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The problem of obtaining the matrix elements of Hartree-Fock Hamiltonians for alkanes using
the EO method is considered. It has been shown that the data on the electronic structure of diamond
together with t,/e splitting in the neopentane photoelectron spectrum are helpful to produce such
EO method parameter scale which involves even “through space” interactions. In terms of the EO
method the photoelectron spectra of propane, butane, isobutane, and neopentane are interpreted.
The valence band structure of polyethylene in analytical form is obtained.
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1. Introduction

It has been shown in a previous paper (Part I) [1] that the experimental data
on the electron structure of methane, ethane, and diamond permit us to determine
the matrix elements of the nearest neighbour bond interactions. It was pointed out
that the ¢, /e splitting in neopentane photoelectron spectrum depends exclusively
on “through space” [7] interactions, which we did not take into account in Part 1.
It was shown that the data on the well known electronic structure of diamond are
very useful for the calculation of the spectra of alkanes; in this paper we shall
obtain the parameters of “through space” interactions f,, k, B,, w, B, m. f,, p
(Fig. 1) from diamond (because there is no reliable symmetry assignment available
for the photoelectron spectra of large hydrocarbons except the spectrum of
neopentane). We shall use the t, /e splitting in neopentane too.

2. The Dispersion Law for Diamond

Let us calculate the dispersion curves for the symmetry directions 4 = [100]
and A=[111] of the first Brillouin zone using the equivalent orbital method.
We shall take into account all the mentioned interactions and use the symmetry
properties [2].

Let us divide formally all the atoms of the diamond lattice into two classes {A}
and {B} so that each atom of class {B} is surrounded by atoms of class {A} and
each atom of class {A} is surrounded by atoms of class {B}. We shall associate
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b)

Fig. 1a and b. The matrix elements of the various interactions. (2) The nearest neighbour and the

second neighbour interactions: a = {6|F| 6>, b=<6|F| 1), c = (4|F| 4>, d= N F| 4, [ =<LT|F|3),

g=<61F13, r=Q|F16), s=2UF|T), B,=<1UIF|2), B,={1F|5), B,={2|#]5). (b) Through

space. interactions: we={1|F|4), p=(2|F|5), k=Q2|F|6), m=|F|4), B,=<7F]|10>,

B,=CBIF |11}, Bi=<8|F|12), B,,=<8|F| 10}, 5, =<13|F|16), §,=14|F|17), §,=<14|F]| 18},
S,=<14|F| 16

each bond A—B with the atom B which takes part in the bonding. So we establish
a one-to-one correspondence between the atoms B and the bonds >B<. These
bonds form four classes of the parallel and equally directed bonds. Let us take for
each bond the corresponding EO’s ¢;. Then for each class of the EO’s we obtain
the Bloch function:

(k)= —1/1-_N~Ze“‘R(pj(r—R); i=1,4. @.1)

The group of the wave vector G(k) for the A direction is C,,. The group of the
wave vector G(k) for the A direction is C;,. Therefore, the symmetrized Bloch
functions are:

A =[100] direction; G(k)=C,,
1 .
¥, = W {w,+yp,} representation 4,
1 .
Y, = W {w, +y3} representation 4, 2.2
Y,= T/% {1 —v,} representation A;

Y,= % {w,— w3} representation 45,
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A=[111] direction: G(k)=C,,
¥, =vy, representation A,
i .
v,= 75— {w,+v;+y,} representation A, 2.3)
{
V.= W {p3;—w,} representation A,

1 .
Y.= —ﬁ {2y, — 3 —1p,} representation A;.

