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THE theory of the specific heats of crystals

expounded in the first part of this review Is
similar in its approach to that originally pro-
posed by Einstein in the year 1907, but it flls
up the lacunz left in that theory and succeeds
in connecting the thermal energy of crystals
with their spectroscopic behaviour, as also in
explaining the facts of observation in both of
these fields. It is hoped on some later occasion
to set out the results following from the theory
in greater detail and to illustrale them by spe-
cific examples. The present review will con-
clude with some comments on the theory of
the specific heats of crystals put forward by
Debye in the year 1912 and the closely ana-
logous theory published by Born and Karman
at about the same time. A whole generation of
physicists and chemists has been persuaded Lo
believe that these theories embody valid phy-
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sico-mathematical thought and that they

satisfactorily account for the facts of observa-
tion. These are circumstances which justify the
inclusion n. the present review of some criti-
cal remarks on those theories,

2. THE FUNDAMENTALS OF SPECIFIC HEAT THEORY

We may usefully commence our examination
by recalling the 1deas embodied in Einsfein's
paper of 1907 in the form of three distinct pro-
positions,

I. A crystal is an assembly in thermodyna-
mic equilibrium of an immense number of
individual oscillators which are divisible into
sets, each sef consisting of a great number of
oscillators characterised by a common freguency
of vibration.

I1II. The total number of oscillators of all
sorts is egqual to thrice the numbar of atoms
comprised in the crystal,
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ITII. The vibrational energy of each indivi-
dual oscillator is gquantised and its average
value taken over its different possible energy
states may be determined by the aid of Boltz-
mann’s principie.

The first of these propositions finds its justi-
fication i1n the known physical features of
erystal architecture. The second proposition
follows as a logleal deduction from the first
taken 1n conjunction with the results of clas-
sical mechanics. The third proposition 1s a
logical consequence of the principles of thermo-
dynamics and the gquantum theory when
applied to the circumstances stated in the first
proposition. In the earlier part of this review,
it has already been shown how these proposi-
tions enable us to deduce both the thermal and
the spectroscopic behavicur of crystals.

3. THE THEORIES OF DEBYE AND BORN

The basic 1dea underlying these other theories
is that the thermal energy of a crystal may be
evaluated In the same manner as the energy
density of thermal radiation within a perfectly
reflecting enclosure, mn other words, by sum-
ming up the kinetic and potential energies of
sets of wave-trains which are assumed to fiil
the volume of the solid and form stationary
wave-patterns in 1ts mterior J, H Jeans who
was the original proposer of this 1dea i1ndicated
In his paper of 1909 a way of escape from the
more obvious difficulties which arise when 1t
is sought to make use of it Debye and Born
who derived their inspiration from Jeans natu-
rally also took over from his paper the special
assumptions needed to put his i1deas into quan-
titative form. These special assumptions figure
prorunently in both of the theories and are
indeed their wmost characteristic feature.

The stationary wave-patterns cons:dered by
Debye were those contemplated in the classi-
cal theory of elasticity for a solid of finite
volume. An enumeration on the basts of that
theory shows the total number of modes of
vibration to increase — without any upper
limit — proportionately to the cube of the fre-
quency up to which the enumeration 1s car-
ried. To enable the enumeration thus made to
form the basis of specific heat theory, Debye
assumed that the enumeration 15 valid only up
to 2 certain upper limit of frequency and that
no modes of wvibration with higher frequencies
exist : the upper 1limiting {frequency was S¢
chosen that the number of wave-pafiterns is
equal in number to thrice the number of atoms
comprised in the crystal.

The waves considered by Born are of a more
general type than those considered in the Debye
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theory. Whereas Debye limited himself to the
considerationn of crystals of comparatively sim-
ple type, viz., those containing a single species
of atom and belonging to the cubic system, the
theory of Born accepts no such limitation and
indeed claims to be applicable to ail crystals.
The special assumption which figures in the
Born theory is the well-known “cyclic postu-
late” which selects the permitted . wave-lengths
of the stationary wave-patterns filling the solid
in such manner that the total number of wave-
patterns 1s equal to thrice the rrumber of atoms
comprised in the crystal.

The guestions which arise and which need
to be considered are the following: Are the
approaches to specific heat theory briefly sum-
marized above logically sustainable ? Are the
l1deas on which they are based and the con-
clusions to which they lead compatible with
the fundamental principles of classical mecha-
nics, thermodynamics and the guantum theory ?
We shall cons:der these questions and presently
find that the answer is in each case definitely
In the negative.

