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The purpose of the present paper is to elucidate the mechanism
of thermal expansion of crystalline substances and its variation on
the ground of M. Born and A. Landé’s ionic lattice theory® and the
quantum theory.

1. Thermal expansion coefficients of diatomic crystals.

According to Born’s view, the binary compounds, for instance
alkaline halides, have such a construction that an alkaline atom gives
one electron to a halogen atom and they attract each other in con-
sequence of the electrostatic forces between these ionic charges, and
besides they are acted by the repulsive force due to the surrounding
bound electrons of each atom, which is not purely electrostatical but
some part surely electrodynamical, and by the joint action of these
two kinds of forces all atoms distribute themselves in a definite
equilibrium positions ; and the atomic lattice-structure constructed in

this way is what may be analysed by means of X-rays.

(1) M. Born and A. Landé, Sitzungsber. d. Preuss. Akad. d. Wiss., 1048, 1918, Verh.
d. D). Phys. Ges. 19, 210, 1918, !/ 20, 210, 1918, A. Landé, '’ 20, 217, 1918, Born and
Landé, ' 20, 202, 1918, Born, !’ 20, 230, 1918, '’ 21, 13, 1919, '/, ', 21, 199, 533, 1919, M.
Born, Ann. d. Phys. 61, 87, 1919, Born, Verh. d. D. Phys. Ges. 21, 679, 1919, E. Bormann,
Zeitschr. f. Phys. 1, 55, 1920, K. Fajans and K. F. Herzfeld, Zeitschr. £. Phys. 2, 309, 1920,
A. Smakel, Zeitschr f. Phys. 1, 309 1920, T. Rella, Zeitschr. f. Phys. 3, 157, 1920, W.
Schottky, Phys. Zeit. 21, 232, 1920, H. Schwendenwein, Zeitschr. f. Phys. 4, 73, 1921, M. Born,
and E. Brody, Zeitschr. f. Thys. 7, 217, 1922, O. Eersleben, Phys. Zeit, 24, 73, 97, 1923.
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By the above considerations, Born and Landé® obtained the

following formula for compressibility
K=_9% (1)
(n—1a _

where 8 is the length of the side of the elementary cube which
represents a complete crystallographic unit (Fig. 1). @ is the Madelung’s
constant® whose value is 13.94¢* for alkaline
halides (e is the charge of an electron) and
this value of @ can be applied to all crystals
having similar lattice. And z is the constant

which characterizes the repulsive force between

any two atoms in the way that it is inversely

proportional to the #th power of the distance

of their centers, and Born and Landé showed

that z=g for alkaline halides from the invesga-

Fig. 1
tion of compressibility. The electric charge
per elementary cube in which four mol¢cules are contained, is-—%-{— Sbn ,
and accordingly the energy per one mol is
N ( a b
F="" ——+—) , 2

where V is Avogado’s number and equals to 6.06% 10.® But, at any
temperature, except the absolute zero point, the atoms are not in rest
but are oscillating with their natural frequencies about their positions
of equilibrium, and it may be said that Born and Landé’s calculations
are satisfied only at absolute zero temperature, for they assumed that
atoms are always in rest. Thus if we write 8, for the value of & at
absolute zero point, the condition of equilibrium is

aF _ ] _ad"t
(5“5)T=o“° e, b= 2 (3)

(1) M. Born and A. Landé, Verh. d. D. Phys. Ges. 20, 210, 1918.
(2) Madellung, Phys. Zeit. 19, 524, 1918.
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Now, at any temperature T, when atoms are oscillating, this condition

holds no longer and it will be roughly supposed that the force—-—af

~K)

is balanced with the repulsive force due to impact. So, we must

) .
regard — as the mean central distance between two nearest atoms.
2

In other words, the above energy is the part of the potential energies,
independent of oscillations.

E. Griineisen,® in 1912, obtained from the atomic considerations
the characteristic equation (Zustand gleichung) of monoatomic crystalline
substances, that was

v+ Flo=yE. )

We can however extend this relation to binary compounds, because
the assumption on atomic force in his theory is very general, and not
restricted to monoatomic. Here, F is the potential energy independent of
thermal oscillations and indeed equals to (2). Its suffix v and dash
mean the operation of the differentiation with respect to its volume v
per one mol. p is the external pressure acting uniformly on the surface
of the crystal. 7 is a constant related to the force function, and does
not vary with pressure and temperature, and £ is the energy of
thermal oscillations per one mol.

