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tions were superimposed, but no effort was
made to form a contiguous cavity linking them
together (in contrast to some earlier experi-
ments). The first junction was operated as
a Josephson junction. The second junction act-
ed as a detector of the fields created in the
first by observing the structure induced in its
I- V characteristic by these fields. Since the
geometery excludes the possibility of detection
of the fields created by TC, the observed struc-
ture in the detector junction can be considered
as a verification of the existence of coupling
between the ac Josephson currents and the sur-
face plasmons occurring for three coupled su-
perconducting films. 3

We conclude by pointing out two possible ways
for distinguishing between the two coupling
mechanisms. The different temperature be-
havior offers one possibility. The d~'" depen-
dence of cf (cf is independent of dm as long
as X «d~) is another test which may be used.

The authors wish to express their gratitude
to Professor Morrel H. Cohen for suggesting
this problem and for stimulating discussions
throughout the work.
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DIELECTRIC DEFINITION OF ELECTRONEGATIVITY
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A simple model is proposed for the static electronic dielectric constants of zinc-
blende and wurtzite crystals in terms of the dielectric constants of diamond-type crys-
tals. The model suggests a natural definition of electronegativity in (sP )-hybridized va-
lence states.

A dielectric model for covalently bonded crys-
tals has been proposed' which accounts for the
observed x-ray charge distribution in diamond,
and predicts the optical-pseudopotential form
factors' in terms of self-consistent dielectric
screening of ion-core form factors derived
from values of the free-ion term. The homo-
polar model Hamiltonian is the spherically av-
eraged one used by Penn which contains an
energy gap F. 0 at the Jones zone faces. The
relation between E&p and the homopolar stat-

ic dielectric constant happ is

e O=l+(kcu /F. )'A,

where hap is the plasma energy and A is a num-
ber of order unity.

To treat heteropolar (sP')-bonded crystals,
the homopolar model Hamiltonian has been gen-
eralized' from a two-dimensional to a four-
dimensional space, yielding a relation similar
to (1) but involving a charge transfer constant
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C~p =y ~pE&0. The dimensionless parameter
y measures the strength of heteropolar/homo-
polar interactions and the static heteropolar
dielectric constant is given by

e =&+(p(u )'/t(E 0)'+(C )']A.
p g0

It has been shown' that the heteropolar model
explains heteropolar optical form factors' and
the effective charge e* which splits the frequen-
cies of longitudinal and transverse optical lat-
tice vibrations.

In this note we show that the assumption

Z e Z 8
c = — f

o.p (r 0 r 0 c/p

enables one to calculate e, for all zinc-blende
and wurtzite crystals given only e«as a func-
tion of nearest-neighbor spacing d in the dia-
mond-type crystals C, Si, Ge, and grey Sn.
This function, together with E&0(d), is shown
in Fig. 1. Here for atom n the valence is Z~,
and 2y ~0 is the nearest-neighbor spacing d
of the diamond-type crystal belonging to the
same row as atom n. The factor f~p repre-
sents the effect of Thomas-Fermi screening.
When n and P belong to the same row of the
periodic table, then

f =f =0.9exp(-k r ),op en s n0'

Table I. Dielectric properties of diamond, zinc-
blende, and wurtzite (*) crystals.

Crystal C, ( e&)

Si

Ge

Sn

~oo

5 0 7

12.0

16.o

23.8

(calc. )

5 ' 7

12.0

16.o

23.8

6 (exp. )

5~7

12.0

16.o

23.8

SiC 4.o 0.50 8.6 6.7

Beo+

A1P

Mgo

7.0

6.3

13.5

o.56 5.7

1.28 6.3
0.65 11.9

8.1

4.6

3.0

8.7

3.0

3.0

dius for a free-electron gas,

k =0.82k y»'
s F s

having the appropriate valence-electron den-
sity,

X/n = (4~r '/3)-'.
S

When o, and P belong to different rows, f~p is
the average of f~~ and fpp.

The preceding definitions constitute a sim-
ple, closed system from which we can calcu-
late eo for 15 zinc-blende and nine wurtzite
crystals given only e«(d). The results obtained
are shown in Table I.

In discussing these results we note from Fig. 1
that there is a break in the curves e«g) or

where k~ is the Thomas-Fermi screening ra-
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3.6
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4.4

11.0

8.4

4.8
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I
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3d/2~

-8
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00
4P

ZnSe

Zno~

ZnS+

ZnTe

A1Sb

InP

A1As

InN+

InSb

CdTe

CdS~

5 9

13.5
6.2

4.4

1 ~ 7

3-5

2 7

8.9
9.0

2.2

4 4

6.1

1.41

1.90

1.29

1.30

0.50

o 93

o.63

1.17

1.50

o 79

1.58

1.57

16.o

8.8
12.0

19 ~ 7

19 ~ 7

17.0

14.6

8.6

10.2

23.8

23.8

16.7

6.o

2 ~ 7

4 7

15.9
9.6

lo. 8

4.2

3.8

15.1

7~5

5.8

4.6

5.1

8.3

10.2

9.6

15 7

7 1

5.2

FIQ. 1. Log-log plots of the parameters 2E&0 (in eV)
and 4600 against nearest-neighbor distance d in a.u.
The s-p trend is separated from the effects of d core
polarization.
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X =X +X
n ay y

which implies that

(6)

