhere Jy4 1is the exchange integral between the Lth and Jth
atoms and 52 and'Ez are the spin angular vectors measured

in wnits of h. 4 positive J corresponds to a ferromagnetic
interaction and a negative J to an antiferromagnetic inter-

action.

If the magnetic ion has more than half-filled shell,
the transferred electron will set its spin antiparallel
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according to the Pavli's principle leading to antiferro-
magnetic coupling, while that with less than half-filled
shell produces parallel orientation according to the Hund
rule effect leading to ferromagnetic coupling. Thus MnTe
exhibits antiferromagnetic and CrTe ferromagnetie behaviour.
Bhinilu‘a pointed out thet, contrary to prediction, anti-
ferromegnetism is observed in some compownds of magnetic
ions with a less than half-filled shell. 1In such ceses the
large number of allowed antiparallel configurations may
compensate for,6 their energies being higher than those of

parallel confignrations, Polder s

snggested that the
crystalline field may 2lso lower the energy of the anti-

parallel configurations.

Severa)l experimental techniques are a2vallable for
investigating the magnetic struwectwre of compounds :
(a) neutron diffraction, (b) X-ray diffrection, (¢) mmeclear
magnetic resonance and paramagnetic resonance absorption,
(d) magnetic susceptibility and (e) thermal studies such as
heat capacity.

The most direct method of determining the arrange-
ment of spins in a magnetic erystal is that of neutron
diffraction, Neuntrons are scattered by the nuclei and by
the magnetic moment of the atoms. From the diffraction
pattern and superstructure lines the direction of positive
and negative spins can be ascertained., Shull and coworker-45
determined the magnetic structwres of a large mmber of
compounds snch as MnO, MnS, MnSe, Co0, Fe0, Ni0O wsing this
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technigne., For MnO, the structure consists of parallel
sheets (111 planes) within which all the MnZ' ions are
arranged ferromagnetically, but with the antiferromagnetic -
conpling between neighbovring sheets. Of the 12 nezrest
neighbours surrounding any Mn°* one half is oriented
parallel to the central ion and the other half antiparallel,

Similar structwres have been observed in the other compounnds.

X-ray analysis also gives an indication of super-
structure, though indirectly. Rooksby and Tombs® nave
shown that tetragonal or rhombohedral symmetries may ocenr
in MnO, FeO and Ni0 which have face centred cuwbic structures
above the Néel temperature. Also amomalons changes of
lattice positions without change of the lattice typc47 have
been observed, These effects are small and therefore are

not of great precision.

Nuclear and peramagnetic resonance absorption
techniques can be applied for elucidating magnetiec structure
but have not yet found wide applications in the study of

antiferromagnetics.

Susceptibllity is proportional to the effective
magnetic moment and hence usnally peaks are observed at
Tc or Ty. The magnetic susceptibility of NiClp inecreases
with decrease of temperature®® until it reaches a maximum

at 50°K, below which it almost remains constant.,
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antiferromagnetism is 2 new domain of research
providing scope for many lnteresting dev:lopuents., The
exact behaviour of these substances at the Ncel point Iy
vhere long range order changes to short range order is
experimentally as well as theoreticslly little understood.
i study of the specific heat ys temperature behavionr wowld
provide very valuable experimental data for developing or
testing theoretical models of order-disorder trensition
processes, Lesides it provides dats for evaluation of
chemicel thermodynamic functions swch &s entropy, enthalpy
and freec energy changes associzted with snch trensitions.
The calorimetric method is sensitive and precise and
compared to susceptibility measurements less subject to

being masked by traces of ferromagnetic impurities.

The heat capacity measurements of NiCl, by busey
and Ciawgned® revealed a maximwm st 62.35°K in excellent
agreement with the susceptibllity data. Stout gt gl.bo
observed A -type specific heat anomslies at 27.7°K and
72.22°K respectively for CoFg and NiF, in accord with the

nentron diffraction data of Eric}:son.51

recently antiferromegnetism at low temperatures has

o in complex fluworides of the type KMF; where

been observed
M = Mn, Co, Ni, Cu etc., vhich crystallize in the perovskite-
1ike structures. The divalent magnetic ions are arranged

at the body centre of the cnbic lattice with ¥~ in the

centre of each two adjacent magnetic lons. KMnFa, iColg,
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and KNiF, show the so-called G-type antiferromagnetic
structvre i.e. the centresl magnetic ion is couwpled anti-
parallel to its six neighbouwrs., 1In aCuFa A-type antiferro-
magnetism wherein there is a ferromagnetic cowpling within
a layer but antiferromagnetic conpling in the swccessive
layers may be observed (fig.l). Cmnch strnctnres have slso
been observed in seversl donble oxides.53 Syperexchange
interaction between adjacent Mz* ions via the intermediate
'~ ion 1s conslidered to play dominant role in the magnetic

properties of the componnds.

The magnetic swsceptibility measvrements by Machin
et 51.54 and by Hirakawve et 31?2 revealed a difference by
as much as 21°K in the Neel temperatwres of KCo¥s. ©besides,
for KOnF, Machin et s1.°% detected a maximunm in the swscepti-
bility at 215°k which is considerably lower than that
(243°h) reported by Ckazakil gt gl.ss from Xi-ray diffraction
messurements, Surprisingly no megnetic ordering hes been
observed by Scattrrin et 51.56 in their neutron diffraction

stndy of the componnd.

In view of the cwnrrent interest in entiferromagnetic
componnds and inconsistent resmlts obtained by varioms
technigves, we have been prompted to undertake an investiga-
tion on the heat capacity behaviouwr of these compounds.

Snch stndies have not been reported in the literatwre so far

end are presented in Part IT of this thesis.
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A review of more important developments in the

techniques of low temperature calorimetry in recent years
has been given by !111.67 In all types of calorimetry,

the accuracy is liable to be limited by heet losses, and
one must ultimately choose between an experiment in which
the losses sre small but not calcunlable and one where these
gre significant but capable of evaluvation to some degree of
approximation. These are generally referred to as

(A) adiabatic and (B) isothermal calorimeters.

The adiabatic method consists of surrounding the
specimen with a shield vhose temperature 1s regulated so
as always to be egqual tc that of the specimen so that,
ideally, there is no heat exchange between the specimen and
its shield and the former c¢an be heated adiabatically. 1In
the isothermal type, the temperature of the environment
of the calorimeter is maintained a little above the expected
mean temperature after the enmergy inpwt into it. Heat
exchange between the calorimeter and its environment
(rediation shield) is evalnated from observations of the
temperature drift before and after the energy inpnut into

the specimen.

In an adiabatic calorimeter, temperature differences
between the calorimeter and the shield are detected by a
differential thermocouple and regulation to a few milli-

degrees or better is necessary at all temperatuwres. Copper-




for the above purpose are quite insensitive at low tempers-
tuwres. TFurther, the thermocouples themselves provide a
ronte for heat exchange and 1t cannot thus be assymed that
strict adisbetic conditions have been achieved. As
corrections for heat loss cannot be applied, a good deal of
work has been done on thermoregulator to obtain high
precision and control, This especially requires lot of
instrumentation and avtomation. On the othe’&and, isothermal
calorimeter with heat exchange corrections calcvlable is
capable of giving more accurate reswlts psrticularly at

low temperatures, Moreover, this type of calorineter can
be constructed and cperated with limited instrumental
facilities.

In view of the above, inclwding limited workshop and
laboratory facilities available to ws, a low temperature
isothermal calorimeter has been construvcted. 1In vhat follows,
(Part 1) the details of the construction and operation of
the same in the range 80-300°K sre described.
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CHAPTEHK--II

DESCRIPTION OF THE CRYOSTAT ASSEMBELY

Heat capacity is a complicated function which
involves various types of energies of interaction, possible
arrangement and motion of atoms in a crystal., Measurements
st low temperatures are generally made with a desire to
separate non-lattice contributions from the total specific
heat, magnetic entropy contribution and to elncidate
the electronic energy level pattern. Thus, &8t temperatures
below 20°h the electronic term is significant, whereas
above 20°K, the lattice contributions become predominant,
The latter region 1s of particular interest to the
physical chemists as it aims at evaluating the various
thermodynamic frnetions at room temperstuwre. In view of
the above, specific heat data are required over a wide
range of temperature and 2s a matter of fact, many of the
reported studies cover a range from 5° to BOOOR. This
requires 11qnid helium or hydrogen as coolants to cover
the lower range, Due to non-availability of such lower
boiling refrigerants, the operation of the cryostat
assembly described below, has been restricted down to
1iquid nitrogen temperature (78°K) only. The cryostat
and other parts of assembly are given &s in operating
condition in fig.TI and the constructional details of the

various parts sre given in this chapter.
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iigure [T : Schematic Disgrem of the Crystal issembly
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the c:lorimeter;

hooks for hanging the
caloriceter;

therrocouple well for
the calorimeter;

heater wire for the
cilorimeter,

tkreads for hanging the
celorimeter;
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shield;

top of the radiati-n
shield;
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the vpper and lower
perts of the redlstion
shield;

hooks on the radiation
shield for hanging the
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hooks fer hanging the
radistion shield;

threads for hanging the
radiation shieldj
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the redisntion shield;

thermocouple wires for
the rediation shield;
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(44)

clemps tc fix the
ounter c&n in
position;

heat insvlating
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system;
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high vacvmm; =nd

cup fitted with rubber
cork and closed with pleel
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The Calorimeter

One msjor econsideration in the construction of s
calorimeter 18 to secure a favourable ratio between the
heat capacities of the specimen and that of its container.
In addition it has to be made sufficiently robust to
withstand a differential pressure of one atmosphere; this
limits the extent to which the heat capacity of the empty
calorimeter can be reduced as the built-up assembly will
&lso contain appreciasble quantity of insulating adhesives.
solders etc, As a rovgh rule, it should be aimed that
the retio of the heat capacities of the container to that
of non-metallic specimens be nearly one at & temperature
of ©/60 where © is the effective Debye temperature of the
specimens,

The present calorimeter (1) is made owt of a
eylindrical copper tubing of thickness 0,06 cm, outer
diameter 4,0 cm, and a height of 6.0 em, A tubing of
1.0 em, diameter and height of 1,56 em., is soldered into
& hole drilled in the top cover of the calorimeter to
facilitate the introduction and removal of substances
into end from the calorimeter. A cap (2) sits firmly on
the ring-sesl of this tubing so that it can be soldered
to make a vacwum-tight joint. A pin-hole (2) on this
cap helps evacuastion and filling with hydrogen(or helium)
gas employed to facilitate thermal equilibrium during a
hast canscity messurement. Two small copper tubes (8)



.

soldered to the bottom surface of the calorimeter are used
to attach the thermocouple (8). To give a good thermal
eontlctl the thermocouple is wrapped around the calori-
meter, care being taken not to produce any kink or strain
on it. All the joints in the calorimeter are silver

soldered except at the cap where soft solder 1s used.

Over the cylindrical surface of the calorimeter, a
thin coating of tar 1s given for insulation and enamelled
coprer wire (6) (8.W.G., 44) of about 160 ohms resistance
is wound on it uniformly leaving & space of 0.5 em. on
either side, Over it another thin coating of tar is given
and alr-dried, This ensuwres the thermasl contact as well
as the electrical insnlation between the wire and the
calorimeter, Thin coatings of silver followed by geold are
then vacuwum-deposited over it, Finally thin gold leaves
of negligible heat capacity are wrapped around to reduce
the radlation effects to & minimum,

The total weight of the empty celorimeter together
with heater wire is 388,10 grams.

The Lhadiation Shield

The radistion shield is a heavy copper block
compared to the calorimeter and weighes about 650 g.
This block 1s used to meintain an environment of constant
temperature for the calorimeter. It has twvo parts, of

which the upper one is shaped 1ike a cone and consists of
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two halves which are fixed in position by screws (10as,b).
The lower part (9) is cylindrical with & cone at one end.
The cylindrical part has a diameter of 6.0 cm. and a
height of 13,0 em. Both the cone ends have holes to take
out thermocouple and lead wires of the eslorimeter. The
detachable parts of the radiation shield are connected by
screws (11), which make the essembling and dismantling

process easy.

the
As in the case ofégalorimeter an enamelled copper

vire (16) (6.W.G. 40) of about 300 ohms resistance is

wound on the cylindrical part of the radiation shield.
Thick coatings of silver followed by gold vacunmm-deposited
on the entire surface of the radlation shield, help to
minimize the radiation effects, A thermocouple (16) is
directly soldered to the radiation shield. The upper
conical part contains hooks Llnside and on the top for
hanging the calorimeter (12) end the radistion shield (13),

respectively.

The Inner and Outer Cans

The inner can (18) is & heavy brass vessel with
a diameter of 13 em. end & height of 22 em, 1Tt has a
flange at the top with a circular groove in it, bBrass
is used as the material of construction for the inner can
s it can be reasdily fixed with solder. 4 trovwgh (21)
of brass, brazed at the top of the inner can, has & height
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of 3.5 cm. end can accommodate abont 10-12 1bs, of soft-
solder, The large amount of solder (23) serves a three-
fold purpose: (1) It gives enough mechanical strength
as this =lone holds together the lid and the bottom part
of the ean., (2) It offers resistance to lesksge of gasnes
end relieves any strain produoot12 when the can is cooled
to low temperatures; and (3) it stabilizes the tempera-
ture of the ecan, In addition, heavy lead blocks
(weighing about €-8 1lbs.) kept on the can alsc help in
stabilizing the temperature of the inner e¢sn, 4 thin
lead foil (19) kept in the circular groove of the flange
and pressed against the l1id (22) prevents the passage of
solder inside while soldering the can.

A long brass tube is brazed at the centre of the
1id which closes the inner can., 4t a height of 18 em, from
the 1id another one (33) of 26 cm, diameter is welded to
the brass tube so that the outer can (82) can be closed
simultaneonsly salong with the inner can. An enamelled
constantan wire (24) of about 300 ohms resistance is
wound on the inner can for heating, whenever necessary.

Two thermocouples (25,26) are soldered to the top and
bottom of the inner can to indicate their temperatures,

wvhenever necessary.

The outer can (32) is a large cylindrical brass
vessel with a height of 60 cm. &nd an outer diameter of
26 cm, At the top it has a flange of 1.6 cm. pointing



inwvards with an O-ring and a row of projected screws to
keep the 1id pressed tightly in position. The 11d of
the ovter can has holes at cor:esponding positions so
that the inner can cen be put in a fixed position in the
enclosed dewer flask (20)., Two tvbes (36,36) of 0.5 cm,
dlameter are welded through the lid of the onter can,

One of them extends down tc the bottom of the inner can
and the other to the top, These are used to pump the
coolant liquid/to cool the spparatus to low temperatures.
There is also ;n opening (37) on the 1id of the outer can
which can be closed at will, through which solid carbon
dioxide can be introduced, if required, to obtain the

temperatures in the corresponding region.

The outer can holds a glass dewar flask that rests
on felt pads supported by an wooden-bese (S0). None-
condueting felt (31) prevents the dewar from coming into
direct contact with the outer can, A double-walled
wooden box (38) packed with heat insunlating material (40),
honses the entire cryostat and ensures mechsnical stability
for the whole system, such that the latter does not rock
once locked inside the box with clamps (39). This is
necessary as the side tube (41) of the inner can 1s
directly connected to the high vacuum glass system through
a B=-19 Jjoint,

411 the thermocouples snd lead wires (17) of the
calorimeter and radiation shield with a few spare wires



are drawn through a cup (44) at the end of the long tube
(of the inner can) and sealed with ipiezon wax W.1l00 (43)
to stand high vacwm. Similarly the thermocouples (27)
and lead wires for the inner can are brought through a
side tube (28) and sealed,

Having described the apparatus used for the
measurements, in the next chapter, the calibration of
thermocouples at fixed temperatures in an all-glass
apperatus, specislly constructed for this, is described.



CHAPTER--TII

CALIBRATION OF THERMOCOWPLES

Selection of Thermocouples

It is nov generally accepted that only the platinum
thermometer is capable of the reprodueibility and accuracy
required for temperature measurements in eryogenic calori-
metric studies. 4 suitadly designed platinum resistance
thermometer and carefully calibrated against the standard
gas thermometers by N.B.S5. has been accepted 2s a standard
temperature scsle by many workers, in this field. FHowever
non-availability of suweh a thermometer or any thermocouple
celibrated against such a standard necessitated the use of
an easily available sensitive and stable thermometer for
cur experiments., Relisble performance over a number of
years of copper-constantan thermocouples has been reported
and those have been extensively used in the low temperature
cslorimetric work.” Glauque and covorkers. '>'® used these
thermocouples down to 12°K and found that the reproducibi-
lity is within + 0.08°K over many years, especially above
76°K.

Such a thermocouple may also be calibrated by
measuring the e.m.f. produced at a mmmber of fixed points
the temperatures of which are known on the international
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scale, Scott7 showed that sufficient accuraey cean be
obtained by calibrating the thermocouple at oxygen bolling
point and carbon dioxide sublimation point. Calibration
at intervals of 60°K or less gives results with an accuracy

of +1 }uV.

The accuracy with which copper-constantan thermo-
couples may be calibrated is usually limited by lack of
homogeneity of the wires i.e, irregularities in chemical
composition or physical condition of the wires in regions
where temperature gradients exist cause spurious e.,m.fs.
to appear, which change 1f the temperature gradient is
shifted along the wire, 1In copper-constantan thermocouple
the copper being relatively uniform the constantan is
usvally the element responsible for most of the spurious
e.n,fs, Three constantan wires are used in parallel with
a single copper wire so that any errors due to irregmlari-

8
ties in different constantan wires are averaged out.

Taking all the factors into consideration several
copper-constantan thermocouples of 180 cm. length each
were prepared, The materials specially meant for making
thermocouples were obtained from Johnson Fatthey & Co.
Ltd., London. They are annealed by alternate heating to
temperatures above 40001 and cooling to liquid nitrogen
temperatures several times. The composition of the
constantan wire is 56 copper to 44 nickel by weight., The
gavge of the wire 18 B and © 30, It has a resistance of
0,0866 ohm per cm. and is diamel-coated for insulation.
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Apparatus for Celibration

An all-glass apparatus (fig.ITT) has been constructed
for calibrating the thermocouples at some selected fixed
points. A copper block (1) weighing about 1 Kg. and having
six thermocouples soldered to it has 2 central cavity of
approximstely € mm, into which a glass tube (17) fits in
neatly. Arouvnd this glass tvwbe which can be connected to
2 vacuum system &8 well as to a pure oxygen source, is an
evacnated jacket (4) which prevents the bath from coming
into direct contact with the pressure transmitting tube
so that cold spots are avoided, Manometer I (156) indicates
the vapour pressure of the liquid refrigerant, Manometer II
(6) reads the oxygen vapour pressure, Pure oxygen at a
pressure of 200 mm, mercury prepared by heating pure
potassium permanganate is used for vapour pressure meafgure-
ments. The ounter jacket (18) 1is kept in e big dewar
vessel and the intermediate space between the dewar vessel
and the glass jacket is packed with thermocole and
esbestos powder for heat inswlation.

