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FIG. 2. Perspective drawing of y N, (tetragonal)
viewed normal to (110) face showing close packing of
prolate molecules.

culated interplanar spacings and reflected inten-
sities for the proposed model of vy N,. For hep
N, at low pressure, the constant B in the Debye-
Waller temperature factor has been evaluated®
as 1,53 A2, In keeping with the higher density
and larger 6 of tetragonal N,, we have used the
extimated value B=1.4 A? in computing the ex-
pected intensities of Table 1.

The structure consists of two types of layers
which are perpendicular to the unique axis of the
unit cell as shown in Fig, 2. In one of these lay-
ers the molecules lie flat in a square array with
their long axes parallel and directed along one of
the square diagonals. Alternate layers are shift-

ed with the molecules again lying flat and paral-
lel, but with their long axes directed along the
other square diagonal and at right angles to mol-
ecules in the adjoining layers, This arrangement
would seem to minimize the electric~quadrupole-
quadrupole energy of the crystal,

A complete treatment of the subject will be sub-
mitted to an appropriate journal and will include
a discussion of the « and S phases at high pres-
sure and all three phases in nitrogen 15.
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A new energy parameter é’d is introduced to describe dispersion of the electronic di-
electric constant. This dispersion energy is found to obey an extraordinarily simple em-
pirical relation in the more than 50 ionic and covalent crystals for which reliable refrac-
tive-index dispersion data are available. Based on this result we derive a structure-de-
pendent electronic dielectric response function consisting of constant optical-frequency
conductivity with high-and low-frequency cutoffs.

A simple, physically appealing dielectric mod-
el of electronegativity and ionicity has been de-
veloped recently by Phillips and Van Vechten! ™3
using the concepts of homopolar and heteropolar
energy gaps. These authors find that a so called
“average energy gap” E; can be computed for a
large group of diatomic crystals using simple
empirical expressions. This average gap may
be decomposed into a homopolar gap E,, and a
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heteropolar gap C by the quadrature relation Eg2
=E,%+C? and is defined (apart from a factor of
order unity) by the equation

E?=(1w,)?/[e,(0)-1], (1)

where ﬁwp is the plasma energy of the valence
electrons, and €,(0) is the static electronic di-
electric constant (€ =€, +i€,).

In this Letter we introduce a new energy pa-
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rameter &4, to describe dispersion of the elec-
tronic dielectric constant (or refractive index).
This “dispersion energy,” which is related to in-
terband transition strengths, obeys an extraor-
dinarily simple empirical relation in over 50
widely different “ionic” and “covalent” nonmetal-
lic crystals. Based on experimental observa-
tions we show the following. (1) §4 is indepen-
dent of the lowest band gap and internuclear
spacing and is essentially the same in all cova-
lent and ionic compounds when normalized by
the cation coordination number, anion valency,
and number of valence electrons per anion. (2) A
realistic model dielectric response function con-
sists of constant optical-frequency conductivity
(we, = constant) with high- and low-frequency cut-
offs. The dispersion energy is a direct measure
of the conductivity. (3) Crystals are found to
group into distinct ionic and covalent classes
with the transition between the two occurring in
AB crystals having the wurtzite structure.

We define the »th moment of the optical spec-
trum of a crystal by the relation

M, =(2/m) ), 87 e,(8)d8, (2)

where & =fiw, €,(8) is the imaginary part of the
electronic dielectric function, and é’g is the low-
est band-gap energy. The real part €,(8) is rep-
resented by a single Sellmeier oscillator at low
energies, i.e.,

€,(8)-1=5/(8,2-8?). (3)

Here F and &, are oscillator-strength and inter-
band-energy parameters. As described in detail
elsewhere® Eq. (3) is obeyed, for §<&;, in all
nonmagnetic materials for which refractive-in-
dex dispersion data are available. We emphasize
that our use of Eq. (3) does not imply that §, can
be identified with any particular interband transi-
tion or that only a simplified €,(8) spectrum is
being considered. It is easy to show* using the
Kramers-Kronig (KK) relation that

842=(F /8.2 =M,*/M,, (4)
82=M,/M,. (5)