The dispersion curves in both directions are the solutions of the secular equation:

i —ek) A,

=0 24
#r Hy, — e(k)
and any of the following equations
Hyz—e(k)=0: A, —e(k)=0 2.5)

where ;= (¥|#|¥;), and F is the Hartree-Fock operator. Now, the matrix
elements in the symmetrized Bloch function basis are:

A-direction

1
%1: 7{H11 +H14+H41 +H44}

Hia

1
7{H12+H42+H13 + Hys3) (2.6)

1
s 5 {H,,+ Hy3+ Hy, + Hy3}

|
3@3=7{H11+H44_Hl4_H41},

A-direction

%12 H11
1
A= W {H,+H;3+H,,} 2.7

1
Hy= 3 {Hyy + Hyz+ Hyy+Hys+ Hyy + Hyy + Hyy + Hyp + Hy 3}

1
Hy= 5 {Hy3+H,y —Hy . —H,s),

where H;; = {pi|F| p;>.
In this paper we are going to obtain the matrix elements §,, §,, ., and f,, B,
B.» By, from the electronic structure of diamond, therefore we have to take into
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account all these inferactions in the formulae for H,  Hence, (Fig. 2)

Hy, =a+2B{cos(g,+ q,) + cos(g, + q,) + cos(q, + ¢,)}
+2p,{cos(g, — q,) + cos(q, — q.) + cos(q, — 4,)};
H,, =0+ 2B, {cos(g, + q,) + cos(q, — q,) + cos(q, — q,)}
+2B,{cos(q, — g,) + cos(q, + g,) + cos(q, +4,)};
Hi3 =a+2p,{cos(q, — g,) + cos(q, — q,) + cos(q, + 4,)}
+2B,{cos(g,+ q,) + cos(g, + q,) + cos(q, — 4.)};
H,,=a+2p,{cos(q,—q,)+cos(q, + q,) + cos(q, — q.)}
+2B,{cos(q, + g,) + cos(q, — g,) + cos(qx + 4,)};
Hyy=fa{1 + &=} 428, cos g, {e + e} + B,,e” 4~ "9) +- 23, cos(q, — q,)
+ 2B, €08 q,{e 9t eT i} 4 B £ PaxT20) o B L0120 | pi2arY
Hys=pB,{1 + "%} 4+ 2, cos g,{e= + €=} + f,,e™ "9 1. 28, cos(g,. — q.)
+2B,, c08 g, {4+ e 4=} 4 B, 0=t 24 1 B {12 4 gi2a:) 0 (28)
H14 =p {1 +e@T} 4 2B, cos g {e? + e} + B e @ L 26, cos(q, — 4;)
+ 28,08 g, {e M+ e 4=} 4 B, P H 20 4 B {12y 4 o124z)
Hy3 =B {1 +€@"9} 4 2B, cos g, {e% + ™"} + B, @79 126, cos(q, +4.)
+ 2‘3m cos qx{e_iqz + eiqy} + Bwei(Zqz—qu) + ﬁk{eiz”z + e—iqu};
Hyy=Ba{l + =75} + 28, cos g, {e™ =+ €=} + B, %) +- 28, cos(q, +q.)
+ 2B, cos g {e” 4= + &%} + B, 207200 | B Loi20= | o7 i24x),
Hyy=Ba{1 + @7} + 28, cos g, {e” "~ + €'} + B, %) -2, cos (g, + q,)
+2B,,C0S q, 1€+ e v} 4 B "2y 2ax) . B {pi2ay | o7 20x)

For symmetry directions 4=[100] and A =[111] the matrix elements H;; can

be simplified. We have for 4=[100] ¢q,=¢,=0, q,=q and for A=[111]

q4.=4q,=4q,=¢q. Now, we obtain for dispersion curves the following equations
A =[100] direction

(2.9
31,2(‘1)= Myt %ﬂ

where

H =, =a+2{B,+ B+ By + B+ 2B} + 4B+ By + B+ B} cOSq

Ao =2{Ba+2B,+ 2B+ B+ (Ba+2B,) e+ (B, +2B) e " +2Bcosg  (29)
+ (B, + B €24}

and

83,4(‘])=°“‘2{BA_Bz+ﬁw+2ﬁk'“ﬁp}
_4{ﬁg_ﬁt+ﬁm—ﬁp} Cos g
A=[111] direction

81,2(61):%{%14‘ Ky} + G — H,) + Ay, A, )R 2.11)

(2.10)
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Fig. 2. Band structure of the diamond valence band and the orientation of the bonds in diamond

where

A1 =0+68,+6p cos2q

Ay =0+ 2B, +HB+B,+ B+ B+ Bt + 2{B+ 28,4+ 2B, + 2B, + 4B} cos 2q
A, =V/3{Bs+2B +4,cosqe + (B4 +2p,) €21+ B, (e 29+ ¢*9) + 4B, cosge™ )

and

&3,4(@)=0—2{B s+ P,— 2P, + .+ Bn—B,}
~2{By— B+ 2B+ B, —2B,} cos 2q .