A1l the thermocouples calibrated several times at
the fixed pointl7”’m (Table 1) showed reesonably good
agreement with a reproducibility of + 1 FV. All the
chemicals used were at least of 99.5f purity and distilled

wvater ice was used as the reference temperature.
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Figure III : Apparstus for Celibration of
Thermocouples
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Teble [

Thermocouple calibreation data

Substance Temperatwre e.m,f, 4E ai
(°k) (pv£1) 9T =
A N A i ok s G A PSP
Liquid nitrogen 77.18 (b.p.) s6eq4 17 0.€c
Ligquid oxygen 80,08 (b,p.) 8317 18 0.6€3
Carbon disuwlphide 161.86 (f.p.) 3682 26 0,58
Toluene 178,06 (f.p.) 2120 28 0.86
80114 carbon dioxide 192.92 (s.p.) 2730 292 0.8%
Carbon tetrachloride 250.26 (f.p.) 863 37 0,83
Tce 273.15 (m.p.) o 238 0.82

b.p. = Dboiling pecint
fip. = freezing point
m.p. =~ melting point
8,p. = sSublimetion point

Calibration at Iixed Points

Oxygen and nitrogen boiling points :~ Generally
1iquid oxygen and nitrogen supplied by the commercial firms
ere not pure and hence to know the exact bolling points
it is necessary to use &an oxygen vapour pressure thermometer
in which 2 small amount of very pure oxygen is used. Pure
potassinm permanganate has been suggested as a source
materizl for very pure oxygon? and hence a recrystallized
sample of potassium permangsnate was used., After
discarding the gas evolved by hcating potassium permanganate
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upto 200°C, the oxygen was collected till the manometer
showved a pressure of 800 mm, Hg. From the vapour pressure
measurenents of oxygen the corresponding temperstures of
liguid oxygen and nitrogen were read directly from the
tables of Ho;n.ll

Carbon dioxide point :- §o0lid carbon dioxide,
crushed in presence of air, becomes colder because the
alr reduces the partisl pressure of COp 1in contact with
the solid. This has the effect of lowering the sublimation
point. Eo to meintain an atmosphere of carbon dioxide
vapour around the solid, a thin copper cylinder (hollow)
wes wonnd with an enamelled copper wire of ahout 40 ohms
resistance and this heater was embedded in the solid
carbon dioxide. In the beginning heating wes maintained
vith about 30 watts for about 16 minutes to obtain a
steady condition. The sublimation point was calculated

by using the following equation,Z

logiop = 9.81137 - 1@‘2

where P 1s the pressure in mm. Hg. and T is the temperature
in °K.

Freezing point of carbon dismlphide :- The carbon
disulphide wes introduced into the glass Jjacket through
the inlet tube b.24 and was cooled with liquid air, As
it was being cooled the e.,m.f. of the thermocouple
increased until the freezing point and the steady e.m.f.
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reached at this point was noted, Then it was cooled to
about 10 degrees below the freezing point. The dewar
containing the 1liquid air was taken out and the solid
carbon disulphide wes heated slowly until some ligquid was
formed. The steady e.m,f, wes again measured at the
melting point, The procedure was repeated at lesst five

times &and an aversge of the steady e.m.f, valuwes was taken.

The e.,m.fs, at the freezing points of toluene and
carbon tetrachloride were measured similarly.

Ice point :- Ice made from distilled water was
used for the ice point,

All the e,m,fs, were meesured in the conventional
way with a vernier potentiometer and & sensitive
galvanometer with a sensitivity of I‘PV/div. A smooth
curve was drawn through the points and a table of the
rate of change of e.m,f. with temperature from 74° to
800°k with 2° interval was prepared (Appendix I). Helevant
data for the observation of temperatures are given in

fable-I for a representative thermocouple labelled I.C.2.

The present apparatus can also be used for
calibration of thermocouples at still lower temperatures
e.g. triple points of nitrogen and oxygen. TIn this case
the eork used for clipping thermocouples e&s well &8 the
T7 gas bubbler (10) should be closed with sealing wax
such as piecein. The 1igquid refrigerant hes to be pumped
through the wide-bore stop cock (19) till it solidifies.
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CHAPTER - TV

OPERATION OF THE CALORIMETER

In the preceding chapter the details of the
apparatus and the calibration of the thermocouples were
described. This chapter deals with the details of the
operation of the calorimeter including experimental
procedure, electrical equipment, method of operation and

the calculations of heat capacities from the measured data.

Experimental procedure

Filling the calorimeter with heat exchange gas :-
The calorimeter was filled with the specimen whose thermal
properties are to be studied and the cap closed with
solder leaving a pinhole on the top. It was then placed
in a glass chamber connected to a manometer, a2 hydrogen
gas reservoir and a high vacvum pump, After evacuating
the calorimeter chamber to a good vacwm, some hydrogen gas
was repeatedly introduced and evacvated and finally filled
to a pressure of 10-20 mm, above the atmosphere. The lid
of the glass chamber was then removed and the pin hole
immedistely closed by soldering. This required less than
a minmte and a8 the excess pressure inside caused the
hydrogen to stream ont entry of air into the calorimeter
was excluded, It was assumed that the pressure of

hydrogen gas in it was one atmosphere.
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Cooling the calorimeter to low temperatures :-
After assembling the calorimeter and radiation shield as
shown in fig.2 the inner can is closed by soft solder
in position to stand high vacuvum,., EPEefore connecting the
eryostat to the high vacynm system the inner can is
tested for leaks, if any, through the soldered region by
pressurising the interior of the system with nitrogen
gas and immersing in wvater. The method can locate leaks
as small as 0,1 micron litre per nnconﬂ.la Generally high
vacuvum is obtained once the ¢an stands to this test. The
high vacvyvm system consists of a mercury diffusion pump
backed by a high capacity two stage rotary vacuvum pump.
Tt takes about 24 hours of pumping to get the required
vacvum as generally sizable guantities of water vapour and
gases adsorbed on the surface of the can are slowly released.
The evacuvation process is facilitated by heating the can
with a smell current through the heater wire. The pressures
are read with & ealibrated Mcleod guage.

A 11quid nitrogen trap constitutes a port of the
high vacvum conneeting line between the diffnsion pump and
the calorimeter assembly to capture any readily condensible
vapours, Also it avoids the possibility of mercury
vapours diffusing into the assembly.

Liguid nitrogen is pumped on to the top and bottom
of the inner can through the inlet tubes provided., When

the can is cooled then sometimes the vacuum may fail.
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This may be due to the drastic differential contraction of
the can and the solder producing a bad contact between

the surfaces or the flux used for soldering which might
have closed a pin hole to give vacuvm &t room tempersture,
eracked on eooling. In such cases the can is resoldered

to obtein the desired vacym. Wwhen the thermocouples on
the top and bottom of the inner can show the lowest expected
temperature, helium gas is introduced into the insulating
space between the inner can and the calorimeter to facilitste
cooling of the calorimeter and rediation shield to the
required extent. When this is atteained, helium gas is
pumped out and high vacvum obtained once sgain. The high
vacyum in the calorimeter assembly minimizes heat leak due
to condvetion and convection., It also removes any possible
condensation of water vapour and other condensible materials
on cooling the system, Before actual measurements are
started a small current is passed through the calorimeter
heater wire for 1 or £ minutes to remove any 'backlash’,

Electricel equipment

The operation of the calorimeter requires the
accurate determination of initial and final temperatures
and electrical energy input., The latter quantity is

evaluated from the measurement of current, voltage and

heating time,
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The calorimeter heater wire is connected in series
with a standard 1 ohm resistance. ©Several Edison alkaline
batteries are connected in series through a switech and a
high resistance of 12,000 ohms with the calorimeter heater
wire (eurrent supply batteries)., Another set of Edison
alkaline cells (energy supply batteries) provides current
which passes all the time either through the heater wire
of the celorimeter or an equal dummy resistance, thereby
stabllizing the current vwhen the energy is not being put
into the calorimeter. The energy voltage is adjusted to
give a current of abount 0,08-0,1 ampere by increasing or
decreasing the number of cells and using a variable
resistance included in the eircuit, The energy input is
timed by presetting an sutomatic timer included in the
eircuit, This disconnects the energy circuit automaticelly
once the present period is over,

The radiation shield heater wire in series with a
100 ohms rheostat is connected to a2 set of acid batteries
through a rotary switch which enables to vary the voltage
reguired to heat the radiation shield whenever necessary.
The rheostat included also helps to increase or decrease
the current passing through the radiation shield heater
wire thereby regulating the heating rate, Similarly the
inner can heater wire is connected to an A.C. source through
a dimmerstat so that the can also can be heated whenever

necessary.
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A Weston standard cell is used tec calibrete the
potentiometers, The e.m.fs, are measwred with two vernier
potentiometers with an acewracy of + 1 Pl in conjunction
with two galvanometers having a sensitivity of 8 x 10"%4/mm.
and a demping resistance of 30.0 ohms,

Method of measurement

It has been pointed out earlier that s.v.g. 44
copper wire was wound on the calorimeter, which following

16416,17 is used as a

Eucknn}‘ Giauque and co-workers
thermometer-heater, As the calorimeter is made out of
copper, copper wire only is used tc make the thermometer
as strain free as pouthlo.l8 It has & resistance of about
160 ohms at room temperature and about 20 ohms at 1ligunid

nitrogen temperstures,

The size and design of the thermometer prevents any
direct calibration of it. Though only a copper wire is
used it will not be possidle in practice to get a completely
strain free thermometer. Hence it is necessary to
calibrate it against a platinum resistance thermometer or
a calibrated thermocouple. In the present case it is
calibrated ageilnst a thermocouple calibrated according to
the procedure deseribed before, Tt may be noted that the
accuracy of the resistance thermometer is in fact better
becanse the high rate of change of resistance with tempera-
ture permits more ’rocllo.loﬁlurlldnts. The resistance of
the thermometer is contimmously cslibrated agsinst thermo-
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covple as hest capacities are meesured in the range 80-200°K.
A graph is plotted between resistance and temperature and the
rate of cheange of resistance with temperature (Table I[) is
calevnlated,

A small current of about §00 micro amperes passing
through the thermometer-heater wire enables the resistance
measwrement, The resistance of the thermometer can be
estimated by measuring the potential drop against the
standard 1 ohm resistance and the calorimeter heater wire.
As the current is too small to produce any heating effects
it is allowed to pass through the heater-wire all the time,
except during energy measurements, when this is disconnected.
Eince a very high resistance is inclwded in the eircmit
slight changes in the thermometer-heater wire dve to hesting
produce negligible effect on the total resistance and the
current remaine practiecally constant. Thws only twe current
readings, taken just before and after the energy ilnput are

quite sufficient for each heat-capacity measurement,

The heating current during energy inpnt is calculated
from the potential drop across 1 ohm resistance., 4 high
resistance of 10,000 ohms connected in parallel to the
calorimeter heater wire helps to measure the voltage of
energy current. As the total potential drop across this
high resistance is too large to be measured on the potentio-
meter, the voltage across & small known fraction is measnured
and the potential multiplied by the fraction (factor) to
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get the actual potential., The fector in the present case
is 40.07. A correction was mede for the fraction of the
heating current which passed through the resistance, The
parallel resistance was disconnected during temperature
meesurements, The energy inpuwt is timed with an acemrate
stopwatech with a preeision of + 0.2 see, corresponding to
an error of 0,03 % in a ten minwte time period.

The radiation shield is heated approximately ¢.. °l{,
where X is the anticipated rise in the temperature of the
calorimeter after energy input. The energy is then put into
the calorimeter for a definite time of 64 8 or 10 minutes
by passing a current of about 0,1 ampere. As the radiation
shield is massive, its temperature remains practically
constant, while that of the calorimeter becomes X higher,
Both the preheating as well a3 the cooling rates of the
calorimeter are measuyred for about 10-30 wmimmtes depending
upon the time taken for equilibrium., 1In general, about
16-20 minutes are required for attaining the same, Tempe-
ratures are measured by the change in the resistance
thermometer of the calorimeter as well as by the change in
e.m,fs, of the thermocouple. In genersl about 60-80
minutes are taken for each heat capacity measurement. Also
the temperatures of varions relevant parts such as the top
and bottom of the radiation shield and inner can are taken.
pistilled water ice is taken as the reference point for
a1l thermocouple measwrements, [f the inner can starts
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heating up affecting the temperature of radiation shield
it has to be cooled with liquid nitrogen, and if the
liquid nitrogen is in excess the inner can has to be
heated to boil off the excess 1liquvid nitrogen.

Caleunlation and Corrections

The method adopted for ealemlation of heat capacities
is essentially the same &s that given by Giaugue and
IFIVAS’ cole ’;,gl..o have discussed in detail
the varions corrections to be spplied,

co~-workers,

The expression for obtaining the heat capacities
from experimental data can be written as

EIl. ¢t
ov—— ¢ A - c

¢
P(at T) B

vhere Cp - heat capscity of the suwbstance in cal. per gram
per deg,

E « voltage across heater terminals during energy
input

I - amperes (current) through heater during energy
input

t -~ time of energy input
A - factor converting Joules to calories
Cg - heat eapacity of the empty calorimeter

B - amount of material present in the calorimeter.

Since the applied voltage from energy batteries
remains practically constant during measurement, a single
reading taken st (t/2), where 't' is the total time of
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energy inpnt, is sufficient for the calculations. The
resistance of the thermometer-heater increases while energy
is being introduced, This causes a contimmouns drop in
current since the applied voltage is constant. 1In order
to avoid a tediows graphical process of evalustion the
method of Gibson and Giauqmu for obtaining the average
value of current has been followed,

The change of current with time is found to be
nearly constant and the current can be represented very
accurately as @ quadratic function of time.

I = A+ BteCte

Let 'I,' be the current after 't;' seconds; 'Ip'
the current after 'ty' seconds; 'Tay' the average value
of the current, and 't' the total time of energy input.

'[10 Ig
Make Ty 4 By T oL Emd Ses = Ty
Then
t
Lyt = | Tae
[ ]
= ats gpet o 3o
2
..o t.‘ s A’iﬁt‘}Ct sssnr (1)

- 1!..:..3.: lay = Afjb(tlotg)-vt(:(t:"t:)

PR XY (2)
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Comparing equations 1 and 2 we get

2

I Y

¥ ﬁ»(t.- tg)2-+ tg-k (Ca" £ =ty T tp)

¥ (% - 2tey + 2ef)

1.0, 6ty - 6tty+ t° = O

1+ \/1/3
t ( 2 ) ® 0,79t or 0,21t

8o tz

e’ tl Z 0.1t or 0.79t.

Fence the arithmatic mean of energy current readings
taken at 0,21 t and 0,79t mimmtes where 't' is the total
period of energy input gives the average valve of current.
Freguent readings in addition to these are a2lsoc taken as a

precauntionary measure.

Heat interchange between the radiation shield and
calorimeter :- Newton's lLaw of cooling which states that
the hest transfer is proportional to the temperature
difference is ysed in ealeulating the heat interchange.
This reguires the knowledge of temperatures of both the
calorimeter and the radiation shield at all times during
a measurement. The energy measurements furnish sufficient
data for obtaining the external temperature of the
calorimeter during the energy input. The temperature can



- 40 -

be considered to increase linearly with time within the
limits of necessary accurscy, since firstly, the energy
is put rather slowly; and secondly, by using over §0
meters of wire in the calorimeter thermometer heater, a
small amount of energy is developed per unit length which
is almost instantaneouwsly delivered to the calorimeter.
The radiation shield is comparatively heavy and hence only
two readings during 2 heat capacity measurement are
considered sufficlent for calculations., The correction

is found to be 1-2 %.

Energy correction :- During energy input the heater
vire is hotter than the calorimeter. After a initial brief
period following the begining of energy input this tempera-
ture difference remains the same (approximately constant).
A correction to the energy is necessary to accounnt for the
rapid change in current or voltage in the transient period
before a steady state is reached., This is related to the
thermal relaxation time between the heater wire and the
calorimeter, and can be calculated from the resistance of
the heater wire and the resistance corresponding to the
mean calorimeter temperature both at the mid point of the
heating period.

The heat energy developed in the lead wires during
energy input is included in the measured energy. Half of
this energy goes to the calorimeter and half to the shield.



- 60 -

The correction to heat capacity is negligible compared to
the accuracy of measurements, Similarly, the hydrogen gas
filled in the calorimeter and the amount of solder used
for sealing puwrposes are kept the same within practical
limitations, Hence the corrections due to slight changes
are assumed to be negligible.

The heat capacity of the empty calorimeter is
measured over the entire range of temperature stndy in
different series, A graph of heat capacity against tempe-
rature is plotted and smoothened values are taken from it
as these are necessary for the further investigations.
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CHAPTER - V

CAP F 8 AC

The importance of reproducibility within a laboratory
eand also between laboratories has been recognised and
stressed in several recent internaticnal conferences on
Calorimetry and Thermodynamics, so that the results of
different laboratories for the same specimen can be compared
and systematic errors located. Accordingly it is necessary
for us initially to measure the heat capacity of a standard
substance in order to check the temperature scale, accuracy
of heat capacity measurements and overall efficiency of
performance of our apparatus.

Since the begining of calorimetry, water has been
used as a standard for heat capacity measurements, partly
because it is uwniversally aveilable in high purity. However,
as measurements are extended below 0°C the large expansion
of water on freezing made it impracticable to use in many
calorimeters, Above 100°C the high vapour pressure of water
is a serious drawback because of the complications of
accounting for the change with temperature of the relative
emounts in the two phases, Due to such considerations, at
the meeting of the Low Temperature Calorimetry Conference on
21lst April 1948 organised for the purpose of promoting
improved calorimetrie technigues and setting up standards for
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testing and calibrating calorimeters of verions designs,

benzoic esecid, o« -aluminium oxide and normal heptane were

selected &s standards in the temperature ranges 1o-aao°x,
10-1800°K and 10-800°K respectively.

In lov temperature calorimeters, benzoic acid was
chosen as a standard for the solid state whereas n-heptane
was chosen where it is desirable to introduce the swbstances
in the lignid form, Aluminium oxide was considered suitable
28 a standard substance because of its chemical stability
even up to its melting point. Benzoic acid has a lower
molal heat capacity than n-heptane but higher than aluminiuvm
oxide. It has been preferred for the present measurement as
it is available in high purity and as the calorimeter is
constructed for the study of solid substances, It is, however,
not suitable as 2 heat capacity ltamlnrdm above 860K due to
its corrosive nature especially since the calorimeter is
made of copper, This is particularly so in the liquid state.
But a8 the present measurements extend only up to 300°K there
is little possibility of benzoic acid reacting with the

container vessel.

Benzoie scid (A.R,) was reerystallised and the purity
of the semple 18 better than 99.97. The calorimeter was
f1l1led with 31,310 grams of benzoic acid and the remaining
space vas filled with hydrogen gas to one atmosphere. Heat
capscity of the compound was measwred from 80-300°K in
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different series. The data are converted for one mole of
the substance and the values are given for every 6°K in
Table 1T, from a smoothened graph of hest capacity versus
temperature, following the convention of the National
Burean of Standards, The values are given in calories

( 1 calorie = 4,184 abs. joules). Percentage deviations
of the smoothened values from N.L.8, nluum are also
given in the Table., The ratio of the heat capacity of the
empty calorimeter to that of filled calorimeter is 0.42 at
100°K, 0.38 at 200°K and .43 et 300°K.