We have introduced in Eq. (4) the dispersion en-
ergy 8,;, which is defined in such a way as to
weight most heavily values of €,(8) near the band
gap. A relation analogous to Eq. (4) can also be
written for the Phillips band-gap parameter E,
defined by Eq. (1). The f-sum-rule integral

M, =(2/m) ), 8€,d8 =2/ iw,), - (®)

and the KK relation at § =0, when substituted in-
to Eq. (1), yield the expression

E,*=M,/M,. (7

Equation (7) relates E, to the first and second
moments of the €, spectrum and thus weights €,
at higher energies more heavily than the corre-
sponding expression for §;. We also note that

Eg does not depend on the magnitude of €, where-
as &4 does, so that interband transition strengths
are not contained in the Phillips-model parame-
ter E,.

We have fitted refractive-index dispersion data
taken from a variety of sources® to Eq. (3) and
have obtained the experimental values of F, &,
and 84 listed in Table 1.° Inspection of Table I
shows that &, is strikingly constant within the
various crystal groupings although & and &, vary
widely. For example §,~12.5 eV in the NaCl-
type alkali halides, and §,4=25 eV in 19 oxides
having a variety of complex crystal structures.
This factor of 2 difference suggests a possible
simple connection between &, and the anion val-
ency Z,. Further support for such a relationship
is provided by the ratio 2:3:4 between values of
&4 in II-VI, III-V, and IV-IV compounds. A sim-
ple relationship between &4 and the coordination
number N, of the nearest-neighbor cation is also
indicated by Table I. For example a ratio of
about 8/6 is observed between 8-coordinated and
6-coordinated halides. Furthermore, all the ox-
ides having values clustering around 25 eV are
6-coordinated despite differences in crystal
structure. The two 4-coordinated oxides show
values approximately 4/6 as large. The above
observations suggest that §4 «N.Z,. Turning to
the thallium halides, we observe that §, is some-
what higher than in the isostructural 8-coordinat-
ed alkali halides. We believe that the higher os-
cillator strength in the thallium salts is due to
the 6s? electrons of the T1* ion. These two elec-
trons plus the eight electrons in the s-p orbitals
would yield a total of N, =10 valence electrons
per anion rather than N, =8 as in the alkali ha-
lides. We might then expect a ratio of 10/8 be-
tween corresponding values of §;. This is near-
ly the ratio observed in Table I. The noble-met-
al salts appear to fall outside the framework out-
lined above. For example, the value of &, in 6-
coordinated AgCl is almost a factor of 2 higher
than in the isostructural alkali halides, i.e., &4
is nearly the same as observed in 6-coordinated
oxides. Similarly, in zinc-blende CuCl &, has
almost the same value as observed in 4-coordi-
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nated oxides.

Based on the experimental results shown in

Table I. Experimentally determined values of the Sellmeier parameters
é’o and F, the dispersion energy é’d , and the normalized dispersion energy
84/N.Z,N.. For brevity we have included results for only one light-polar-
ization direction in all anisotropic crystals. The various material groupings
are labeled according to anion valency Z,, nearest-neighbor coordination
number N, and effective number of valence electrons per anion N,.