E&pg) near Si. The reason for this is tha. t an
important contribution to 'Epp is made for third
(Ge)- and fourth (Sn)-row atoms by nd- @+1)p
transitions. ' Indeed (as shown by comparing
the dashed and solid curves), one-third of the
derivative of 8&0(d) at Sn arises from these
transitions, so that we may say that one-third
of the forces responsible for the grey-Sn (co-
valent) -white-Sn (metallic) transition arise
from d core electrons. ' ' (The same forces
are responsible for the large cohesive energies
of Cu, Ag, and Au compared with the alkali
metals. ) Penn's model does not include any
specific effect of this type; so we expect mark-
edly better results when there are no d elec-
trons in the core of n or P. It is worth noting,
however, that the model includes some core-
polarization effects through the use of observed
nearest-neighbor distances. The d electron
polarization gives rise to very poor results
for 600 60 in only two cases, ZnO and A1Sb.
In the remaining 16 crystals for which data
are available, the average absolute error in
e«-e, is less than 10/p. The contribution from
d electron polarization could be treated more
accurately by adding a parameter for the os-
cillator strength and using the observed val-
ues' for nd - (n+ 1)P thresholds, but we shall
not do this here.

From the success of this simple model it is
clear that, although E&O is an inherently quan-
tum-mechanical parameter which character-
izes the strength of the covalent bond, the charge
transfer constant C~p is semiclassical in na, —

ture. For elements n and P belonging to the
same row of the periodic table, C ~ is propor-
tional to (Z~-Zp), which suggests that we can
use Co p to define an electronegativity scale
for (sp )-hybridized valence states.

There are two electronegativity scales in
common use. The ideal scale is additive:

(8)

The additive constant and the constant of pro-
portionality have been chosen so that with r~O
in atomic units, (8) gives X~ = 2.5 and 3.0 in
C and N, in agreement with Pauling. ' Anal-
ysis of his values shows (although it is not stat-
ed explicitly) that he has chosen

i.e., Pauling omits the Thomas-Fermi screen-
ing factor. This is not inappropriate if one
considers an average electronegativity for a
wide variety of valence states, but for a fixed
valence state [e.g. , (sP')], there is little doubt
that (8) is superior to (9). This becomes ap-
parent immediately from Table I if one com-

of the o -n and P-P bond energies, and one would
expect that the difference b, ~p should be pro-
portional to (Z~-Zp)' when a and p belong to
the same row. Thus he defined X~p ~[&~p]'I'
in general.

Because Pauling's definition already describes
bonded atoms, it has been widely used. His
original values for A~~ were taken from a wide
range of valence states and did not always sat-
isfy (6) and (7). It has been found" that use
of modern data for mean bond energies in poly-
atomic molecules oP„yields values more con-
sistent with (6) and (7). These are listed in
Table II.

It is widely believed that three factors in-
fluence acidity of n relative to P: electronega-
tivity, bond energies, and dielectric factors,
and that of these, bond energy is the least im-
portant. A definition of electronegativity based
on the dielectric properties of the atoms in
a definite valence state should therefore prove
useful. The results of Table I show that (3)
can be used to define electronegativity dielec-
trically. We eliminate the medium factor f~p
in order to satisfy (6) and (7) and therefore
define

X =3.6(Z /y )f +0.5.

X =X —Xp.

Mulliken's scale is based on the ionization en-
ergies of valence states of free atoms, ' so
that it automatically satisfies (6) and (7). It
does not describe, however, the power of an
atom to attract electrons as it is modified in
a bonded condition. Pauling noticed that the
n Pbond energy -generally exceeds the mean

(7)

Element Atomic Pauling BD Dielectric

C
Si
Ge
Sn

2.63
2.44

2.5
1.8
1.8

2.50
1.65
1.40
1.65

2.50
1.41
1.35
1.15

Table II. Electronegativity values for tetravalent ele-
ments. The column BD is Ref. 13, and the other col-
umns are discussed in the text.
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pares the value of C~p for BN (where f=0.200)
with GaAs (f=0.135) or InSb (f=0.120).

The essential feature of (8) and (9) is the vari-
ation from C to Si to Ge to Sn; the remaining
values for all other nontransition elements save
H can be obtained by varying Z&. We show
in Table II electronegativity values for these
elements based on Mulliken's atomic values, '
Pauling's bond energies [which is really only
Eq. (9)], a refined set of Pauling values, 's and
our dielectric definition (8). The refined val-
ue" for Sn in a IV valence state is much larg-
er than our (sp') value; it must include substan-
tial d hybridization. Otherwise the refined val-
ues are closer to ours than Pauling's original
values are; apparently the more recent empir-
ical studies have tended to include partially
the screening factor f~~, without recognizing
its dielectric origin.

As an example of the superiority of our def-
inition to the ad hoc chemical definitions, we
cite the fact that Cl has only a small hydrogen-
bond forming power, whereas nitrogen-hydro-
gen bonds are of medium strength. All the chem-
ical scales of electronegativity predict that
Cl is at least as electronegative as I, where-
as our dielectric scale places Cl near B, which
also forms very weak hydrogen bonds. Paul-
ing attempts to explain this by noting' that Cl
is larger than N, but as shown by (9), his scale
already includes size effects. It does not include,
however, changes in k~, and these are what make

Cl weakly electronegative compared with N.
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