The precision of the present data has been estimated
from the scatter of the values from their own mean, the
maximnm deviation being + 2,08 for measurements between
80-300°K. Tt may be noted that at & temperature of 200°K
the values of heat capacity determined with the present
equipment are scattered both on the higher as well a&s on
the lowver side of the N.B.3. values, whereas at temperatures
higher as well as lower than 800°K, the observed values are
scattered only on the higher side of the N.B.O. values.

The maximuym deviation is about 2% in the range 80-160"K and
this gradually becomes less than 1f at about 300 K.

Thermodynamic Functions

The thermodymamic functions viz. entropy and heat
content of benzoie aeid are calculated from the smoothened
o
values of heat capacity. They are given for every 5§ K
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Table IT : Comparison of the Heat Capacity (Cp) Values
of Benzole feid I!ol. Wt, 122.13) determin-

ed w t A = W NbS
T--pgr-tm Cp Deviation
v cal,/mole.deg. L3 s
Present Nbé 5
expt. values
80 18.64 13,36 + 2,25
86 14,17 13.90 1.94
90 14,70 14,37 2,30
96 15.18 14.83 2.39
100 16,66 16.28 £.48
106 16.14 16.73 2,61
110 16,60 16.17 2.686
116 17.04 16.63 2.46
120 17.48 17.09 2.28
126 17.68 17.684 e2.22
130 18,.4C 17.09 2,28
136 i8.82 18,46 2.06
140 19.22 18,90 .28
145 19.77 19.36 e.12
150 20.30 19.82 2.42
1586 20.70 20.27 2.12
160 21,13 20,72 1,88
166 21.60 21.20 1,89
170 22.04 2l.68 1.66

contd...
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Temperature Cp
%k cal,/mole.deg.
Present NbS
expt. valnes
176 22,50 22.156
180 22,92 ee.6e2
188 23.42 23,12
190 £3.86 23,60
186 24,29 24,08
200 24,65 24,59
206 26,02 25,09
210 26,66 26.60
2186 26.18 26.11
220 26.74 26,62
2286 27.29 £7.14
230 27.86 £7.67
236 £8.40 28,20
240 28.89 28,73
245 29.42 29,27
260 29.96 29,80
2566 30,49 30,36
260 30,98 20.89
266 31.49 31.43
270 22,02 31,99
273.16 32.38 32,33

Deviation
from N&b
values

+ 1.68
l.28
1,80
1.06
0.87
0.24

- 0.24

0.16

+ 0,27
0.45
0.56
0.68
0.71
0.66
0.51
0.54
0.46
0.29
0.18
0,09
0.16

contd...



T"P::lturo | R \ g;;:-:ﬁgn
Pr_on:le '/‘“.‘::IB; values
expt. valunes

278 32,60 32,63 + 0,22
280 32,24 33,08 0.45
286 33.87 33,62 0.74
290 24.98 24.18 0.58
295 24,89 34.73 0.46
298,15 86,29 36,09 0.57

200 26,64 36,30 0,68
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along with N,B.8, valvyes in Table ITI, In these calcula-
tions the valuwes up to 80°K are taken from N.B.S. data and
above 00°& are calculated from the present data.



Table 111 : Ihermodynamic Functions of Benzole Acld

a c N.EBE.,B5. valpes
K Sy=8¢ S-5o Hy~Eo Ey-Eo
(present ) N.b.B. (present) N.3.8.
80 11,76 11,75 661,2 661.2
85 12,59 12,45 626,7 618.0
90 13.42 12,26 698,7 690,1
95 14,23 14,15 773.2 763,.2
100 15,02 14,21 850.2 838,.5
106 15.79 15,67 929.5 915.8
110 16.56 16.42 1011 995.6
115 17.80 17.14 1096 1076
120 18,03 17.86 1181 1162
126 18.76 18.57 1270 1248
130 19.47 19.27 1360 1228
135 £0.17 19,95 1453 1429
140 - 20,87 20.64 1649 1522
145 21.66 £1.30 1647 1617
180 22,23 21.97 1747 1716
185 22,80 22,62 1849 1816
180 23.87 23,28 1964 1918
168 24.22 23,92 2061 2022
170 24,88 24,58 2170 2130
178 25,52 25,20 o281 2240

180 26.16 25,83 2394 2352

contd...



210
218
220
2256
230
2386
240
245
280
285
260
266
270
2756
280
2856
200
298
300

Sq=6p
(present)

35.68
36.14
36.74
37.33
38,50
39,09
39,68
40,086
40.18

By~ H

(present)

2610
2628
2748
2871

8121
3260
3382
3817
3665
3786
3939

4233

4537
4692
43862
6013
5178
5246
6816
sege
6765

3075
3e04
3236
2470

2747
3886
4038
4170

4486
4640
4798
4963
81286
65291
5462
seaa
6809




(1)

(2)

3)

(4)

(8)

(6)

(7)

(8)

(®)

(10)

(11)

1e)

(13)

(14)
(18)

(16)
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CEAPTER - VI

PREPAHATION AND HEAT CAPACITY MEASTREMENTS

OF COMPOTNDE

In the earlier part the constreection, calibration
and operation of the cryostat assembly was described. In
what follows, the preparation and measurement of heet
capacities of a series of compounds with formmla LNF3 where
M = ¥n, Coy Ki and Cn have been described,

Preparation of Compounds

The double flworides can be prepared by reaction of
gaseons hydrogen flworide with the respective chlorides or
by reacting alkali metal flworosilicates with the sulphates
of the desired metal. The method more commonly adopted is
by mixing the potassium flworide solution with the respective
divalent transition metal salt solution of appropriste
guantity. We have essentially followed this procedure as
described by Hirskawa et n.l

Potassium manganese triflworide :- Appropriate
gnantities of potassium flworide and mangenese chloride
tetrahydrate are mixed in aqueous soluvtion at room tempera-
ture. The precipitated compound is filtered, dried, packed
in a carbon boat and melted in argen at-olpherc.' The
resnlting compound is white in colour with a shade of pink,
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Potassinm cobalt triflworide :- Concentrated solutions
of cobalt chloride and potassinm biflworide are mixed and
evaporated on a water-bath at 90°C, vwhen KCoF5. precipitates
ont, The compound is filtered and washed with hot distilled
water to remove traces of potassiwm chloride and hydroflworic
acid, Tt is then dried by heating to 200°C in vacwum.
Potessiuwm nickel triflvoride is alsc prepared in the similar
way, sterting with nickel chloride and potassium biflvworide

solutions,

Potassium copper triflworide :- The procedure adopted
for KCuFg is slightly different. Copper carbonate is
dissolved in excess of hydroflworic acid. Then an adegnate
quantity of potassium flworide is added and the solution
heated at 90°C to evaporate off the excess water and hydro-

flworic secid.

=
A11 the chemicals used for the prepsrations are i.i.
or E. Merck guality.

i-ray Analysis

The compounds sre analysed by X-ray powder diffraction
st room temperstwre, wsing a 14 cm Debye-Scherrer cemera and
MoK ( A% 0.709 £ ) radiation filtered throwgh Zirconium
foll. No extra line dve to sny of the components was
observed. The compounds show cubic perovskite-like patterns.
KCuFa however, has & tetragonal structure distorted from
enbic symmetry. The calemlated lattice constants agreed well

1,2,3 .
with those reported in the litersture ’ ° (Table IV).
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Table 1V
Comparison of the uit:« constan: ﬁ gc componnds
Componnd Crystal Lattice constant 'a’
symnmetry 1nc§
Present ntherMQ?
KMnfFq, Cubice 4,191 + 0,002 4.191; 4.186
KCoFq Cubie 4,060 + 0,002 4,069; 4.070
ENiFg Cubic 3.980 + 0,003 4,016; 4.010
KCnFg Tetragonal a = 4,140 + 0,002 4.140
¢ = 3,830 + 0,002 3.926

Heat Clggcit; Measnrements

Lortla Lokorals vy ZE:£L9~

The c!]nrillt.g(lb.lolt '1th dered to the
bottom surfsce of the calorimeter to facilitate thermal
egnilibrivm was ypsed, This welghes 1237.78 g. The radistion
shield used was also correspondingly heavy and weighes sbowt
1,800 g. The heat capascities are measwred in the range
80-300°K. In general, each series of experiments was done
at lesst twice throughonwt the range for checking the
reprodweibility. The ratio of the hest eapacity of the
samples to that of the calorimeter varies from 0.70-0.85 in
the relevant temperature ranges.
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In calcunlating the heat capacities the defined
calorie was taken as eqmal to 4.184 abs. jonles. The ice
from distilled water is uwsed for referencélioint, 273,18°k.
The temperatures T listed are the arithmatic means of the
initiel and final temperatures. The heat capscities
reported are the ratios of increase in enthelpy A EH to
the rise of tempersture A T. 1In the neighbowrhood of
transition shorter runs with a temperature rise of abount
1°% are taken. As the temperature differences are not
guite small, it is not possible to decide whether the heat
capacity versus tempersture curve near the maximmwm 1s smooth
or any discontinnity exists in the same. Fowever, z smooth
curve is assumed near the maximum,

At the end of the experiments, the recalibration of
the thermocouples at fixed points of liguid Ny, liguid Og
and solid COgp gave results in good agreement with the
previous measured valves.



CEAPTER - VII

POTASST™ MANGANESE TRUFLMORIDE

sntiferromagnetic ordering has been observed in
many manganese salts, Dbizette et !l-4 found by magnetic
susceptibility measurement, the Neel temperature in MnO
to be 122°K, Nentron diffraction study by Shull et al.

7 6
and(goth confirmed the magnetic ordering in this compomnd

at low temperature, Hiller7 and Teodd et 51.8 measured the
heat capacity behaviour of Mn0 in the temperatwre range
£0-300°K end noted an anomaly around 115°h. The same type
of ordering at low temperature was &lso observed 1in MnS,
MnSe, MnTe, MnFp, MnClg, MnBrp and MnIp with the help of

these techniqms."m’l1

Hirakawa et 51.1 reported an antiferromagnetic
transition in KMnFg at 88’k from susceptibility neasure-
ments, A neuwtron diffraction study of this compouvnd at
4.2°K by Scatturin et 8l. - confirmed this type of spin
ordering. As stated earlier, heat capacity-temperature
stndy in the relevant range would detect such a transition
and also provide valmable thermodynamic data for elncidat-
ing the mechanism of the process. No such studies have
so far been reported in the literatwre, except a preliminery

13
acconnt of the resunlts in & note by us. In what follows,



—a-

heat capacity measwrements of this compound over the
temperatvwre range 80-200°K have been presented in more
detail.

Experimental

The calorimeter wes filled with 46.711 g. (0.3906
mole) of the compound 2nd sealed after filling with
hydrogen ges as described esrlier. The severzl series of
measuwrements are given in chronological segumence in

Table V and represented graphically in fig.4.

In the first serles, the calorimeter was cooled to
1440& and measurements were extended wp to 240°h, when
an anomaly was observed at about 1ao°x. After allowing
the cslorimeter to heat up to room temperature, it was
cooled to 78°K. The measurements were again contimed
when another anomaly was noticed around 85°h. When the
temperature reached 117°K the calorimeter wes recooled to
80°K and the serles repeated for measurement of the
trensition at closer intervals. The fifth series was
done with the same view for the snomaly observed in the
first series. The fourth and sixth series were done 1in
the high temperature range covering the interval wp %o
300°K. No dependence of the heat capacity on the thermal
history of the sample wes found.

HResults

In fig.4 it can be scen that the compomnnd shows
two pesks in the heat capacity versus temperature graph.



Table V : Heat Capacity of Potassium Manganese
Irifluoride g eal .(-olo .deg. )

Molecular weight : 151,04 0°¢c 1 273.18°k
T Cp T Cp
SERIES - SERTES - II
144.30 20,02 79.46 19.56
149.04 20,63 81.27 20.63
153.00 20.44 82.90 24.41
167.36 20.80 83,94 22,36
162.51 21.24 85.86 10.24
166.57 22.156 87.80 17.62
170.36 22.81 89.56 16,76
172.20 25.67 93,14 15,88
178.26 26.09 96.92 15.62
181.60 24.74 106.12 16.20
184.30 24.256 109.76 16.86
192,156 23.46 112,99 17.17
198.16 23.09 116,88 16,78

208.45 23.93 SERIES - [IL

214.68 24.22 79.58 18.96
220.69 24.61 81.19 21.02
226,61 24.67 83.16 24.35
232.42 24.77 84.34 21,99
238.35 25.48 86.26 18.11



T Cp
88.14 16.97
90.18 16.07
93.456 15.84
96.97 15.81
98.21 16.88

100.64 15.78
10z.47 15.656
106.14 16.33
120.22 17.01
122.04 17.96
127.64 18.40
133,87 18.96
139.03 19.34
144 .46 19.72
149.77 20.21
208,15 24.41
209.69 23.77
214,12 24.32
217.82 24.32
220.20 24.41
222.86 24.25
e26.88 24.44
£227.40 25.02
231,10 26.386

T Cp
236.24 26,00
246.69 26.23
266.41 26.77
269.97 26.19
£269.04 27.00
272.77 e7.23
276.08 26.69
g8z.82 27.77
£86.38 27.43
£89.60 27.62
£92.72 27.62
296.93 27.13
299.06 27.68
302.10 27.60
306.10 27.65
307.63 28,00
210.67 28,00

SERIES -V
166.36 21.27
168,00 22,38
170.13 22.48
171,86 23,28
174,08 23.44
179,29 26.28
is1,.92 24,71

contd...
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25.30
25.16
26.56
25.64
25,77
26.87
26.19
26.19
27.01
26.84
26.73
26.84
27.19
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By comparison with the magnetic and nentron sc.nturin:
reswlts of this compound the anomaly at 83,3 + o.z°x is
attribnted to an antiferromagnetic ordering of the moments
of un®* lons below this temperature. Purther, Swemune

et 81.'* also observed a brosd minimum in the thermal
condvuetivity near 8501. The torsion messurements by Heeger
et .,1.15 have shown the existence of yet another magnetic
transition at 81.6°K below which a weak ferromagnetic

moment caused by canting of spins has been noticed,

¥n2* fon with 3d° eleetronic configuration is in the
8 /o state which excludes any possibdility of Jahn-Teller
type distortion, Hence little distortion from the ewbie
symnmetry observed at room temperature, can be expected,
The newtron aiffréction pattern st 4.2 K revesled - ‘s small
movement of fluworine and potassiwm but not of manganese
ions, from their ideal positiom in the perovskite lattice.
Sueh a kind of distortion wes also observed by Geller ® in
several similar compounds. By X-ray ditrnctione the
distortion was found to be maximum at 65°K, which was less
pronounced at B4°K in the pure antiferromagnetic state.
The paramagnetic state at 95°K is characterized by a tilting

only of the octahedron formed by the flworines.

Theoretically, MnZ* lons with spin quantum mumber §=8

are expected to give a magnetic entropy contribution of
Rin (25 + 1) = Hln6é 1.e, 3.58 cal./deg.mole. In practice,
this can be evaluvated by swbtracting the lattice contriition
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from the messured heat capacities over the relevant range
of temperature, As the present studies comld not be
extended to temperatures mwch below the transition point
an eveluation of the magnetic contribution to the observed
heat capacity was not possible.

The second anomaly observed at 179°k is shown es
a2 small hump (fig.4). This 1is due to a structural change
which is in agreement with the crystallographic results
reported by Beckman and Knox.? The room temperature cmbic
structure waes found to change at 1840}: to a tetragonal
pseudocell with § > 1 in which the fluorine octshedra
aronnd !n2+ ion remain essentially regmler but tilY¥ relative
to crystal axis. At 84°K also it formed tetragonal
psendoecell but withf- < 1, the regunlar octahedra being
rotated and twisted.

The instabllity of the KMnFq perovskite lattice 1is
also indicated by the value of Goldschmidt tolerance
factor 't' in the relation ry+t rp- = t/2 (Pyp2+ + Tp-)
vhere r's denote the radii of the respective ions. Ideally
the valpe of t ®= ] and deviations from the same indicate
instability of the lattice. The low valuwe (t * 0.88)
implies that the Mn>' and F- are tonching one another
vhile Kt fons are rether free to move. This situation might
be responsible for the structural change noted above and
conseguently, the anomaly in heat capacity at 1?'01.
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Above this transition the Cp changes slowly and
reaches a valne of 27.50cal./mole.deg. at 298.15°K. The
corresponding valnes of entropy, enthalpy and Gibbs free
energy, are 38.02 cal,/mole.deg. and 5399 and -5938
cel./mole respectively. The method of extrapclation of
Cp below 80°K and the evalnation of these thermodynamics
functions sre described in Chapter XI!. The data given
above are the redetermined velves of LlMnF;, since some
inaccnracies dve to non-equilibriuz were observed in owr

earlier ltudy}a

The Néel temperatwre may be taken as a measure of
the strength of the exchange coupling between the magnetic
ions throungh the intervening anions. It would be of
interest to compare these temperatures reported for =a
nurber of mangsnese compounds. These have been compiled
in Table VI for this purpose.

The existence of super-exchange cowpling in anti-
ferromagnetic substances was proposed by xramerl%7
Andersonla and Ven Vleck19 presented a detailed theoreticsl
explenstion of the mechanism. Anderson’® suggested that
if one of*the 2p electrons of the 0" ion is transferred

to the Rna*‘ion in en arrangement Mn - O - Mn , the result-
ing excited ions will have the same spin directions. The
wnpaired electron left in the oxygen ion can couple anti-
perallel with snother ¥n°  ion lesding to an antiferro-

megnetic intersction. Thus a strong suwperexchange between
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two neighbouring llng* ions with the paired electrons of

the same p orbitel of the intervening 0> ion takes place.

Shtcr,m proposed another mechanism of super-
exchange that the polarization or deformation of the anion
such 8s O° stabilizes the energy of the antiferromagnetic
state, Again considering ¥n0 as an example, in the anti-
ferromagnetic configuration of ¥n-0-Mn, the spins of one
Hn2+ ion point in one direction while those of the other
¥n® 7 fon point in the opposite direction, The electrons
of the 02" 1on with plus and mimus spins will be pulled
each towards thet Mn® ' ion which has the seme spin
direction., Thms the oxygen ion is polarized and antiferro-

magnetic state is stabilized.

In addition to exchange interaction we need some-
times to take into account other factors such as the
nature of crystalline field, anisotropy energy and dipolar

interactions in this connection,

In the light of the above, we compare the Ty of the
related series Mn0, MnS, MnSe and MnTe (Table VI). It is
evident that Ty inereases steadily with polarizability of
the anions. This may be attributed to a greater overlap
of the cation-anion orbitals dme to imereasing polarizabl-
1ity of the anion producing stronger coupling between the
magnetic ions, Even though MnTe has & little different
erystal structwre, this still follows the regnlar trend,
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However, if we similarly compare the halides of
¥n, the same regnlarity is not observed, but on the
contrary Ty decreases considerably in going from
flnoride to other halides of the series. Here the
difference in crystal structwre is perhaps playing a
major role in reducing the coupling interactions apart
from the fact that the coupling mechanism is very complex
in all the cases except in fluoride.