(2.12)

The valence band of diamond is plotted in Fig. 2. With the numerical data of

Herman [3], we have (in eV):
The total bandwith of the valence band E, = &(I';5) — &(I;)

E,=—-8B,—168,~8p,—168,—168,=21.

The bandwith of the p-subband 4E, =&(I';5) — &(X,)
AE,= —8B,+8pB,+8B,—8B,=55.

The bandwidth of the upper sp-subband 4E, =¢(I;5) — &(X)

AE; = —4B,+8p,+8,—4p,—8p, =12
The difference of the levels 0E, =&(I';5) — e(L5)

OE,=—4B,+4B,—8B,—4p,,+8p,=2.

The difference of the levels AE; =e(I'ys)—e(L,)

AEL1 =- 2:BA - 4ﬁg + 12Bt - 2ﬁw _‘4ﬁk —4ﬂm =125.
The difference of the levels AE;, =¢&(I5) — &(L})

AEp,= —6f,—4f,+45,+ 8B, — 6B, + 4B —4p,=15.

(2.13)

(2.14)

(2.15)

(2.16)

2.17)

(2.18)
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3. Calculation of Parameters

It should be noted that Eq. (2.18) follows from Egs. (2.13)—(2.17). The solution
of the Eqgs. (2.13)(2.17) is

B,= 0.0

B,=—0.17

B.= 002 (2.19)
B,+Bn=—025
Ba+p,=—217.

Let us use the LCAO form of the EO’s ¢ and ¢._y for obtaining the
matrix element of (C—H)—(C—H) interaction p from the (C — C)—(C—C) interaction
B, (Fig. 1).

P4p= : {xa+ x5}
A-B~= T/ A B
V2 (2.20)

i
Pu-pg= —“m— {AXa~+ xu)

where y; is the hydrogen fs-orbital and y, is the carbon sp*-orbital.

Now it should be noted that the matrix elements of the third neighbour bond
interactions [so called “through space” interactions (Fig. 1)] include interactions
between atoms which are separated by two, three, and four bonds. Below we

Fig. 4. The hybrid orbital orientation
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use the following approximation. We take into account the AQ’s interactions of
the atoms separated over two bonds only. Then we have (Fig. 3)

Bp=LxalF xa> - (2.21)
Using the LCAO form of y, and ¥/, hybrid orbitals (Fig. 4)

A 1 A

| —_ i
Xa= 55"+ 5P+ I/EPZ
1

1 1
2 A A A
Xa= =595 +———px_——pz
2 2 2
. ) 11[ (2.22)
3_ AT A A
Xa= 2 s 2 px 1/5 py
1 1 1
4 _ - AT LA . |
Xa= 2 s 2 Dx + ]/7 py
we obtain
1
Bp= 4 B+ 3613 (2.23)
Here : y » o v
Bos=(HF 5™y Be=XplF| PS> -
By analogy, we can write
b= B= B (224

and
Bis=—004eV, f=-021eV.

It should be noted that the H-atoms in p-configuration (Fig. 1) are located
at the same distance from each other as the carbon atoms (though from a formal
viewpoint the H-atoms are separated over four bonds).

Therefore we write

2 AUsH|F] (s

p= Gy Bt 3B+ 225)

It is however obvious that the interaction between these H-atoms is weaker
than that between the C atoms located at the same distance, because the distance
(2.54 A) exceeds considerably the sum of Van-der-Waals radii for the H-atoms
(234 A), but the distance 2.54 A is less than the sum of the carbon Van-der-Waals
radii. Therefore the second term in Eq. (2.25) will be neglected and we obtain
p~ —0.1¢V.