4 THE LocicAarn FarraAcy

A simple calculation shows that the frequen-
cies of vibration which deiermine the variation
of the specific heats of crystals with tempera-
ture hie in the infra-red region of the spec-
trum. It follows that the oscillators which are
the carriers of the thermal energy are the ulti-
mate stiructural elements in the c¢rystal. This
is further confirmed by the fact that when the
atoms are firmly bound together in the struc-
tural elements of the crystal, as is the case for
example with diamond, the specific heats ar:z
low and the wibrational fregquencies estimated
from them are high; the latter inference re-
ceives direct support from spectroscopic studies,
It follows from these remarks that the approach
to the specific heat problem made in the theories
of Debye and Born is totally misconceived.
These authors concern themselves with an
entirely different and irrelevant subject, namely,
the wvibrations of a macroscopic solid and pro-
ceed to determirre and enumerate them, treat-
ing 1t as a boundary-value problem in wave-
propagation. It is easily shown that the resuits
thus obtained are wholly unrelated to the
specific heat problem. We have only to recall
that wave-moticn is a kinematic concept. Hence
the stationary wave-patterns inside an enclo-
sure can be described in purely geometric terms
without any reference to the question whether
the material traversed by the waves does or does
not possess a discrete structure. In other words,
there is no nexus or connection between the
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stationary wave-patterns assumed to exist in
the medium and the discrete structure, if any,
which it possesses. It is not surprising n thesa
circumstances that Debye and Born are obliged
to introduce postulates into their theories which
assume the existence of such a relationship. We
have only to remark that such postulates or
assumptions savour of sophistry and that
theories embodying them can lay no claim to
logical wvalidity.

. Faisity ofF THE DyNAMIcAL CONSEQUENCES

The theories of Debye and Born are attempts
to carry over the ideas and methods of macro-
scopic physics into the fields of atomic dyna-
mics, thermodynamics and quantum theory
where they are inappropriate and indeed wholly
out of place. The procedures they adopt natu-
rally lead to conseguences which are irrecon-
cilable with the basic principles of these dis-
ciplines and the results following from them.

Considering the matter first from the stand-
point of atomic dynamics, 1t 1s clear that we
are not concerned here either with wave-
propagation or with any boundary value
problem. Specific heat theory rests on the
determination and enumeration of the normal
modes of vibration of the ultimate particles of
the material, in other words, of the atoms pre-
sent In the structure of the crystal. Since the
range of the interatomic forces i1s limited and
small compared with the dimensions of any
crystal of macroscopic size, these normal modes
are determinable from the structure of the
crystal without any reference to the size of the
crystal or to the conditions at 1ts external
boundary. This also becomes evident when we
compare the frequency of the atomic oscilla-
tions with the frequency of the elastic oscilla-
tions of a macroscopic crystal. The former is
very great in comparison with the latier even
for a crystal of colloidal dimensions. Hence the
oscillations of the atoms in the interior of &
crystal repeat themselves many thousands of
fimes, thereby defining their frequency with
all necessary precision, before any disturbance
originating in the interior of the crystal could
travel out to reach its surface and return after
reflection to the place of 1its origin. Hence,
whether the boundary is there or not makes no
difference to the modes and frequencies of

atomic vibration.

The fallacy of identifying the atomic vibra-
tions with stationary wave-patterns is obvious
even in such simple cases as those considered
by Debye. The vast majority of the stationary
wave-patterns assumed in his theory to be the
carriers of the thermal energy of the crystal
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have wave-lengths of the same order of magni-
tude as its lattice spacings. These are pre-
cisely the circumstances in which it is not per-
missible to i1dentify the dynamical behaviour of
& discrete structure with that of a medium of
uniform density. The consequence of such
identification 1s to endow the crystal with an
immense number of modes of vibration with
frequencies all different from each other
throughout the range urder consideration and
thus to present a false picture of the spectro-
scopic behaviour of the crystal.

Though Born’s theory nominally takes account
of the discrete lattice structure of crystals, his
“postulate of the cyclic lattice” is equivalent
to assuming that the normal modes of vibration
of the atoms are similar to the oscillations of
the volume elements in a continuous sohid hav-
ing the same shape as the unit cell of the
crystal but of greatly enlarged size. The sta-
tlonary vibrations permitted by the postulate
accordingly appear 1In 1mmense numbers with
wave-lengths and frequencies all different from
each other and with their modes wholly un-
related to the structure of the crystal., It is
important to remark mn this connection that
Born does not restrict himself to simple lattice
structures but also claims his theory to be valid
for all crystals. Any one who appreciates the
nature of the results following from Born’s
lattice theory will realize that the ideclogy be-
hind his dynamics 1s completely false. In effect,
Born endows the atoms in a crystal with a
vast number of modes and frequencies of vibra-
tion which are wholly unrelated to its internal
architecture and which have a continuous spec-
trum of frequencies, a result which 1s 1n flagrant
contradiction with the facts of observation
revealed by spectroscopic investigations.