CRYSTAL Eotev)  Ftevd)  Eglev) By/NeZaNelev) |  CRYSTAL Golev)  Tevd)  Eylev) Eg/NezoNelev)
NaCI-TYPE OXIDES
(Ng=6,Zq=1, Ng=8) (N=6, Z4=2, Ng=8)
LiF i 255 149 031 Mgo 3 249 22 0.23
NaF 15 170 n3 0.24 Ca0 9.9 224 226 0.24
KF 14.8 183 123 0.26 Alz03 13.4 370 275 029
Nacl 10.3 141 136 0.28 Y3Al5012 1. 282 25.4 0.26
KCl 105 129 123 0.26 Teo, 6.24 145 23.2 0.24
RbCI 104 127 2.2 025 SrTiog 568 135 237 0.25
cscl 106 149 140 029 BaTi0y 5.57 131 233 o024
KBr 92 14 2.4 0.26 KTa0s 6.50 159 237 0.25
RbBr al 1o 12.1 0.25 KTaoesNbo3s03 6.7 144 234 0.25
KI 77 99 12.8 0.27 LiTo0s 7.49 196 26.1 0.27
RbI 77 94 12.1 0.25 LiNbO3 6.65 172 259 027
BazNaNbsOjs 6.20 153 24.6 0.26
CsCI-TYPE
(N=8, Zg=1, Ne=8) Tiop 5.24 135 257 027
cscl 106 181 171 0.27 MgAl;04 2.1 282 233 024
csBr 04 159 170 027 Cawog 9.5 213 233 024
st 75 a 5.2 024 Z0W0, 7.46 194 260 0.27
CaMo0y4 8.26 190 230 024
CsCl-TYPE PbM0O, 5.4 122 226 0.24
(Ne=8, Zg=1, Ng=10)
SrMo0s 86 183 213 0.22
Ticl 5.8 120 206 0.26
TIBr 53 s 217 0.27 OXIDES
(Ne=4, Zg=2, Ng=8)
CoFp-TYPE
(Ng-8, 241, N8 zn0 6.4 109 A 0.27
Si0p 136 250 18.3 0.29
CaF, 157 249 15.9 0.25
BaF, 13.8 219 15.9 0.25 ZINC-BLENDE
(Ng=4,Zq=2,Ng=8)
NOBLE METAL
SALTS zns 6.36 164 26.1 0.41
(Za*1, Ne=18) Znse 554 150 270 0.42
AQCI (N¢=6) 7.4 163 22 0.20 znTe 434 Tk 270 0.42
CuCl(Ng = 4) 73 132 18.1 0.25 cdTe 413 106 257 0.40
WURTZITES ZINC -BLENDE
(Nc=4, Zg=2,Ng=8) (Ng=4, Zg=3, Ng=8)
Zn0 6.4 109 17.1 027 GaP 446 161 36.0 0.38
cds 49 99 204 0.32 GoAs 3.55 19 335 0.35
cdse 40 82 206 032
DIAMOND-TYPE
Zn 6.1 155 . .
S 5 252 0.39 (Ng=4, 24, Ng=8)
c 10.9 541 497 0.39
si 40 178 444 0.35
Ge 27 110 41 0.32

These results can be understood
if the d electrons are included® in the total N,
i.e., N, =~18 rather than 8.

Table I and the observations outlined above we

can write the following general empirical expres-

sion for &4, applicable to over 50 nonmetallic-
nonmagnetic compounds containing a single anion

species®:

gd :BNcZaNe eV,
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(8)

where N, is the number of effective valence elec-
trons per anion, e.g., N. =8 in an s-p valence
band; 8;=0.26+0.04 eV for the ionic compounds’
(halides and oxides); B8, =0.39+0.04 eV for the
covalent compounds® (all nonhalide, zinc-blende,
and diamond structures); and 8 ranges between
these extremes in simple AB-wurtzite crystals.
The wurtzite structure can thus be viewed as
transitional between two well-defined ionic and
covalent crystal classes. The transitional char-
acter of wurtzites has also been observed experi-
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mentally within the dielectric model of Phillips
and Van Vechten.? Furthermore, Kurtin, Mc-
Gill, and Mead® have deduced the existence of
distinct ionic and covalent crystal classes based
on observations of the barrier energies at metal-
semiconductor interfaces, exciton strengths, and
the relative importance of “direct” and “nondi-
rect” transitions. These authors also find that
wurtzite crystals tend to be distributed near the
transition region between ionic and covalent
classes. Their results imply, however, that
ZnS is nearly ionic whereas we would place this
material in the covalent class.

We now propose a dielectric model that can ac-
count for the empirical results summarized by
Eq. (8). Because &, is found experimentally to
be independent of the band gap é’g, a strong con-
straint is imposed on the form of the fundamen-
tal €, spectrum [see Egs. (2) and (4)]. We pro-
pose the following simple model €, spectrum
which satisfies this constraint:

Ee,=0li/€y, &, <E<bS,,
€,=0, <&, and §>b6,. (9)