The structure of MnFg is of the rutile type in
which the metallic lons constitvte a bedy-centred
tetragona]l lattice and each is surrounded octshedrally
by six negative ions, The crystalline field at each
Hn2+ ion 1s therefore orthorhomblie, which will produce
2 different electrostatic potential and therefore a
different exchange interaction energy from that in the
NaCl type of lattice formed by Mn0 ete., Further F~ is
more electronegative, deformable and produces a weaker
electrostatic field than 02", iccordingly, the exchange
coupling will be weaker and therefore Ty (= 66°K) is
lower than that of Ma0 (Ty = 116°K). (Incidentally, we
may compare the Ty of MnOg (92°K) which has the same
rutile type of structure. However, the manganese lons
in ¥nOg are ¥n®' and the free Mn®' 1s in the state 47.
The dipolar interactions would make a significant

contribution here. .
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l&m'.:l2 has the CaCl, structwre consisting of
hexagonal layers of metal lons separated by two layers
of chloride lons. Mnbry is of the Cdlp type with
- layers of Hn2+ ions arranged in a plane triangwlar net,
with two layers of bromide ions in between the magnetic
ions. HnIy, has also Cdlp type of structure. 1In view
of the large distances between the magnetic icns (Hn2+)
lying in adjoining layers in swch a structure, the
coupling interactions responsible for antiferromagnetic
ordering vis the two intervening anions should be
relstively very weak. Hence very low Ty ( ~ 1-4%K) are
observed in these cases. ©S5ince MnClp, Mnbrp and Mnlp
have similar type of structures, their Ty values ¢an be
correlated, It 1s again seen in Table VI that the
indirect exchange interactions and therefore Ty values
tend to increase with anion polarizability, even though
the change is very much smsller than in the case of the
oxide-telluride series.

Finally, we may compare the Néel temperatures of
MnFg (orthorhombic) and KMnF; (cublc). Decause of the
difference in the symmetry of ligand field and direct-
ional character of the interaction energy, a stronger
coupling is facilitated in KMnFg structure and hence the
higher Néel temperature (88°K) 1s observed in this case
then in MnFp (66°K). Similsrly XiMnCly has = higher Neel
temperature than KMnFg, which may be due to more polari-
zability of the chlorine ion compared to that of flworine

ion,
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CHAPTER - VIII

POTASSTI™M COBALT TRIFLV'ORIDE

In recent years the magnetic properties of Co0
and CoFy have been investigated in detail both theoreti-
cally and experimentally>> 2% The magnetic susceptibility
measurements by La Blanchetais—> showed the Néel tempera-
ture of Co0 to be 292 K. The thermsl data of King-° is
in close agreement with this observation. The earlier
susceptibility measurements of Bizette et al.>’ did mot
indicate any evidence of antiferromagnetic ordering in
CoFp down to 25°K. EBut later studies by Stont gt al.
and Eriekaonlo showed the compound to be antiferromagnetic
below 37.7°K. Such en ordering in seversl other cobalt
componnds has also been noticed by variomws technigues.

Hirekawe et 81.. and Machin et 81.2° reported the
Néel temperatures of KCoF, at 114° and 135°K respectively
by magnetic susceptibility experiments. The antiferro-
magnetic ordering in this compound has been confirmed by
a nentron diffraction ltmly.l . In what follows, is a
report of a study of the heat capacity of KCoF; undertsken
to investigate the magnetic transition and to evaluate
the thermodynamic functions at regulsr intervals in the

range ao-aoo"x.



Experimental

The calorimeter was loaded with 55.274 g. (0.3566
mole) of the compound and as before sealed after filling
with heat exchange gas. The hest capacity valwes are
listed in Table (VII) in the chronological sequence and
are represented graphically in fig.5. 1Initially two series
of measuyrements were taken in the ranges 217-280°K and
180-260°K prior to cooling the calorimeter to 1igmid
nitrogen temperature. The calorimeter was allowed to heat
vp to room temperature and then cooled to 100°K to start
the third series which was extended up to 170011. It was
recooled to 85°h; to stpdy at closer intervals the transi-
tion noticed near 110°K in the previous series. The fifth
and the last series was done in the range 235-206°k to
cover the entire range of measyrements (80-300°K). The
thermal history was observed to have no effect on the heat

capacity of the compound.
Hesults

In KCoFg a meximum at 109.5°K reaching & value of
22.90 cal,/wole.deg. has been observed in the heat capacity
versus temperature graph. The shape of X in the curve
and the rapid drop in the heat capacity above this tempers-
ture indicste that the transition is of a cooperative type.
The swsceptibility valwes below 114°K decresse monotomieslly
with lowering of temperatwre. The paramagnetic Cwrie
temperature has been reported as m"x.. The lowest valupe



Moleculsr weight 1 166,04

Table VII: Heat Capacity of Potassium Cobalt

Triflvoride (cal./mole.deg.)

0°¢ : 272.18%Kk

T Cp
EERIES - 1
217,80 25,860
222,35 26.43
228,25 26.82
232.76 26.64
238,16 26.60
243.47 27.40
248,00 e7.26
282,66 28,00
266.00 7.0l
263.67 28.41
266.83 28.24
272.40 28,20
276.62 28,33
BERIES -11
180,10 22.71
183.20 24,27
186,70 24.72
190.80 24.70
194,40 24.69
198,60 26,20
203.10 26,80
211.00 26.60

T C:p
£16.70 26.00
£20,30 26.185
228,17 26.66
230.00 26.60
284,50 26.56
244,00 £7.16
249,20 e27.72
264.70 27.67

SERIES - III
100.85 18.47
102,96 19,41
106.39 21,30
107.78 ee.eb
110.17 £2.14
111.02 €1.10
112,72 19.62
114.58 18,87
117.66 18,70
121.88 19.07
126.77 19.41
131.42 20,42
143,60 21,17

contd...
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T Cp T cp
147.43 21.71 122.70 19,72
161.18 22,06 129.36 10,87
154.88 22.19 134.57 20.57
168.865 22,47 130,39 20,92
l62.42 ez,.92 144,02 21,32
167.78 2e.,78 148,20 21,17
171.22 £3.20 SERIES - ¥

SERIES - IV 236,40 26,86
86.00 14.22 241,35 26.82
89,20 14,90 246,17 27.16
91,88 16.40 260,96 27.38
96,29 16,59 265,36 27.44
96.83 17.09 269,04 £27.49
29,01 17.92 264.23 27.90

101.3¢ 18.74 268,77 28,76
103,69 19.78 2723.00 27.81
106.72 20.80 277.04 27.91
107.92 e2,83 281,08 e8.21
109.60 22.90 286,84 28,30
i1l.62 20.80 291,561 28,70
116,08 18.77 296,30 28,73
1l6.63 18,71 302,60 29,00
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of -g;: 1.09 has been attributed as dwe to the effect of
residual orbital mement of Co° 1in the ewbie field) The
nentron diffraction ltndym confirmed the sntiferromagnetic
arrangement consisting of spins slternating along the
three directions of a enwbe whose 'a' valne was twice that
of the perovskite unit cell. The transition was observed
in thermal conductivity' measuwrements st 114°K dwe to

the incoherent scattering of phonons cansed by phonon
magnon interactions, X-ray diffraction ltudielao indicated
that below 112°K the compound distorts to a tetragonal .

symmetry.

Machin et n.” found the Néel temperature to be
13601 from their susceptibility measurements. Our present
messurements did not show any anomaly near about this
temperature. The discrepancy may be due to the sample
used, for Hirakava et 9_1'. also noticed a transition at
124°K for some of the samples prepared by them, It is
likely that the transition temperatwre at 109.5°K
observed by us is more prefersble. The e:-;;rata11::31-11:;11“30
and thermal eondmtivity'*oxperments are also in
consistence with ouwr observation of the anomaly rather

than that reported by Machin et 8l.-° sround 1386°K,

In free Coo' fon the ground level is 2a’ 4¥, 1n

an electrostatic field of cubic symmetry this level,

7 4
together with some sdmixture of the excited level 34 P



gives rise to & twelve-fold degenerate ground level and
excited levels, which are separated by abonwt 10,000 em™!
or higher in enérgy. Therefore, the excited levels
contribnte nothing to entropy at room temperature. The
gronnd level is fwrther split by the combined action of
the crystal field of symmetry lower than ewbic and of
sSpin-orbit cowpling inte six levels whose energy spacings
ere of the orde;fioo en”1,

When there is an odd mumber of electrons, however,
Kramers' theorem states that under the inflvence of the
erystal field and spin orbit coupling each energy level
is &t least doubly degenerste. 5o a magnetic entropy of
H1n2 or an integral mmltiple of it is expected. 1In KCoFg
the resonance experiments indicate that the ground state

is split with J = %, % and g . As the separations are of

the order of KI there may be some population in the higher
levels.,

21
Following the procedure uwsed by Stomt gt al. an

experimental evalwmation of the magnetic behaviour of the
magnetic heat capacity could have been made if the data

on the isomorphows diamagnetic salt (KZnFg) were known.'
¢ince our data has thus been limited, it is not possible

to evalnate the magnitvde of magnetic contribwmtion,

* A study on tho heat capacity temperature behaviour of
KZnF, is under progress in this laboratory.
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However, unsing a Debye-Einstein function to represent the
heat capacity over the relevant temperature range and
assuming 1t to be equnal to that of the lattice contribu-
tion the magnetic entropy has been estimated approximately.
At 110°K it is equal to 0.82 e.n. and at 115°K it equals
to 0.84e,.u. Though the theoretically expected value of
Rln (28+1) is mmch higher than what is evalwated above,
this indicates at least the persistence of short range
order above the Néel temperature. The heat capacity
rises very slowly after abont 230°K and reaches a valme
of 28,84 cal./deg.mole. at 298.150K. The thermodynamic
funections, entropy, enthalpy and free energy caleunlated
from the smoothened values of heat capacities are reported
in Chapter XI'. The values at 298.15°K are 39.40

cal./mole.deg.; 5669 and -6040 cal./mole. respectively.

A comparison of the Néel temperatwures and hence
the strength of exchange interaction of several other
cobalt salts 1n the same lines as was done for manganese
in the earlier chapter is worth considering. 1In Table VIII
the Ty are listed for such a purpose. As mentloned
earlier, in t:::.z+ both the erystalline field and spin-
orbit conpling interaction play an important role in

inflnencing the magnetic ordering temperature.

In the oxide series Co0 has a Néel temperature of
298.15°K. 1In contrast with the MnTe it is surprising to

note that in CoTe no antiferromagnetic ordering has been



*‘soTpiys Lea-y = I {UOTIORIJITP UOIuON = N

{A3TATIONPUOD TEWISYL = O fgyuemeInusEdm JJIOWMOIBTOTd = (
93TNBAOINI o
(x) 311 It g°60T 690"V oTqR0 EC
0°31
- 0'e - g9'9 f9g°e %1p 3109
- 0°61 - 21'9  ige‘e 3190 82909
1.°v3
- 0'98 698 , 98,28 1919 he €105 %1900
(2) ge F-4
(§) % - L'Le ér'ec f69°vy oTTIAY 490
- gLt - Le*g isee SYIN 8100
(a) ze3 268 L*682 evg'v ToN 000
gpoyjem £37o8ded
Y30  £31TraT3dedsig 389y ¥ iy obe adLy
¥, oIMjeaodus) UOTTSURIL SIUESUCD° 99T Teyshxp punodmo)

Spunodmo) 319q0) JUSTEAT] JO
seanyezedme] TeoN JO UOSTARdWO) ¢t 111A OLQ8L




- 86 -

observed; rather it has been roportmaa to show & ferro-
magnetic behavionr up to a2 gnite high temperatwre (1273°h).

The divalent halides show interesting resmnlts in
the sense thet a regular decrease in Ty is observed with
the increase in the polarizability of the anion. The
spin-orbit interaction dve to triagonsl symmetry and octa-
hedral crystel field may lower the Ty of these compounds. -
This may a2lso be explained considering again their erystal

structure and swperexchange mechanise,

(:c.wl-‘2 has & tetragonal symmetry and the magnetic
ions are separated by a short distance with a single
flworine ion between them. 1n CoCl, ,enéd Colir, &nd Colg,
even though they contain incrersingly greater polarizable
enions, they have layer structuwres of the CdCly, and Cdlp
type respectively, with the result that cobalt ions ave
separated by & much longer distance with two layers of
snlons (Co- i~ 1-Co) in between them. Thms there is a
relatively much weaker interaction in these cases reswlt-
ing in a drop in the Ty valuwes. [t may be interesting
to observe that the Ty valves are decreasing even in the
series C17yBrx 1 which is contrary to what 1is expected on
the basis of their polarizabllities.

In KCOFy the indirect interaction takes place by
way of single flworine ion, Similer to that in Co0 and

CoFg. The Néel temperature of KCoFy is in between that
of CoFg and CoO . The tetragonal structwre of CoFp compared

to ewbiec one of KCok, may be responsible for the lower Ty.
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CHAPTER - IX

POTASSTMM NICKEL TRIFLMORIDE

A stndy of the nickel compouwnd, KNiF,, is interest-
ing becanse of the high symmetry both of the crystal field
and of the d-orbitals of nickelouws ion (363). Though 1t
is believed to be & purely icnic compound, considerable
covalent character has been reported by Shulman et 5_1.“

from nuclear megnetic resonance experiments.

A broad hump in the magnetic Swsceptibllity of KNIF,
has been observed with a maximwm at 276°K by Hirakswa gt al.’
A nentron diffrsction pattern at 4.2°K by featturin et al. >
indicated antiparallel ordering of the spins of the magnetic
ions, In this chapter the heat capaecity measurements in

the range of 80-300°K of the same are deseribed.

Experimental

The calorimeter is filled with 58.675 g. (0.2790 mole)
of mra and sealed in the wsval way after filling with
hydrogen gas. Different series of heat capacities measured
in the renge 80-300°K are given in chronological sequence
of measurements in Jeble I[X and the data are presented
graphically in fig.6.



Table IXx : Heat Capacity of Potassium Nickel

I ca e.de
¥olecular weight : 164.81 0’c : 272.18%
T Cp T 8
SERIES - I

202.04 23.53 266.37 28.57
208.50 4.32 260 .57 26.70
213,28 23,88 262,71 26,61
218,20 24.34 266,56 26,76
222,96 26.02 SERIES - II
225,96 26,15 £37.60 26,90
228.24 26.70 243.08 27.90
230,66 26,79 247.64 29,15
232,64 26.00 249,33 29.55
236,18 26.66 261,92 30,43
236,16 26.49 262,59 30.76
239,71 27.02 263.87 20,67
240.62 27.28 266.06 29.21
243.67 28,40 257.02 27.95
245.12 28,50 269,51 26.53
247.32 29.01 260.96 oy
249,06 29,48 274.23 26.81
252.56 30.80 277.71 27.03
264.18 30.45 280.99 2¢.90

contd...



T Cp
286,77 27.23
290,43 27.26
294.86 27.38
298.286 27.30

SERIES - IIT
121.70 17.83
124.58 17.66
127.19 17.24
130,77 18.68
136,03 18,88
140.13 18,72
145,08 19.24
149.24 19.63
166.33 19.81
167.06 20.30
160.52 20,58
lés.22 21.49
169,00 2l.16
172,96 ee.e3
180.42 22.24
185,90 22,87
190.80 23.31
196.38 23.11

T Cp
SERIES - IV
96.70 14.14
100.12 16.04
1028.56 16.45
106.22 16,39
108,89 15,98
112.72 16.69
116.82 17.36
120.76 17.34
123.68 17.80
1581.79 18,56
136.89 17.95
139.08 19.21
142.89 19.64
150.51 20.40
154.238 20,65
167,97 20.71
i6l.26 21.19
164.93 21.49
SERLES - ¥
79.44 11.96
82.01 12.06
84,96 12.40

contd...
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88,19
92.48
96.59
100.29
103,89
106.96
110.27
114,15

Cp

T
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The calorimeter wes cooled to 200°K and the rirst
series of measurements made upto m°x. It was recooled
to 236°K with a view to studying the detailed shape of
the curve in the snomalonws region moticed at ~ 253°K in
the first series, This series of measurements was
extended up to room temperature. The third and fowrth
series were done in the ranges 120-200°K =nd 96-165°k
respectively to cover the lower temperature range of the
present study. After the completion of the fonrth series
the calorimeter was allowed to heat wp to room temperature
and cooled to 80°K prior to starting the fifth series.

Bo dependence of heat capacity on the thermal history of
the compound was noticed.

Resnlts

The hest capacity versus temperature graph shows
en anomaly due to & cooperative effect with a maximum at
252.5°K. As mentioned earlier a broad hump with a maximum
at 276°K has been observed by Hirakswa et al.. in magnetic
susceptibility measurements, The susceptibility change
obeys Curie-Weess law in the paremegnetic region with
@ = 840°K and p * 4.394, vhich indieate strong intersetions
between adjacent nickel atoms and swggest an antiparsllel
alignment of magnetic spins at low temperatwres. Super-
lattice lines dne to magnetic ions in the neutron diffract-
ion pattern at 4.2°K by Scattwrin gt ‘;.12 corroborate
snwch an ordering at this temperature.



The rapid drop in the heat capscity and the  -shape
of the curve also indieate thet the ordered magnetic ions
at low temperatwres are distribwted randomly above the
transition temperature. Though the Néel temperatwre
observed by powder swsceptibility differs considerably from
the present thermal studies, the anisotropic measvrementsod
are in excellent agreement with the heat capacity maxiounm
observed by ns at 25_3.501(. It is surprising to note that
the thermal condnctivity did not show eny snomaly in the
relevant temperatwre rogion}"

No other anomaly has been noticed, vwnlike in WS,
in the entire range of ouwr measurements, The crystallo-
graphic data of Okszaki gt u.ae showed that the compounnd
retains its cublc structure down to 1liquid nitrogen
tempersture, which is in support of our heat capscity dsata,

The nickel ion which possesses the Bda electronic
configwration has an orbital degeneracy of one in octa-
hedral field, The spin gquantum number of the nickel ion
is one and hence s spin degeneracy of 286+1 1is expected.
Thus the maximuwm entropy that can be acquired at attain-
able temperatures is RIn(28+ 1) ¥ Rln3, Since the heat
capscity data on the isomorphoms diamagnetic salt, KinF,,
are not avallable, an approximate estimation of the lattice
contribnwtion to the heat capacity has been made by using
a Debye-Einstien type of function, so that it conld be
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sultracted from the total observed value to evalnate the
magnetic entropy duwe to the transition. ©Swuch an estima-
tion gave a value of 0.64 e.u. at 253°K and 0.94 e.un. at
300°K. These valves are again mmwch lower than the expected
valve of 2,04 e.,u. As before, this resmlt at lesst
indicates that short range order persists significantly
above the T.

The heat capacity has a valve of 27.33 cal./deg.mole.
at 298.15°K which 1s the minimum of all the componnds
reported in this dissertation, The values of thermodynaumic
functions viz. entropy, enthalpy and free energy st the
same temperazture are 36.86 cal./deg.mole, 5308 ¢al,/mole
and -5679 cel./mole, respectively.

