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1. Introducton

In any discussion concerened with the siructure of the earth’s interior,
the problem of origins of the region C and the core plays the most im-
portant roll and atiracis atiention of geophysists, geochemists, mineralogists
and geologisis. Several hypotheses have been proposed on the region C or
the core. There is, however, nothing that can explain both the origins of
the region C and the core by such an idea, that one of boih origins is in-
evitably related with another. Ramsey’s hypothesis, for example, concerns
with the core but not with the region C, although it seems to me thai he
supporis the Jeffreys-Bernal’s hypoihesis regarding the origin of ihe region
C, and believes that the pressure-induced changes paly the imporiant roll on
the struciure of the earth’s interior. Olivine-spinel iransiiion hypothesis
suggesied by Jeffreys and Bernal implies no direci information for ihe origin
of the core, and iron-core hypoihesis is mnoi direcily connecied with the
origin of the region C. We should recognize the exisience of a close rela-
tion beiween boih origins, which may be connecied with the evoluiion of ihe
earth,

Though it is irue thai ihe siruciure of ihe earih’s interior is so com-
plicated for us to need a great deal of knowledge on physics, chemisiry,
cosmology and the other, the principal ideas coniained in the hypotheses
proposed hiihio are noi so many as ihese hypotheses. The following iwo
principal ideas are current according io the present writer’s opinion ; (1)
differenciaiion by chemical reaction or graviiational force, or boih, and (2)

pressure-induced change in cohesive properties.



The, layered structure in the earth’s interior, found by seismologisis,
atiracted aitention of the researchers, mainly geochemists, who gave many
contributions based upon the idea (1) through an analogy with a smeliing
furnace. Unforiunately the knowledge on the thermal states within the
earth’s inierior, one of the most difficuli problems to be solved, is indis-
pensable in the investigation based upon the idea (1). On the other hand,
the idea (2) was developed mainly by physisis comparatively later than the
idea (1), who were stimulaied by astrophysical investigations. One of the
characieristic features in the idea (2) is that the physical state under con-
siderably high pressure is independent of temperature in the first approxi-
mation, as whithin a whiie dwarf in an exireme case. This feature of ihe
idea (2) has an adveniage in comparison with idea (1), since anyone taking
a part in each of the ideas, wheiher it is (1) or (2), muse fact ihe effect
caused by high pressure.

The faci thai the pressure of order of 1,000 kbars prevails ihe earih’s
centiral part prevents the invesiigaiors from applying simply the resulis
established under low pressure region. Moreover it is noted thai in any
discussion concerning wiih the siruciure of the earth’s interior are the iwo
unknown parameiers, ‘‘consiiiuent materials and physical properties’’. Thus
one aitempts to find what kinds of maierials can be there examining equa-
tion of state with some parameters demonsiraling the materials, and it
results ofien that ambiguiiies due io exirapolaiion of equation of siate to
high pressure are replaced by variaiy of maierials. There is, however, no
evidence that simple extrapolaiion of physical relaiions to high pressure has
necessarily the iendency such thai they coniain some real quaniiiies in their
approximation ranges. One wanis to apply such a method thai is possible
to examine iiself and alter iiself according to given condiiions. On this
point of view, it seems ihai the microscopic treaimenis are able io possess
the ability, because all studies on physical properiies siand on ihe micros-
eopic poinis of view. In the case, for example, io apply Thomas-Fermi-Dirac
or Thomas-Fermi method for the staie of ihe core, one can examine the
validiiies under high pressure, as will be described later.

Of course, the microscopic ireaimenis are mueh more complicated ihan
the macroscopic one, so thai labourous calculations are required in order
o obiain some quantiiative resulis. There is anoiher weak-poini, thai is,

the crystal sirueiure, and the bonding force must be set up and thus one
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can not help to assume the constitueni material. This . difficulty, however,
would be covered by many informations from cosmology, geochemisiry, and
mineralogy, to be resiricted within the selection. of relailvely small number
of compounds regarding the composition .of the upper mantle. And, though
the binding forces in these materials are unknown under high pressure
range, ihere are many kinds of compounds, each of which is a characieri-
siic of bond type under normal condiiion, and they are considered - as
the expressions of various types of bonding characters, some of which
might be corresponding %o the bonding. characiers induced by the effect of
pressure. Therefore, we- can investigate the bonding characiers of many
compounds- under normal- condition. in laboratory,. io- esiimaie. these deform-.
ed characiers under ihe effeci of pressure. The preseni paper originaies
in such a siandpoini thai the siruciure of the earih’s interior is dependent
on pressure-effeci in the first approximation and the origins of ihe region

C and the core are due io essentially same pressure-induced changes.

2. The region B

Jeffreys (1939a, b) computed values of the P-velocity throughout the
earth. and of the S-velocity down to a depih of 2,900 ks, using ihe Jeffreys-
Bullen iravel-iimes. This led to a division of the earth, with respect to
depth, into several regions, each characierized by ihe iype of velocity varia-
tion in it. The nomenclature A, B, C, D, E, F and G to denote the regions
was introduced in ihe course of subsequeni work (Bullen, 1940; 1942) on
the problem of the earih’s density variation. At a later siage (Bullen,
1949), it appeared that the lowesi 200 km of the region D were sufficiently

Table 1. Regions of the earth’s interior.

region r?;zlf; of depth p-velocity (km/sec) s-velosity (Bm/sec)
A 0-33 (widely varying) (widely varying)
B 33-410 7.8- 9.0 4,4-5.0
C 410-1000 ; 9,0-11.4 5.0-6.4
D’ 1000-2700 11.4-13.6 6.4-7.3
D" 2700-2900 13.6 7.3
E 2900-4980 8.1-10.4 (not observed)
F 4980-5120 +10.4- 9,3 (not observed)
G 5120-6370 11.2-11.3 (not observed)




different in a significant physical respeci from the resi of D to warrant the
subdivision of D into the regions D’ and D", Table 1 summarizes the
velocity distributions in these layers.

Williamson and Adams (1923) used hydrostatic relaiion with seismic
daia in examining the denity variaiion in the outer manile, and Bullen also
(1936) in an attack on the density variation in the whole earth. He gave
the distribuiions of density, elastic constanis and pressure in the two model,
A and B, which are used widely in discussions of ihe earih’s interior
(Bullen 1953). These values well be used in the present paper. Also the
present writer as well as many authors, will exclude the region A from the
problem considered, because of its complicaied characier and less importance
for the present study of deeper parts.

From Jeffreys-Bullen table, it had appeared ihat the P- and S-velocities
increases with depth, stariing a value of 7.8 km/sec. in the case of the P.
velocity just below Mohorcvi€i¢ discontinuity, at a very uniform rate to a
depth near 410 km.

2.1. Materials composirg the region B.

Dunite, a fairly pure form of olivine, (Mg, Fe):5iO4, has been favour-
ed as the rock in ihe region B by a large number of authors. William-
son and Adams firsi stated that there are no -measuremenis which conflict
seriously with the conclusion thai the manile consisis of ulira-basic rock.
Modern aspect of the internal composiiion that the relalive abundances of
the chemical elemenis in ithe earth may be found:by suiiable weighi-
ing of the analysis of meteorites. Washingion concluded by analysis of the
average siony meieoriie that ii corresponds io olivine, 35, pyroxene, 42,
anorthosite, 4, iroilite, 5, nickel-iron, 13 per ceni. From his result ihe
silicates of the average siony meteoriie is considered io be fairly evenly
divided beiween olivines and pyroxenes.

Atiempiing io reconcile the seismic daia wiih respeci to the region B
with the meieoriiic mineralogy, Birch (1952) stated that ihe ratio of incom-
pressibility io denity in the region B agrees with only thai of forsteriie
(Mg:SiO.), noi wiih thai of peridoiiie or the average siony meieoriie, even
without allowance for the effeci of iemperature. As in Table 2 are shown

the raiios of incompressibiliiies o densiiies of severadl silicaies and oxides,



Table 2. ¢=(Kr/d) of some oxides and silicates.
(room temperature, one atmosphere)

substance ¢(":”S/I§z‘{ ﬁ) substance ¢€ ;’5/1.5: ‘{ )dz)
oxides ; Ca0-Al,042Si0, 33
MgO 47 Ca0-Mg0-2Si0, 28
ALOg 69 MgO-SiO, 29
MgO-AlOg K Mg, Fe)0-Si0, 28
FeO-Fe;04 37 2MgO- Si0, 36
Fe,Og 32 2Fe0-Si0, 26
TiO, 50 3Ca0-Fe,04-35i0, 43
Si0;-quartz 14 3Ca0-Al,04-3Si0, 45
Silicates : ‘ 3MgO-Al,05-35i0, 44
Naz0 Al 04-65i0, 20 3Fe0-Al,05-3Si0, 40
K;0-Al;05-65i0; 18 3BeO-Al,03-6Si0, 67
Naz0-Al;0s-45i0, 39
Li;O0-Al,05-4Si0, 45

there are a number of possibiliiies which don’t so greaily strain ihe data.
These minerals are garneis and ihe pyroxene mineral, jadite and spodu-
mene, some of which are examined by several auihors as the composition
of the region B. For example, ihe eclogite was considered by Birch (1952)
and some peirologisis. Yoder (1950) and Roberison, Birch and MacDonald
(1957) proposed the possibility of jadite composing ihe region B. There is,
however, no evidence thai these minerals are more adequaie for ihe com-
posiiion in the region B than olivine. i any raie one may conclude that
the examinaiion whether olivine has physical properiies compaiible with
those in the region B should be first made. Olivine is generally com-
posed of 90% forsieriie (Mg:Si0:) and 109% fayaliie (FezSiO.). Therefore
the physical properiies of olivine are demonsiraied mainly by those of for-

sterite.

2.2. Changes of incompressibility and density of forsterite
with pressure.

The siruciure of forsierite (olivine-siruciure) is found by Bragg (1937)
as shown in Fig. 1. The unit cell has the following ithree axes; @=4.7554,
5=10.21 A and ¢=5.985 A,



In order io obtain the latiice energy
of forsteriie, though exact quantum

mechanical treaiment is essentially re-

59654 —-

quired, this ireatment is not applicable

to such a complicaied crystal structure

—-—-C

as olivine siructure, and therefore, the
semi-empirical formula deviced by Born
and Mayer (see, Born and Huang, 1954)
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is adopied, since forsteriie is regarded, %OOXYGET‘, @0 MAGNESUM )
: . L. Fig. 1. Olivine-structure of Mg,;SiO,.
in the first aPPrOX1mati0n’ as an ionic Si atom of which position is the
crystal (see, VeThOOgen, 1958). Using center of O-tetrahedral, is not shown
in the figure.

Born and Mayer’s formula, ihe laitice
energy U(v) of an ionic erysial is expressed by
Uw)= —A/(w/vo)'*+ Bexp{ — (v/v0)2/p} @D
where v denoies volume per molecule, A, B and p constants, and suffix O
refers zero pressure ((2.1) can be used only when temperature is absolute
zero). (2.1) can be applied io the crysial coniaining somewhat covalent
bonds, ihrough ihe consiants B and p modified suitably by semi-empirical
treaiment, and is proved o be deduced from quantum mechanical founda-
tion. The first term in (2.1) exhibits ihe electrosiatic potential energy and
the second term ihe repulsive energy due io overlapping of eleciron clouds.
Maruunkuit (1953) applied already (2.1) io forsierite. He, however,
used an uncorreci value of A, that is, the Madelung consiant of olivine
siruciure. The writer (1958, 1959a) evaluaied the Madelung consiant for
olivine siruciure, using Beriaui’s method (1952), which is suiiable to treat
such a complicaied siruciure as olivine siructure. The result is given by
A/(v/vy) =155.22¢%/b, 2.2
where ¢ is elecironic charge (=4.8029-107% esu), aad b is the lengih of b-
axes.
By differentiaiing once and iwice (2.1), pressure p and incompressibili-
ty (isothermal) Ky are expressed by
p=—-dU/dv=(_1/3v)(-A/@/ve)*"*
+ B{(v/v5)'3/ p}exp{ — (v/v0)1%/p}] @3

K= —vdp/dv=(1/9)( ~ A/ (0/v)/s+ B{(0/9)"/pJexp{ — (9/9:)"/p}
+B{(0/06)*/3/*Yexpl — (0/0)1/3/p}) + . @8



Using the experimental value of incompressibility under normal con-
dition, 1.22-102 dynes/cm?, from the condition p=0, the unknown parame-

ters B and p are deiermined. Using ihese vdlues (2.1) becomes

U= —350.709185/(v/v4)*/*+5890.08736 exp{ —4.2735(11/110')“3}
(+10712 ergs/molecule) 2.5

From (2.3), (2.4) and (2.5), one can evaluate pressure p and incompres-
sibility Kr as functions of volume. Using ihe density under normal con-
dition, 3.3 gr/cm?®, densiiy d also is evaluated as a funciion of volume. If
one uses the atomic weights of Mg, Si and O and the latiice consiants
given by Bragg, the densiiy under normal condition becomes 3.216 gr/cmsd.
Those values of pressure p, incompressibility K and density @ thus obtain-
ed are lisied in Table 3, and shown in Fig. 2, in comparison with those
of Bullen.

Table 3. Variation of density, incompressibility and pressure of Mg,SiO,
versus (v/vg).

\

. pressure p incompressibility .

‘ (v/v0) (-102 dynes/cm?) (+10 dynes'2/cm?) density (g/cm?®)

i

1 0.000 1.22 3.30

0.99 0.039 1.32 3.40

|

‘ 0.98 0.082 1.45 3.51

; 0.97 0.129 1.56 3.62

i 0.96 0.180 1.70 3.73

I
S ot g 02 In Fig. 2 one can see ihai the
W oser L7 d . . .
E ul §35- W calculated density- and incompressi-
R R T .
2l X bility-distributions are in well accor-
> 3 .
5 rop B @ dance with those of Bullen. Compar-
LY 32k
3 —— Bullen ing t i
% sl e ted Tng the calculaied value of ihe raiio of
z — 2, ncompressibility o density, denoted
3 o )
2 . PRESSURE (10" DYNES/CM') by ¢=Ky/d, with thai of Bullen, one

3 w0 20 300 43 . .
) o ) ) can see that the maximum discrepancy
Fig. 2. Distribution of incompressi-

bility (curve 1) and density Ccurve is about 89%, that is due io the follow-
2) within the region B. ' ings: (1) the calculaied denoies the



isothermal values and ‘Bullen’s the adiabatic values, (2) (2.1) or (2.3) tends
to exhibit somewhat poor approximation under higher pressure region, and
(3) Bullen’s value coniains the error due io unceriainty in seismic veloci-
ties, especially in S-wave. Therefore we may conclude thai ihe elastic pro-
perties deduced from-olivine model are compaiible with those in the region
B. Also the expression (2.1) is regarded as a good approximation to the
pressure range corresponding io ihe region B. The existence of aboui 10%
fayalite togeiher with forsieriie in olivine may make the incompressibiliiy

a litile lower, since fayalite is more compressible than forsieriie.
2.3. Electric conductivity of forsterite

The eleciric conductiviiy of the earth’s mantle can be inferred from a
study of geomagnetic iransient variation.