Consider the isopiestic change and put p=o0, then from (4) we have

Fl. v=vyE. (5)
In order to calculate F,/, transform (2) in terms of v, then
a b
=r]= + n n
—:{ BENOE } ©)
N N
ecause n ;

Differentiate (6) with respect to v and express the result in terms of d,

(1) E. Griineisen, Ann. d. Phys. 39, 257, 1912 and the same formula was obtained
by S. Ratnowsky, Ann. d. Phys. 38, 637, 1912
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Fr=_2 {_"___’zb_}
12018 & )

Hence we shall have for (5)

iV_{a nb

1218 8} vE. 2

Differentiating this equation with respect to 7, we obtain

N {—a+ 7z2é} a8 =«y(dE)
12 & & AT aT ]p,

and making use of equation (3) and the relation %:o&& where o is

the expansion coefficient at temperature 7, we have
| Neia - ( a’E)
—1 = 8
123{ +”(8)f7azrﬁ ®)

S _

If the temperature is not very high, we may put approximately —¢

And finally, the formula for the expansion coefficient is obtained,
that is

__ 128y (dE ) ©)
Na@n—~1)\d1 ?
From this formula we see that the ratio of o to (d?) 5 i.e., to

nearly® the specific heat at constant pressure per mol. (or to the
molecular heat at constant pressure) is independent of 7, at least, at
comparatively lower temperature, this relation was already remarked
by many observers especially by Griineisen® on various substances.

The oscillation-energy £ is complicated in case of binary com-

d .
(1) Strictly speaking, (d—]]i:)p is not the molecular heat at constant pressure. The

latter is the sum of the elastic work for expansion and the former. But the lower the
temperature falls, the nearer they are. ’
(2) Grilineisen, Ann. d. Phys. (4) 55, 371, 1918, 58, 753, I9IQ.
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pounds. Born and Kdrman® investigated it under a special assumption
and obtained the following expression

9;

. e 3(_T_)3 733 ‘ E‘TT*_ (10)

E=NkT ,Z=: 0, S;—Z—I-dz'i- <t 1 :
The three terms in the first summation have the form of Debye's
universal function and the characteristic temperature ®;, ®,, and 0,
in them have been calculated by using mean elastic constants; while
the three terms in the second summation have the form of Einstein’s
function énd depend solely on the natural oscillations of atoms, that
is, ®, ®; and O are the characteristic temperatures for three natural
frequencies. But, for the sake of simplicity we will use one of Einstein’s

formul®e® with the mean frequency of natural oscillations of atoms.
That is

3 /v
E=2N——" (11)

€ xr —1

And yet v, depends® on the atomic force due to the surrounding
other atoms and if their distances vary the force will be changed and
consequently w,, must be shifted according as the temperature varies.
But, as this shift is very small, we shall neglect the term dependent.

dav
on mn

Thus from (g) and (11) we obtain

(1) At first M. Born and Th. v. Karmdin investigated E for elementary substances.
Phys. Zeitschr, 13, 297, 1912, 14, 15, 65, 1913. By H. Thirring their result was extended
into the series calucurable easily for higher temperature. Phys. Zeitschr. 14, 867, 1913.
On the other hand, for lower temperature, Born and Kdrman deduced its approximate
formula. And afterwards, Thirring extended their calculation for mehratomic substances.
Phys. Zeitschr. 15, 127, 180, 1914, And (10) was quated from p. 77 in M. Born’s book
i. e., Dynamik der kristallgitter, (B.G. Teubner, 1915)

(2) A. Einstein, Ann. d. Phys. 22, 180, 1907.

(3) Debye marked at first that 2y, must be the function of temperature.
Archives des Sciences Phys. et. Naturelles 32, 1911. I will discuss this point in another

This document is provided by JAXA.