8. CoNFLICT WITH THERMODYNAMICS

A stationary wave-pattern is a mode of vibra-
tion in which all the volume elements of the
medium oscillate with the same frequency and
in the same or opposite phases and with rela-
tive amplitudes which remain invarianf§ with
titne. Vibrations of this type are characteristic
of a macroscopic solid and can be considered
as its normal modes of vibration and determined
by the methods of the classical theory of elas-
ticity. Such vibrations can also be sef{ up and
maintained in an elastic solid artificially, as for
example, by the use of a piezo-electric oscilla-
tor attached to it.

The identification of the thermal agitation in
crystals with stationary wave-patterns of the
nature described above which is postulated in
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the theories of Debye and Born is however
clearly irreconcilable with the statistical con-
cept of the nature of thermal energy in mate-
rial bodies. Thermal! agitation is envisaged in
Boltzmann's entropy-probability principle as a
chaotic and fluctuating disturbance varying
in its character and intensity from instant to
instant and from place to place within the
material. Atomic groups of similar nature
which are located in parts of the crystal not
contiguous to each other may indeed wvibrate
with the same frequency. But there can be
nothing in the nature of definite relationships
either in their amphtudes or in their phases of
vibration persisting in time

The issue can also be put a httle differently.
A crystal 1s an assembly of an immense num-
ber of individual atems which are capable of
moving from their positions of equilibrium.
Hence the state of the system can only be
described 1n terms of the values of a very large
number of 1ndependent variables. The inter-
actions between neighbouring atoms would
naturally influence their relative movements and
determine their modes and f{reguencies of
vibration. But we cannot in any circwunstances
regard the entire assembly as a single unit in
the thermodynamic sense or postulate constancy
of amplitude or coherence of phase 1n the
atomic vibrations over 1ts entire volume. A
description of the thermal agitation in precisely
defined ferms 1s possible only for domains of
space and periods of time which are small in
comparison with macroscopic standards. In
other words, the entire ideology behind the
theories of Debye and Born is 1ncompatible
with the fundamental notions of the nature of
thermal energy which lie at the base of the
science of thermodynamics.
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7. MISINTERPRETATION OF THE QUANTUM THEORY

As has been shown above, the theory of
specific heats can be placed on a logically sus-
tainable basis only if we recognize that the
oscillators which are the carriers of the ther-
mal energy are the structural elements in the
crystal. We then obfain a picture of the ther-
mal agitation in the solid which is consistent
with the general principles of dynamics and of
thermodynamics. Necessarily, therefore, it is
these same oscillators whose vibrational ener-
gles must be assumed to be quantised. Since,
further, these oscillators are present in large
numbers distributed over the volume of the
crystal, we have a logical justification for the
use of Boltzmann’s principle 1n conjunction
with the quantum hypothesis for the evalua-
tion of the average energy of the osciliators
of any particular frequency and therefrom also
the evaluation of the heat capacity of the entire
crystal.

To the fallacies which vitiate the Debye and
Born theories we have therefore to add one
more, viz, that they give a fantastic and alto-
gether meaningless interpretation to the postu-
lates of the quantum ftheory. They proceed to
quanhtise the energy of the normal modes of
vibration of a macroscoplc crystal; in doing
this, they ignore the fact that the theory of
quanta possesses a meaning and significance
only in relation to the behaviour of the phy-
sical entities which the language of determinism
characteristic of macroscopic physics cannot
successfully describe. For example, we can
speak meaningfully of guantising the energies
of rotation or vibraticn of a molecule of ben-
zene ; but i1t 15 patently absurd to quantise the
vibrations of a tuning ferk or the rotations of
a flywheel,

DISCOVERY OF ELEMENT 102

LEMENT 102, as yet unrmamed, has been disg-
covered 1n the course of a joint research
project by scientists from Sweden, Great Britain
and US.A. In the experiments performed to
make this new element, curium-244 deposited
upon a thin foil was exposed to a stream of
accelerated carbon 1ions generated by the
225-cm. cyclotron at the Nobel Institute, Stock-
holm. The carbon ions included both carbon 13
and carbon 12 particles Absorption of carbon 13
particles 1 the curivm led to the formation
of element 102. The ek;.gnent 102 formed was

collected on a separate fbil placed near the tar-
get foil, along with other atoms produced and
eJected by the interaction of the beam of par-
ticles and the target.

Flement 102 was identified among the pro-
ducts on the capture foil by radiochemical
methods ; the isotope identified had a half-life
of about 10min. and emitted alpha-particles
with an energy of 8-5 MeV., The isotope prob-
ably has a mass of 253 but this has not yet been
established with certainty.