The periodic solar-daily variaiions and ihe aperiodic magneiic siorms
can be separated by a Gaussian analysis inio induced and exciting com-
ponents. A knowledge of the total field ai ihe earih’s surface enables one
to compute the maximum depih penetraied by ihe induced currents. Know-
ing the depth of peneiraiion of ihe induced currenis over a wide range of
frequency, one can calculaie the disiribuiion of the conductiviiy. A know-
ledge of the eleciric condmciiviiy of the maierials ihat make up the earth’s
mantle is imporiani in discussion of the thermal siaite of the earih.

Lahiri and Price (1939 es-
timaied ihe conduciiviiy io a
depih of aboui 800 &m. They

showed that a number of disiri-

1%

Uncertainty

3
T

‘I
3
&)
o
=3
>
&
.

buijons are compaiible with the

magneiic variations, bui there is

Conductivity, & 'cm’

a very rapid increase in conduc-
tiviiy somewhere within the ouier
few hundred kilomeiers of the 7

earth. Considering ihe shielding

. : Lt A6 L N 1 1 1 —
effeci of the oceans, Rikiiake O 7000 T3o0 2000 7500 3000

(1951) supporis ihe conclusion Oepth, km

.. T Fig. 3. Distribution of electrical conduc-
of Lahiri and Price: that the tivity within the mantle, according to

conductivity rises sharply some- Lahiri and Price, or McDonald.
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where in the outer few hundred kilometer of the earth. MecDonald (1957),
exiending the analysis to long-period variation of internal origin of magne-
iic field and was thus able io estimate the conduciivity ai the core-mantle
boundary. These values are shown in Fig. 3.

Coster (1948) showed experimenially ihai ihe eleciric conduciiviiies of
silicaies obey the relation

o=a0exp(—E/kT) 2.6

where E is called aciivation energy and oo is a coastant proporiionallity
wiih ihe interpolation of conduciivity ai infmiie temperature. Hughes (1953)
confirmed Cosier’s resulis and furiher showed ihat the elecirical conduciion
in olivine can be inierpreied in terms of ihree different conduciions. The

numerical values for three mechanisms are lisied in Table 4.

Table 4. Electric conductivity of olivine.

‘ type of conduction | ohm™! cm! E. ev. range of dominance, °C
‘ Impurity 10-4 1 <600
Intrinsic 10 3.2 600-1, 1000
Tonic 10-5 3.0 >1,100

On examining ithe Table 4, one can conclude thai ionic conduciion is
predominant within the region B, because ihe temperaiure wiihin ihe regin
B is beiween aboui 1,000 and 2,000°C. To esiimaie ithe thermal siaie of the
region B, the variaiion of oo and E versus pressure, especially of E must
be esiablished. Hughes’ laboraiory siudy (1956) reporied thai dE/dp of
peridoi is 4.8-10-% ev/bar and ihe temperaiure a: 100, 600, 1,000 km depih
are 1,480, 2,200 and 3,180°K. His experimeni, however, was done below a
pressure of about 9.0 kbars and hence iis exirapolaiion induced the over-
estimaiion of temperaiure wiihin the manile, due 0 a larger effeci of iem-
peraiure on E than of pressure under comparaiively low pressure region
(see, Wada, 1958, 1959a). Rikitaie (1952) esiimaied theoreiically the varia-
ilon E versus pressure in the case of ionic conduciion. The assumpfiion
made by him are as follows: the variaiion of E versus pressure is affected
only by the variaiion of atiraciive poieniial, negleciing the repulsive po-

tential of an ion pair, the effeci of polarizaiion energy due io ion-vacaney,
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and the effeci of poieniial barrier for a moving ion or hole. The present
writer (Wada, 1958, 1959a) evaluaied the aciivaiion energy E in ionic con-
duciion of forsieriie due io Schotiky defecis of Mg** and 0%-, ‘o give the
value of 3.2 ev. as in well accordance with Hughes’ results of 3.0 ev.. His
evaluaiion, based upon Moit and Liitleton’s method (1938), includes the
effecis of repulsive energy and polarizaiion energy. Moreover, he estimated
the variaiion of E versus pressure. Ii is, however, noted thai, because
the changes of some parameiers, such as the dieleciric consiant and the
polarizabilities of ions, versus pressure are unknown, he adopis the plausi-
ble assumpiions as follows :

(1) the variaiion of polarizaiion energy is considered for ihe ihree
cases ; independent of v (case D, in proporiion to (¥)~'/¢ (case 2) and
()13 (case 3),

(2) the poteniial barrier varys in propoiion i (v)7%, because the
repulsive poieniial, as considered generally as mainly effective in this case,
varys in propor‘tion io ()12, where 7 denoies ihe nearesi neighbour in-
terionic distance,

(3) the iemperature-dependency of E is evaluaied by equation of state
of Mie and Griineisen (see, Born and Huang, 1953).

The values of E ihus obiained are listed in Table 5. He concluded as
follows :

(I) Under a pressure range beiween 0 and 10.0 kbars, the temperaiure-
dependency of E is appreciably effective in comparison wiih the pressure-
depeadency, and hence, if one exirapolaies ihe resuls to higher pressure,

Table 5. Pressure-dependence of activation energy at 1,500°K.

P E(ev.)

(102 dynes/cm®) | Case I Cose Il | Caselll
0.000 3.250 3.265 3.29
0.010 3.290 3.290 3.290
0.049 3.405 3.370 3.260
0.092 3.516 3.420 3.210
0.137 T 3.620 3,480 3,150
0.187 a0 3510 3,100
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one should overesiimate E, and heace,
also temperature, as seen in the es-
2000 | /‘:;)/’ iimation made by Hughes, (II) dE?/

(2) dP? can no: be disregarded, as sug--
—_ gesied already by Verhoogen - (1956);

and (III) the monoione-increase of E

1ooo

ABSOLUTE TEMPERATURE (°K)-

o0 200 Ja 4o versus pressure is mainly due io ihe
DEPTH (kM) variaiion of poieniial barrier, whereas

Fig. 4. Distribution of temperature
within the region B. (1) calculat-
ed value based upon Lahiri and io decrease, as noied by Tozer (1959),

ithe residual pari of E raiher appears

Price’s d-curve, (2) based upon t00.
Rikitake’s model, and (3) Cuten-

) Based upon ihe esiimaiion of E
berg’s results.

as a funciion of pressure or volume,
ihe iemperaiure-disiribuiion wiihin the region B was esiimated by ihe
wriier, adopiing ihe eleciric conductiviiy-disiribuiions given by Lahiri and
Price’ d-curve and Rikiiake’s curve, where oo was assumed as a consiani,
10° ohm™cm™, His result is shown in Fig. 4, with the iemperaiure dis-
iribution given by Guienberg (1949). Ii is noied that the pressure-depen-
dency of o, was disregarded in his evaluation, whereas Rikiiake and Hughes
considered ii. According to Tozer’s opinion (1959), the effeci is raiher so
small that the change of oo of less than 509§ ihroughout the manile would
be cosidered as a negligibly small coniribution on the estimation of tem-
peraiure wiihin the mantle, in comparison wiih ihe effeci due io the change
of E.

From the description made hitherio, the assumpiion that the region B.
is composed mainly of olivine (almost forsieriie) appears o have no serious
objection. Namely the electric and elasiic properiies of forsieriie agree
well wiih those obtained from seismic and geomagneiic observaiions within
the region B.

3. The region C.

Jeffreys (1936) reporied the existence of a second-order disconiinuiiy
(change of gradient) in the seismic wave iravel iime ai ihe depih corres-
ponding io the epicenier disiance of 20°. Since then many authors have
discussed the naiure and origin of this disconiinuity. Jeffreys (1939a)
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poinied oui that there are sharp .increases in ihe velocity gradienis ai a
depih of 413 km., ihe gradienis then sieady. diminishing uniil normality
is recovered . near 1,000 km. Because of the smooihness of the changes
near .1,000 k7, ihe depth selecied for the base of region C is somewhat
arbiirary, bui this arbiirariness is of no significance.

Guienberg (1951) has noi found evidence of the 20° discontinuiiy, and
his gradienis run fairly sieady from a depih of 150 km. io about 1,000
km., where, however, ihere is a sharp reduciion in ihe gradients. Though
the discussion on the seismological evidence has noi yei been confirmed,
the existence of some kind of abnormality in ihe region C should not be
overlooked. ‘

We have, moreover, another important facis concerning ihe peculiarities .
of the region C. As mentioned in sec. 2.3., the exisience of an abrupi.
increase in ihe eleciric conduciiviiy is deduced at a depih corresponding
approximately io the region C from shori-period variaiion in ihe geomagne-
tic field. The sharp change in ihe conduciivity means a sharp change in
the aciivaiion energy E which will be relaied io a 6hange in ihe physical
or chemical siate.

To account for the change of ¢ in the region C, Jeffreys and Bernal
(1936) suggesied a iransiiion from orthorhombic io cubic olivine brought
aboui by the high pressure. Bridgeman (1951) has incidenially found a
disconiinuous changes in the shearing sirengih of olivine ai a pressure of
84.0 kbars, which corresponds io a depih of 250 k7 below ihe earih’s outer
surface.

Birch (1952) discussed the quesiion of uniformity in ihe region C.
Unifbnniiy means that the variaiions of density and compressibility are
caused by compression alone, as conirasied io variation rebuhmg from
chemical or physical change of siate. He assumed the followmg equaiions
to hold in the region C:

(A) hydrostaiic equilibrium dp/dr= —dg,

(B) uniform composition dp/da=K/d=4,
and (C) adiabaiic temperaiure gradient d7/dr= (Ta/pCp)dp/dr
where 7 is the radial distance, T, « and Cy the iemperaiure, ihermal ex-
pansion coefficient and specific heai, From ihese condiiions, dK/dp can
be evalnaied direcily from a knowledge of ¢, which are deduced from seis-
mic daia.. .On the oiher hand, Birch nsed an equaiion of siate deduced
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from finite sirain theory, % obtain' a theoretical curve of the expression
dK/dp as a funciion of depth. This theoretical curve disagrees the ob-
served values deduced from ¢ in the region C, whereas in the region B
and D boih curves are in well accordance. This shows that at least one
of the three assumptions, (A), (B) and (C), is not satisfied in the region
C. Birch considered that the region C may be associated with a change of
proporiion of MgO, FeO and SiO: regarded as distinct phases. Miki (1955)
discussed the possibility of a non-hydrositatic state in the region C.

Shimazu (1958) stated ihat there are two types of ideas on the origin
of ihe region C.

(I) the maierial composing the region C is chemically as same as in
the region B and D, bui has crysiallographical difference, which is related
to some change of ihe cohesive properiies.

(D) the region C is composed of any different material from those in
the region B and D.

Regarding (1), olivine-spinel iransiiion was first suggesied. Marmumeni
(1956) and Marumngnit and Kammmmn (1959) suggesied the possibility that
the chemical bond of Mg-O in MgsSiOs crysial iransforms from ionic io
covaleni bond. Though in the iransformation ihe possibility of erysial-
lographic change was siated by no mean, his idea is regarded as belonging
to (1). Holser and Schneer (1957) examined the possibility of (1) in the
peini of view of crysiallographic investigation.

Regarding (ID, the decomposition of MgiSiOs to iwo oxides, MgO and
Si0:, was suggesied by Marmungutt (1953) and Shimazu (1958). MacDonald
(1956) also examined the same idea. Simazu’s idea is differeni from the

3 LAY

other in concern with considering a ‘“‘squeezing process’” to exclude SiO:

produced in the decomposiiion oui ihe region C.
3.1. Olivine-spinel transition

Since the suggesiion of Jeffreys and Bernal, a litile coniribution io
olivine-spinel iransition hypothesis was made uniil Ringwood’s papers were
published. (Ringwood, 1956a, b, ¢, 1958a, b, ¢, 1959). Miki (1956). and
Shima (1956) examined wheiher the change of ¢ in some polyorphic iran-
siiion is likely to be positive. Miki concluded thai ihe changes of ¢ in

several iransitions beiween each pair of typical crysial struciures are likely
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to be negative. He used the simplest formula of ionic erystal energy,
which has an inverse power form as repulsive potential, using the repulsive
coefficient # unchanged at each iransition.

On the other hand, Ringwood investigated sub-phase equilibrium in
the system NizGeOi-Mg:SiO.. NizGeO, possesses a spinel siructure and the
ions Ni?* and Mg** are similar in crystal-chemical properiies and then
able o replace each other in a many crysials and minerals. A similar re-
semblance occurs beiween Si** and Ge'*. Siudying the properiies of this
solid soluiion, he deduced their equili-
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already given in section 2.2, and the
Madelung consiani for spinel siruciure
was evaluaied by Verwey, de Boer and
van Santen (1948), who considered ihe change of oxygen parameter u,
which is ofien used in the form #=(3/8)+4d. When 6=0 or #=0.375 A4,
oxygen ions are situaied in ihe mosi closely packed siruciure. There are
the iwo kinds of arrangemenis of consiitueni ions in spinel siructure,
normal spinel and inverse spinel. If one exchanges a half of po_sitive’
ions siiuaied in ociahedral siies with all of posiiive ions situaied in tetra-
hedral sites in a normal spinel, a inverse spinel will be expressed.
Let ihe laiiice energy be expressed by
U=-A/r+B/r 3.D

If the iransition from olivine o spinel occurs at a pressure p, the thermo-
dynamical equilibrium condition is expressed by
Utpv=U'+pv’ 3.2

where the quantiiies with prime are refered io the high pressure modifica-
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tion. Let us write (3.2) as
p=U'-U)/(v—-v") 3.3
The right hand side of (3.3) is, of course, a funciion of pressure. As an
approximaiion, however, one can simply ignore the pressure dependence
of the expression on the right and use its value corresponding to zero
pressure.
p=U'~Us)/(wy—-0:"), €X))
where the suffix 0 signifies the value ai zero pressure. It follows from the
equilibrium condiiion and (3.5) that the nearest neighbour disiance at zere
pressure is given by
ro=(nB)n"1/(A)»"1 3.5
and the energy per molecule can be writen as
Ulr)=—An-1)/rmn (3.6)
Since the volume per molecule is proporiional io ithe third power of ihe
nearest neighbour distance, let us denoie the volume per molecule by s7°
and s'7%, respeciively, for the iwo siructures. Thus using (3.5) and (3.6)
in (3.3), one can obiain the following approximation for the iransition
pressure :
bp=AF,/sr," 3.7
with Fu defined by

_ (=1 {1-(A//A) -2 (B/BHM/ v} :
Fp= n {1=(s'/s)(B'AJBA") =1y} (3.8)

where ihe quantities with and without prime refer respectively to ihe high
and low pressure modifications of the crystal.