230 Yositosi Ends,

L_728yk ¢ \&7

(12)
hvyy, /
an—1) F o _I)
or by (1)
hvm
o kit ¢ "Cir)
o= 837 . ) (Iza)
(5
or _ '
= A7 (ié) (12,)
3v\dl /p’

(12,) gives facilities for finding o from the observed values of X, o
and(%) 5 ; thus although @ and # are unknown o can be found.
We must however notice that ¢ should be selected suitably for each

of all substances. At first, we consider halogen salts putting fy_—?’—__l 5,
2

and as the value of the frequency », we may use the mean frequency

residual rays,A and thus we obtain the calculated values of a® as
follows :

(1) In order to calculate by Born’s formula (10), we may use H. Thirring’s formula
for comparatively higher tempera.ture, that is mean atomic hea.t

o= (Grh=sr =2 ( 7))
0v=;—(ﬁ, | =3R{1— J'1 —) +3—J2( 7)o (104)
where B,B, - - - are Bernoulli’s numbers, and their values are
I X
B,=— , —_— e e e e
276 30
and J, J, - - . are calculated from the mean elastic constants.
NaCl KCl CaF,
~52
Jyx 10 1.86 1.39 5.33
—5)
Jyx 10 4.24 2.43 3.48
/
and B’ =-—I-£—. On the other hand, from (11)
hy
g Gy
Come o BT J BV i (114), KkN=R

(" kT “I)

Compare the values of C, at T=313 from (115 ) and (10,4

(20 be continued)
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ym X 10—12 dx 108 o cal.x 105 | oz obs.x 105 T

NaCl 5.77 5.63 3.87 4.039 313
KCl 4.73 6.26 3.50 3.8026 '
KBr 3.63 6.60 3.81 4.2007 '
KI 3.19 7.11 4.11 4.2653 .
AgCl 3.68 5.56 3.17 3.294 ’
AgBr 2.66 5.76 3.33 3.4687 .

Then we can find the lattice distance at any temperature from

the observed value at room temperature.

it follows that

i_—_j[ -+
3

5=8, (x +STa a7),

And as

For instance, the ratio 8317
0

following table:

and & melting point

72 &y v,
hv
a{n—1 _m
(n—1) e

S

(13)

are shown in the

NaCl
KC1
CaF,

(112)g. cal. (102)g. cal.
5.57
5.74
4.99

§5.72)

5.38

From these values s .cal. by (105) (IIg) are as follows :

o (I02)x 105
o (I1a)x 103
o obs. x 105

KCl1
3.53
3.50
3.80

CaF,
2.06
1.97
1.91

5_79t J. i.e, Joule’s equivalent heat=4.180x 107
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It may be seen from these results that

Yositos: Ends.

3313/8, dm /3, Melting point Ty
NaCl 1.00638 1.0311 1073 (800° C)
KC 1.00782 1.0343 1043 (770° C)
KBr 1.009I1 1.0359 1023 (750° C)
K1 1.0100 1.0371 ca 941 (668° C)
AgCl 1.00758 1.0211 733 (460° C)
AgBr 1.00855 1.0213 700 (427°C)

the ratios of expansion

at 40° C are fairly different for various salts, but at melting point its
values for alkaline halides are nearly equal to 0.035 and for Ag-

halides 0.021, this difference seems to depend on the difference of the

atomic volume between these metals.

Next, we will apply (12) to fluorite.
it has been shown that z=7.20 calculated from its compressibility and

that the ionic charge of F-atom (@) is -e, that of Ca-atom (O)is+2e
(Fig. 2.) and a=46.93¢".

By Landé® and Bormann®

ym X 10~ 12

dx 108

o cal. x 105

¢ obs. x 10%

CaF,

9-49

5.46

1.96 I

1.911§

313

(1) A. Landé, Verh., d. D. Phys. Ges. 20, 217, 1918.
(2) E. Bormann, Zeitschr. f. Phys. 1, 55, 1920
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2. Theamal expansion coeffici-
ents of elementary substances.

We will procede to investigate

the expansion coefficients in case of

monoatomic crystalline substances.

There aremany of this kind whichhave

been analysed by means of X-rays.
Among the different kinds of lattices
thus revealed, those belonging to the

cubic system are the following three:
(1) face-centered lattice, (II) body-

centered lattice, (11I)diamond lattice. Fig. 2.