In Eq. (9) the coefficient b is an arbitrary nor-
malized bandwidth parameter, ¢ has units of con-
ductivity, and €, is the free-space permittivity.
Our model dielectric response function thus con-
sists simply of a constant optical-frequency con-
ductivity ¢ with high- and low-frequency cutoffs.
We show this spectrum in Fig. 1 for b=4. We
also show the single Sellmeier oscillator that
produces equivalent dispersion of the refractive
index for § $8;. Our model spectrum should

be contrasted to the results of the Penn model'®

TF
/EOUIVALENT SELLMEIER OSCILLATOR

1 Il

° ! 8,08y 2

818,

FIG, 1. Model dielectric functions €, and o together
with equivalent Sellmeier oscillator for b=4,

for which &e, is singular at § =&, and falls off
very rapidly with increasing energy.!! Experi-
mentally observed €, spectra are more realisti-
cally described by the constant-o model. It is al-
so significant to note that the Penn model gives
€,(0)-1=(Zw,)?/E,* with no theoretical connection
between the parameters ﬁwp and E;, whereas our
model gives €,(0)-1=8,/8, as a consequence of
the observed relation between § and §,. Struc-
ture associated with interband critical points or
exciton bands is, of course, generally superim-
posed on the constant-¢ “bond-breaking” back-
ground. This structure apparently has little in-
fluence on the moment integrals contained in Eq.
(4).

Substituting the model spectrum given by Eq.
(9) into Egs. (4), (5), and (7) yields:

84 =(2V3/m) (i /e)o(b=1)/(1+b +b%) 72, (10)
Egy =Vb&,, (11)
(50/Eg)2=3b/(1 +b +b2?). (12)

Therefore in terms of our model the dispersion
energy &4 is a measure of the optical-frequency
conductivity o and is consequently an interband
oscillator-strength parameter. The parameter
E, of the Phillips model retains its significance
as a band-gap parameter and is simply the geo-
metric mean of the upper and lower cutoff ener-
gies. Combining Egs. (10) and (8) we find that

0/NZ N, =(1/2V3)(€,/R)B(1 +b +b%)112/
(b-1). (13)

Because B;~0.26 eV in ionic crystals and 8.
=0.39 eV in covalent crystals, it is tempting to
ascribe this difference solely to differences in
bandwidth and thus to assign the same universal
numerical value to the quantity ¢/N.Z,N, in all
ionic and covalent crystals. In order to estimate
the bandwidth parameter we make use of Egs.
(12) and (13) and the following experimental ob-
servations: (1) 8.=~1.58;, and (2) §,=~0. 8E, for
covalent crystals (compare values of §, shown
in Table I with values of E, tabulated by Van
Vechten®). We then find that b, ~3.4 and b; = 2.1,
and, as expected, b.>b;. Equation (13) now be-
comes

0/NoZ,N, =80+12 (2 cm) %, (14)

Equation (14) expresses the striking result that
both the magnitude and dispersion of refractive
indices in over 50 widely different nonmetallic
ionic and covalent crystals can be related to es-
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sentially the same normalized value of optical-
frequency conductivity. In our model only band-
width differences distinguish ionic from covalent
crystals. Neither the energy gap nor the internu-
clear spacing enter into the computation of .
The bandwidth parameters b, and b; measure the
width of those parts of the conduction and valence
bands which play important roles in determining
crystal structure. For the more covalent crys-
tals Phillips'? has correlated crystal structure
with a dielectrically defined bond ionicity. Here
we have found from a spectroscopic analysis of
covalent and ionic crystals that the N, and Z, of
Pauling’s classical resonating-bond theory'®
play an important role. In both cases the usual
picture of crystal structure as determined only
by the energies of occupied valence states is dis-
carded in favor of relationships between struc-
ture and the optical spectrum.
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The reflectance of solid Ar has been measured at 20°K for an angle of incidence of 15°
in the photon energy range from 10 to 30 eV using the synchrotron radiation of DESY.
The reflectance data reveal a spin-orbit—split exciton series with sharp maxima con-
verging to about 14 eV together with broader peaks above 14 eV due to transitions be-
tween the valence and conduction band. The results are compared with the absorption

spectrum associated with the 2p core levels.

Several optical™? and electron—energy-loss®
measurements have been performed on solid Ar
in order to study its electronic transitions from
the valence band. These investigations were con-
fined to the spectral region below 14 eV, They
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were made with limited resolution so that the ex-
istence of an exciton series converging to the
band gap could not clearly be proved. Thus these
measurements led to some uncertainty in the de-
termination of the series limit.*