The condition that a transition is possible, is expressed by Fa>0, since
$>0 in (3.8) is necessary. Hence let us consider the possibility of iran-

Table 6. Electrostatic potential energy of spinel (normal and inverse) for
several values of oxygen parameter # (unit : (e2/b) /molecule).

|

L #=0.375 #=0.380 #=0.385 #=0.390

normal spinel 168.9 166.1 ‘ 163.5 190.9

inverse spinel 157.3 160.8 163.9 167.0
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sition from olivine to spinel (normal or inverse), with the change of oxy-

gen parameter #. Table 6 shows the Madelung constants for spinel struc-

ture, in which we adopt the

length of b-axes of olivine, b, 20, Ls\itf‘e\

as an unit in length, whereas the mer {‘P'%,.{ '«J‘“US

values given by Verwey ei al.

are expressed by the latiice con- X 100f

stant @ as an unit in lengith. The- 3 olivine

refore it is resulted in s'/s=1. % ~ N
Comparing the Madelung con- 150f

stant A for olivine struciure with

the Madelung consiani A’ for . ) | ) . .
Spinel siruciure Wi’l.h 'i.he change 0370 0375 0380 a‘i:.f 0390 0395 0400

of oxygen parameier #, we know F ig. 6. Comparision of electrostatic potential
energies of spinel and olivine forms in

thai A’ is larger than A in the
MgZSiO4.

following range of #: 0.372<u
<0.401, wheiher spinel is normal or inverse (see Fig. 6).

When A'/A>1, the condiiion of Frn>0 is saiisfied in ihe iwo cases,

(1) (A"7A(B/BH<1 and (B/B)(A/ANK]

and (i) (A’/A)»(B/B)>1 and (B/B)(A/AN>1
If we wriie (B'A/BA"=C, (i) is expressed by (A’/A)"-1/C<1 and C<1,
one of which is noi compaiible with the other, because of the condition of
(A'/A)>1. On ihe oiher hand, (ii) is saiisfied, bui this case means 7,'>
#o, namely, that corresponds io ihe iransiiion from spinel io olivine. Thus
it is concluded thai the iransiiion from olivine io spinel is impossible in
the range of #, 0.372<#<0.402. In ihe case of #>0.402, the iransiiion to
normal spinel is regarded as possible, bui the spinel siruciure of #>>0.402
is unlikely io be realized, because ihe ieirahedral siie is ioo large. In ihe
case of #<0.372, ithe iransiiion io inverse type is regarded as possible,
bui the spinel siruciure having #<0.372 appears io be not found in usual
compounds. The spinel siruciure having #<0.372 may be rather similar
i0 olivine siruciure. Then we can conclude thai the iransiiion from olivine
io spinel may be possible under the severe corndiiion above described, on
other words, impossible in the usual condiiion. Regarding this conclusion,
it may be noied ihai Holser and Schneer (1957) suggesied ihe possibiliiy
of the iransiiion to the inverse olivine siructure.
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Recently Wentorf (1959) reported that no spinel form of forsterite
was obtained at pressure as high as 130 kbars.

Regarding the olivine-spinel fransition hypothesis, there is another
question whether the spinel form possesses or not the elastic properties
corresponding io those in the region C, even if the possibility of transi-
tion is allowed. Generally speaking, the second phase deduced from such
a polymorphic transition as found in alkali halide, is likely to have rather
less ¢ than the first phase, whereas Ringwood considered that the spinel
form of forsterite may have the ¢ similar to that of corundum.

3.2. Mg,Si0, = 2Mg0 +Si0, hypothesis

Recently Marmumguit (1953, 1955) and Shimazu (1958) suggested ihe
hypoihesis that in the region C is taken place the decomposiiion of
Mg:Si0, that is,

MgzSi0.22Mg0 +5i0;. (GX))

At normal pressure the volume change in reacion (3.9) is posiiive. Due
io a highly compressible property of normal quariz ihe molar volume of
ihe right hand side of (3.9) reduces rapidly and ihe molar volume change
becomes negaiive with increasing pressure. Thus ihe decomposition iem-
peraiure increases, reaches a maximum, and then decreases with increasing
pressure. The (2MgO+SiOz) “model for ihe region D, however, does not
seem 1o be reasonable, since ithe value of ¢ for SiO: is low.

Anoiher decomposition process was suggesied by MacDonald (1956).
He poinied out thai the molar volume change for reaciion (3.9) is negaiive
with coesiie phase and ihus ihe decomposiiion of MgzSiO, is realized at
high pressure. Though ihe compressibility of coesiie is unknown, one
repori (see, Coes, 1953) says that ihe hardness of coesiie is of ihe same
order as spinel or garnei. Thus the (2MgO+SiO: coesiie) model for the
region D will be unreasonable since the value ¢ would be t0o small.

Apart from the mixiure model above described, Shimazu suggesied the

decomposition with squeezing of SiO:, as expressed by
Mg2Si0,22MgO +SiO: (coesite) (3.10)

where SiO: (coesiie) can migraie through the sysiem. He considered ihe
reaction sysiem of which componenis are Mg:SiO. (forsierite), MgSiOs
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(enstatite), MgO (periclase), and SiO; (coesite), as follows :
Mg2Si10.22MgO+SiO; (coesite) T
2MgSiO0s2Mg2Si0. +SiO; (coesite) | 1
MgSiOs2MgO+SiO; (coesiie)T
MngiO4:MgO+MgSiOs

And similar reactions can be expecied for the sysiem of FesSiO: (fayarite),

FeSiOs, FeO (wiistite) and SiO: (coesiie), as follows :

Fe:Si0,,22Fe0+Si0;
2FeSi0s2Fe:Si0,+Si0; ]

The curves of equilibrium temperaiure versus depih for the manile con-

J 3.1D

3.12)

diiion is given in Fig. 7. One can see o
in Fig. 7 thai MgSiOs; decmposes inio S0 io00 1500 2000 2560

Mg:SiO,s ai about 200 km depihs and
Mg:SiO, inio MgO ai aboui 600 km
depth both with squeezing SiO:. The

siable region for MgSiOs is resiricied

A\
to the shallow pari of the region B, I S | \(i%
. . o a2 %
and MgO is siable ai the deeper manile. N
[N

And Fe:SiO: decomposes ai about 100 F;};\i:.ig_ql_' N

km depih and is noi siable ai.ihe deeper
manile than 100 % depih.
In this decomposiiion process ihe soLago i

. . P " | Depth i
region C is regarded as composed of  (yig%um)| (km) :

MgO-SiOz (coesiie) mixiure, in which Fig. 7. Phase-diagram of ferro-

the mixing ratio is deiermined by the magnesium _silicates. F=Mg,SiO4,
Fa=Fe,Si0,, E=MgSiO3, P=

degree of squeesing ai each depih. MgO, Q=aquartz (after Shimazu).

Lei us aiiempi o know whether the

decomposiiion process with squeezing gives the density d and ¢ compaii-
ble with those in ihe region C. As will be described laier in seciion 4.1.,
we have an equaiion of siaie of MgO (normal ionic crysial), obiained by
the writer or Tpy6umem (1958). Lei us adopi ihe equaiion obiained by
Tpy6uusk since ihis equaiion will give betier resuli than thai obiained by
the writer. Lei now us express the degree of squeezing by a parameier «,
as follows :

2MgO+(1—a)SiO: (3.13)
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The ¢o of the mixture could be approximately given by

Kntm+ Kevs(1 —a) _ 20mtMm+ dems(1—a)
$o= Immtms(l—a)  2mmtms(1—a) 3149

where the suffices 0, 73, s signify the values of the mixture, MgO and
Si0z, and m, v, K denote molecular weight, volume per mole and incom-
pressibility. If the mixiure has the value of ¢o compaiible with that in
the region C, the ¢o should be equal to the observal value of ¢c. The ¢
of SiOz given from (3.14) as

Bo=thot (G m) , 2" (3.15)

Using the observal value in place of o, the calculaied value of ¢m and
Mm, ms in (3.15), the value of ¢, is given in the column (1) of Table 7.
On the other hand, ihe volume v, of SiOz can be wriiten by

where d. denotes the density at each depth of the region C. The mean
value of @s, denoied by @, in the region beiween the depih 1 and 2, is
expressed by

R VAL (3.15)

where vs denotes the mean densiiy given by (a+vs)/2. The values of
6. are listed in column (2) of Table 7, in which ihe depths 600, 800 and
1,000 km are iaken.

Table 7. Comparison of ¢ derived from (3.15) and (3.157).

¢s (km/sec)?

¢0 ¢m
Depth a=0 a=0,25 | a=0.5 a=0,75

(kmfsecy: | Gmisecr | (0| @] O] @] ©]| @] ©|@

600 67.5 71.0 51.1 48.3 40.1 16.7
20 - 10 5 2

800 71.5 76.5 64.8 62.6 58.1 4.7
! 65 50 30 15

1,000 71.3 81.6 71.5 69.6 65.8 54.3

¢s : derived from Bullen’s values.

¢m : derived from the equation of state obtained by T py6unus.

Column (2) denotes the average values of ¢; responsible For the average depths
between 600 and 800, or 800 and 1,000 k.
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Table 8. Structures of [V-VI compounds.

(0] S Se Te 0 S Se Te
Be w Z Z Z Zn |W(Z)| WZ Z | WZ
Mg NaCl w Cd | NaCl| WZ | WZ Z
Ca structure Hg Z Z Z
Sr
Ba

(W indicates wurtzite, Z zinc blende, and NaCl rock-salt structure)

If the region C is composed of the mixiure of MgO and SiOz, the
values of column (1) should be in accordance with those of column (2).
From Table 7, however, ihe agreement beiween both values is found io be
wrong, especially in the case of high degree of squeezing, and comparaiive-
ly good in the case of a=0. Bui in the latier case the ¢ of SiO: musi be
very high value in comparison wiith that of normal SiO:;. This may be
not favourable io the decomposiiion of Mg:Si0: Then we recognize ihai
ihe 2Mg0—SiOz mixiure, even wiih squeezing of SiOz, can not simulianeous-
ly give the ¢ and d reconsiled with ihe observed values in the region C. But
this does not mean thai the decomposition of Mg:Si0, is impossible and
would beiter be interpreied as indicaiing thai at least one componeni of
the mixture musi be such as iis changes of ¢ and d in the region C being
abnormal corresponding o these found from seismic observation. Though
the present resuli is made for 2MgO-SiOs mixiure, the same resulis may
be obtained for the 0't§er mixiure, for example, olivine-spinel mixiure, if

the ¢ and d of one componeni of each mixiure do noi vary abnormally.
3.3. Ionic-intermetallic transion

Even if olivine-spinel iransiiion or decomposiiion of Mg:SiO; occurs,
we could hardly explain the abnormal increases of ¢ and d in ihe region
C, if each componeni shows such a normal changes of elastic properiies
versus pressure as expecied from an exirapolaiion of éxperimen'tal value.

Of course if mulii-componenis sysiem is considered, and many kinds of
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systems are permitted, the abnormal character of the region C could be
explained by mixiure model. Such a complicaied model, however, appears
too artificial to be considered. Thus it seems reasonable ihat we expect thai
ai leasi one component of the mixiure considered should be suffered by
the influence of pressure and temperature io possess the abnormal changes
of ¢ and d, which are never seen under ordinary condition. On the other
hand, the expectaiion that the region D may be composed of periclase
(MgO) is accepted by several authors. Especially the high value of ¢‘ of
MgO is compaiible with that of the region D and the variation versus
pressure appears io be reconciled with thai of the region D, as will be
shown later. Though the densiiy of MgO is less by about 20% in ihe
deeper pari of ihe region D, some mixiure containing MgO as one cgm-
ponent or some high-pressure modificaiion of MgO is expecied o poséess
the ¢ and d reconciled with ihose of ihe region D, since the region D ex-
hibiis a normal elasiic behaviour in conirasi with the region C. Then the
writer will set up the idea ihat the decomposition of MgzSi0Oy takes place
and simulianeously MgO produced iransforms from ihe original ionic siaie

io the covaleni siaie.

3.3.1. Intermetallic state

According o Pauling (1939), there is no evidence thai ihe exireme
ionic bond iransforms direcily o the exireme meiallic bond, and in the
system of subsiances looking as if it undergoes the direci iransiiion,
at firsi ihe iransiiion from ionic bond io covaleni bond takes place neces-
sarily and then the iransition from covaleni bond io meiallic bond fol-
lows. This fact is also interpreied as follows; the metallic bond is
essentially equivalent io covaleni bond, disregarding that free elecirons
move freely in meiallic siaie. In the resonaiing bond iheory of Pauling
(1938, 1949), the meiallic bond is interpreied in ierms of bond hybrids,
and ihis approach is beiier suiied for considering ihe geomeirical ar-
rangement of the aioms. There are many pheaomena suggesiing ihai
a simple piciure of the physical situaiion may be obiained if we regard
the meiallic bond as relaied o ihe chemical bond. From ihis poini of
view, it is suggesied that the metallic bond has more definiie direciional

properiies than is usually imagined For example, the operaiion of direc-
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tion of direciional forces is suggesied by the fact thai crystals of solid
soluijon are formed. It is now genefally accepied that in a solid soluijon
there is not an uniformly expanded or coniracted laitice, but thai local
distortions occur so thai aioms are displaced from their laitice poinis, and
this displacement may be considerable. In spiie of this, the laiiice on
ihe average keeps up iis paitern, and ihis fact suggesies ihe exisience of
directional forces.

For covalent crystals such as ihe diamond, ihe exisience of direciional
bonding and ihe actual siruciure iaken up can be explained by assuming
that well-known hybrid orbiials are responsible for ihe bonding, e.g. te-
irahedral sp® bonding for ithe diamond. With metals, there are insufficient
elecirons to form covaleni bonds, but we suggesi ihai, if we regard the
hybrids as being only parily occupied, we may still regard particular hy-
brids as determining the geomeirical arrangemeni of ihe atoms in the
meiallic crystal.