‘At first, we must consider by what forces the atoms constituting
these lattices are in equilibrium. According to recent development of
the theory of matter, these forces have necessarily electrical origin.
Then in elementary substances, especially metals, all atoms must be
in the similar state, electrical or otherwise. Referring to the analogy
of the state of solution, it is conceivable that every metallic atom has
a positive electric charge. If so, what will be the carriers of the
corresponding negative charges? I think that they are free electrons
which sit at the unstable positions among atoms and move always
irregularly by thermal agitation. On the contrary, in dielectric sub-
stances, one of the atoms gives the electrons corresponding to its
valency to another atom, just like halogen salts; and thus, the
positive and negative atoms distribute themselves in the definite lattice
points ; these cases we need not to discuss further. In metals, the free
electrons may move about, but we may assume that the average
position of each electron corresponds to one of the lattice points
proper to these electrons. In other words, in views of estimating the
distributions of mean external electric field in the lattice, we may

arrange the electrons suitably among the atomic lattice so as to

form, as a whole an ionic lattice with the positive atoms. If such be
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the case, what will be the mean positions of the free electrons? For
this problem, we must infer the solution from the various characteristic
properties of free electrons, among which the expansion coefficient
also plays a significant role.

According to the electron theory, the number of free electrons
is of the same order as the number of atoms. Besides they must be
distributed in cubic symmetry, for all properties of the crystals
belonging to the above lattices show this symmetry. Based on these
two conditions, we may make a suitable assumption about the positions
of electrons. If the theoretical values of the thermal expansion
coefficient and compressibility of the assumed lattice agree well with
the experimental values, we may consider the assumption made as

Justified.

Now, for the elementary substances, the energy of oscillations is

— 3 kvﬂl
E=N. — - (14)
e K —1
Accordingly,
hvy,
e’kT( Ay, )
o= 36 ')'8 k e kT 5 (IS)
(n—1)a ([ﬁ——1>
or
vy, s
3 ( v, )
Y. 7). (150)

8.-; hvey, 2

Or, otherwise, if we use Debye’s function® which is

(1) P. Debye, Ann. d. Phys. 32, 789, 1912. Also, if we use Born and Kirmin’s
formula

3
E=N, (T:r)';zgm ng(vk) dpdydx
x=1]J0
(20 be continued)
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@
7)\° T 3.7,
E— kT{_}NS 5 de 16
9 ® o (16)
we obtain
A
_ 1243 d{ kT(_T_)gSTze’dz} I
* (n—1)a dT o e o E—1) (7)

In 1913 Debye™ obtained from his theory of elastic continum the

following formula for expansion coefficients of elementary substances

9

_ JK, d[ {(T)3§T Sdr @0}]

o= — o kTN +— =23, (18
3V 4T 0,/), #—1 2 T (18)

where V,, Ky, O, are the volume of one mol, the compressibility _and

the characteristic temperature -at zero point, and &' is the numerical

coefficient in the following expansion of O,

Ao A
@-@{I——' }, I
A Vo*+ (19)

where A is the increment of volume in the interval fromo to 7. As

A 3 .
the order of A is nearly 1072 even if 7 equal.to 10* and @' is 2 or 3,
0

we may put approximately ©®=—8,; then (18) becomes

A
=ttt [ ar |(T)] 22)].
3V, &7 ®/) F—1
while as
K—_ 9% = 5
a(n—1) 4

where @, ¥, x are the quantities depending on the velocities of propagation of elastic
waves, and »,, v,, ¥, are the three roots of the dispersion-equation A (g, ¥, X, »)=0, and
JF (») is an Einstein’s energy formula, Ny is the number of lattice points. But Cp from
this formula coincides very closely with C, from Debye’s formula; which were verified
by Born and Kirmdn, and Thirring.

(2) P. Debye, Phys. Zeitschr. 14, 259, 1913, Wolfskehl-Kongretz, Gottingen 1913 (B.
G. Teubner, Leipzig 1913)
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the above formula will become
(¢

()N, 75 @

Compare this formula with (17), then we see that there may be the

_ 12 S —6—1—{9
a(n—1)dT

relation y=a'. Debye calculated o' from the observed values of X
and o of copper and obtained a’=1.9. Accordingly ¢ equals nearly
2 for Cu.
(i) Face-centered lattice,

At first, we will calculate the values of ry from the expansion
coefficients of metals belonging to the face-centered lattice by means
of (15,).