Let us now estimate the f§, and f,, interactions. In our approximation we
can write

i

¢ R
ﬁm“ ?ﬂss Wz_ﬂsp 3 ﬂn'
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1
el
It is not possible now to obtain an exact estimation for the value B, but one can
believe that the value f;, is approximately g, or f;. Then we have 8, ~0.1 eV and
B,~—035eV.
In order to calculate the other parameters we use the t,/e splitting in

neopentane. (This splitting depends on “through space” interactions only.)
Really,

Using numerical estimations for f;, and 8, we have f§,,=0.03 — By >0.03eV.

g, — e, =4m—2k—2w. (2.26)

Using the above mentioned approximation for “through space” interactions,
we have

422

B, = J; wt, 2.27)
1+A%

fu= — "k, (2.28)
2

g — 1“;’1 m (2.29)

Using the C—H bond dipole moment 0.4 D we have 4 =0.924. According to the
photoelectron spectroscopy data [4]

g, —¢&, =135eV.

e

Then from the Egs. (2.26)—(2.29) we obtain
48, — 2B, —2B8,=14T7eV

and B,=—055eV. Now from Eq. (2.19) we derive f,= —1.62 and from
(227 -(2.29) m=0.09, w= —0.51, and k=0.02¢V.

4. Methane and Ethane

It is obvious that all the parameters for the (C—~H)—(C—H) interactions are
to be obtained from the methane and ethane photoelectron spectra, because just
these parameters determine the photoelectron spectra of these molecules (Part 1).
It was pointed out in Part 1, that because of the large (0.8 eV) Jahn-Teller splitting
it is not reasonable to use the ionisation potential of the highest occupied level of
methane. Therefore, for the a, level of the methane spectrum we have (Part 1):

a+3b=—23eV.

14 248c- g+ 4*
24 28c.c
the same numerical estimations.

! Actually, 8, = W, but the overlap integrals sc_¢ =& sc_y~ 0.6 and we obtain



Electronic Structure of Saturated Hydrocarbons 189

For ethane we can write the following equations
a—b+f—g=-120
a—b—f+g=—152

a+2b—f—2g=-204
c—¢ l/gd _
V6d a+2b+f+29—¢
g, =—131; &,=-242.

and

Direct application of these equations together with the a, level of the methane
spectrum vields a= — 1595, b= —2.35, f =098, g= —0.62 eV and
c=¢;+e,—{a+2b+f+2g}=—1639eV

d=—209eV.
For the (C—H)—~(C—C) interaction parameters we have (Part 1):

r=é—{f‘/;—f}7+ﬁ,vlfg}=o.so
{ Viea | I/’l} —049
bl

A2 ]/1+/12

1+H

W W

—0.53

)
{ 1+,12 V24 }=—o.14
(L

17

”1/1+/12
1+,12 /2
VTIF}_O‘OZ
2
5,,,=—{mL1H +B, V2 }=0.1.
AT LRV

We have summarized the results of the above consideration in Table 1.

— 2
1
2
1
27
1
0= 2

Table 1. The matrix elements of the Hartree-Fock operator in the EO basis. The nearest neighbour,
the second neighbour, and the through space interactions

a b c d f g r s
—1595 —235 —16.39 -2.09 0.98 —0.62 0.80 —0.49
B B, Ba m B k B P By
0.60 —0.35 — 1.62 0.09 0.1 0.02 0.02 —0.1 —0.17
d,, o, w B O 6

— 0.53 0.1 — 0.5t —0.55 0.02 —0.14
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Table 2. Comparison of the theoretical and experimental IPs of several saturated hydrocarbons

C;H, CH(CH,),

Experiment Present Brailsford ab initio Experiment Present ab initio
[4,5] data and Ford [5] [4] 4] data [4]
11.4¢ 11.41 b, 11.24 b, 11.83 b, i1.2° 1117 a, 11.58 e
12.1° 119 ay 12.08 a,; 1237 a, 11.6° 11.74 e 12.26 a,
12.6* 1209 b, 12.40 b, 12.69 b, 12.8 1281 a, 13.71 a,
13.65 1348 a, 1344 a, 14.32 a, 13.4 1359 e 1437 e
142 14.13 b, 14.25 b, 14.67 b, 149 1513 ¢ 158 e
153 152 a, 15.19 a, 15.99 a, 16.0 1591 a, 17.03 a,
158 1587b, =~ 15795, 1701 b, 18.5 1847 a, 20.52 a,
194 19.37 a, 19.33 a, 21.38 a, — 224 24.65 ¢
222 22.22 b, 21.97 by 2449 b, — 2491 a, 28.18 a,
24.3 24.65 a, 24.32 a4 27.55 a,

? This value seems to be unreliable, because it corresponds to a shoulder.