Alihough semiconduciors are characierized by well-known elecitical pro-
periies which differentiaie them from metallic or ionic conduciors and mole-
cular crystals, it has not been possible in general io recognize or predici
inirinsic semiconductors as a class of substances from a consideraiion of
other than elecirical properiies. An interesi in undersianding and classify-
ing inirinsic semiconductors in terms of ihe valencies and bonds of ihe
constituent atoms has led us %o make use of the valence bond ireatment
first developed and applied io metals by Pauling. Mosi, if not all, semi-
conduciing inorganic compounds so far discovered can be assigned an
entirely ionic formula, in which the normal valence requiremenis of ihe
consiituent atoms appear satisfied. That mosi semiconduciors can be re-
presenied as ionic and yei have appreciably covalent bonding is not incon-
sisient, since a compleie range of bond iypes exisis between covaleni and
ionic exiremes, the degree of ioniciiy depending upon the difference in
elecironegativities of ihe bonded atoms. Recently, ‘“‘a semiconduciing
bond’” has been posiulaied by Mooser and Person (1956), resuliing from
the presence of esseniially covalent bonds. This bond musi be preseni in
a compound for it to be a semiconducior. They can say which intermeallic
compounds will be metallic conduciors and which will be semiconduciors,
and we can generally predict which subsiances will be sioicheomeiric for-

mulae of the compounds. If a diatomic compound is io be a semiconducior,
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at least one atom of the two must acquire completély filled s- and p-shells.
The presence of vacant metallic orbiials on some atoms in a compound
does not desiroy semiconductivity provided that these aioms are not bonded
iogether. It may, however, gives rise io pivoting resonance (Pauling 1949)
so that the coordinaiion numbers of atoms can exceed their valencies. The
bonds in a semiconducior musi form a continuous one, iwo or three di-
mensional neiwork running ihroughoui the whole crystal. These properiies
define the semiconduciing bond, necessary for the occurrence of inirinsic
semiconduciivity in a solid. As an aiom can not gain a number of elecirons
greaier than iis valency through a process of eleciron sharing, ii follows
thai filled s- and p-subshells can only occur in aioms lying in Group IV
i VII of the Periodic Table (excluding ihe iransiiion elemeni in ihgese
Groups) and we have an explanation of the faci that all semiconduciors con-
iain elements lying in these Groups. Semiconduciors therefore obey ihe rule

We/Na+b=8 3.17

where #, is the number of valence elecirons per molecule in the semicon-
ducior, #a is the number of aioms in the molecule lying in Group IV o
VII (excluding iransiiion elemenis) and b is the average number of bonds
formed by one of ihese aioms with other aioms of Group IV io VI
Meiallic conduciors do noi obey this rule.

The relaiionship of the semiconducting bond to other bond types is of
inierest. In a semiconducior, where ai leasi one of any iwo aioms bonded
iogeiher has a filled subshell, it is necessary to promoie an eleciron o a
higher orbiial for ii io be free io move ihroughout the laiiice as a con-
duciion electron. In a metal, however, neighbouring aioms bonded iogether
have only pariially filled valence shells and the remaining empiy meiallic
orbiials are available for ihe valence higher orbiials. In this, the advaniage
of ihe valence bond ireaimeni over ihe band model is mosi appareni, for
the valence ireaiment allows a clear disiinciion to be made beiween a
semiconductor and a meial in ierms of aiomic properiies only, while ihe
band scheme does not follow direcily from the properties of ihe component
aioms. The predominanily covaleni characier of ihe bond in semiconduc-
iors is apparent from ihe elecironegaiivity differences of ihe componefi
aioms which are generally less than uniiy. This value corresponds o
some 250§ ionic characier of ihe bonds. In oxide semiconduciors ihe elec-
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ironegaiiviiy difference is higher and reaches 2.6 for BaO.

However, ihe disiinciion beiween ionic and semiconducting compounds
is not important io discuss the semiconduciing bond, for we recognize the
former as poteniial semiconduciors with a large energy gap. Indeed,
simple ionic conduciors such as NaCl, obey the rule (3.17). While, ihere-
fore, we may conclude that substances showing intrinsic semiconductivity
under thermal exciiaiion have predominantly covaleni bonds. The energy
gap of BaO was evaluaied io l/)e 10.4 ev. assuming that BaO is in purely
ionic state (narnely valence elecirons localized on the lattice ions), whereas
the experimental value is 4.2 ev. This resuli is regarded as due io pre-
sence of somewhai covaleni characier of bond in BaO. Thus the intermeial-
lic compounds are regarded as possessing the intermediate characier of
bonds between ionic and covaleni (or metallic) characier of bonds.

Ramsey’s hypoihesis, the metallic transiiion of silicate, may be con-
sidered in conneciion with the iniermeiallic staie as follows: the silicate
mineral having mainly ionic characier of bonds musi firsi transform to
iniermetallic s{gte somewhere in the way io iransform io meiallic siaie,
because ihe direci iransiiion io meiallic siate from ionic siaie is not likely
io be realized. In the following seciion, the process of the iransition of
the composiiion in ihe manile from jonic io intermeiallic siaie will be
suggesied io occur within ihe region C, and the origin of ihe region C

will be discussed.
3.3.2. Ionic-intermetallic transition

Marmumeuii (1956) suggesied firsi the possibility of exisience of ‘‘co-
valeni Mg2Si0,”’. He esiimaied the energy curves of ionic and covaleni
siaie of Mg:Si0, assuming thai the composiiion of the mantle is MgsSiO..
The iransiiion from ionic to covaleni siaie iakes place in Mg-O bond in
Mg:SiO;, o change the bond lengih from 2.10 4 io 1.95 A, corresponding
to ionic bond and covaleni bond lengihs, respeciively. The decrease of
densiiy amounis io 18%. Assuming the iransifion occurs ai ihe depih of
about 500 km, he esiimaied ihe energy curves of covaleni Mg:SiO: using
the expression

U= — A exp(—Bo'/?) + A exp(— Bv'/%)

and comparing the energy curve of jonic one, he obtained the increase of
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¢ of 1.9 (km/sec)*. His results, however, appeared to succeed not suf-
ficiently ‘o explain the abnormal character of the region C, because of the
insufficient increase of ¢ and especially the insufficient explanation for the
gradual changes of Kz, d. Moreover the abnormal behaviour of eleciric
conductivity in the region C is not touched.

The piesent writer will aitempt to realize the iransition from ionic to
intermeiallic state in detail, to explain the properiies of the region C
deduced from seismic and geomagenetic data.

The continuous character of the ionic-iniermetallic transition is ori-
ginated from the resonance of heteropolar (or ionic) and homopolar (or
covaleni) bonds. Coulson and Fischer (1949) showed thai ihe resonance
of these iwo bond changes according io the equilibrium interaiomic dis-
tance, in ihe mosi simple case of hydrogen molecule. According to the
principle of wave mechanics, ihe eleciron disiribution in a compound
containing mixed bonding should oscillaie beiween the homopolar limit,
described by a wave function ¢am, and the heieropolar limit, described by
a wave function ¢nc. In homopolar bonds, ihe orbital-elecirons responsible
for bonding should be concenirated along the shortest line joining neigh-
bouring atoms, as in the Heitler-London model of ihe bydrogen molecule.
In heteropolar bonding, on the other hand, the elecirons group themselves
in such a way as io form rare gas struciures. Thus homopolar hydrogen
molecule is characierized by the fact that two hydrogen atoms are by a
homopolar bridge, whereas in heieropolar hydrogen molecule, H* and H-
aiiraci one anoiher as a funciion of their elecironsiatic charges. The true
wave funciion of ihe sysiem is a linear combinaiion of the two case as

follows ;

¢= ‘/’lmm"'z‘/’hf;t, (318)

where the coefficient 2 is defined in such a way that the total energy is a
minimum. The coefficieni 4 is shown in Fig. 8, as a function of the
equilibrium disiance beiween iwo aioms, 7.

In Fig. 8 one can see that the increase of homopolar bonding as the
decreasing of 7 from the normal equilibrium distance 7, is required to
saiisfy the siability of ihe ioial energy, disregarding a slight increase of
heiropolar bonding in a short range of 7 near 7, If the similar estima-

tion is made by using ihe molecular orbitals, one could obiain the results
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shown in Fig. 9, in which the

homopolar bonding is seen to !
increase gradually as the de- §
creasing of r (Coulson and f
Fischer 1949). Since atomic 1

orbital method gives a good ap-
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that is near 7, and larger than

- covalent

70, whereas molecular orbital

method gives a good approxima- Fig. 10. Schematic diagram indicating
resonance between ionic and covalent

tion in the range of 7 thai is ;
bonds in MgO crystal.

smaller than 7, these two figures
enable us o write a schemaiic figure, as shown in Fig. 10.

We can see in Fig. 10 that there are the three regions of 4 correspond-
ing io the raie of change of 2 with ihe decreasing of 7; near the normal
equilibrium distance 7, changes slighily, the following region of 7 corres-
ponds o the sharp increasing of homopolariiy, and near the hydrogen
core the increasing of homopolarity is comparaiively small. These regions
are regarded as ihe comparaiively ionic region, the transiiion region from
ionic io covaleni siaie, and the covaleni region. Although ihis feature is
obiained for hydrogen molecule, ithe increasing of homopolarity wiih the
decreasing of interaiomic distance may be expected generally in the other
molecules or crystals, Recenily Heywang and Seraphin (1956) gave these
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conceptions a quantitaiive form. In place of (3.18) they employ the more
general relation
¢ = xopo+ X1+ X2z (3.19

in which ¢o corresponds to the Heitler-London funciion and io the purely
covalent part of the bonding state. In other words,

¢o=a(1)b(2) +a(2)b(1) (3.200
The funciions @ and b are ihe well-known hydrogen wave funciions

a=(l+Ts)W exp(l—(1+e)7al

3.2D
b= Q;:)iz exp(1—-(1—-e)7s)

The parameter ¢ provides a measure of the unequal charge of the nuclei.
The case ¢=0 corresponds io the normal hydrogen molecule. The functions
¢1 and ¢z correspond io the ionic state in which ihe iwo elecirons find them-

selves simulianeously on nuclei @ or b:

4’1 = Ca(l)Ca(z) ’
Pa=Cr(1)Cr(2)

The funciions Caz and Cp are chosen io be the helium-like wave func-

(3.22)

tions of Hylleraas. They differ from the hydrogen funciions by a screening
factor of 5/16.

CFM exp( — (11/16+¢)7a) 1

(3.23)
_g)3/2 .
Com WO it - 1/16 4607 J
Lei H denoie the Hamilionian operaior of ihe system. Then the ioial
energy

E= xo*Hoo+ 212 H11 + %2 Hao +2 %01 Hos + 2 202 Hoa + 2 %12 H12 (3.24
202800+ %2511 + 222522+ 2 %01 S01 + 2 %02S02 + 2 %125 12 24)

Here,

Hy= SSd«'sz«'kdnd'rz
(3.25)
Stlc = SS(IH '(ﬁ"deldTZ

Fig. 11 shows the binding energy of ihe ground siaie and ihe first

excited staie as a funciion of ihe separation of the nuclei. The position
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of the minimum varies with decreas-
ing values of ¢, to be shortened. More- \
over, the spacing between the ground <1 \,

2 N
siate and the firsi excited staie increases  § \;:k\ \‘*s fols
with increasing heteropolar. This cor- g K’“\‘:L:::-s._ 5.-2/:
responds to the decrease of the energy Sos RS £= Y-
gap of ionic crysial with the increase  » -
of homopolarity, as will be noied in the g
following seciion. Heywang and Sera- ;,5
phin’s result corresponds to the estima- .:% ;4/(«?:7/5
tion of energies with the change of ¢ i X _ley|
arbiirary chosen, whereas Coulson and \J/’
Fischer’s result corresponds to the ex- "‘"“‘/
amination of stability of bond type by -2 o &%
finding the energy minimum. Therefore, \ L~
the laiter shows that a decrease of lai- W0 15 20 25 30
tice consiant induces an increase of Nuclear separation (Atom units)

homopolarity, whereas the former sug- Fig. 11. Binding energy of a hydro-
gen molecule possessing a nuclear

charge 14-¢ and 1—e¢ as function of
petiies induced by an increase of homo- the nuclear radius (after Heywang
and Seraphin).

gesis changes of some physical pro-

polarity.
Let us examine the bonding characier of MgO ecrysial expected as the
composition in the region C and D. The ionic bonds correspond to the
configuration of elecirons as follows:
Mg*+ : (1) (25)* (2p)°
0--: (1s)2 (2s)% (2p)°
On ihe other hand, there is the possibility of covalent bonds originat-

ed from the configuraiion of elecirons as follows :

where we see the sp® hybrid orbiials formed. The sp® hybrid orbiials
form the homopolar eleciron bridge o bond boih kinds of aioms, Mg and O.
Table Y shows the crysial type of II-VI compounds. MgTe has a wurtzite
structure, which corresponds io a teirahedral covalent bonds existing in
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v -vI I-VI
C BNI
5.5 (~7 BeS
(5.5)
Si AIP
1,12 3.0 4)
GaP AlAs ZnS BeTe
2.23 2.16 3.5 3)
Ge InP GaAs AISb Cds ZnSe
0,75 | 1.25 1.35 1.55 2.4 2.6
InAs GaSh H‘gs CdSe ZnTe
0.33 0.7 ? 1.75 2.0
Sn InSh HgSe CdTe
0.08 0.18 0.2 1.5
H%Te

Fig. 12. The best-known diamond type compounds belonging to [II-V and [I-VI
series with zinc blende structure in comparison with IV elements, where
values beneath each materials indicates its energy gap (after Goodman).

itself. The besi-known diamond-iype compounds are the III-V and II-VI
series with zinc blende siructure. These, together wiih the relaied series
of IV elemenis, are set out in Fig. 12 in such a way as io emphasize the
periodic variaiion of energy gap with bond length and elecironegativity
difference and io show the effecis of vertical and cross-subsiitution. Energy
gap is indicated beneath each maierials (Goodman, 1958). The II-VI zinc
blende series are noteworihy for the lack of magnesium derivatives, which
have wuriziie siruciure or rock-sali siruciure. According 0 Goodman’s
opinion, this is probably connecied wiih ihe low elecironegativity of magne-
sium which would tend to induce ionic bonding, for it would seem ihat
there is a limit of ionicity beyond which the zinc blende laitiice is noi siable.