(1)vmx 1812 T © K x 1012 §x 108 | xobs.x 105 ¢ ca x 103 v
Al 6.7 336 1.36 4.06 2.33 2.08 2.05
Cu 5.7 323 0494 3.60 1.698 1.65 2.00
Ni 6.7 531 (mean) 0.57 3-53 1.516 1.51 2.17
Pd 5.2 323 0.57 3.90 1.1186 1.26 2.5
b 2.2 323 2.0 4.91 2.948 2.61 29
Ag 4.1 400 (mean) 0.92 4.06 1.95 1.93 2.6
Au 3.8 323 o.6o 4.07 1.451 1.44 3.0
Pt 4.6 323 | 0.40 4.01 0.907 1.07 33

- Then, ¢ is the function of molecular force and we obtain it by

2
the same method as Griineisen, that is ry:ﬁ_éi_, From this relation

(1) In this calculation I adopted as yys the values from Einstein’s formula that is
= LT T Myt by
27 6
Ann. d. Phys. (4), 34, 170, 1911, 35, 679, 19IL.
(2) These values of K are quoted from Griineisen, Ann. d. Phys, 22, 838, 1907, 25,
845, 1908.
(3) It seems that this relation does not strictly hold for binary compounds.
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n=6y—4. For the above substances, the values of n are calculated

as follows :

On the other hand, from (1)

98

a(n—1)= Va ;

by this formula we obtain the values of a(z—1) for each metals.

‘ Al Cu Ni ‘ Pd Pb Ag Au Pt

a(7z—1I)x 1017

1.80 2.04 2.29 ~ 3.65 2.62 2.66 4.12 5.82

From these values of a(z—1) and 7, we obtain the values of 2 which

are tabulated as follows:

M| Al Cu Ni Pd Pb l Ag Au Pt mean

o |107e2| 12862 | 1262 | 16.1€? | 0.58e2 | 110e? | 139€2 | 17.0€* | [130€?

The Vélues of @ for all of the above metals are nearly equal and are
near 13.94¢%. This means nothing but that the jonic lattice constructed
by positive atoms and electrons is very close to that of the halogen
salt (in Fig. 1, consider, for instance, @ as electron, (O as atom).
Thus, in these metals the number of free electrons is equal to the
number of atoms.

(ii) Body-centered lattice

The values of vy obtained from o are as follows:

(1) The absence of perfect coincidence may be explained by reason of the assumption
of mean structure and the errors of observed values of A. The correctness of the former
reason may be seen from the better coincidence for the substances having higher melting
diont, because for these substances the positions of electrons are not so much disturbed
at the ordinary temperature.
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v, X 1012 T K x 1012 5x 108 |c¢ obs.x 105 cal. X 105 v
Fe 6.5 313 o.60 2.87 1.I9 1.29 I
Na 2.53 298 (m.) 15.4 4.30 7.2 7.8 0.8
K 151 298 (m.) 3L5 5.20 8.3 8.4 0.8

From these values of ¢y we can calculate 7.

7n 2 l 1.2 ‘ I.2

Then, from K by means of (1),

a(rn—1)% I0%7 1.0I l 0.200 0.209

Thus we obtain the values of @ from the above two data, as follows:

Fe Na K

a 44.7 e* 43.8e? 45.9 €2

From these values of « it will be

-;) concluded that, as the lattice atoms
\ /} are supposed to be body centered, the
+ L\ mean ionic lattice-structure of the
e\ / above substances is similar to that of
+ | Cu,0 shown in Fig, 3. whose value
++CF NN of @ equals to 47.8¢*. (in Fig. 3, @

"\ l ++  electrons, O atoms.) Thus the ionic

charges of an atom are +2e, and the

+Cj_ et number of electrons is twice the

Fig 3. number of atoms. Considering their
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electrical conductivity, it seems that some parts of these electrons

are not free.

(iii) Diamond-lattice.

The observed values of X for diamond are as follows:

0.5 x 107 by Richards, Zeit. Phys. Chem. 61, 1907,
0.18x 107 by L. H. Adams and E. D. Williamson, Journ, of Franklin

Inst. 195, 492, 1923.

As this difference is large, we will use the weighted mean, assuming

twice as much weight on Adams and Williamson’s value as that on

Richards, that is

Kmeanzo-s X I10.

At first, calculate ¢ from c.

-12

v,, % 1012 T Sx 108

oz obs. X 105

cecal. X 105

C 24.0 323 355

0.118

0.153

From this value of ¢, we have nz=2.

Then from K, a(z—1)=52.8x 107", therefore

a=59x (2¢).®

Well, if we consider the case of zinc
blende (Z%S), whose value of @ equals
to 60.5 €?, we see that the ionic lattice
of diamond is the same as that of ZzS
and there are two sorts of ionic atoms :
the charge of one being +4e, and that

of the other —4e (Fig. 4).
3. Thermal variation ofexpansion

coefficients.