® These values are taken from the experimental data.

° The present ordering of the two highest occupied levels in propane and isobutane disagrees with
ab initio data [4]. But Murrell and Schmidt assignment of the highest occupied levels of alkanes
is not quite trustworthy, because even for the photoelectron spectrum of ethane their assignment
disagrees with the experimental one.

l nes U6

W <

IP (ev)

Fig. 5. The photoelectron spectrum of butane [5]

5. Calculation of Vertical IP’s of Saturated Hydrocarbons

Using the parameters of Table 1 we have calculated the photoelectron spectra
of propane, isobutane, neopentane, and butane. The results are shown in Table 2
together with the experimental data for C;Hg, isobutane, and C(CHj3), [4, 5]. Ab
initio data [4], and the results of Brailsford and Ford [5] are also given?. It is
obvious that the theoretical data agree with the experiment. For propane the
disagreement between the theoretical and experimental data is not higher than
0.1—0.2 eV (except for the broad band about 24.3 eV and the unresolved level
about 12.6 €V). For isobutane it is only for three levels that the disagreement
between the theoretical and experimental data is more than 0.1 eV. An analogous
agreement we have for neopentane too. For butane the comparison with the

2 Comparing the present data with those of Brailsford and Ford one has to take into account

that the Brailsford-Ford parameter scale was obtained from the propane and butane spectra and gives
the incorrect band structure of diamond [1].
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C(CH,), C,Hyo

Experiment Present Brailsford ab initio Present Brailsford

[41 data and Ford [5,1] (4] data and Ford [5]

113 11461, 11.61¢t, 11.40 1, 1112 b, 10.96°

12.7 12.81 ¢, 13.13 ¢, 13.71 ¢4 11.67 a, 11.60®

14.1 14.15e 1375 e 1503 e 11.95 a, 12.38

154 1562, 1522¢, 16.39 ¢, 12.50 a, 12.63

175 17.17 a, 1795 a, 19.49 a, 12.99 b, 13.51

— 22261, 2221 ¢, 24561, 1448 b, 13.66

— 25.04 a, 24.43 a, 28.66 a, 14.65 b, 14.38
1541 a, 14.95
16.3 a, 16.20°
19.17 b, 19.40°
2082 a, 20.46
23.09 b, 22.59
2489 a, 24.74

experiment is more difficult because of the low resolution of levels in the ex-
perimental photoelectron spectrum (Fig. 5) [5]. One can see that the theoretical
IP &, = —19.2 €V coincides with the experimental value — 19.4 ¢V. The theoretical
level ¢,, = —16.3 eV agrees with the experimental value —16.2eV. The single
maximum between 15 and 16 eV is to be interpreted as the level &, = —15.11 eV.
The two theoretical levels g, = —14.65e¢V and &, = — 14.5€V correspond to
one maximum between 14 and 15 eV. The theoretical level g, = —12.5eV agrees
with the experimental value 12.8 ¢V, and the weak peak below 13 eV is to be
interpreted as the level &, = — 13.0 eV.

The broad band with the two maxima — 10.95¢V and — 11.6 eV corresponds
to the three levels ¢, = —11.1, &,,= — 11.7, and g, = — 11.95eV.

6. Polyethylene

There are many calculations of the electronic structure of polyethylene, but
even the structure of the valence band of this polymer is not established de-
finitively [6]. We shall apply the EO method to the valence band of polyethylene
using the parameters of Table 1. Therefore we hope our data for this molecule are
correct with the same accuracy as for the other alkanes calculated above. It is to
be noted that the EO method permits to obtain the dispersion curves for poly-

ethylene in the analytical form. It is not possible to obtain such a form by the
LCAO method.