Considering the faci ihat ihe homopolar conient in bonding increases
with the decreasing of laitice parameier, we may expeci ihat ihe homopolar
content in the bonding of MgO increases with the pressure-increase, name-
ly sp® hybrid orbiials are preferred under a high pressure. Regarding ihe
crysiallographic siruciure, the sp® hybrid orbitals have a direciional chara-
cter corresponding io ieirahedral bonding in zinc blende or wuriziie siruc-
ture (in essence equivaleni to diamond siruciure). Then the extreme form
of MgO in the iniermeiallic siate may be considered as the siruciure with

four coordinaiion numbers, e.g. zinc blende or wuriziie iype. It, however,
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appears not necessarily that we expeci the sharp transition from rock-salt
(ionic) to zinc blende type (covalent). As mentioned already, BaO has a
rock-salt type latiice, but is bonded by an amount of covalent bonds, at
least much more than in a normal MgO. HgS (cinnarbar) has a disiorted
rock-salt siructure, and GeS, SnS, eic. in IV-VI compounds crystallize
in distorted rock-salt type
laitices. These disiorted lat-
tices are interpreied as inter-
mediate siructures beiween
rock-salt and zinc blende

ENERGY

struciure. Thus we may ex-

pect, also, the gradual defor-
maiion of crysial siruciure of
MgO while the ionic-inter-
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metallic iransition is pro-

b e m e e mme g
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gressing with a gradual in-

creases of  homopolarity. nearest neighbouring interatomic distance

These siiuaiion 1is shown Fig. 13. Schematic figure expressing ionic-
intermetallic transition with many small
jumps in density.

schemaiically in Fig. 13.
The energy expression is
considered as a funciion of the two parameiers, volume v and e denoting a
measure of homopolariiy in bonds. The energy is expressed by
U=U(v, &) (3.26)

oU ov
dU= W dv+ 786_ de (3.27)

Iniroducing a parameier 8, if 8U/0e=0 for d:£4d, then we could obtain

the expressions

= (%)8 (3.28)
Kp=— v(g—f)g '

This assumpiion means that a iransiiion due io the coniraction of laitice
can noi occur by a small dilaiaiion such as seismic disturbance, so that
incompressibility is deiermined by the energy curve denoied by a fixed ¢
uniil a certain amouni of pressure induces a iransiiion beiween some two

staies represenied by iwo energy curves. On other words, ihe resonance
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between the iwo kinds of bonds is not permiiied to change continuously,
but restricted to change with some discontinuity,

Regards as the possibility of the transiiion io zinc blende form, one
question arises from the fact that the zinc blende form is less closely pack-
ed than rock-salt form, and then, if the interaiomic distance remains un-
changed, the densiiy should decrease at the iransition. Moreover, this
kind of transition is not yet found. In several ionic compounds such
as alkali halides, the transition with density-increase takes place, for
example, from NaCl form to CsCl form. However, in these cases it seems
irue that the bonding characier does not change and ihe ions are rearrang-
ed to be more compaci. In fact, in this kind of transition, the bond
lengih is rather sireched, though the densiiy increases. Therefore, the
increase of homopolarity should not be realized. If the bond lengih of
MgO in zinc blende form decreases somewhat in comparison with that of
normal rock-salt form, we might expect the iransiiion to zinc blende form.
The covalent radii of Mg and O are found io be 1.40 and 0.65 A, respecii-
vely (see, for example, Wells, 1950). But these values musi be examined
because the procedure of estimaiing ihese values, based upon the addiiive
rule, can not necessarily give good approximaiions io all cases. Noting
the covalent radii of Mg being deduced from only one compound in wuri-
zite form, MgTe, we should regard the covalent radius of Mg as being in
question. (It seems provable ihat MeTe has considerably ionic characier

Table 9. The nearest neibouring interatomic distances of oxides, sulfides, seleni-
des and tellurides of zinc, cadomium and mercury for their actual crystal struc-
tures (upper value) in comparison with the sum of the ionic radii of constituent
ions (lower value). (unit . A4)

0 S Se Te

1.9 2.35 2.45 2.9

7 ) .94
n 2.14 2.58 2.72 2.95
2,14% 2.52 2.62 2.79

Cd 2.35 2.81 2.95 318
He 2.63 2.80
3.08 3.31

The actual crystal structure of CdO is rock-salt type. Therefore 2.14 A denotes

the actual interatomic distance and 2.354 the sum of the jonic radii of Cd and
0.
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with more covalent conient than normal MgO, since’ the inieratomic
distance of MgTe, 2754 seems somewhat larger than the purely or
predominantly covalent one.) The Table 9 shows the observed values of
interaiomic distancés in’ oxides, sulfidss, selenidés and tellurides of Zn, Cd
and Hg, as considered as the iypical semiconduciing iniermeiallic com-
pounds belonging to II-VI compounds, in addiiion to ihe inierionic dis-
tances of their hypothetical ionic compounds, obtained by adding the ionic
radii of each pair of iwo kinds of ions. We can see in Table 9 thai the
covaleni bond lengih decreases by some 10~209 than the ionic bond
length. The compounds in the lef: hand side of Table 9 have more co-
valent characier than in the right hand side and the lower side than the
upper side. Then it is provably irue thai the coniraciion of bond lengih
increases with ihe increase of covaleni content. Assuming the coniraciion
of the interatomic distance of MgO in zinc blende form about 10~209%),
we obtain the value of volume change due io the iransiiion from rock salt

to zinc¢ blende form, as follows:

bond coniraciion volume change
10% +10%
15 -7
20 -27

Thus we may expeci the possibility of the iransiiion to zinc blende form.
The exisience of the intermediaie forms of laitice siruciure beiween rock-
sali and zinc blende forms may noi permii a disconiinuous coniraciion of
bond length with an abrupi increase in the density, disregarding the small
coniraciion observed in ZnSe, ZnTe, BaTe and HgS (see Birch et al, 1942),
Some of them are regarded as the iransitons from wuriziie to zinc blende
form (see Edwards et al, 1959).

t is noted that in Fig. 13 the increase of homopolar content in MgO
induces the increase of the sirength of ihe bonds, but ihe energy relaiive
to the energy of the normal siaie decreases, since in normal MgO, (Mg*+
O-)-state is more siable than the siate corresponding io their sp* hybrid
orbitals. The resonance integral may depress the total energy most effecii-
vely when a certain mixing ratio beiween heiropolar and homopolar siates
is reached. Accordingly the sirength of the bond in mainly ionic com-
pound such as normal MgO increases with the increase of homopolar
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conient, and on the other hand, that of mainly covalent compound incredses
with the increase of heiropolar conient. The energy gap, however, -de-
creases always in both the cases, betause the decrease of energy gap
depends directly on the potential difference of the two kinds of atoms
siinaied ai laitice points, as will be described in the following section.

3.3.4. Intrinsic conduction of intermetallic compound

Energy gap E between the conduction and valence bands decreases
with the increase of homopolar character, as shown in Fig. 11 obtained by
Heywang and Seraphin. In fact, the energy gap of typically ionic com-
pound is aboui 10 ev., and ihe energy required io creaie a lattice defecis
(e.g. Schoiiky defect) is some 2 o 3 ev. and is relatively independent of
the bond iype. Thus iypically ionic crysial behaves as jonic conduciors
under ihermal exciiaiion, bui elecironic conductivity may be observed,
specially, ai a lower temperaiure under phoioeleciric excitaiion. Therefore
we may conclude ihai subsiances showing inirinsic semiconduciivity under
thermal exciiaiion have predominanily covalent bonds. In Table 10 are
shown several II-VI compounds and their energy gaps, iogether wiith the
oiher physical propertiies discussed laier on.

¥ ZnO is purely ionic crystal, the energy gap would be some 10 ev.,
thai is about iwice as much as the observed value shown in Table 10. This

Table 10. Energy gaps, melting points, and mobilities of electron and hole of
II-VI compounds.

1 compound en.ergy gap (ev.) me]tir:g point mobility 0cflectron mobility of ho}e
| ) (cm /volt -sec) (cm/volt-sec)
| MgO 9~12 2900

,  BaO 4.2 1913 5

. ZnO 3.2 1975 : 200

| ZnS 3.1 1880 A

| ZnSe 2.6 1000 100

! ZnTe 2.2 1239 100

4 Cds 2.6 1750 250

| CdSe 1.8 1350

i CdTe 1.45 : 1045- 650 60

] HgSe 1.0 690 . 10000

f HgTe 1.0 , 670 10000
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means that the eleciron wave funciion of ZnO should not be localized at
the ions siiuated at the lattice points. The homopolar characier prevents the
valence elecirons from being localized at their ions, so that ihe valence band
broadens and the elecirons in conduciion bands can not take part in the
bonds. Therefore ihe elecirons in conduction bands are not so influenced
as in valence bands by the periodic poieniial in crysial field and then ihe
localizaiion in conduciion eleciron is less than in valence eleciron. Seraphin
(1954) showed ihis siination clearly, using Kronig and Penny’s one-dimen-
sional model. In order io have the one-dimensional model describe the
three-dimensional struciure, we shall represent.ihe layers of atoms of the
same type by a poteniial trough. FEach irough will represent the average
to the potential relations which are valid for the atoms in the given crystal-
lographic plane. In the one-dimensional model the different planes are
represented by potential irough having unequal depth. Lei P, be the depth
of the poteniial irough for monoatomic lattice and let the difference in the
depth of the potential troughs for the two unequal aioms in a compound
be designaited by 24P. We shall assume, in a very rough approximation,
thai 4P/P,=2 for the II-VI com-
pounds. Actually, one should associate
somewhat smaller values of ihe ratio
4P/Py for ihis II-VI' compounds,
corresponding to the faci that the va-

lence elecirons enter the deeper poten-

Vo

T U

Ve

Fig. 14. Structure of energy bands as a func- Fig. 14/, One-dimensional potential
tion of hetropolar parameter P and the ratio model used (after Seraphin).
of the separations of the potential troughs b/a.
Constant % denotes Plank’s constant divided
by 27 (after Seraphin).

tial irough preferably and have a tendency to level it. The siruciure of
ihe energy bands 'given by this model is shown in Fig. 14, as a function

of two parameters, namely the ratio of the separations of neighbouring
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planes, b/a, and the parameier 4P governing the hetropolar character. An
exact investigation shows that two lowest bands, designated by V and L,
correspond to the valence and the conduction banids. The increase of the
energy gap 4E with increasing 4P is understandable without further com-
ment. Fig. 14’ shows the one-dimensional model of potential troughs used
here.

Thus the decrcase of the enmergy gap of MgO is induced from the
increase of homopolarity and the contraction of volume. Then the electronic
(intrinsic) conduction exceeds the -ionic -comduction at a certain critical
pressure. -Tozer (1959) estimated ' the critical temperature such that the
electronic and ionic conduction will be balanced” within the mantle. This

critical temperature 7. is given by

AE{an'—‘ A.Ezlnt N
Tom o (3.29)
k log 7%
gint

To determine the value of T and the conduciiviiies ai a depth, the various
quaniiiies in the equations should be taken at consiani volume. This
modification increases the experimenially deiermined value (ai consiani
pressur‘e) of gine for the magnesium-rich olivine (90% Mg:SiOs) by a
facior of two and decreases the value of own by a facior of five. His
result is shown in Fig. 15 and listed in Table 11.

Comparison of the 7. with mo-

10000 dern estimaies of the temperaiure dis-
saaa; iribution in the manile (for example,
x 5000: Verhoogen, 195?6) shows 'iha‘t below a
! few hundred kilomeiers T is greater
4000 Hectronic than the estimazed temperaiures. His

2000 conclusion is tha: below a few hundr-

ed kilometers the elecironic conduction

{ i ! I i I\

0 500 1000 1500 2000 2500 3000 exceeds the ionic conduciion. From
Depth, km

Fig. 15. The critical temperature at
which the ionic conductivity for a of 4E within the regions C and D

mantle consisting mainly of olivine should be expected to be less than 3
(after Tozer).

his resulis we can see thai ithe value

ev.. Examining the values of 4En:
given in Table 10, we may conclude that ithe hypothetically covalent MgO
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Table 11. Parameters governing intrinsic conduction and ionic conduction in a
mantle composed of olivine (after Tozer).

Depth (km) | oWy | Bi (e | (U900 | B @) | T, CKO
0 5 3-2 1-0.10¢6 3+00 1450
200 7 3-14 0-9,10¢ 3-24 1680
400 6 2-94 0-9,108 3+55 2100
600 7 285 [0-8.10° 3-87 2650
1000 8 2-4:‘; 0-7.10¢ 5+55 4900
1400 11 234 0-7.10¢ 6-15 6100
2200 16 2-18 0-7.10¢ 7-08 8000
2900 15 2-08 0+7.10¢ 8-0 9800
in zinc blende form satisfies this posiula- y
iion. i
Moreover anocher desirable faci is 2r T
ihat the value of oine will increase rapid- g //
ly with the increase of homopolar cha- ¢ f L
racier. According io ihe evaluation on % as/ ~
the effeciive masses of eleciron and é‘ L /,__2L——-
posiiive hole made by Adawi (1957), & [
who used the one-dimensional model as I
well as Seraphin, the effeciive masses of
eleciron and hole, especially of hole, % o5 0 8

Heteropolar parumeter AP

decrease with decreasing of heieroporar . . L
Fig. 16. Relative effective masses

parameier 4P, His resuli is shown in my/my of the electrons and my/
Fig. 16, in which ihe effeciive masses my of the holes as a function of

. % % the heteropolar parameter P ; P,
of eleciron and hole, m*, and m.*, were ——3 (after Adawi).
evaluaied from the relaion

/ BE\ !
k=g 0L P
m* =h* o, ) (3.30)

and #*a/mq, mp*/my are shown for simpliciiy, where 7 denoies ihe mass
of eleciron. The decrease of effeciive mass means the increase of the
mobility, so that we can expeci the increase of oim. For example, the
mobilities of II-VI compounds for eleciron and hole, lisied in Table 10,
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show ihat HgSe or HgTe has aboui a hundered iimes higher value thaa ZnS
or ZnSe. HgSe or HgTe is considered io have more homopolar characier
than ZnO or ZnSe. FEdward, Slykhouse and Drickamer (1959) measured
the ddE/dp of several II-VI compounds, ZnO, ZnSe, ZnTe and CdS, by
observing the absorpiion edges under pressure induced by shock-wave.
Their measuremenis showed the iniiial blue shifi corresponding o a posi-
tive values of d4dE/dp, and then ihe red shift corresponding io negative
value of d4E/dp, except for ZnO a_nd CdS, both of which iransform from
wurizite form to zinc blende form with some jumps of 4E in negaiive sign,
but general features of d4E/dp are posiiive. These resulis are inierpras-
ed by them as follows: the band siruciures of ZnS, ZnSe and ZnTe shown

(@) Grovp & (5)GroupTb-Eb  (0) GroypI6-B6  in Fig. 17 have minimum
e M 35 > energy gaps in the immediate
24 L5 23 Y ‘
14 : oS .. .
T v \1 vicinity of k=0, (%2 denotes a
ges, g 205 534 wave number vecior in Bril-
= ] _ _
Bk N\ louin zone) and on the other
s o o . )
I hand, Paul and Warschaure

~21 T30 528

GaP
>20
15
aAs
(1958) measured the absorption
., ma

Sne & T edges on Ge-Si alloys o0 show

<> K=0<i00> <> K=0<I100>  <m> K=0 <i00> the behaviour of the band
L L -

Fig. 17. Estimated conduction-band levels of

semiconductors (above valence-band maximum minima of these two elements

300°K) (after Edwards, et al). under pressure, namely, ihe
oz,
%
s |
]
]
. 1
, ! 1
111 ! !
k(777 k=(000) k=(I0p) —L
~ k- - d 4-3
(i) (i)

Fig. 18.. (i):E(k) versus k diagram for germanium (after Herman). Arrows incicate
pl.'obable direction of shift with increasing pressure. (ii) General E(k) versus &
diagram for the diamond lattice (after Slykhouse, et al.).
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rise of the k(111) mirimum in the conduction baad and ihe lowering of
the k(100) minimum, relaiive io ihe maximum of ithe valence band. Thus
it is explained thai the initial blue shift takes place uniil the k(100) mini-
mum becomes sufficienily low to cancel the energy difference beiween iiself
and the minimum in vicinity of k£=0. This piciure is consisien: with
Herman’s resuli (1955), which is obtained theoreiically, shown in Fig. 18.