By the above discussions, we have
found that ot  ormula expresses the

experimental fact that e« is proporional

Fig. 4.

(1) The factor 2 means that the charge of Z» or S.
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to (%Ef) 5 - Then we will calculate the values of o corresponding to

various temperatures for some substances and compare them with their
experimental values. In order to account for the thermal variation by
(15), the value of the constant involved is selecetd so as to obtain
coincidence at one particular temperature and then its variations are

calculated.

(1) Aluminium

Al T o cal. x 105 | o obs. x 105
103 1.21 1.36
“ 033 1.61 1.56
173 191 1.86
2I3 2.03 1.99
253 2.20 2.16
336 233 233 {E;ci)ee :;t ';:rcg.ncide at this
289523 2.38 2.44
523—648 2.44 2.70
648-—773 2.46 2.98

From this table, we see that (15) shows a discrepancy at tem-

peratures higher than 336. This is due perhaps by the reason

of neglecting the term containing jv}“ and the supposition of the

equality of %_ to 1. The deffect of the-latter, however, can be

approximately avoided as follows.

By (8)
T

= y

7n—1
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where o is the value given by (15) and « is the corrected value.

T
Then, as 6=3, (1 +S ad7’), we shall have for the above equation ;
0

o=

o
1

I—ns od T
0

So, consider the matter at two temperatures 77 7, then the ratio of «

will be

CL

&7'2/&7'1

cm

T2 = = T
[0/ [0 4PN
I—ﬂS _u A

71

2

By this formula, the corrected values for high tcmperatures are as

follows :

(2) Copper

289—523 523—548 648-—773
o cal. x 105 2.40 2.56 2.64
o obs. x 103 2.44 2.70 2.96
Cu T o cal x 105 | ¢ obs. x 107
103 1.04 1.04
123 124 .21
143 1.35 1.31
163 1.43 1.44
183 1.47 1.47
203 1.55 1.50
223 1.59 1.59
243 1.62 161
263 1.66 1.61
“““““““““ 283 1.68 1.63
323 1.70 1.70 made to coincide
289/523 174 1.72
. 523/648 1.78(1.85) 1.86
648/737 1.80(1.90; 196 '
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The values in the bracket are the corrected ones. There is a
fairly good agreement between the theoretical and the experimental
values.

4. Structual difference of metals and dielectrics.

From the above investigations, it will be seen that the atoms of
the. dielectric substances either diatomic or monoatomic have the ionic
charges corresponding to their * valencies respectively. Accordingly,
the clectronic structure of each atom-ion is the same as the one of
the neighbouring zero valence atom. For instance, consider rocksalt,
the normal state of Na- and Cl-atom, by Bohr's consideration, have

the following electronic structures.
(u:tota.l quautum

numbers
7 I, 2, 2, 3 3, .
lc=azimutal ,,
Na no. of clectrons. 2 4 4 1 7
Cl b 2 4 4 4 3

Therefore, that of Na* is
no. of electrons 2 4 4
which corresponds to that of Neon atom.
And for ClI-
no. of clectrons 2 4 4 4 4
which corresponds to that of Argon atom.
Next, in the case of diamond, the normal state of C-atom is
no. of electrons 2 4
Therefore, for C****its electronic structure is
no. of clectrons. 2

this corresponds to the structure of Helium atom, for C-———

2 4 4
corresponding to the structure of Neon atom,
in the case of CaT,, IR 2, 2, 3 32 33 4
normal state of Ca-atom 2 4 4 4 4 4
” B O 2 4 3
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Therefore

. . corresponds to
electronic state of Ca** ion ( E

©
N
EN
N

-i A—atom.
| corresponds to
{ Ne-atom,

=
bAd » ba4 r ”»

W
N
N

This is the reason why the electrons in dielectric substance retain the
stable cquilibrium positions. They are displaced only a little by the
external electric field. On the contrary, in metallic substances all
atoms in ionic states constituting crystal have no corresponding charge
to their valencies. Thus, the parts of the electrons departed from the
mother atom will be free electrons. 1 think this is the chief difference
in metal and dielectric.

In conclusion, I wish to express my sincere thanks to Prof. K.
Terazawa, whose kind interest and valuable advise have becen a
source of inspiration for me in this work, and also I wish to express
my gratitude to Prof. H. Nagaoka, and Prof. T. Terada for their

kind suggestions and advices during the cource of this work.
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