In Table X the Néel temperatures of several nickel
componnds along with that of xnzré obtained by variouns
techniques are given with a view to stndying their inter-
relation.

As mentioned earlier, nickel componnds with the
cubic octzhedral symmetry have 2 single orbital state and
consequently heve little spin-orbital interaction similar
to that of ¥n® salts. Following the indirect exchange
mechanisms of Anderson’® and Slator?o these Neel tempera-

tures cen be correlated with the characteristics of the

anions.
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No regnlar behaviownr in the oxide-telluride series
has been observed, which is contrary to that of the MnZ'
compounds. Nickel oxide with NaCl strmcture, has a high
Néel temperature (523°Kk) wheress B ~NiS 18 found to be
antiferromagnetic below 160°K. But NiSe end NiTe which
have the same NiAs structwre as NiS 41id not show any
ordering in the regions 90-750°K and 5-300°k respectively,
as reported by varioms methods.

Fowever, the divalent anhydrous halides behave in
somevhat similar way to those of the corresponding
manganese salts, As we go down from fluworide to chloride
there is a decrease in the Néel temperature but this 1is
much less than that in the lln2+ compounds. Similarly
there is a positive increase in Ty from chloride to ilodide
wvhich mey be explained as dwe to the incressed strength
of indirect exchange interaction with the polarizability
of the anions in the order 61(11-{1:.

Incidentally it may be noted that the Ty velunes of
the chloride, bromide and iodide did drop to the expected
extent from that of the flporide in compsrison with the
corresponding mangsnese salts.

Finally, we may compare the Ty's of NiF, and KNiFg.
Both the compounds have octahedral ligand fields but
KNiF, has cuvbic symmetry while Ni¥g has orthorhombic



symmetry. The higher value of XMiF, compared to KiF, may
be dne to higher symmetry allowing stronger coupling
interactions between the magnetic ions. In comparison to
NiO a lower valme of Ty 1s expected for KNiFy or NiFg
becanse of the higher electronegativity and less deforma-
bility of P~ (weaker field on K%' ) with respect to 027,
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CEAPTER - X

POTASST¥ COPPER TRIFLMORTDE

In the divalent copper (349) the electronic charge
distribution has d-¥ symmetry. Dunitz and Org0137 have
shown that in swch a case, a distortion of the local octa-
hedron swrrownding the CvZ' ion to a tetragonal
symmetry 1s expected dwe to the Jahn-Teller effect. It
nes indeed been noticed in CuCl, by Wells ~. The metal
ion is surrounded by four chlorine ions &t a shorter
distance and by two at considerably greater distance,

A eritical account of the Jahn-Teller mechanism in para-
magnetic compounds of the iron group has been given by

Bose end cmrkers?"‘o

In XCuF,, a distorted flwerine octshedron surround-
ing the Cu®' ton, vith two flworine ions sitwated at long,
two at medium and two at short distsnces has been reported
by Okszaki et n.‘u from their X-ray studies. A broad
peak has been observed in magnetic suwseeptibility with the
saximnm value at 245°K by Mirakave et 1.0 No superstructure
1ine has, however, been observed in neuwtron diffraction

pattu‘n duwe to magnetic ordering in this nlt].'2 As stated

urncr, the heat up.elty-t-pmtmro stndy also provide
a sensitive met'od of dotoctm n-mtie ord-rm in a



substance. No such data are available in the literature,
which conld have been made use of for verifying the
above disagreement between the magnetic and nentron
diffraction results. In what follows, a report on the
measwrements of the same over the range 80-200°K has been

given,
imental

The calorimeter was filled with 71.680g. (0.448 mole)
of the substance and sealed after filling with hydrogen
gas to one atnolphoro.. All the different series of measure-
ments sre tabmnlated in chronological sequence in Table XI.

The calorimeter wes cooled to 200°K and the first
series of measurements was started and extended wp to 300°K .
An anomely was observed at abowt 225°K. In the second series
the calorimeter was cooled to jnst above the anomalons
peak and measurements were repeated in the high temperature
range. Tt was then cooled to 80°K to cover the low tempe-
rature region. Series IV and V vwere done on the low tempe-
réture side of the anomaly to determine the shape of the
curve more closely in the anomalous region. No thermal
hysterésis in the compovnd has been noticed in the entire
range of the present study.

Resnlts

The heat capacity-temperatwre emwrve . ;‘;'7?:

enomalous behaviowr with a maximuwm at 233.2°K., The peak



Table XTI : Heat Capacity of Potassium Copper
Trifluoride (csl./mole.deg.)

27.43
27.63
28.08
28,83
28,656
29,30
29.96
30,15
30.40
30.62
20,85
30.23
30.25
£9.84

£9.20
28.26
28.49
27.87
27.89

261.00
264.73
268.65
262.85
266.97
271.30
276.66
277.67
280.97
284.59
288.10
202,21
296.89
299.59

238,97
241.70
245.22
248.20
261.10
256.02
268,38

27.89
27.36
28,12
27.87
£7.87
28.41
28.36
28,52
IES -
29.47
28,74
27.89
27.26
27.32
27.18
27.47

confid...
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T Cp
263.22 27.29
267.83 27.11
271.78 27.49
276,53 28.00
279.44 28.41

BERIFS - TII
86,18 11.58
87.46 11.48
90.40 1z.21
94,16 12.89
97.97 13.860

101,64 12,909
10e.02 14.17
108,98 14.72
111.78 16.31
116,04 16.78
118,40 16.29
121.87 16.33
126,99 17.27
132,64 17.66
135.63 18,09
142,04 19.21
148,48 19.81
152.47 20.36
1566.27 20.74

T Cp
SBERTES ~ IV
143,83 1lp.62
146,90 19.73
148,563 19.63
162,04 20,14
168,33 20,52
160,83 21,30
166,92 22,16
169,986 22,39
174,60 22,59
178.63 23.14
183,22 24.17
186.62 24,53
180,27 23,08
194,91 24,79
100.75 25.80
203,72 26,80
208,30 26,51
£11.08 26,72
2l4.23 27.54
216.33 28,03
104.22 14.21
106.54 14,13
108,70 14,76

contd...
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111.92
114.82
119.47
124,08
127,31
120.73
132.01
124.83
138,73
142.58
146.72
149.50
162.60
163,78

21,83
ez.32
£2.80
24,61
24.92
25.80
256.98
26,76
27.45
28.03
28.88
29.28
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is, however, a broad one unlike those in the cases of Mn,
Co and Ni compounds. Hirakawa et s1.l indicsted that the
susceptibility below 243°K deeresses slowly with falling
of temperature. Curie-Weiss law is applicable only at
temperatures higher than 500°K with @ = 356° and p = 2,16
vhere © is the paramagnetic Curie temperature and p the
effective Bohr-magneton mmmber. The measurements by
Machin et 81.%° also indfcated s maximum in the smscepti-
bility though at a slightly lower temperatwre (215°K).
The lower valve wiss attributed to the contamination by a
hydrolysis prodnet. The X-ray erystallographic studies
of Okazaki ot al.”® showed thst the compound retains its
tetregonal structure down to lignid nitrogen temperatwre.

(‘mﬂ+ (349) has an orbital degeneracy of two and
the ground state in octahedral coordinstion consists of
two non-interacting Kramers' doublets. Since the ions
assume a random distribwtion at higher levels & magnetic
entropy of Rln(28+ 1) may be expected., In view of our
limited data, an attempt has been made to evaluate
approximately the entropy in the anomalouws region using
a Debye-Finstein function viz, Cp, = D(£¥)+2£(§T‘-§)+QE($)
over the relevant temperature range. Tt was assumed that
the calculated Cp given by the above function represents
the lattice contribution only. The contribmtion duwe to

the transition wes evalvated by subtracting this from the
observed total Cy. The evalnated entropy values at 233°
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and 250°k are respectively 0.77 e.w. and 1,14 e.n. Since
the latter valuve is of the order of Rln 2 = 1,37 it is
suggested that the ground state is a Kramers' donblet,
The difference observed may be attribwted to an over
estimation of the lattice contribution by the approximate
Debye-Einstein function.

As mentioned earlier, each 0\\2+ ion has two

finorine ions at long (2.26 A ), two at medimm (1.96 &) and
two at short (1,89 A ) distances. One of the eg orbitals
is completely filled and the other half-filled and there-
fore the orbital oriented towards the two far off ¥~ ions
(dz%) showld be completely filled. The p-orbitsl of the F-
ion overlap on each side with a half-filled 0\:2+ ion in

the z' direction, while thet of the Cu® ion is half-filled
on one side and completely filled on the other side (x', y'
directions). The super-exchange intersction between co®t
ions on opposite side of ¥~ ion may be antiferromagnetic

for the former and ferromagnetic for the latter as suggested

by m-on“ and Goodomm‘.‘s

Further, Cu2+ in KCwF, has = single vwnpaired electron
in the ey orbitsl similer to thet in Mn® ' F and Le® Mn® 05 .
By neutron diffraction, Wollsn and coworkers have confirmed
the A-type antiferromagnetic structwres in MnF,'® and
1aMn0s*® Byt Seatturin et al.’® 414 not observe any super-
structure in KCnFg at low temperatwres. FEowever the iso-

structural KCrFg, which also has a single free electron in
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the e ortital has been foand12 to have the i-type anti-
ferromagnetic structwre.

_In the light of the above considerations and the
off of susceptibility with the lowering of tempe-
rature below the maximwm at 242°K and the expected magnetic
contribuwtion of R1lnZ2 to entropy in our heat capacity data,
we ¢an conclnde that the antiferromagnetic ordering exists
in KCuFy at low temperature ( < 233.2%K).

Above the Néel temperature, the heat capcecity rises
slowly =nd reaches a value of 28,5 cal./mole.deg. The
thermodynamic functions calculated at regmlar intervals of
6°K from the smoothéned hest capacity valmes are reported
in Chepter XI. The valnes of entropy, enthalpy and free
energy st 298,15°K are 35.24 cal./mole.deg. and 5387 and

- 6168 cal,/mole, respectively.

The Néel temperatwres of severzl divalent eopper
compounds are listed in Table XII for a comparative study
of the extent of super-exchange interactions in the light
of Kramers, Anderscn and Slater's theories.

Cu0 hes a monoclinie structure and the Neel tempe-
reture was found to be 220°K. This Ty could not be
compared with those of sulphide, selenide and telluride of
the series as the data for them are not available.
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A comparison of the Ty valves of the divalent
copper halides is interesting in that they show an expected
regular increase with the incresse in the polarizability
of the enions., This is in contrast with that observed in
the cases of the halides of Mn, Co and Ni, This csn be
reconciled with the fact that while the crystal field
energy send the symmetry of the anions arownd the magnetic
ion remained more or less the same in the former, these
changed considerably in the latter series.

Incidentally, it appears that the low Ty valwe
(23.9%K) observed for CuCl, by Stowt et 81.° from heat
capacity-temperature eurve needs re-exsmin~tion in view
of its large deviation from the anticipated regnlarity
observed in the magnetic data. They have, however,
recorded & very broad huep spreading over the 30-60°K
region, vhich was explained as dwe to a short range
magnetic ordering.

Finally, it may be noted that the Ty of KCuFg
(233°K) 1s much higher than that of CuF, (69°K). The
seme trend has been observed in all the eerlier cases
also, though to a different extent. /s before, this
reswlt can be Qualitatively explained on the basis of
erystal field symmetry and anguler dependence of the
Cn-F-Cn coupling interaction.



CEAPTER - IXI

THERMODYNAMIC FUNCTIONS OF THE COMPOTNDS

The thermodynamic functions swch as entropy, enthalpy
and free energy were evaluated from the smoothened valmes of
experimental heat capacity data. As the messurements were
restricted down to 80°K only, it necessitated the extra-
polation of heat capacity valpes to 0°K in order to evalnate
the thermodynamic functions. Several methods sre available
for swch an extrapolatien.

The extrapolation method suggested by Kelley et ll‘-“

may be written as
Cp (mole) = Cpo (A + BT)

vhere Cp and Cp, @re the heat capacities of the swbstance
and the standard substance respectively and A and B are
constants. As a first approximation the constant B can be
assumed to be zero, Hence the equation may be written,for
example, for KMnFg, as follows:

where the sum of the heat capacities of XKF and Mnlp
represent the standard suwbstance.
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46
Kelley et s]l. used the method essentially for
homolngons series of organic compouwnds. Shomete47 extended
it to calcwlete the heat capacities of hydrates from the

measured valnes of anhydrouws salts and water,

Debye has shown that at low temperatwres Cy is
proportional to T3 and entropy is equal to .:1; Cy. bDut as
the present measurements are not extended to low enomgh
temperstures a Debye function for the extrapolation can not
be used, Born has proposed a function of the type

- GB

Cv =ZD(?—¥-'-J +_€E(—I~"~)

L=

wvhere D(e%-) and E(-O-F) represent Debye and Einsteln functions
respectively and p the mmber of atoms in a molecule of the

substance, This egnetion has been shovnw

to represent
heat capacities of several swbstances over a wice tempera-

tvre range and permit ressonably accurate extrapoletion.

The measured hecat capacities were plotted agalnst
log T =nd the curve extrapolated smoothly into a Debye
function and wes extended to 300°K. Differences between
the measured curve and the Debye function were read at
convenient intervals., These differences were then plotted
ageinst log T and fitted with & serles of Einstein

fanctions.

Cp values below 80°K were extrapolated nsing the
following equations for KCoFg, KNiFa and KCuFa respectively :



Cp KCoFy = D(?)-t-n(%.g) +2z(§-:—§)

Cp KNIF; ® n(fll+n($) + 25 (268

D (32 + 22 (248 + 2= (22,

Cp KCuFy,

For manganese the same eQuation as that unsed for nickel
compound represents well,

The wvaluwes of thermodynamic functions above ao°x
calenlated at §° interval from the measured heat capacity
data are listed in Tables XIII, XIV, XV and AVI respectively
for Mn, Co, Ni and Cn compoumnds.



- 110 -

Table ATIII : The namic F tions of Potassi
Manganese Trifluoride

Tg:p- cal,/ nzgo.dog. ca 1./::;:?«:. c:‘{:;omole ;: i:;onilo
80 19,40 9,96* 470,3*% 226,7
BE 20.21 11.28 §79.8 378,.7
20 16.15 12.30 €68.2 439,.0
26 16.68 13.186 747.8 §01.2

100 15,786 13,96 826.4 569.6

106 16.21 14,74 906.2 640,8

110 16.76 15.61 988.8 717.2

1186 17.20 16.26 1073 796.0

120 17.78 17.01 1161 880,0

1285 18.24 17.78 1252 967.0

130 18,61 18,47 1344 1087

138 19.08 19.18 1438 11861

140 19.46 19.89 1534 1251

1486 19.86 20,68 1636 1349

180 20.21 e1.27 1733 1457

1656 £0.60 21.84 1836 1665

160 20,98 22.60 1838 1678

1686 21,87 23.28 2044 1792

170 22.48 23,91 21568 1906

1786 24.26 24.58 2271 2030

180 26,23 25.29 2396 2156
1856 23,90 256,96 2518 2285

* Extrapolated values. —
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Temp. Cp 84-5 T Z(F-Rg)
o ¢ cal./mole.deg., cal./mole.deg. csl./mole col./mole
190 23,33 26.69 2636 2417
198 23.20 27,19 2784 2648
200 28.49 27.79 2869 2689
2086 g2.72 28,387 2087 2830
210 24.00 28,96 3107 2078
216 24.26 29.6) 327 3116
220 24.47 30,08 3348 3268
226 24.67 20,63 2472 3420
230 24,90 21.17 3594 3576
2386 26.19 3l.71 3721 3731
240 £25.46 32.24 3848 3890
245 256.71 32.77 3976 4062
280 26,82 33.20 4104 4218
2656 26.19 33.81 4236 4385
260 26.42 34,32 4366 45659
266 26.62 34.82 4499 4729
270 26.83 36.32 4631 4906
273.156 26.94 36.623 4719 8017
2756 27.01 35.82 4767 5082
280 27.13 36.31 49,01 5263
2886 27.28 36.78 5039 5441
290 27.39 37.26 5174 65626
286 27.48 37.73 5312 6818
298.15 27.80 38,02 5299 5938

300 27.52 38.20 5451 6009




Table XTIV

Thermodynamic Functions of Potassium

Cobalt Trifluoride

"

c
cal./zole.dex. cal.?i;:e.dog.

-t

cal./mole

=(F-Hq)

cal./mole

.- - -

Temp.