We discussed mainly the changes of density, incompressibiliiy and the
energy gap, which play the most important roll for the investigaiion on the
region C, arised from the ionic-iniermetallic iransiiion. Some of the other
physical properiies, induced from ihe iransiiion, are poinied oui. These
are listed in brevity in Table 12.

Regarding (6) we can expeci that the condition ¢<d in (3.27) indicaies
a sub-stable staie, since if the consiitueni material is sirained oui
the resiriciion, the 8U/0: becomes effeciive and a small jump of volume
change occurs. This might be relaied io an unstable siaie suggesied by ihe
exisience of deep-focus earthquake wiihin the region ai the depih of about
600 km. Regarding (7) we know thai the thermal conductiviiy «# of semi-
conducior coniains the iwo paris, namely, the phonon term x,» and Wiede-

man-Franz term «¢; due io free chages:

Table 12. The changes of some physical properties induced from ionic-
intermetallic transition.

(1) bonding character : ionic (heteropolar) — intermetallic (homopolar)

rock-salt — distorted rock-salt — zinc blende or

i
|

(2) erystal structure : wurtzite (equivalent to diamond) I
\

|

|

i

energy gap (the
(3) breadth of forbidden| =10 ev — =~2~3 ev
band) :

@ mobilities of electron
and positive hole :

remarkably increase

) incompressibility : increase with a rapid gradient
density : increase with a rapid gradient and many small ]umps|

(6) mechanical stability:| stable—substable—stable

(7) thermal conductivity:| increase at high temperature

(8) melting point : decrease somewhat




40

K= Kpn+Kat (3-31)

If we regard the iwo ierms as functions of temperaiure alone, disregarding
their dependence on the other faciors, in the first approximation, the
phonon ierm g is in proporiion to 1/7, and the Wiedemann-Franz ierm

re increases rapidly due io the increas- £3 P
ing of number of charge carriers with //3

temperaiure. Then the ihermal con-

02 A
duciivity decreases firsi and then increa-

cal
cm sec'C

ses abrupily wiith iemperaiure, possess-

ing a minimum poini ai a ceriain 0!
iemperaiure.  The Fig. 19 shows the o
L4
thermal conduciiviiy of InSb versus &
0
temperaiure, measured by Busch and porow s
Schneider (1954). Therefore we may T »
s Fig. 19. Thermal conductivity of
expeci that the ihermal conduciiviiy in InSb as a function of 1/7" (after

the deeper pari of ihe manile will be Busch and Schneider).

considerably higher ihan suggesied hitheric (Verhoogen, 1956). Regarding
(8) ihe fact thai ihe meliing poini of intermeiallic compound depends.
on heieropolar characier in bonds is generally accepied. We can see in
Table 10 that ihe meliing poini is in proporiion io ihe value of energy
gap, though ii is not compleie, which depends on bond character. Then
ihe covalent MgO could have ihe lower meliing poini than ihe ionic MgO,

since the former is bonded in less heieropolar bonds than the laiier.
4. The region D

The region D exiends from 1,000 %m o a depih of nearly 2,900 km
where ihe P-velociiy changes from 13.6 io 8.1 km/sec and ihe S-velocity
drops effeciively 10 zero. The regions A, B, C and D iogeiher consiiiuie
ihe earih’s manile. The laiesi esiimaiion of the depih of ihe base of the
manile, made by Jeffreys (1939 ¢), is 2,898+3 km. Inside ihe region D,
ihe velocity gradienis are sieady and moderate from zero in the lowesi
150 0 200 km of ithe mantle: ihe subdivisions D’ and D'’ refer o ihese
iwo paris of D. Earlier work of Dahm (1936) had suggesied disconiinuous
velociiy-changes ai a depih near 2,700 km, bui the work of boih Jeffreys

and Guienberg implies ihai the changes are coniinuous.
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4.1. Equation of state of MgO

Birch (1952) showed ihai the velociiy gradienis in the region D are
compaiible with a uniform composiiion in ihai region using finiie sirain
theory. The preseni wriier aiiempied io compare ihe calculaied values of
Kr and d deduced from an equaiion of siaie of MgO in normal ionic
crystal, wiith Bullen’s values. Accordiag io (2.1), ihe equaiion of staie of
MgO is esiimaied as follows :

U= —76.76605/(7/7,) +1385.24706exp{ — 4.8837 (7/7,) }
+3660.44466exp{ —6.9066(7/7) } (-10-12), (4.1)

where ithe eaergy U is expressed in erg/molecule. In the analogous way
o (2.3) and (2.4), the pressure p and the incompressibiliiy Kr are
obiained as funciions of (#/7). The third ierm expresses the double repul-
sion ierm of nearesi neighbouring 0-O inieraciion. The obiained values
are lisied in Table 13 and shown in Fig. 20, in comparison with Bullens
values. The calculaied value of ¢ is less by aboui 209% ihan Bullen’s
value. This discrepancy is considered as due io the poor approximation

Table 13. Variation of density, incompressibility.and pressure of MgO versus
change (v/vo), computed fsom (4.1).

@) | a0 Sty | RS | densiy Cafemt)
1.00 0.000 1.64 ' 3.60
0.99 0.052 1.81 3.71
0.98 0.009 1.98 3.82
0.97 0.174 2.19 3.94
0.9 0.245 2.42 4.08
0.95 0.324 2.66 4.20
0.94 0.413 2.92 4,33
0.93 0,511 3.21 4,48
0.92 0.623 3,52 4.62
0.91 0,741 3.85 4.78
0.90 0.887 4.24 4,94
0.89 0.033 4,61 5.10
0.88 1.194 5,08 5.28
0.87 1.376 :5.63 5.47
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of the equaiion of state under a high pressure. Especially the repulsive
terms are influenced by the deformation of 2p valence eleciron wave func-
tion of 07, of which the long tail must be deformed wiih the coniraciion
of crystal laitice. Considering the higher ierms in the repulsive peieniial,
as expressed in the form of ekponential fuaction, one can find the effect
on the value of ¢ being about 209 under a'pressnre of about 1,000 kbars.
(Wada 1959). Anoiher equatidn of state of MgO was given by TpyGuuun
(1958), who ireaied MgO quanium mechanically, especially statisiically under
very high pressure. His result is also approximaied in the Born and

Mayer’s formula as follows :

U= —-76.298857/(7/7,) +8105.0126exp{ - 6.57 (#/7:) }
+50.7755. (-10712), 4.2)

where the U is expressed in erg/molecule. He poinied out thai the defor-
mation in the 2p-eleciron wave funciion of 0~ induces a1 error o ihe
value of ¢ by aboui 209, as well as the writer. The Kr, d aad p deduced
from (4.2) are listed in Table 13’ and shown in Fig. 20.

Table 13/. Variation of density, incompressibility and pressure of MgO versus
change (v/vy) computed from (4.2).

@ | e | Clo gy | (st
1.00 0.030 2.03 3.60
0.99 0.034 2.242 3.71
0.98 0.106 2.50 3.82
0.97 0.188 2.79 3.94
0.96 0.279 3.09 4.08
0.95 0. 381 3.43 4,20
0,94 0.496 3.81 4,33
0.93 0.625 4.20 4.48
0.92 0.769 4,64 4.62
0.91 ‘ 0.926 5.12 4.78
0.90 1.107 5.66 4,94
0.89 1.306 6.22 5.10
0.88 1.525 6.84 5.28
0.87 1.773 7.53 5.47
SR e B R
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8 ;
ﬁ"&\ [: must be noted thai ihe
ﬁgé result deduced from Tpy6un-
g% ? e . s
S4f HH's equaiion (4.2) gives the.
'§§2 rather  poor approximaiion
Se under a low pressure due io
’\6 i &T) ihe adjusiment of the equation
)
85t T for a higher pressure under
E"?i the resiriciion of a single re-
3> 4 E:Bullen,w:wn:iier: ng
‘TeysuUbH in Na CL-St, 1 ier in the-
) 5 i pyH inC:CL-.st.'. . pulsive parameier used in the
05 10 IE exponeaiial form. Therefore
R .
Pressure ()0 aynes/en’) the irue equaiion should be
Fig. 20. Distributions of density and incom- expressed by 1he smooth curve
pressibility within the region D, corresponding .
to several models. drawn such as binding boih

the writer’s and Tpy6umun’s curves, especially in the iniermediaie pres-
sure region of about 300-500 kbars.

Although the value of ¢ deduced from (4.2) is compaiible wiih Bullen's
value, the density d deduced from (4.2) is not compaiible with thai of
Bullen. Therefore lei us consider the possibility of polymorphic transiiion
w0 cesium chloride form, a denser form than rock-sali form. Uiilizing ihe
equaiion of staie given by Tpy6ummu, (4.2), we obiain the equaiion of
siate of MgO in cesium chloride form, which is expressed by

U= —76.958114/(#/ ) +1080.66835exp{ — 6.57(#/7:) }
+50.7755 (-1071%), 4.3

where U is expressed in erg/molecule.

The iransiiion pressure is obiained by comparing (4.2) with (4.3,
namely, the value of the pressure above 1,000 kbars is resulied. This ireat-
meni for finding the iransition pressure does noi give a good approxima-
tion. In the transitions of some alkali halides, the calculaied pressure is
much higher than the observed pressure. If the iransiiion occurs at ihe
pressure of a few hundreds kbars, ithe disiribuiions of K, and d are
compaiible with those of Bullen, as shown in Fig. 20. Accordingly the
model that the region D is composed of MgO in cesium chloride form,
should be worihy io be examined. Regarding the eleciric conduciiviiy, the
energy gap-of MgO in cesium chloride form is expecied to be lower than

that in rock-sali form, since the energy gaps of some alkali halides decrease
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discoatinuously ai the iransiiion from rock-salt (o cesium chloride form
(see, Eppler and Drickamer, 1958; Zahner and Drickamer, 1959). How-
ever this model is not likely io give the Ky and d compatible with ihe
abnormal values in ihe region C, since any mixiure wiih SiO: could not
give the Ky and the d compaiible with those in ihe region C, as described
already, and the iransiiions from rock-salt 1o cesium chloride form, in the
cases of some alkali halides, iake place with disconiinuous jumps of the
density, namely ihis kind of iransiiion is regarded as a simple iransition
io more denser packing form wiith the increase of coordination numbers
from 6 to 8, bu: without any change of the boading character. Then it
seems impossible thai ihis kind of itansition iakes place gradually wiihout
density-jump.

On ihe oiher hand, ihe equaiion of staie of MgO in covalent siaie is
not obuained in a convenieni form. One reporis ihai the equaiion could
be obiained by adjusiing ihe elecirosiaiic poieniial io ihe real charges of
the iwo kinds of ions and iaking the repulsive poieniial as the form of
exp (-ar), so ihai we have a similar form io ihe equailon of siaie of ionic
crysial (Asano and Tomishima, 1956). Marmuugui (1959) gave an equa-
tdon of state of the region D such thai ihe calculaied values of Ky and d
are in accordance with those of Bullen in region D. He used the formula
given by Born and Mayer. The equaiion obtained by him is

U= —97.046/(7/ 1) +7834.527exp{ —7.122(7/7) }

(-10712), @4
where ‘he U is expressed in erg/molecule. The iransiiion pressure beiween
both ihe phases expressed by (4.2) and (4.4) is resulied in about 6,000
kbars by using (3.4). The pressure is ioo high o be realized in ihe
region C.  Marmugeuin (1959) gave another equaiion expressing the
energy of covaleni MgO in the form of U= (A/(r/ro)—C)exp{—B(r/ro)},
where A, B and C are consianis. However ihe equaiion gives a much
higher iransiiion pressure ihan the former, if A, B and C are deiermined
such as compatible with ihe region D.

5. The core, the ;Qgion E, F and G.

The exisienze of a “ceniral core”” was esiablished by Oldham (1906)
and :his verm has been applied io the whole region of ithe earth below a
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depth of 2,900 k. In the outer pari, namely, the region E, extending
down o a depth of about 4,980 Am, the P-velocity gradient is fairly sieady
dnd is comparable with that in D', Ii is well esiablished that the region
Eis in esseniially fluid state. This conclusion is confirmed by the total
absence of reliable evidence of the occurrence of S-wave ia the region E.

In determining his velocity disiribution, Jeffreys (1939 b) found that
he could not fit the arrival-iime data unless the P-velocity decreases
sharply over a range of depih jusi below the region E. This region F is
noi shown in Guienberg’s velocity disiribution.

Beiween a depth of about 5,120 k2 and the center of the earth is
“inner core’’, the region G. Iis exisience was posiulaied by Lehmann
(1936).

The origin of ihe core has been discussed by many authors. For a
long iime it has been assumed ihat the ceniral core is composed of iron
or iron-nickel alloy. This view was developed by Wiechert near the begin-
ning of the century in order io explain the relaiively high densiiy in the
core. In the following seciion, ihe iron-core hypothesis will be discussed.