7. The Dispersion Law

Let us divide all the C atoms of the polyethylene chain into two classes {A}
and {B} so that each atom of class {B} is surrounded by atoms of class {A} and
each atom of class {A} by atoms of class {B}. We shall associate EOQ’s for the C—C
bonds with that atom B which takes part in the bonding. EQ’s for the C—H bonds
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8|
C'}, cz
e H
N i
C
4
P H S/

Fig. 6. The symmetry operations of the infinite polyethylene chain

we shall associate with the hydrogen atoms which take part in the bonding. The
corresponding denotations are shown in Fig. 6. Thus, all the bonds are divided
into six classes of bonds. Then we can write:

1 .

puklr)= WZ": e mRog (r —nRy)
i .

wb(klr) = ]/N z eﬁmRo(Pb(r - nRO)

1

/N
1 .

pa(klr)= W Y eMRop (r — pR,)

P (klr)= Y e*mRog (r—nRy)

(2.30)

PN =35 ¥ &g r—nR)
1 .
IPf(klr) = W Z,,: e‘knRo(Pf(r —nRy)

where 2N is the total number of C atoms, n=0, + 1, +2..., R, is the period of the
one-dimensional lattice, and ¢,, ¢,... are corresponding EO’s.

Let us introduce Born-von Karman cyclic conditions and obtain the sym-
metrized combinations of the basic Bloch functions (2.30). Then the combinations

1
'Pl = {lpa + we}
V2 (2.31)

1
Y, = “Z*{IPC“*"Pd“"Pe‘{'Wf}

are invariant under every symmetry operation. The function

!
V= 77‘ Wa— Wy} (2.32)
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is antisymmetric under the operations ¢’ and C), (Fig. 6). The function

1
Y,= b} {IPc+wd—we—lpf} (2.33)

is antisymmetric under the operation C,. The function

1
¥, = > we—wit+tyw.— v} (2.34)

is antisymmetric under operations ¢ and C). And the function
1
Vo= 5 {w.— Wd—we+lpf} (2.35)

is antisyrhmetric under operations o, C,, and C,. Therefore the dispersion law
& =¢(k) for identical representation (2.30) is to be obtained from secular equation

‘7{11—3(‘1) 9{12 _
jle %2_5(61)

where ;= (¥|#|¥;> and g=kR. Then from Egs. (2.36), (2.31), and (2.30)
we have

0 (2.36)

Hi=c+Ba+{Bs+2B,+B,}cosq+ Bwcos2q
H,=a+b+g+f+{g+f+2k+2p}cosg (2.37)

1 . . .
H, = ﬁ {3d+s+2(s+m)cos g+ (d+s) e+ me 4+ me22}

~Eev)
10 1
12 |
#- !
16 - -
18-_—/—'
20 4 [
22 1
24

26 1

0 tp 9

Fig. 7. Band structure of polyethylene valence band
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The symmetrized Bloch functions (2.32)-(2.35) correspond to the different one
dimensional representations, and therefore we obtain

e3(@)= Hz=c—P,+{28,— Ba— B} cosq—p, cos2q, (2.38)
esq)= #y=a+b—g—f—{g+f+2k—2p}cosq, (2.39)
es(q)= Hs=a—b+g—f+{g—f+2k—2p}cosg, (2.40)
eglg)= Hs=a—b—g+f—{g—f—2k+2p}cosq. (2.41)

Using the parameters of Table 1 we obtain the valence band structure of poly-
ethylene. The corresponding dispersion curves are shown in Fig. 7. The calculated
IP from the upper occupied level is 10.2 eV. This value agrees with the trend in
series of linear alkanes. (The neglect of the work function makes the estimation
8.6 eV [9] unreliable). The calculated total valence bandwidth E,~ 16 eV seems
to be reasonable too. The photoelectron spectrum shape [10] does not allow to
obtain any definite value of E,. (The approximate value (about 20 eV) given in [10]
seems to be the upper limit, because this value corresponds to the total valence
bandwidth in diamond [8] with its much more branched bond system.)

Acknowledgment. The authors are indebted to Dr. V.I. Nefedov for discussions of the photo-
electron spectroscopy problems.
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