°x

80 12,90

886 14.01

90 1s.12

98 16.20
100 18,81
1086 20.49
110 22,16
116 18,82
120 18,82
126 19.44
130 20,00
138 20,66
140 21,01
1456 21.47
150 21,89
186 22,33
160 22,76
166 22,185
170 23.63
176 23.84
180 24,07
1856 24,35

10.11*
10.92
11,76
12.60
13.49
14,43
15.43
16,22
17.12
17.90
18.67
19.43
20.19
20.9%4
21,67
22.40
22,11
ga2.82
24.62
26.20
25.88
26,54

* Extrapolated values

480.0*
547 .4
692.2
671.56
766.0
868.6
964.2

a2g8,.8*
380.7
468.2
626.5
§938.0
647.5
733.1
8l2.56
899.0
$36.0
1027
1121
1220
13e8
1429
1618
1666
1771
1888
2016
21456
2276

contd,..
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T:np. Cp 8.=8q Ep-H, -(F-Ep)
K cal,/mole.deg., cel./mole.deg. cal./mole cal./mole
190 24,66 27.19 27568 2408
196 24,91 27.84 2882 2646
200 256,18 28.48 3007 2689
2086 26.39 £9.10 2138 2834
210 25,62 £29.72 3261 2980
216 256,82 80,82 3388 3130
220 26.09 20.92 3619 2284
226 26,34 21.81 2648 3441
220 26,68 22.09 3782 3697
2386 26,79 22,77 2916 3784
240 £26.99 33.28 4062 3923
245 27.08 33,79 4186 4083
260 27.29 34,24 43ez 4263
2686 27.61 24,89 4460 4436
260 27.77 36.42 4598 48610
266 27.91 356.95 4738 4785
270 28,08 36.48 4878 4972
£73.156 28.19 36.80 49865 5086
278 28.85 36,99 5019 5151
280 28,29 27.80 5168 5342
288 28,563 38,01 5302 5528
200 28,65 38,50 6448 8716
286 28,76 38,99 5681 5919
208.15 28,84 29.40 5669 6040

300 - 28,89 29,48 §732 6112
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Table AV : Thermodynamic Functions of Potassium

Nickel Trifivoride
Tg:p. ctl.abiz.du. cal? agc.do;. :’.‘{:50-019 c;g;:gic
80 11.90 9.95% 470,3* 326.7
86 12,80 10,90 $81.38 8986.1
90 13.22 11,43 696.6 433.1
96 14.00 12,17 662,6 492.4
100 14.80 12.91 736.7 666.3
106 15,61 13,66 811.4 621.6
110 16.19 14.38 8980.0 691.8
1156 16.79 15,12 972.5 766,56
120 17.886 15.86 1068 844.0
126 17.92 16.67 1146 926.0
130 18,36 17.28 1237 1009
136 18,77 17.98 1330 1098
140 19.20 18,67 1425 1188
146 19.68 19,86 isg2 lg84
160 20.08 20.02 1624 1379
1656 20.40 20.63 i7ee 1476
160 20,82 21l.54 1826 1589
166 21,26 £1,99 19381 1697
170 21,70 22,63 2038 1809
176 22,10 23,27 2147 1924
180 22.42 23,89 2269 £2042
1886 22,78 24,61 2372 2163

£
Extrapolated values. contd...
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Tgu. = 515 BBy - (i)
cal./mole.deg. cal,/mole.deg. cal,/mole cal./mole
180 22,00 26,12 2486 2287
195 23.27 26,72 2602 2412
200 23.50 26,32 2719 25645
206 238,76 26.90 2837 2679
210 24.00 27.48 2966 2816
215 24.40 28,08 3077 2965
220 24.87 28,62 3200 3096
226 26.28 29.18 2326 3240
230 25.80 29.76 2453 3389
236 26.42 30.30 35684 3536
240 27.30 30.86 a7z1 3687
245 28,48 31.44 2866 3847
2860 29.81 32,02 4002 4003
2568 30.00 32.63 41866 41656
260 26.76 33,17 4291 4332
268 26,70 33,68 d4rs 4499
270 26,71 34.18 4887 4673
273.18 26,78 34 .48 4641 4812
276 26.82 34,67 4691 4894
280 26.90 36.16 48286 5017
286 27.10 36,66 4960 5200
290 27.20 36.10 5086 5384
2056 27.27 36.57 6222 6658
£98.15 27.20 _ 26.86 6208 5679

300 27.23 a37.02 53869 5780
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Teble AVI : Thermodynamie Functions of Potassium
Copper Trifluoride

°K Cp 8,84 Ep-H, -(5-Hy)
........ SURRAeg. CRiReiee: ShTeels  B/eis
80 11,00 8,1566* 407.3* 246.2%
86 11.60 8,840 463.56 288,0
20 12.20 9.520 5g2.6 334.1
296 12,96 10.20 §86.1 383.9
100 13,60 10,88 661,3 4:26.7
1086 14,26 11.67 720.3 498.,7
110 14,90 12,24 7938.0 £554.0
116 15,66 12,92 870.3 615,7
120 16,20 13.60 948.3 682,77
1256 16,90 14.27 1031 782,0
130 17.60 14.956 1117 827.0
136 18.20 156.62 1206 903,0
140 18,76 16.29 1299 981.0
1456 19.37 16,96 1384 1066
160 20,00 17.63 1492 1162
1686 20,60 18,29 1696 1239
180 21.23 18,96 1689 1346
166 21.77 19.62 1806 1432
170 22.37 20,28 1916 1516
176 22,92 20.94 20230 1624
180 23.42 21.69 2146 1740
186 23,92 2c.24 22656 18560

*Extrapolated values.
contd,..
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T p Sr-8o By~ - (Fy-Ep)
cal.fmole.deg. onl./hhdoc. cal,/mole cal,/mole
190 24,386 22,88 2386 1961
196 24,88 2:.62 2609 2077
200 26.38 24.156 2626 2204
206 26,06 24,79 2754 2229
210 26,86 28.42 £896 2441
215 27.60 26.07 2082 2672
220 28,38 26.70 2174 2699
226 29,37 27.386 3318 2837
230 30.36 28,02 3468 2977
236 20.60 £8.68 2620 a1el
240 £29.26 29,81 23770 2264
2456 27.87 29,90 3913 2412
250 27.38 20,46 4061 2564
256 27.26 21,00 4187 3718
260 27.30 31.68 4224 3874
265 27.45 32,08 4461 4021
270 27.57 22,56 4698 4194
273.16 27.656 a32.86 4686 4291
278 e7.70 23,07 4736 43867
280 27.90 32,87 4875 4524
286 28,08 34.07 6018 4692
290 28.20 34,58 6166 4886
2056 28,40 35.04 5288 8042
298,16 28.47 36.24 6387 6163

300 28.62 36.62 6442 5208
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CHAPTER - XII

GERERAL ION

The erystal field thoorya" together with the Jahn-

Teller effect predict that ions with orbitally degenerate
electron configuwrations distort their environment so ss
to remove the degeneracy, For trensition metal ions the
d-orbitals are split by an octahedral field into a lower
triplet, tg‘, and an upper dowblet eg. “hen the
degeneracy occurs in the antibonding orbitals the distor-
tions from the cwbic symmetry will be large, while in the
non~-bonding, t“, they are small. More refined treatments
show that the strong spin-orbit couwpling redmces the
degeneraey of Co>” to a kramers dowblet which cannot be
split by configurational distortions of the Jshn-Teller
type. Thus in the present series of compovnds containing
Mn (30%), Co (37), ML (34°) and Cn (3a°) no distortions
can be expected except in iCuF, where large distortion of
the Jahn-Teller type duwe to the d9 configrration may be
anticipated.

In accordance with the theoretical prediction, 1t
has been fonnd that QinFg, KCoFy and KNAF, erystallize in
the cubic perovskite structures (space growp Op Py 3p) -
and their lattice constsnts do not differ radically (p.64.
Table IV). KCuFy shows a tetragonal strwctvre which can
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be looked upon &s distorted from the cwbic symmetry.

The compounds a2re parsmsgnetic at room temperatwre.
There is an appreeiable contribmtion to the entropy
arising from a change of completely ordered low tempers-
ture form of the megnetic ions to a high temperatwre form
wvhere there 1s a random distribwtion smong several
electronic states. The entropy is lost at low temperatures
by & cooperative process of sntiferromagnetic ordering
involving interactions between the neighbonring magnetic

iens,

The msgnetic ordering of the componnds can be
accounted for on the basis of indirect exchange intersct-
ions, The cation eg orbitals overlap with the p-orbitals
of the intervening anions snd hence these orbitals womnld
be expected to be associsted with the indirect magnetic
exchange covpling in these compowndis. Thus the half-Tilled
orbitals o7 twe magnetic cations in KMnF., KCoFy and KNiF,
overlap respectively the two p-eorbitals of the anion (F~ )
and the octahedral symmetry of the e, orbitals lead to the
observed G-type antiferromagnetism.

2t jon 1s half-filled

In KCwFa, the overlapped Cu
on one side of the "~ ion and completely filled on the
other side. Thus the super-exchange interaction between
cn?t 1ons on opposite side of the F~ ion may be antiferro-

pagnetic for the forser and ferromsgnetic to the latter
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i.e., an A-type antiferromagnetism may be expected below
the léel temperature,

Recently the extent of super-exchenge interaction in
these compownds has been investigsted theoretically as well
as experimentally by Shulmen et 1. ° and Hirakawa:® They
determined the fraction of uwnpaired spins, fg, f_- f in
the 2s and 2p orbitals of ¥~ ions where the subscripts
8, « yand T refer to s, P, and p. orbitels respectively.
While the fg valwes remain small =2nd nearly constant
(~ 0.6 %)y the (£, - ) values change remarkably from
one compound to another,

In MnZ with half-filled orbitsls a very small valuwe

of (f~= f~r) viz. 0.18 % has been observed as a reswlt of
the cancellation of nearly szme valves of f_~ f,. ., In the
cese of Ni°' where t,, orbitals ere completely rilled but
eg orbitsls are half-rilled & positive valwe of 5} is
expected becawse f ~ O, Experimentally s value of 4,85 %
has been observed, Applying the ssme considerations, an
intermediste value for Co®' where tgg orbitals are
pertially filled, is antieipated, However, a value of
5.7 §, which is higher then that of Ni=' ,has been found.
After accownting for the partial quenching in the cwble
field of the orbital, a valne of 4.9 was obtained which

is within the expected order.

The heat capecity measurements on the componnds
o o
indicated anmomalons reglons with maexime at 83.3 , 109.6 ,
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253.6 and 235.2 °K respectively for the Mn, Co, N1 and Cvw
compounds. The rapid drop in the heat capacity on the
high temperature side of the anomsly and the N=sghape of
the curves clearly indicste the charscteristic antiferro-
magnetic ordering of the magnetic moments of these cations.
A comparison of the maxima observed in the present measure-
ments with the corresponding Néel temperatvwres reported in
the literature from various other studies is given in
Table AVII,

Table AVII

Comparison of Néel Temperatures of the Present

S € O
Compound & Néel temperature °K
Heat capacity Magnetic Other
mes surements susceptibility studies

(Present work)

- - - e

KMn¥F, 82,2 88 88 (C)
KCoFy 109.5 1143 135 112 (X)
114 (C)
112 (A)
KNiFg 263.56 276; 280 253 (&)
KCuFg e3z.2 2433 215 243 (X)
C = Thermal condvetivity;
L = Xeray diffraction;
A = |Magnetic anisotropy.

It is seen that the agreement in general is satisfactory.
It may interesting to note that the heat capccity maxima
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observed are lower than those given by magnetic suscepti-
bility messurements. The higher values in magnetic stndies

has been explained as dve to statistical orrout-}’ao

As the transitions dccur at sufficiently high
temperatures in these compounds, the lattice contribution
form an important fraction of the total heat capacity and
it must be estimated with considerable acenracy in order
to calenlate the entropy changes associsted with the
magnetic ordering. Assuming that the lattice heat capacity
of ﬂ02 eguals that of isomorphows, diamagnetic ThOg,
Osborne and Westrns®® estimeted the megnetic contribution
in "0y by subtracting the heat capacity of Ihoa from the
observed vslue for M0,. Catalano and Stouto® however,
have shown that such an assumption fails in NiF, since
the observed heat capacity &t higher temperatures is
considerably lower than that of the isomorphows diamagnetic
ZnFé. S0 they used the data on the diamagnetic salt
together with a corresponding states ar;ulontSI to estimate

the lattice contribwtions of such compounds.

Since svch an estimstion is not possible &t this
stage,as mentioned earlier, Debye-iinstein type of function
was used to evuluate the vibrational heat capacity.
Admittedly such an estimation is not accurate since it
over-estimates the lattice contribution btnt still can be

nsed for an approximate evaluation, The difference



- 123 -

between the observed heat capscity and that given by the
Debye-Einstein function may be taken to be that dme to
the magnetic transition. The values of magnetic entropy
obtained for KCOFS, KHiFa and KCuFé ere 0.82, 0,64 and
0.77 e.u. respectively at the Néel temperatvwres. These
valves are, however, much lower than the valunes expected
from their spin configurations viz. HKln (25+1). This,
however, can be taken as a clear indication of the
persistance of short range order above the Néel tempera-
tures. That there is always a considerable magnetic
heat capacity in the short renge order region above the
maximmm is 2l1so expected from more elaborate statistical
theories of the antiferromagnetic transitions. Eut there
15 as yet no theory which agrees quantitatively with

experiment.

The smoothened heat capacity-temperature curves of
all the componnds 2re given in fig.8 for direct comparison.
KCoFg, 1is heving & higher heat capacity than that of all
other compounds of the series, throughont the range of the
present measurements., KMnF, and KNiFy are having almost
the same valune except nesr the transition regions. KCuEé
is having the lowest valune in low temperature region znd
then rises steadily becaunse of the transition. A comparison
of Cp, AH, AS, and -AF of these compounds at 298.,15°%
are given in Table XVIIL.
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Standard Values of C,, AH, AB and - AF of Some

-m-

e KV

Related Divalent 24 Transition Growp Compounnds

at 208.16°K
Componnd Cp AR AS — AF
cal./mole.deg. cal./mole cal,/mole.deg.
KMnF, 27,60 52399 28,02 19,92
KCOFS 28,84 5669 239.40 20,50
KRiFs 27.20 5808 36,86 12,04
KCuFS 28.47 5387 35,254 17.29
MnFy 16,23 - 22,286 -
COFR 16.44 3008 19,69 2.67
H1F2 15,21 2729 17.69 8.44
Hno 10.54 - l4.27 -
Co0 13.20 - 12,66 -
NiO 10.46 - 9,08 -
Cu0 10,11 569 10.19 4.80

It can be seen the valuwe for KCuF; is in between

that of mFs and myso
cepacity st room temperstwre,

The latter has the lowest heat

These cobservations are in

general agreement with those of other divalent series of

compounds, for\oxuplo, oxides and flvworides of the iron

grovp as noted in the Table XVIIL.
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Co0 and CoFy 2180 have higher heat capacities at
higher temperatures than the corresponding Mn, Ni and Cun
compounds. The oxides of Mn and Ni have nearly the same
valves at room temperature, RiFé has the lowest valune of
the series as in the case of the donble flworides. Cw0
has higher heat capacity than NiO at lower temperatﬁres
but lower near room temperazture which is different from
that in the trifluworides.

4 comparison of the Néel temperatnres of the present
series with other similar series of componnds such as MFq,
Mo, is worth mentioning. 1In general, there is z snecessive
incresse in the Néel temperatwres with increase in the
number of delectrons as can be seen in Table IX.., The
trensitlon temperatwres observed in KMF, group may be
divided into two viz. the low and a high temperainre grouwps.
Compounds with :2, e? (i.e. C02+§ configuration or that
with lesser mwmber of alcctrons viz, ﬁﬁjtﬁg‘ ei) form the
lower whereas Ni (tgg &2 ) and Cw (t 03) with more electrons
form the other group. kFeF with t28 e2 has been reportedl
to show a transition at 113°K from magnetic stundies in
consistence with the above grouping.

In view of the more or less the same erystal fleld
potential in the cases of the oxides as well as of the
dowble fiworides a proportional rise in Ty may be expected
in the order Mn< Co <{Ni. However, it is observed that for
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Co compounds the Tys are smsller than anticipated, the
lowering being mwch greater in the flvoride. This may be
ascribed to weaker cowpling ceuwsed by spin-orbit inter-
sction. Compared with the oxide the wesker crystalline
field present in tixe KCoFy system may have censed a8 further
1ower1§g of Ty.
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S THMMARY

Low temperature calorimetric studies have always
arounsed considerable interest among scientifie workers,
a8 sveh information are of fuyndamental importance in
developing and expleining theories of the structwre of the
condensed phases and elucidation of solid state properties.
Furthermore, the increased requirement of basic and
epplied research workers for thermodynamic properties has
led to a demand for accurate tabmlation of thermodynsamic

data of svbstences over i broad tanpcratnre'ran;e.

In & programme of studies of the thermal propertlies
and phase transitions of materials of fundamental and
technological interest, a low temperature isothermal
calorimeter has been constructed with some modifications
to those described in the literature, to suit our limited
workshop and laboratery facllities,

An all-glass apparatus has also been constructed
for the calibration of copper-constantan thermocowples at
some fixaﬁ points for preclse temperature measwrement.
The calorimeter heaster-wire used as a combined resistence
thermometer-heater, is ealibrated contlnwovnsly during

the heat capacity runs every time.
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To show the performence and reliablility of the
apparatus and to check the temperatwre scale, heat
capacity of standard benzoic acid has been determined in
the range of temperatnre 78-200°K. These data and
derived thermodynamic properties suwch &s entropy and
enthslpy are compared with National Burean of Standards

valnes.

Recently the compounds with perovskite-like
structures are becoming very important as they show many
interesting solid state properties. The erystal
strwcture and magnetic properties of these have been
investigated experimentally &nd theoretically in detail
by varions workers. UWe have been interested in the
thermodynamic properties of a series of KMF, type
componnds, where M denotes divalent 3d transition growp
element swch as Mn, Co, Ni and Cn. They also belong to
the same growp and show nntiferronagnetic ordering at
low temperztures. 1In these materials one mey expect
plenty of information abowt magnetic interactions and
phase treansition mechanism since the Hg*'iona are
arranged more or less in a simple ewnbie lsttice with
F= lons in the centre of the adjacent M°' ions. The
magnetic and erystallographic studies of these compounnds
have been reported but no thermsl d=ta are available.

The hest capscities and derived thermodynamic properties
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of some of these compouwnds, viz. KMnF,, kCoFa, KNiF, Bnd
nCuF, have been reported in this thesis.

The heat capscity-temperature stndy of K}&nl?3 shows
two transitions, cne at 82,2°Kk snd the other at 179.0 k.
The former is lambdzs shaped dnwe to en antiferromagnetic
ordering below this tempersture. Thermal conduwetlvity,
snsceptibility and nentron diffraction dste are consistent
with onr resvwlts, The latter hump 1s attributed to a
erystallographic trensition where the componnd changes
from a low temperstwre tetragonsl to a cuble perovskite
structvre, The instability of the Kﬁnfa lattice
indicated by the low value of the Goldschmidt tolerance
factor (t = 0.88) might be responsible for this structural

change,

KCoFg and LN1F, e:xhibit peaks in heat capaclty
versws tempersture curve, at 109.5°k and 2562,8°K
respectively. These also correspond to antiferromagnetic
trensitions. Zi-ray, neutron diffraction and thermal
conductivity studlies lend support to our finding of the
néel point of ilofg, whereas only anisotropic measvre-
ments agree with onr dets on KNilg.

o
Similsrly, KCuwF, reveals & hump at 233.2 &, dne

te an antiferromegnetic ordering of the stomic moments

o4

of Cn“" icons below this temperature, This Kéel



- 136 -

temperature is slightly lower than that reported from
snsceptibllity measvwrements while neuwtron diffraction
studies have falled to observe magnetic ordering in this
salt,

An attempt has been made to evalwate the magnetic
entropy associated with sntiferromagnetic transitions in
these componnds, Lower valwes than the expected
R1n(28 + 1) have been obtsined in all cases which may be
ettribnted to the persistence of short-range order sbove
the Néel tempor:ture,

- The Néel temperstwres of these compouwnds have
been compared with those of the related types reported
in the literature and correlated on the basis of the
super-eichange coupling mechanism given by &nderson and
Slater.