5.1 Iron-core hypothesis

The hypoihesis ihat the core consisis of iron or iron-nickel alloy is
curreni widely. The main reasons in supporis of this hypothesis are

(1) the mean density of the earth is coasiderably larger than would be
expecied from the materials found on or near the surface, thus the core
must be composed of a heavy material and iron-is the oaly aboundant
heavy element,

(2) a ferromagnetic core may account for terresirial magnetism, and

(3) ihe exisience of iron meieorite.

Regrarding (1) Elsasser (1951) had atiempied o esiimaie the densities
of elemenis and compounds by the method based upon quanium mechanical
theory. These theoretical esiimaiions are based upon Thomas-Fermi-Dirac
(T-F-D) model of ihe elecironic density in a closesi packed cubic mono-
aiomic laitice and are obtained chiefly from the resulis of the compuiaiions
of Feynman, Meiropolis and Teller (1949), His resulis are shown in
Fig. 21.

On the basis of ihese courses, Elsasser suggested ihat interpolaiion
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Fig. 21. Pressure-density relationships. Curves on left hand side: experimental
reuslts. Curves on right hand side: results of T-F-D theory. Dashed curve (in
(ii)) : experimental result of iron (Z=26) to a pressure of 4-10'2 dynes/cm?
obtained by Al’tsuler, et al. (after Elsasser, excepting the experimental value
of Fe)

beiween ihe measured value of low pressure and ihe compuied value at
very high pressure should allow density in the iniermediaie range o be
estimaied, with an uncertainiy which he suggesied should hardly exceed
15-209% anywhere. However, as Bullen (1952) has emphasized pariicularly,
such a suggesiion seems unduly optimisiic. If we iake the care Z=92 (Z
denoies aiomic number) firsi, then the T-F-D 'method is found 0 give a
densiiy of 11.9 g/cm?, at a pressure of 2.0-102 dymes/cm?. This is much
lower ihan the known densiiies of uranium at pressure from zero to
0.1-10 dynes/cm?, Using the daia observed under higher pressure than in
Bridgemann’s experiment (1945, 1948), we can see thai Elsasser’s estimaiion is
not applicable o a pressure below 1-10'2 dynes/cm?. Al’Tshuler, Krupnikov,
Ledenev, Zhuchikhin and Brazhnik (1958) obiained ihe compression curve
of iron io a pressure of 4-10'* dynes/cm?, using shock-wave fechnique.
The observed densiiy of Fe (Z=26) is much higher ithan the values ob-
tained by T-F-D method, even in ‘comparison with Z=29, as shown in
Fig. 21. The density of Fe observed ai the pressure of aboui 1.4-1012
dynes/cm? is 11.7 g/cm?, whereas ihe density ai ihe core-boundary, obiained
from seimic data, is 9.7 or 9.1 g/cm®, according to Bullen’s - table, corre-
spoading io his model A and B. Thus it is noi reasonable thai the
densiiy of ihe core is compaiible wiih ihe densiiy of iron. Also the T-F-D

method ecan not be applied ‘io a pressure below 10" dynes/cm® without
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much - descrepancy. Indeed, as already mentioned by Ramsey (1950), it
should be made here that it is to be expected that the density of all but
ihe lightesi- elements will show a series of disconiinuous jumps as ihe
pressure increases, corresponding io the breaking down of inner shells,
This will continue untill every atom is completely broken down, the elec-
iron then forming an imperfect degeneraie Fermi gas. Thus, in this sense
the T-F-D resulis even at exiremely high pressure, can ai best only be
giving an average accouni of whai would seem io be a complicaied dis-
couniinuous relation beiween- density d and pressure p for -heavier ele-
menis. Of course, when the aiom have been eniirely broken down the
T-F-D resulis should be compleiely realisiic. An exiremely crude estimate
by Ramsey suggested thai the criiical pressure p, for this
De=251%10'% dynes/cm?®.

For ihe heavesi elemenis the pressure thus obtained is 10 atm. The
maximum pressure obiained in the planeis is 3-107 atm and ihis would
seem io breake down only the lighiesi elemenis. Ii may be ihai ithe T-F-D
curves are noi physically meaningfull uniil pressures a greai deal higher
than 107 atm are reached.

Bullen (1952) has analyzed the daia of Bridgemann (1945, 1948) and
Feynman et al. and disagree with some of Elsasser findings. His calcula-
tion implies that aiomic number to be associaied. wiith the material of ihe
ouier core, namely, the region E should be at least 6 uniis less ihan ihe
value derived using simple exirapolaiions from T-F-D method. An exien-
sion of Thomas-Fermi (T-F) meihod to deal with compounds is made by
Knopoff and Uffen (1954), who concluded ihai ihe ouier core has ihe same
density as a mixture of 90% iron aid 10% -olivine. Their resuli seems
reasonable since the densiiy of iron obiained experimenially is about 11-12
g/cm? ai 1.4-102 dynes/cm®. However, ihe calculaied value of Kr derived
from ihe compression curve of iron, measured by Al'Tshuler et al., is
abou: 4.5-10'2 dynes/cm?® ai 1.4-102 dynes/cm?, which is noi compaiible
with ihe value of K ai ihe core-bouadary, 6.2-10'% dynes/cm*. Fven if
the mixiure with 109% olivine is allowed, ihe resuli would be unchanged.
Regarding (1) wé can ‘conclude ihai iron-core hypoihesis, or the modified
hypothesis is not supporied.

- Regarding (2), if the- temperaiure within the core is beyond the Curie
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point of iron, this support ‘becomes meaningless. Slaier (1940) repdr?;ed
that the increase of the Curie point with pressure is only several ten
degree at 10'* dynes/cm?. On the other hand, since the recent invesiation
points out that the origin of the earth’s magnetism is arised from the
conveciion motion of conductive fluid within the core, (2) is not necessary
to be examined.

Regarding (3) we can not yet know whéeither the parent body of me-
ieoriie is composed of the same material as of the earth. If ii-could be
shown thai the iron meieorite derived from ilie fragmentation of a plane,
it would greatly sirengthen the probability that the earth also coniains
iron. In faci, the origin of the iron meiorite is not ceriainly known, and

they may have no relaiion o ihe core of a plariet (Jesun, 1957).

5.2. Ramsey’s hypothesis

Ramsey (1949) rejecied the iron-core hypothesis thai was current as if
only the hypothesis would be reliable. His opinion is in essence in ac-
cordance with the opinion wriiten in the section 5.1. Moreover Ramsey
pointed out that the sharp disconiinuities of Kr and d ai the core-boun-
dary, found by seismological observation, do not seem io be explained by
iron-core hypoihesis. He put forward the suggesiion ihat ihe large in-
crease of density ai the core-boundary is due io a pressure-induced iransi-
tioh from the molecular io a metallic phases, rather than due io ihe ap-
pearance of a new maierial such as an iron-nickel alloy. He thus assumed
thai the earth is of uniform chemical composiiion which he ideniifies as
olivine.

Originally Ramsey put forward his hypothesis io account for ihe den-
sities of the terresirial planeis. This hypoihesis requires that ihe pressure
at the core-boundary will be characteristic of a chemical composiiion of
the material which he assumes is the same for all the terresirial planeis.
The relaiion beiween the dimension and densiiy of each terresirial planet
seems favourable to Ramsey’s hypothesis, disregarding Mercury possessing
an abnormally high density.

Urey (1952) and Kuiper (1952) pointed oui that this hypothesis is
untenable. Their main objection is that Mercury rules out Ramsey’s hy-

pothesis and the mean densities, deduced to zero pressure, of ihe terresirial



49

planeis, are noi necessarily favourable io ihe hypothésis. However the
chemical composiiion of Mercury, the nearesi planet io the Sun, might be
different o that of the earth. Jlesun (1949) said that Mercury consisis of
heavier materials than ihe other planeis, since lighier elemenis could not
but be vaporized by the effect of high “iemperaiure due to the shoriest
distance beiween the Sun and Mercury in comparison with the other
planeis. The esiimaied values of average mean densiiies ai zero pressure
seem not necessarily reliable, since the procedure of estimaiion is not com-

pletely esiablished.

5.2.1. Pressure-induced metallic transition

The transition to metallic phase are poinied oni by several experi-
mental facis and suggesied by some theoreiical computaiions applied io
comparaiively simple crystals.

As Ramsey noted, iin (Sn), phosphous (P), and arsenic (As) iransform
i their meiallic phases with much heavier densiiies than original
phases. The receni development of high-pressure technique, especially

shock-wave technique, enabled us io find that- some of the other com-

Table 14. metallic transition of several compounds found experimentally
and their critical pressure

compound. (i&tzlczly,l::/sil:;;) reference

I 0.13 © Alder and Christian

Csl 0.20 ”

KI 0.20 ”

RbL 0.20 ”

LiAlH, 0.05 ”

CBr 1.67 Suchan and Drickamer

SnBr 0,366 ”

HgCl 0.284 ”

CHI 0.283 ”

HgBr 0.195 ”

Hgl 0. 144 "

CI 0,167 ”

S- 0.4~0.5 Slykhouse and Drickamer
0.23 David and Hamann
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pounds iransform to their metallic phases. Alder and Christian (1956,
a, b) reported the metallic transitions of iodine (I), cesium iodide (CsD),
poiassium iodide (KI), rubidium jodide (RbI) and LiAlHs. It is noted
thai Griggs, McMillan, Michael, and Nash (1958) gave some objections.
0 Alder and Christian’s results. David and Hamann (1958) reported.
that sulfur (S) undergoes a meiallic iransition. Slykhouse and Drickamer
(1958) suggesied the metallic iransition of S. Moreover Suchan and
Drickamer (1959) suggesied the metallic iransiiions of certain molecular
compounds. These resulis are listed in Table 14. - ‘

On the oiher hand, the theoretical computation was first applied to
solid hydrogen (H) by Wigner and Huntington (1936), who examined
the possibility of metallic form of hydrogen. Kronig, de Boer and Kor-
ringa (1949) esiimaied the transition |pressure of hydrogen to the metal-
lic phase, and they found the transition pressure of 0.7-10'% dynes/cm?
and the density jump from 0.4 to 0.8 g/cm?. Jasmjyos (1955) reported
that these values must be aliered to be 1.8-10% dynes/cm? and from 0.7
to 0.96 g/cmd. The metallic phasé of hydrogen was investgated by
Baltensperger (1953) and Stern and Talley (1955) in connection *with’
ithe problem of the impurity band.

Ten Seldam (1957) esiimaied the interatomic distance ai which a
model of solid helium would become a metal. Assuming solid helium
with a face-ceniered cubic siruciure, a pressure of 80.9-10 dynes/cm?
would be required to cause the energy"of the top of valence band to be
lower than the energy of the boitom of conduction band and so produce
meiallic behaviours.

Behringer (1959) investigaied the dependence on laitice parameier,
or pressure, of the energy gap beiween the lasi filled and first empiy
energy band in lithium hydride (LiH). As LiH is an insulating crystal
with a relaiively small energy gap (abou: 6.5 ev.) at’ atmospheric pres-
sure, it was thought ihat it mighi undergo metallic transition ai a rela-
tively low pressure. However, his esiimation of ihe iransiiion pressure
gave ihe value of 35-10'2 dymes/cm?. In his esiimation, he siaried
with the metallic state and determined when the energy gap appears.
Accordingly the calculaiion is not expecied io be applicable for the non-
meiallic phase, as in this limit the approximation of a uniform electron
density is not valid. The transition pressure esiimated in He or LiH
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seems too high to be realistic. The computation applied to LiH or He
is made based on the assumpiion that the top of valence band and the
boitom of conduciion band hold their wave number veciors unchanged
with the decrease of laiiice parameier (or the increase of pressure). In
fact, however, ihere is no evidence that these vectors musi be held
unchanged. Howland (1958) compuied the elecironic siructure of poias-
sium chloride (KCl). His resuli showed thai the wave number vecior
possessed of the top of valence band changes with the latiice parameter.
The band siruciures of II-VI intermetallic compounds are found io change
their wave number vectors corresponding to the minimum energy gaps
with the decreases of latiice parameiers, as mentioned in seciion 3.3.4..
This fact may arise an overesiimation of the transiiion pressure. Another
reason arising an overesiimation is that some polymorphic iransition
mighi occur at a lower pressure than ithe metallic iransiion pressure
expecied when any polymorphic iransiiion does not occur. A intéresting
calculation was made by Cassella (1958), who evaluaied the band siruciure
of carbon in a face-centered cubic siructure, in spiie of ‘diamond in the
normal case. The laitice constani was chosen so that the hypotihetical
crystal would have the same average eleciron deﬁsity as diamond, and
consequently is smaller than for diamend by a facior of 2!. He con-
cluded that the face-ceniered cubic crysLal of carbon becomes a meial.

The preseni wriier (1959, 1960 a, b) compuied the elecironic siruciure
of MgO using nghL -binding method. The resulis are showed in Fig. 22.

The writer esiimaied the iransiiion prsssure, at which the energy gap
disappears. Assuming that ihe depression of ihe botiom of conduciion
band is, in the rate of change, as same as the rise of ihe top of valence
band, and a’tdopun,g the equaiion of siate obiained by Tpy6unsm, ihe
critical pl‘eSSAllIG‘? was found io be 0.7~1.5-101¢ dynes/cm**. Here ihe
energy gap aL zero pressure is 9~12 ev, expérimentally m‘easured'
However, his resuli seems opumlsuc In his ireaiment, Mg-O inieraciion
is likely io be underesiimaied, since though O-O interaciion is fully in-
cluded, Mg-O inieraction is included as a penubed term for simplicity
(see, Grimley, 1958). In fact, Mg-O inieraciion is oo large io be regarded
as a‘-perturbed terfn. The valence band of Mg—O in ihe case when Mg

* The result shown in the writer’s previous papers (1959, 1960a) must be revised,
-since the evaluation of the valence band contains some error.
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Fig. 22. Electronic structure of valence Fig. 23. Electronic structure of valence
band of MgO as a function of the in- band of MgO, when Mg2* jons are re-
terionic distance R. garded as point-charges.

ion siiuaied ai each laiiice point is regarded as a poini charge and 0-0
inieraciion alene is conidered, as shown in Fig. 23

The assumpiion concerning the depression of ihe boitom of conduc-
tion band seems opiimisiic, 0. If we examine the resuli for LiH ob-
tained by Behringer, the depression of ihe boiiom might probably be not
so much as expecied. Thus wheiher MgO can iransform ionic siate of
iiself immediaiely io meiallic siaie ai a pressure reached ai ihe core-
boundary is open io quesiion. In order io examine ihis problem, we
should know thai the deformation of eleciron configuraiion of MgO, due
w which MgQ could noi be ireaied as a purely ionic crysial under a
ceriain pressure range, should be induced. On other words, even if Mg-O
interaiion is included sufficienily in compuiaiion, ihe resuli might not
yei be realisiic, since the overlap iniegral or exchange integral beiween
ihe nearest Mg-O is found %o change abnormally, due o ihe large and
gradual iail of 2p-eleciron wave funciion of O~=. A relaiively large por-
iion of eleciron cloud of 2p (0--) invades inio the negaiive paris of
eleciron cloud of 2p (Mg**), even in- the normal condiijon, and ihen the
overlap or exchange iniegral beiween 2p (0--) and 2p (Mg*+) cancels
parily iiself, namely, ii changes abnormally with. the inctease of pressure.
Although the 2p (0~-) used in ihe compuiation, c&lcula_’céd by Waison
(1959), is solved in a crystalline siaie (see Yamashiia and Kojima, 1052),
ihe 2p-orbitals do noi seem realistic in MgO crysial. The shorier the latiice
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parameter becomes with the increase of pressure, the less the reality
would be. A similar problem was invesiigated in the case of LiH or LiF
(Benson and Wyllie, 1951 ; Yamashitia, 1952 ; see also, Lowdin, 1956, 1957).
t was resulied thai in order io obiain a good approximaiion, homopolar
bonds must be ‘included iogether with heiropolar bonds. The density
disiribution of elecirons in NaCl and LiF, observed experimenially, also
showed thai LiF must be regarded as having parily homopolar bonds and
near ihe middle point beiween Li* and F- there is much more density
disiribution of elecirons ihan expecied ia purely ionic eleciron configura-
tion, whereas in the case of NaCl the ionic configuraiion of elecirons
gives a good approximaiion. Thus we may conclude thai also in the case
of MgO homopolar bonds musi be considered in ireaiing ithe elecironic
siruciure, especially under a high pressure. On oihei words, ii seems
probable that the iniermeiallic siate in MgO is the more realistic, ihe
higher the pressure within the mantle. Thus ii is reasonable ihai ihe
ionic-intermeiallic iransiiion is indispensable for ithe meiallic transition
of MgO to occur under a relaiively low pressure prevailing the core-boun-
dary in comparison with ihe iheoreiical resulis on the iransition of jonic
crysial.

As meniioned in seciion 3.3.4., the ionic-iniermeallic iransiiion makes
the energy gap of jonie crysial drop from about 10 ev. io ahoui 3 ev. in
the intermeiallic siaie. Edwards, Slykhouse and Drickamer (1959) observed

Table 15. Effect of pressure on band structure of several I[-VI

compounds.
. dAE/dp pressure
AE (ev.) Max. blue
compound (10 ov./dynes/ | (10%%dynas/ p
1A atmd s / S shift (ev.)
ZnS 3.54 +5.7 0.00—0.18 -0.50
ZnSe 2,57 +6.0 0.00-0.13 0.50
—2.0 0.13-0.21
ZnTe 2.26 +6.0 0.00—0.045 0.22
ZnO 3.14 (wtz) 0.6—-1.9 0.00-0:13 ‘0.15
(Znbl) 1.9 0.13-220 0.20
Cds 2.50 (wtz) +3.3 0.00-0.0275 0.08
1.7 (Znobl) 0.0 0.0275—0.05 0.00 l
0.0 0.05-0.1 0.00
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the changes of energy gaps wiih the increase of pressure in several II-VI
compounds, Their resulis are lisied in Table 15. In ZnSe, for example,
ihe energy gap increases io 3.07 ev. umiill the pressure reachs ai 0.13-10*
dynes/cm? and then decreases with the raie of -2.0-10° ev/dyne/cm®. Adopt-
ing a linear exirapolation of ihis rate o a pressure of ihe core-boundary,
we find the energy gap of ZnSe disappear at about 1.5-10'2 dynes/cm?,
which is compatible with ihe pressure of the core-boundary, 1.4-10'2 dynes/
cm?, Also in ZnS or ZnO, ihe decreasing of energy gap may be expected
io stari ai aboui 0.2~0.3-102 dynes/cm? with the same rate as that.of
ZnSe. MgO in iniermeiallic siaie may be expecied io undergo the analogous

change of ihe energy gap.

5.2.2. Density-jump induced from intermetallic-metallic
transition

If MgO in iniermeiallic siaie possesses zinc¢ bleade siruciure under a
pressure preveiling ihe region D, ihe nearesi neighbour disiance beiween
Mg and O could be 1.55 A for MgO <o have the densiiy at the base of ihe
region D, namely, 5.7 g/cm3. The inner elecirons of Mg and O form Ne-
and He-cores, respeciively. They are expecied io have the radii of about
0.65 and 0.09 A, respeciively, corresponding io the radii of Mg*+ and 0°*.
On ihe oiher hand, ihe covalent radii (ieirahedral) of ihem are esiimaied
as 1.40 and 0.66 A, respeciively. Consequenily we may' regard the bond-
ing paris of them as having the radii of (1.40—0.65=)0.75 and (0.66—
0.09=) 0.55 A, respeciively. If these bonding paris overlap muiually by
compression, hen ihe nearest neighbour disiance beiweena ihe iwo kinds of
aioms would be (0.094+0.65+0.75=) 149 A in ihe exireme compression.
A more coniraciion than 1.49 A may break down ihe inner shells, so ihat
a very high eaergy musi be reqiured. The value of 1.49 A is near ihe
value of 1.55 A. Then it is confirmed ihai ihe iniermetallic MgO in zine
blende form is compressed to be near a certain limit of the latiice siruc-
ture and ihea ithe me:allic siaie becomes preferable.

When ihe energy gap ieads io zero, ihe elecirons in ihe valence bands
are exiciied to ihe conduciion bands, in which ihey can move freely ithrough
ihe laiiice. Then the meiallic state of MgO possesses a higher coordina-

ition numbers ihan 4, since the resiriciion that the valence bonds musi
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take predominanily 4-coordinaiions is losi. For example, 6-coordinaiions
which means a rock-salt or a simple cubic form, if Mg is equivalent to O
in a meiallic siate, may be expected. It is noted.that the simple cubic
form is possessed of Po, which is a metal bui regarded as bonded by
covalent bonds and, as an interesiing faci, belongs i VI Group composed
of 0,5,Se and Te. The iransition of MgO from zinc blende to rock-sal:
form causes the increase of density by 549% of that of the firsi form, if
the bond lengih is lefi unchanged, Probably the volume coniraciion may
be somewhat larger ithan 549%, since this iransiiion takes place with some
coniraciion of bond lengih. The density increase of 71~599% ai ihe core-
boundary estimaied by Bullen is compaiible wiih ihe above value.

5.2.3. Metallic MgO_in fluid state.

The absence of reliable evidence of the occurance of S-wave in the
region E is interpreted ihat the region E is in an essential fluid state.

In the iron-core hypothesis, it is generally accepted thai the melting
point of iron under a pressure prevailing ihe outer core would be somewhat
lower than the actual temperature. Simon (1953) has computed the melting
point of iron st a high pressﬁre. His 'calcula_tion is based updn experimenial
data for the change in melting point under pressure of substances (for
example helium) with very low melting point. which can be investigated
over a wide range of pressure. These substance are found to obey the law

p/a=(T/Ty)° 1 GBG.D

where ¢ is a constant and @ is simply related to the initial pressure—(3U/
9v)r, U being the internal energy. Simon determined the melting point
of iron at the pressure corresponding to the bottom of the mantle, this is,
about 3,000°K. Recently Sirong (1959) determined experimentally the
melting curve of iron to 0.096-10'2 dynes/cm? and deiermined the melting
point at the pressure corresponding to the bottom: of the mantle, this is,
about 2,6104-200°C, based upon the Simon’s formula G.OD.

On the other hand, regarding Ramsey’s hypoihesis, the fluid state of
the core has not been explained untill now. A simultaneous occurrence of
pressure-induced metallic transition and melting phenomenon at the -core-
boundary appears too accidental -to - be realized. The writer (1960 ¢),

however, pointed out that a simultaneous occurrenee of both the phenomena
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should not be a necessary resiriction.
If .the metallic phase induced by
pressure has -somewhat lower melting
point than the intermetallic phase, we

could expect the fluid siate of the core

on Ramsey’s hypothesis, when the actual

.
mantle =— —e Core

temperaiure is between their meliing
points of both Phases as shown in  Fig. 24. Schematic diagram of melt-
Fig. 24. A similar suggestion was made ing curves of interm;::lalgc (;1'

. ) covalent) and metallic MgO at the
by Jacobs (1954), who attempied to ex- dopth of the mantle-core boundary,
plain the origin of the inner core based in comparison with actual tempera-

upon iron-core hypothesis. ture.

The important problem is whether the melting point in meiallic phase
becomes lower than that in intermetallic phase. Although metallic bond
éorresponds to a low melting point, as generally accepted, the direct com-
parison wiih intermetallic bond on a compound composed of definite kinds
of atoms has not been made. However, the fact that many intermetallic
compounds are fused into liquid state, in which they show metallic beha-
viours, may be interpreted as a lower melting point possessed of inetallic
phase than that possessed of intermetallic phase, since the liquid state of
intermetallic phase, if it exists, may be unstable, corresponding to higher
melting point, and on the other hand, that of metallic phase more stable.

More interesting interpretation concerning the fluid state of the core is
possible based upon intermetallic-metallic transition hypothesis. Wentorf
(1957) reported that molten boron nitride (BN) conducts electrically about
as well as graphite (C), whereas solid born nitride is ‘@ good insulator.
Busch and Vogt (1953 ) reported ihai molten indium antimonide (InSr) has
about four times higher conductivity than solid InSh. The experimental
evidences that molten phases exhibit higher conductivity than the solid
phases are reporied also regarding germanium (Ge), bismnth - (Bi), and
tellurium (Te) (Hall, 1958, for Ge ; Bundy 1959, for Bi ; Epsiein, Friizsche
and Lark-Horoviiz, 1957, for Te). Such metals as Bi, Sb, Te, Ge, Si Sn,
P, etc., are named ‘‘semi-metals’’ by Kubaschewski (see, Frost, 1954)
These semi-metals are characterized by the volume contraction, the increase
of coordination numbers and the increase of electric conductivity when they

are molten. According to Bundy’s experiment, Bi transforms at 0.025-102
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dynes/cm* from the phase | in semi-metallic state to the phase II in metal-
lic siate with a certain velume contraciion. The melting curve concerning
the phase [ decreases wiih ihe increase of pressure, whereas that coneerning

The metallic

the phase II increases.

phase of MgO induced by the pressure 7 .‘;-:d) 7 mel?lll{cmd) .
corresponding o the. core-boundary, as d : ? imer.
suggesied by the wriier, should be clas- | —| -co,e/_,‘f;’i;’:,';’;,g -
sified inio semi-meial group, since this 1 mﬂpﬁ""?//

has 6-coordination number whereas ithe || Leontract
coordinaiion number of ‘‘true meial”’ covalen emi - metallic

L. (solidy | metalirc

is higher than 6, namely, from 8 to 12. n 4 éfs,f,/f) c&fot;da)

Then we can expeci ihe phase diagram

of MgO near the core-boundary as shown )

in Fig. 25, from an analogy io the phase pP—

. . Fig. 25. Schematic diagram of

diagram of Bi. . . .
melting curves of intermetallic,

semi-metallic and metallic pha:

ses of MgO.

The molien phase of MgO in semi-
meiallic state should be somewha: denser
than .the solid phase (for example, in the case of Bi the increase of densiiy
is about 3.35%).

peri of ihe region E is aiiained in ithe molien phase alone.

Ii should be noted thai the meiallic siaie in the upper

Moreover we may expect ihai the melting curve siaris to go upward
at a ceriain pressure, corresponding io the iransiiion point beiween ihe
phase I and II of Bi, and may exceed the aciual temperature somewhere
in the core. This means ihe exisience of solid phase within the deeper

pari of ithe core, corresponding to the inner core.

6- Conclusion

Based upon modern solid state physics, the internal state of the earth
is discussed. The seismic and geomagnetic evidences in the deeper pari
of the manile are explained by the model thai this region consists of the
intermetallic phase of MgO. The region C is regarded as the iransiiion
region from ionic to intermetallic siaie of MgO. This transiiion is
characterized by the gradual changes of the compressibillty and density,
corresponding to the gradual increase of homopolar character in the

bonding state of MgO, originally ionic crystal. The transition occurs due



to- pressure-increase, and its possibility is examined based upon quantum
mechanical theory of cohesive properties of solids. Moreover the gradual
increase of homopolar characier in bonds induces the  decrease of energy
gap of MgO, so thai the region C exhibits the increse of electric con-
ductivity compatible with the geomagnetic data.

Introducing this intermetallic iransiiion ai the region C, we can
refines Ramsey’s hypoihesis on the origin of the core, since metallic transi-
ilon seems possible only through intermetallic iransition. Namely, investi-
gating intermetallic siaie we can sirengihen the possibility of the existence
of metallic state in ihe core, and moreover realize the state of the core
more esseniially than made hitherto.

No existence of S-wave in the core is explained by molten phase of
metallic staie, due to the decrease of melting point in metallic state in
comparjson with that in intermeiallic state.

Regarding the composition within ihe earih, the region B is com-
posed mainly of olivine possessing mainly ionic bonds, the region C
undergoes the decomposiiion of olivine io MgO and SiO with squeesing
of the latier and simulianeously MgO iransforms into intermetallic state.
The region D is compossed of intermetallic MgO, and the core is com-
posed of meiallic MgO. The model applied to the earth’s interior is
shown in Table 16.

The present work must be made np by many quantitaiive computa-

Table 16. "Earth’s interior suggested by ionic-intermetallic-metallic
transition hypothesis.

. . Bondin, tri
; Region Compositon charactegr g})(;fdfxlcct?}/ity other
i
I
:[ mainly olivine ionic ionic
|
1
[ olivine c_lecomposes ionic-intermetal- (ionic—intrinsic| covalent (homopolar)
k into periclase and | lic transition character increases
coesite gradually
{ D m:.linly periclase covalent ‘(or in- | intrinsic
| (zinc blende stru- | termetallic)
| cture )
| E .
‘ mainly periclase semi-metallic but | metallic meltin i
D net: oint de-
1 F (solid state : 6- metallic in liquid c.reasesg vpvith pressure
i G coordination, liqui- | phase. ’ within the upper
3 d state : 8~12- - | core.
i coordination)




tions, some of which are progressing at the writer.
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