The thermodynsmic functions such as entropy,
enthalpy and Glbbs energy have also been calcmlated et
%K increments of the functions in the range 80-300°k.
Since the experiments]l measurements are limited down to
80°K only, the heat capscities below this temperatmre
heve been extriépolated wsing a Debye-Einstein type of

function.
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The valnes of Cp, Sp-Sq, Hp=Hy and =(Fp~E,) for
the compounds st 298.15°L along with their Néel points

(Ty) are given below:

Componnd Ty Cp Sq=8p Hy-Hy  ~(Fp-Hy)
Sk cel./deg.aole crl./deég.mole esl,/mole cel,/mole

KMnF,  83.3 27.50 28.02 5399 5958

ECoFy  109.6  28.84 29.40 5669 6040
KNIF, 263.56  27.80 26.86 5208 5679
KCnF,  233.2 28.47 26.24 5287 51523

These general trend of heat eapacities have also
been compgred with those of the related systems suvch as

A and HFE,
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Appendix I 3 Temperature T versus Thermo-e.m.f. E
valnes
T°K P 4E/dT o
_ ~ T°K B dE/aT
-u-----wuﬂf,,--lt’ memﬂlts
» 24
74 - 5576 118 - 4729
‘ 16 e4
76 - 5544 120 - 4674
24 17 : 24
78 - BELO 122 - 4626 :
17 24
80 - 5476 124 - 4578
17 24
8g - 5442 126 - 4530
17 - =4
84 - 5408 128 - 4482
18 : 24
86 - Ba72 130 - 4434
18 24
88 - 5336 122 - 4386
v 18 24
20 - B300 134 - 4238
i8 24
92 - 5264 126 - 4290 :
. i 18 24
94 - 5228 : 138 - 4242
20 el
06 - £192 140 - 4194
| 20 ~ | 24
o8 - 8182 l42 - 4146
20 24
100 - 5112 144 - 4098
§ 20 - g6
102 - 5072 146 - 4048
20 26
104 - 8032 148 - 3998
: 21 25
106 - 4992 150 - 3948
. . 21 ' 26
108 - 49560 152 - 3896
21 g6
110 - 4008 154 - 3844
21 26
112 - 4862 166 - 3792 -
: 20 26
1l4 - 4816 168 - 3740
\ o3 ; 26é
116 - 4770 160 - 3688

contd...
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°K B dE/d
T
Mierovolts f“x Nicrzvbltn wo—
- o - RS SN T S e T e T -
- a2
162 3636 208 - 22986
164 2582 210 - 55 -
o8 az
166 3528 ez - 2168
- 32
168 2472 214 - 2304 '
170 2416 elé - 2040
172 3360 i 218 - 1976 '
32
174 3804 220 - 1912 |
a8 82
176 2248 222 - 1848 |
. ' ag
178 3192 " 224 - 1784
29 = 24
180 2134 226 - 108 ‘
29 ' o4
182 3076 228 - 1648
184 3018 230 -~ 18
- 35
186 2960 232 - 1510
i 36
188 2902 234 - 1440
190 2844 236 ~ 40
20 35
192 2786 ec8 - 1300
_ s 35
104 o728 240 - 1230
29 ' 38
196 2670 242 - 1160
20 %
198 2610 244 - 1090
21 "
200 2548 246 - 1020
a1 3
202 2486 248 - 948
2 37
204 2424 sso -
" 37
206 2260 262 - 800

contde...
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%K E an/aT ™K E AE/dT
Mierovolts Microvolts
a8 a8
264 - 724 278 184
' 88 - : 38
256 - 648 280 260
_ .38, o , 38.5
2568 - B72 282 337
38 38.8
260 - 486 , 284 414
38 39.
262 - 420 286 492
88 . : 28
264 - 244 288 510
28 ap
266 - 268 _ 290 648
28 , e 3B.6
£68 - 182 202 727
38 39.5
270 - 1lé £04 806
a8 7 40
e7e - 44 £96 886
as 40.5
274 32 208 967
38 o 1 40.5

276 108 300 1048
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Abstract

From the idea of continuity of states a relation between the pressure change

of the bulk modulus of rigidity, i.e. [‘f’%@l] , and vapour pressure has been

T

formulated by using the well known virial equation. The relationship between
_ [d(1/B)

G = [ dP

The derived equation has been applied to a number of liquids and was found

to be very satisfactory especially when considering the simplicity of treatment

of the fluid state.

The discovery by ANDREWS [1] of the critical phenomenon and the idea
of corresponding states have greatly contributed to the realisation of the
idea of continuity of states especially between a vapour and its liquid. K AMER-
LINGH, ONNES [2] and various others [3, 4] have extensively used the so-called
virial equation to represent the behaviour of imperfect gases. From the idea of
continuity of states one can extend the representation to liquid state as well.
By such a representation and by using thermodynamic arguments important
conclusions [5] can be arrived at. Therefore we write the equation of state
for the fluids as

] and intermolecular energy force constants has been discussed.
T

_RT ™ Bn

SR 0
That is to say the pressure of a fluid can be adequately expressed as a poly-
nomial of 1/¥. The Bn are the so-called virial coefficients which are functions

of temperature and intermolecular forces only [6, 7].
At this point it may be remarked that equation (1) is not purely empirical
because it was shown by MAYER and others [8, 9, 10, 11, 12, 13] with the help
of statistical mechanics that P can be expressed as an inverse power of V.

1 Dr. R. V. Gopala Rao, H. V. Keer and C. D. Das, Poona/India, National Chemical
Laboratory.

Communication No. 480 from the National Chemical Laboratory, Poona - 8 (India).
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MAaYER’s theory actually predicts the phenomenon of condensation and further
it accounts for the constancy of pressure when the gas actully begins to liquid.
However there is still much controversy about exactly how the change of state
is associated with the singularities, even though it may be admitted that MAYER’s
theory is a far greater advancement in formulating an equation of state. Fur-
ther it is rather difficult to calculate the higher virial coefficients from the so-
called cluster integrals [8]. But one can get greater satisfaction to-day from
the fact that equation (1) is not purely empirical in nature.
For the process of actual vaporisation MAXWELL’s theorem states [14, 15]
that Ve
P(V,—V,) = [PdV 2)
Yo
where P is the vapour pressure of the liquid and ¥V, and V, are the molal

o
volumes of the gas and liquid phases respectively. Further, if the virial co-

efficients in equation (1) can be related to the derivatives (z V) for both liquid

and gas the vapour pressure can be related to these derivatives Wthh are pro-
perties of individual phases and are not related to equilibrium. Therefore
through the idea of continuity of states, the equilibrium properties of the
two phases can be predicted from the properties of the individual phases
in question. However, because of the limitations of the available accurate data
of compressibility, the practical realisation may not be as good as desired.

Relation between vapour pressure and pressure change of bulk modulus
of rigidity
As a first approximation we make the assumption that m = 5 can represent
the state of fluids adequately and hence equation (1) can be written for fluids as

RT B, B, B, B .
= e O B W B W (3
f= V+V2+V3+V4+V° )
Hence for the volume of the gas and liquid we can write

RT B, B, B B

P—sm =i b sk (4)
RT B, B, B, B,

P = il — s 3
v, Tttty (3)

By substituting equation (3) in equation (2) we get

V 1 1 1 1 l
0 o g/

54

1 (1 1y 1 L1
"3 B*(’l?,? - ﬁ) " Bﬁ(Vﬁ ~7)
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Since compressibility isdefinedas 5 = —1/V(d V/d P);, we get from equation

(5) for the compressibility of the liquid the following expression:
1 RT+_2_82_ 333+ 4B, , 3B;

g v, Vi v VW

(7)

Further, if the vapour pressure is not high, it is reasonable to assume that
the vapour phase of the fluid obeys the ideal gas law. Therefore equation (4)
becomes
By | B;

By
0= B+ 3+ 5+ 33

AR (8)

Under ideal gas law conditions we also have V, > V,. Hence V, can be
neglected in comparison with V,; so that equation (6a) reduces to
V4 i B. B B B

T — RTI (__ N e e

o v =7, T2 v 3 T aps

a

(6)

In the case of non-polar liquids, it was shown by MoeLwyYN-HUGHES [16]
by thermodynamic arguments that the pressure change of bulk modulus of
rigidity is a constant, i.e.

— _d{lfrﬁ) _
C, = [ apP L— constant
Further he showed that [16]
1
Cl=§(ﬁ+m+6)

where n and m are the exponents for repulsion and attraction in the well
known bireciprocal function of LENNARD-JONES [17, 18]. Even in the case of
polar liquids a three constant potential function of the type [19]

D =Aa" — Ba" — Ca™*

adequately represents the potential of a polar molecule. Here 4, B and C are
constants and the first term is due to repulsion while the second and third
terms are due to van der WaaLs' forces and dipole-dipole interactions, re-
spectively. It can be shown [20] that

agy _ 1 {%*m_fn —mmtm+6)+pr-—pr+p+ 6)}

dP | 3 Rm(n—m) +pln—p)
= constant

ce|

and
(na:r;-mw.riav-p _pa;mo—ﬁ}
(ma;ma—n_ na—no.—m)

5

R =

where g, and ¢ are the equilibrium distance and collision diameter respectively.
That 1s, in the case of liquids in general the pressure change of bulk modulus
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of rigidity is a constant. Therefore from equation (7) we can easily evaluate C,
which comes out to be

C, RT 4B, _ 9B, 16B, _25B

BTV, T Tt s T 0
Then from equations (3), (6), (7), (8) and (9) we can solve for C, and geti
| 0 1 1/v, 1/V?2 1/¥3
Cp—(RTIV) 1P 1y 1yt 1V
RT— RTInx /v, 12v:  1/3¥3 1/4ve
( (RT/V,) 2/V: Ve 4V 5/V3
C, = ‘ __RT}V, —4/v: T =9v: - Iﬁ,—"lng = 25 Ve
0 1 v, 1/Ve Nz
0 1/vE V3 11V 1/vE
| 0 /v, 12V 13V 14vE |
l 0 2V 3/v3 4/Vi 5/Ve |
| g —4¥: =9y 16V —25VF
where x = ;%— =V, /V,.

Neglecting V, in comparison with ¥, we can simplify the above determinant
in a straightforward way and get

L 25RT  2RTInx 11 - .
Go==3681p - gy~ 3Vt,—"*§6_,3'J (19)

If the vapour pressure is small, the first term is negligible in comparison with
the remaining terms. Hence we have

1_1_5(:;‘1:21095(12111):—25} (11)

Equation (11) is surprisingly simple and is convenient for evaluating C,
and hence the intermolecular potential energy constants from single values
of fi and x.

In order to have an idea about the order of magnitude of the errors in-
volved in neglecting V, in comparison with ¥, we can take the example of
benzene. The vapour pressure of benzene at 20 °C is 74.8 mm He. At this
vapour pressure and temperature, to a first approximation, one mole of
benzene vapour occupies 22.4 litres and its molal volume in the liquid state
at the same temperature is about 89 c.c. Therefore V /¥, = 2500 and hence
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V, > V,. Further, in equation (10) p is neglected in comparison with the other
terms because p is in general a fraction of unity while the other terms run
into hundreds and thousands.

For example, again for benzene at 20 °C, p = 0,099 atm, while]

25RT 2RTInx 11
187, = 375 atm, ~3—VQ-——I425atm and 365

= 2900 atm

Equation (11) has been applied to a number of liquids and the calculated
values are given in Table I, column 6, while the experimental values [19, 21,
22, 23] are obtained from the slope of the graphs of 1/f vs. P and are given
in column 7.

Table 1
v, “Temp. [21, 22, 25] [19, 21, 22]
L I
iquid oC Vml | pmm 21,23 B 10° atm-? | Cy(cal.) C, (Exp.)

I. Hydrocarbons
a) Pentane 20 112 183.7 176 6.74 -
b) Hexane 23 131 139.3 159 7.58 7.75
¢) Heptane 20 | 147 414 144 7.65
d) Octane 23 163 12.5 121 7.96 8.5
¢) Benzene 20 89 74.8 95 7.41 8.0
f) Toluene 20 | 106 22.2 92 7.56 8.0
2. Esters
a) Methyl acetate 20 79.3 169.8 101 7.23 8.0
b) Ethyl acetate 20 98.0 72.8 105 7.44 8.0
¢) Ethyl propionate 20 115.0 27.8 102 7.64 8.0
d) Methyl butrate 20 113.0 24.5 98 7.64 8.5
¢) Ethyl butrate 20 132.0 11.3 101 7.61 8.5
3. Alcohols
a) Methyl alcohol 0 | 40 30.0 90 2.0 8.8
b) Ethyl alcohol 0 57 12.2 100 3.4 5.4
c¢) Amyl alcohol 20 108 2.5 91 5.7 6.0
d) Isoamyl alcohol 20 109 23 99 6.2 8.7
¢) n-butyl alcohol 20 92 43 97 57 9.0
f) Tertiary butyl

alcohol 20 | 74.1 30.6 108 6.7 10.0
4. Miscellaneous
a) Carbon

tetrachloride 20 97 91.6 106 7.5 8.6
b) Mercury 0 148 1.9-10* 3.9 8.1 6.8
¢) Ethylene bromide | 20 86.0 10.2 59 79 -
d) Carbon

disulphide 20 60 298 87 7.0 7.5
¢) Acetone 20 73 185 105 6.7 6.5
f) Chloroform 20 80 160 102 1.2 8.2
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The agreement in most cases can be considered as very good especially
when considering that we are dealing with the pressure change of bulk modulus
of rigidity which contains the derivative of pressure with respect to volume.
However, in the case of alcohols (especially those with low molecular weights)
the calculated values of C; are in poor agreement with the experimental
values, which is also the case even in the theoretical evaluation of compressi-
bility coefficient [5]. The reason for this deviation is most probably due to
the fact that higher order virial coefficients (m > 5) may have to be taken
into account. That means the pressure of a fluid has to be represented by con-
sidering a greater number of virial coefficients in the polynomial expression (1).
But this introduces a large number of unknowns which are to be eliminated
in order to correlate the physical properties of the fluids.

In the case of non-polar liquids, C; is simply related to n and m, and by
London’s theory of dispersion [24] m can be taken as equal to 6 and hence »
can be evaluated. In the case of polar liquids it is reasonable to take [20]
m = 6 and p = 3, and in order to evaluate » one still requires a knowledge
of the collision diameter ¢ and equilibrium distance a,. At any rate equation (11)
should be useful in checking the experimental value of C, i.e. the pressure
change of bulk modulus of rigidity.

A General Correlation between Vapour Pressure and Intermolecular Energy
Force Constants

It was shown [5] that
fpx(6lnx — 11) =1 (13)

where 3, p and x have their usual significance, when the pressure of a fluid
is expressed by
_RT 4 Bn
P=y e
This suggests that a plot of logx against V,/$T should be a straight line
for all liquids at all temperatures. It is obvious that this is not the case. The
reason probably is that the representation of the pressure of fluids as a poly-
nomial of 1/¥ is inadequate, as has already been stated [5], and higher virial
coefficients ought to be considered to get better agreement with experiment.
Now, in the derivation of equation (11) it is assumed that m = 5, i.e. one
more virial coefficient, namely B;, has been taken into account in expressing
the pressure of fluids. Equation (11) can be put in the following form

Ve, 24RInx 50R

BT " 11-¢C, 11-¢,

Equation (14) implies that a plot of logx against V, /3T should be a straight
line at all temperatures for a particular liquid only, as shown in figure 1,
in the region where the approximation holds, namely V7, > V,, since the slope

(14)
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of the graph contains C, which is a constant characteristic of a particular
liquid and related to its intermolecular force constants, thus scoring definite
edge over the inexplicable situation met with in the former case [vide equa-
tion (13)].

The authors are grateful to Dr. A. B. Biswas, Assistant Director, for his
interest in this work.
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COHESIVE ENERGIES OF ALKALI HALIDES
R. V. GOPALA RAQ, H. V. KEER axp C. DEENADAS

Narronan Ceemrcar, LaporaTory, PooNa-8 (INDTA)
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The prineipal interactions in ionic lattices which are Coulomb interaction,
van der Waals® interaction and overlap force, are two body foreces. In the case of
simple ions possessing spherical symmetry and rare gas structures, the cohesive
energy can be represented as a function of their distance apart. For the ionic
crystals a number of observable properties can be calculated using a bireciprocal
Lennard-Jones potential function coupled with a coulombic term. Recently th
cohesive energies of ionic crystals have been calculated (Sharma and Madan, 1961)
using a (12 : 6) potential function. It was pointed out that the discrepancy with
the experimental data was more pronounced for lighter alkali halides. Hence
the authors presently aim to propose an appropriate (9:6) potential funetion for
such alkali halides. This is reasonable in the light of the fact that the values of
the repulsion constant ‘»’ obtained by Pauling’s rules (1927, 1928) derived from
a theoretical treatment of the interaction of closed shell electronic configurations,
lie in the vicinity of 9 (Sherman, 1932).

Hence the energy per cell is represented by

2 B
Py = — Oﬁ; “_;g _‘g +é (1)

where « is the Madelung’s constant, e is the electron charge, # is the distance between
closest ion centres and ¢, is the zero point energy. B and ' are the coefficients
for repulsive and van der Waals terms.

Here interactions between dipole-quadrupole and other than the nearest
neighbours are neglected as their contribution is very small.

By the use of thermodynamic relations it can be easily shown that first and
second derivatives of lattice energy can be expressed in terms of directly observ-
able quantities. The equations are :

A _ 300 (1 alf)
.

dr B \V " aT @

= L {050 o (5 ), 30 ) 3 50 (57 )] @
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TABLE 1

(ohesive energy in K. Cal/mole

Repulsion Experimental  Calculated Jaleulated

Compound constant (present work) (12 : 6)
LiF 6.0 246¢ 264. 6 273.1 246.8
NaF 7.0 218 227.3 236.6 218.7
LiCl 7.0 201 . 5% 199.8 212.6 202.0
LiBr 7.6 191 .52 189.9 200.0 190.7
Na(l 8.0 184.a 182.8 192.8 185.9
KEF 8.0 193.0a 195.8 205.8 194.4
Lil 8.5 180, 02 174.8 184.3 176.8
NaBr 8.5 176.07 1721 182.1 176.7
RbI 8.5 — 177.9 191.6 185.9
KCl 9.0 167 .84 163.8 174.1 169.4
Nal 9.5 166. 0« 159.3 168.8 165.4
Kl 9.5 160, (a 154.8 164 .8 162.4
RbCl 9.5 162. 0= 155.8 166.8 164.0
RbBr 10,0 157 .00 149.6 159. 1 157.5
KI ‘ 10.5 152. 0 145.0 155.0 153.0

a. Plendl (1961) b.  Born and Huang (1954) ¢.  Cubiceiotti (1961)

Using Equation (3) the repulsive parameter B can be evaluated and hence the co-
hesive energy. The experimental data used have been taken from Huggins (1937),
Seitz (1940) and Spangenberg (1956), Spangenberg ef. al. 1957). The values of
cohesive energy are compared with the observed values and also with other
determinations. The values calculated with (12 : 6) potential function are also
given. All values are listed in Table I.

In the case of lighter halides, the ‘»’ value is less than the assumed value of
9. Thus for the lightest one, namely LiF, the ‘»’ value is around 6 (Sherman,
1932) and hence cohesive energy is higher. Better agreement can be obtained
using the value of ‘%’ as 7. As we go down the group of alkali halides the agree-
ment becomes better. This is explicable since in all these cases, the ‘n’ values are
either 9 or very near 9. For heavier crystals, the calculated values are lower and
the diserepancy increases as we proceed towards still heavier compounds. Inci-
dentally the ‘n’ value increases to 10.5 and (12 : 6) potential function becomes
more appropriate.
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Abstract

Lattice energies of some ionic crystals at 0 °K have been calculated using an inverse type
of potential function with revised value of electronic charge. Compressibilities are evaluated
and compared with experimental observations. An equation has been derived for thermal ex-
pansion coefficient with the potential function used and the room temperature values have
been calculated.

Introduction

[t is customary to represent the interaction energy of ions possessing spherical
symmetry and rare gas structures as a function of their distance apart. Hence the
authors presently aim to use an inverse type of potential function for calculating
certain properties of some simple ionic crystals. In general the value of the repul-
sion constant for alkali halides and alkaline earth chalcogenides obtained by
PAULING’s rules [1] derived from a theoretical treatment of the interaction of the
closed shell electronic configurations is about nine [2]. FOWLER [3] has actually
calculated the lattice energies and compressibilities of some of these compounds
using a constant value of nine for the repulsion constant. In his calculations he
neglected the dipolequadrupole interaction and zero-point vibrational energy.
Since then an important change has been made in the value of the electronic
charge which not only affects the coulombic term directly but also changes the
repulsive parameter indirectly [4, 5]. Hence it is felt necessary to recalculate the
properties of these crystals using the revised value of the electronic charge and
including the neglected terms with a uniform value of nine for the repulsion
constant. The interactions between other than nearest neighbours have been
neglected as their contribution is considered very small. The experimental data
used have been taken from the available literature [5-8].

Lattice Energy
The lattice energy per cell in ergs can be written as
xe’z? B c D
Py = — S + 5 & = + & (l)
Yo Yo Yo VYo
The symbols in equation (1) have the usual significance.

! Dr. R.V.G.Rao, C.D.Das and H.V. Keer, National Chemical Laboratory, Poona 8 (In-
dia). Communication, NO: 541.
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Table 1. Lattice Energies and Compressibility Coefficients

Lattice energy in Kcal/mole

Compressibility x 102 cm?/dynes

Com-
Observed Observed
pound | Calculated | Fowler 3] [10—12] H & § [6]| Calculated (5, 6] H & S [6]
LiF 253.3 245.9 — 0.65 1.43 -
Cl 200.8 201.5 - 2.35 3.17 -
Br 187.9 - 191.5 - 3.09 3.90
I 173.2 - 180.0 - 4.03 5.30
NaF 221.0 228.2 218.8 — 1.30 2.06
Cl 182.8 190.1 184.7 - 3.54 3.97
Br 173.0 181.4 175.9 — 4.41 4,75
| 160.2 170.8 166.3 - 5.90 6.21
KF 192.8 198.4 194.3 - 2.36 3.14 —
Cl 164.8 173.1 163.0 — 5.20 5.50 —
Br 157.5 166.3 160.0 - 6.35 6.45 —
1 147.2 158.8 151.0 — .23 8.07 —
RbF 184.6 187.1 186.3 — 4,40 3.66 —
Cl 158.2 165.7 159.0 — 6.78 6.16
Br 151.5 160.6 157.0 — 7.95 7.38 .
I 142.5 153.5 148.0 - 10,00 9.00
CsF 173.8 176.9 — - 5.95 4.25
Cl 148.3 157.3 157.8 - 6.40 5.55 -
Br 142.8 153.5 152.3 - 7.35 6.28
T 134.6 147:7 141.0 — 8.71 7.83
BeO 1172.3 - — 1082 0.17 0.27 0.37
S 917.7 — - 893 0.44 — 0.66
Se 868.6 — — 855 0.55 - 0,75
Te 793.4 - — 795 0.79 — 0.94
MgO 979.1 976.0 — 938 0.27 0.42, 0.59 0.48
S 792.5 766.0 — 788 0.63 0.69 0.82
Se 755.9 743.0 — 757 0.76 0.75 0.91
Te 687.9 - — 699 1.36 - 1.62
CaO 858.1 876 — 841 0.46 0.71, 0.88 0.69
S 725.9 714 - 726 0.89 0.98, 2.8 1.09
Se 697.3 700 - T01 1.05 1.04, 2.2 1.21
Te 650.3 648 — 662 1.39 2.40 1.46
SrO 801.4 829 - 792 0.60 0.83 0.84
S 686.6 688 - 692 1.11 3.80 1.28
Se 663.0 675 — 671 1.29 2.50 1.40
Te 621.2 626 — 633 1.67 2.10 1.68
BaO 747.0 780 — 746 0.79 1.74 1.00
S 648.1 662 - 6359 1.41 2.90 1.50
Se 627.2 652 — 639 1.61 2.90 1.65
Te 591.2 609 — 608 2.03 3.30 1.96
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Following HILDEBRAND’s considerations [9] one finds that the first derivative
with respect to y of equation (1) becomes zero at 0 °K. '

d xe’z? 9B  6C 8D .
yol:_‘?’] =0=T=— sty @
dy ), =10 7o Yo Yo 7o

Using equations (1) and (2) repulsive parameter B and hence lattice energy are
calculated. The values together with experimental and other determinations are
given in Table 1.

The values are in better agreement with observed values than those of FOwLER [3].

Compressibility

From the second derivative of equation (1), we get
" 9Ky3;-:

N d? (3)
7% (d}f)

where [ is the compressibility coefficient,
K is a constant given by V/Nyg.
F is the molar volume,
N is Avogadro’s number

I ('.‘7[3) I foV 1/op 2 T(dV
x=1l+=|l—) +=—]) '=(— 3 = =i —
pL\P/+¢ V(ﬁT r B\OP/r 3 V\aT/p

The calculated values of compressibility coefficients are given together with
experimental and other determinations in Table 1. x is assumed to be unity for
alkaline earth chaleogenides [6]. In the case of alkaline earth chaleogenides it was
pointed out [13] that the observed values are unreliable and generally too high.
Nevertheless it is gratifying to note that the values are in general in good agreement
with those of HuGGINS and SAKAMOTO [6].

and

Thermal Expansion coefficient

Assuming that the oscillators vibrate independently of each other with the same
frequency it was shown [14] that
, c. ] ) dr

X = - * - (4
2ay, v dy )

f

where &' is the linear thermal expansion coefficient,
¢, the specific heat at constant volume,
v the frequency of vibration,
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1 (dzrp)
ad = - ——
2 dy Y =70

Now the frequency of vibration for linear harmonic oscillator is

1

, 12 . 'II , & ] )
9 = {(u_(i) / 4?{'1?7] (5a)
dy* ). _. |
y=val

where “m’” is the reduced mass of the oscillating ions.

and

Near the equilibrium position

2,‘ ¢ 13
Lo ()t ey 0
v dy 3\dy?/,-,, \dy

dvm !

[SC

Using equations (1), (4), (5a) and (5b) an expression has been derived which
comes out to be

26xe’z> 81C 40D
+— + —3
o ZCL Yo Yo Yo

(39432;2 L, 18C 80)2

(6)

Yo Yo Yo

Equation (6) gives &’ in terms of C, and potential energy constants. However,
for solids generally Cp, the heat capacity at constant pressure, is available as a
function of temperature. So in order to use the available Cp data we make the
following readjustment.

It is well known from thermodynamics that

Cp — Cv = (3« VT8

26xe’z®  81C 40D\ //8xe’z®  18C  8D\?
A=2 ey e
Yo Yo Yo /| Yo Yo Yo

So from equation (6) we have x' = ACu

[et

Hence
X 9a’)VT
Cp ~ x* 4 ﬂ___ (7)
A P
Solving for «" from equation (7) and neglecting the negative root we have
- 1
&= [_1+(1+a_)7,

I8VTA
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Table 2. Thermal Expansion Coefficient

Con S 1 P Coefficient of Linear thermal
p- op. heat at 2 expansion x 10° at 298 °K/deg.
Com- Kcal deg.”! mole~! 1—6 SR NCEA % 102
pound [15—18] 4 B Calculated Observed
alcula (6, 14]
LiF 10.04 3.65 27.80 34.0
Cl 12.20 6.07 39.80 44.0
Br 12.40 ) 7.00 42,60 50.0
I 13.00 8.00 47.60 49.0
NaF 11.00 5.00 33.20 316.0
Cl 11.88 8.50 44.10 40.0
Br 12.50 8.50 46.00 43.0
I 13.00 9.80 49.10 48.3
KF 11.73 7.20 39.20 36.70
Cl ' 12.31 9.40 46.80 38.30
Br 12.82 10.55 50.20 40.00
I 13.16 12.00 54.00 45.00
RbF 12.20 10.70 40.60 —
Cl 12.30 10.30 47.50 36.00
Br 12.68 11.00 51.00 38.00
I 12.50 12.20 52.60 43.00
CsCl 12.62 12.50 50.00 56.00
BeO 6.10 0.45 3.7 5.3
MgO 8.87 0.58 6.5 10.3
CaO 10.20 0.86 8.4 11.6
SrO 10.76 1.44 9.5 ‘ 13.7
BaO 11.10 0.99 10.4 13.0
CaS 11.35 0.83 11.1 —
where
S5 = 36VTCpA*?
li-i;

The average value of 6 for the alkali halides is 0.35 and that for the alkaline

1
earth chalcogenides is 0.03. Hence expanding (1 + 8)* and neglectin g terms higher
than the quadratic which causes an error of less than 1 per cent and simplifying

we have
x' = ACp (l - iﬁ) (8)

Thus for alkali halides by using Cv instead of Cp one makes an error of 5-10 per
cent and of 0.5-1.5 per cent for alkaline earth chalcogenides if thermal expansion
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coefficients are calculated at room temperature. To avoid this the accurate
equation (8) has been used for the calculation of &'. The calculated values together
with experimental observations are given in Table 2.

To account for the polarization of ions KUMAR [14] used in his calculations
certain empirical factors. It may however be noted that even though the authors
have not resorted to any such empirical factors the agreement with observed
values is satisfactory.

Gruneisen Constant
From equations (4), (5a) and (5b) we can write
, G, (dieldy?)
2 ([@eldy
It is well known that the Gruneisen constant is
3x'v
]
Substituting the value of a” we get
A3 (dPe/dy’)
2Byo (d*@ldy®)*
But # = + (gufys) (d*@/dy?)~ ! assuming » to be unity in equation [3].
1 (d®p/dy?)
67 (@pldy?)

An identical relation was obtained by MEINCKE [19] from quantum mechanical
considerations.

>
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1 RT 2B, 3B, 4B, 5B,
SR Lo A i B s L JT~d Y
ﬁ' l_.j Lyf_) l l'? + l(v? '-}, { )
C,  RT 4B, 9By  16B,  25B;

g i e UE = R
g v, VP % + Vi ol 4] ©)

Assuming that the vapour phase of fluids does
not obey the ideal gas law, it can be represented as

P_I[ET B

£ 8
Hence equation (1) reduces to

O =B ;%a_‘ Bs ... (6)

g l's

* and equation (3} to

T o Ve, 1 2 By
(RT —PV)) = RTn (»L,I-)-,—Bz( - V]) %

11 +,B¢_ 1 1N Byl 1
vi VvE)T 3 \v} Vi;)*" T( v V;)
Therefore, neglecting V; in comparison with ¥V,
we get
s : V B B B B
RT—RTIn| -L)= F4+ 32 4 8 4+ 8
"( V,) v, T2rz i Ty
A7)
Calculation of In(V V1)
Since P = RT[V +B,/V:

_%[RT +J( RT* tfﬁz)]'

1
i[RT : Rf (1+43211)]
ing higher terms we have
V, - 1 i 4 BT 1 2B,P
B ! ( T RerE )
B,P
v, PV,\ R Tz)
V RT B,P
In( £ ) = — ]+ =
n( V,) In (PV) [n(l+ Rsz)
14 RT B,P
{ LS =1 S T
()= o7 ) )
Substituting equation (8) in equation (7)

R*T?
tr
Again expanding the last logarithmic term in the
- 1
RT(1—-Inx) = B,

Since 4B,P[R*T? < 1 by expanding and neglect-
I)
Ve RT (1 ,
above equation and neglecting higher terms we get
vV, RT®

B,

. (9

v ®

where ¥ = RT/PV,. Solving the determinant for

C, from Eqs. (2), (4), (5), (6) and (9) and neglecting
mmor terms as in the previous case®, we get

(10—-C)) = Px(12lnx—=31) .. ... (10)

The above equation has been app]led to both
polar and non- po]ar l](]ulds

By
3?

*The -nthcr root is not considered since it is negative which
cannot be the case

2
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TABLE | — CALCULATED AND EXPERIMENTAL VALUES OF
C, For IDIFFERENT FLUIDS

Liquid Present Exp. Previous
work work
HyDRroCARBONS
Pentane 809 — 674
Hexane 847 7-75 7-58
Heptane 847 — 765
Octane 8-60 85 7-96
Benzene 836 80 740
Toluene B8-41 80 756
ETHERS
Methyl acetate 830 §0 723
Ethyl acetate 837 8-0 744
Ethvl propionate 8-44 80 7-64
Methvl butyrate 845 85 764
Ethyl butyrate 8-49 8-5 7-61
ALCOHOLS
Water 370 4-6 23
Methyl alcobol 575 88 2-0
Ethy! alcohol 047 54 34
Amyvl alcohol 7:93 6:0 57
Isoamyl alcohol 776 87 02
n-Butvl alcohol 752 90 57
tert-Butyl alcohol 730 10:0 67
MISCELLANEOUS
Carbon tetrachloride 8-41 86 73
Mercury . 9-88 68 81
Carbon disnlphide 820 75 70
Chloroform 828 82 72
Valeric acid 754 Q-5 —

The agreement between calculated and observed
values of €, appears to have been improved consi-
derably.

Further, it may be pointed out that Eq. (10) gives,
in general, h]gher values while the previous equation
with ideal gas assumption gave lower values®.
Thus it appears that the assumption of non-ideality
appears to give better agreement with experiment as
expected because as 1s well known highly polar
vapours are imperfect in the vapour phase even at
lower pressures.  The present calculated values, and
the experimental and previous calculated valuoes® are
given 1n Table 1.

The authors are thankful to Dr A. B. Biswas for
his keen interest in this work.
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A Finite Virial Expansion of Fluid State*
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A method has been outlined to extend the virial equa-
tion so as to include a finite number of higher virial
coefficients. An equation has been derived between

a(1/3)
oy _[ P T
vapour pressure and compressibility coefficient using
the virial equation up to the seventh virial coefficient.
The equation has been applied to a number of polar
liguids and the calculated values of C, are in good
agreement with the observed values.

IT is customary to represent the pressure (F) of a
fluid as a polynomial of V1! so as to correlate
the various equilibrium properties of fluids?2 It
is also known that the complete equation of fluids
must be of odd degree in V, far the volume in-
creases with diminishing pressure at both ends of
the P-V curve. Further, the equation must be of
at least third degree in volume since a certain pres-
sure may correspond to more than one volume.
Thus the famous van der Waals equation satisfving
these conditions has been of great use in interpreting
the relations of liquid and vapour. In the previous
paper? the equation of the fifth degree in volume
has been successfully used to obtain a relation
between vapour pressure and intermolecular energy
constants of liquids.  In the present communication
it 1s demonstrated how such a representation can
be extended to use the higher powers of volume.
Thus by adoptmg the method previously described
by the authors’® and extending it up to the seventh
power, the following equations can be written:

RT B, By B, By B, B

P= Wt TRl T W T8 S 1

Vot T TR T e )

g ‘E}‘Z \ BS R Bl ,735 B B? ) (2)
v, Ty 1*:"1‘

i 3, B 3 .

RT(1—inx) = B‘ By B By By B (3)

v, tartay e tar ters
RT 2B, 3B, 4B, 5B, 6B, 7B

1 “-L' = —- = *'.‘! ..? .. 4

Ty TR 1‘ vV RN RN )

C, _ RT 4B, 9B, 16B, 25B; 36B, 49B,

o s a3 T 6 V17
b Vi Vi

FER PR l k7

where R is universal gas constant; 7', temperature in
absolute degrees; V,, volume of gas; Vy, volume of
liquid; By, By ... B, the viral coefficients; &, the com-

a4
P

ﬁrv;dbility coefficient ; €, = [C (EP'—] cand x=RT/PV,.
.

It has been shown®?* that both for non-polar as
well as polar liquids, the pressure change of bulk
modulus is constant and was related to intermole-
cular energy constants (C;). Hence Eq. (5) can be
differentiated and further equations can be obtained

*Communication No.
Laboratory, Poona §.

616 from the National Chemical

1964, Vol. 2, No. 1, pp. 29, 30

TaBLE 1| — EXPERIMENTAL AND CALCULATED VALUES OF C,

Liquid Temp. 1 P BX Cy

C. ml.  mm. (108 -

{ref. atm.?) Cale Exp.

5.6) (ref. 5, {ref. 8

7, 8) 7.9

Water 20 18-0 1750 47-0 407 4-60
Methy!] alcohol 0 40-0  30-00 90-0 6-40 880
Ethvl alcohol 0 57-0 1220 1000 7.80 5.40)
Amv! alcohol I8 108-0 2-50 910 1043 600

Isoamyl alcohol 20 1090  2-30 990 1(-18 870
#-Butyl alcohol 20 92-0 430 970 9-83 9-00

teri-Butyl alcohol 200 741 3060 1080 948 10:00
Ethyl chloride 0 700 48500 1350 870 1014
Ethv] bromide 20 76-2 386-00 1146 9-47  10-45
Isobutvl alcohol 20 92:3 870 1053 990 12-60

n-Propvl alcohal 20 730 1450 89-6 9-85 £-090
Ethyl jodide 20 806 108-30 98-8 1076 9-60
Valeric and 200 1080 -45 90-0 984 G50

to solve for higher virial ccefficients in anv finite
virial expansion.

Thus if we differentiate Eq. (5) twice we get the
following two equations:

C; _RI  8B, 2IB,  64B,
N I
258, 216B . 34385,
=+ + =2 L6
1 1 Vi
€ RT _16B, 81B, 2568,
8 v, v 7% Vo
6258, 12968, 24018, ,
B l.;," T l" ' l_—rﬁ* - (7]
! !

This procedure can be extended to include higher
virial coefficients by differentiating Eq. (7) and so on.

From Eqs. (1) to (7) one can solve for 1/4 in a
straightforward wayv and get

C3—24C34+221C,—954— »"i“

(1764 —720!mx) — 1800P%
In deriving the above relation it was assumed
that the vapour behaves ideallv and that the volume
of higmd is neghgible in comparison with that of
vapour. In the above equation the term 1800P%
1s of the order of 107% whereas the other terms are
verv large and hence can be safely neglected.
Therefore, the above equation reduces to

C3—24C3+221C, — 954 = Rt

Vi
Thus Eq. (8) gives a relation between compres-
sibility, vapour pressure and €.  Since the equation
is cubic in Cj, it has three possible values. The
solution actually gives one real and two imaginary
rootst and hence only the real value is considered,
Eq. (8) has been applied to a number of l|c|u|d-
and the caleulated values of € are found to be

“(1764—720lnx) . . (8)

+A cubic equation of the tvpe v* = pv*--gv+v = 0 can be
reduced to the form X® tar—4 =0, with v = r—p/3, a =
1/3(3g—r* and 2=1/27(2% =95y --27r). So if B34 +4%/272-0
then there will be vne real and two conjugate imaginary roots
which 1s the case with Eq. (8)
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good agreement with the experimental values in the
case of polar liquids (Table 1). It may be pointed
out at this stage that even though a method has
been outhned in this paper for using higher virial
coefficients, the procedure may not give accurate
results since successive differentiations of Eq. (3)
make Eqs. (6) and (7) approximate as any slight
inaccuracies in the experimental values will be
exaggerated. Unfortunately Eq. (8) has been found
to give higher vahies in the case of non-polar liquids.
However, it is important to realize that in principle
one can find a method of using higher viral co-
efficients for finding equilibrium properties provided
accurate data of compressibility are available.

The authars are thankful to Dr A, B. Biswas for
his keen interest in this work.
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