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Electronic Properties of Complex Crystalline and 

* Amorphous Phases of Ge and Si.II. Band Structure and Optical Properties. 

J. D. Joannopoulos and Marvin L. Cohen 

Department of Physics, University of California, Berkeley, Ca .. 94720 

and 

Inorganic Materials Research Division, Lawrence Berkeley Laboratory . 
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. Abstract 

We present calculations of the band struCtures andimaginary 

part of the dielectric function E
2 

as a function of energy forGe 

and Si in the diamond, wurtzite, Si III (BC-8) and Ge III (ST-12) 

structures using the Empirical Pseudopotential Method. In 

pa.:rticular we have obtained the symmetries of wavefunctions 

along important symmetry directions and identified the major 

contributions to the optical structure. A further study is made 

into the optical properties of amorphous Ge and Si using our . 

short-rang~ disorder model. We find that, unlike long range 

disorder models, short range disorder can explain both the 

amorphous density of states and the amorphous E
2

. In parti

cular we find that the E
2 

spectrum has the same form as an 
.. 

averaged matrix element as a function of frequency. 

I. lliTRODUCTION 

.. 1 . ·. . 
In a previous paper (hereafter referred to as I) 

we calculated the band structure and density of states of Ge and Si in the 

\. 



-

- 2-
; . 

diamond (FC-2), wurtzite (2H-4), Si III (BC-8), arid Ge III-(ST-12)struc

tures using the Empirical Pseudo potential Method (EP:NI). -The trend~ ",-

observed with the increasing complexity of the structures. mdicated that 

short-range disorder (deviations in bond angles and bond lengths;_-which also 
-~··· 

. . 

provide for the presence of odd numbered rings--while all pond.s are satis-

fied) was able to account well for the _density of states of amorphousGe and 

. I' • .,· 

Si. Ttis suggested that various distinctive features in the amorphous den-

sity of states
2 

could be attributed. to certain structural aspects of the amor-

phous phase. For example, deviations in the bond angles could be related 

to the shifting of states at the top of the valence band to higher energies for 

the amorphous case and the presence of odd-numbered rings of bonds in 

ST-12 led us to an argument that suggests that five and seven fold rings of 

bonds ar-e responsible for the introduction of states between the two s-like 

peaks in the amorphous density of states. 
- '· .. 

In this paper we are concerned with the spectra of the imaginary part 
·1· • 

_of the dielectric function E
2 

for -t-he aforementioned structures~ ·.From a 

band structure point of view we present a detailed analysis of the structure 

l •• , 

in E
2 

forGe and Si in the 2H-4, BC-8, and ST-12 cases along with their· -

band structures containing the symmetries of wavefuncttons along important 

directions. This is of interest since the BC-8 and ST-12 structures may 
.· 

have a variety of applications, e. g. exciton dropl_ets and when doped, super-. . . 

conductivity. From the point of view of understanding 

'the amorphom:; phase the trends observed in E
2 

as the structures become _ 

more a...YJ.d mor_e complex may give some insight ipto the amountof disorder 
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necessary to produce the distinctive features of the amorphous E
2

. We 
I ~ 

shall show that our short range disorder model is the only theoretical model 

until now that can account for both the amorphous density of states and the 

amorphous E2
3

' 
4

. In particular we shall show that when one measures the 

,amorphous E2 spectrum one is essentially just measuring an averaged energy_ 

dependent matrix element. 

The method of our calculations, the parameters us<?d, and a descrip-

tion _?f_~-~e crystals studied were given in. I and will not be repeated her~_! __ 

In Section II we give a brief group theoretical analysis of the crystals 

and a description of the notation used in labelling the band structures. In 

Section III we give an analysis of the E
2 

spectra. In Section IV we present 

and discuss results which are of interest to the amorphous data. Finally, 

in Section Vwe make some concluding remarks .. The reader interested only in 

the amorphous phase may proceed to sections IV and V with no loss in continuity. ~;-

. II. SYMMETRY .CONSIDERATIONS - · ... 

We find that the 2H-4 structure has a symmetry classification -of D
6
h 

4 
_ 

and is therefore associated with a non- symmorphic space group. Tre BC-8 

and ST-12 structure~ 5 
have symmetry classifications T_ h 

7 
and D 

4 
4 

respec-
are thus also associated with space groups which are non symmorphic. The 

tively anc}'Brillouin zones (BZ) for these structures are shown in Fig. 1 with 

. 6 
the notation used by Leurhmann. In order to label the symmetries of our 

wavefunctions, shown in Figs. 2, 4, 6, 8, 9 ~nd 11, we have used the nota

tion for point group elements and the character tables found in Zak. 
7 

In 

our case, of course, these point operations must be followed by the appro-_ 

priate tra.."lslations. However, several remarks must be made relating to 

the additional symmetry, in some cases, demanded by time reversal 
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in variance, and to the symmetry notation for points located in t~e interior .· . . .. 

I 

of the zone. : ' ·:...... 

In the 2H-4 (D~h) structure time reversal invariance adds additional· .... 
' -~ 

~ . . . 

symmetry toR. Thus R
1 

andR
2 

in our notationareobtained from R
1 

+ R4~ · ·· ··" 

_ and R
2 

+ R
3

, respectively, using Zak' s char~~te~ table ... In the case of_~ · • 

(D
2

h) our no-tation is identified by ~eplacing Ux and crxwithu 1 and.cr1_in the . ': . _--~ · . 

. ' ... ' 

character table for D
2

h in Zak. For L::(C
2

v) we obtain our character table,·· 

by replacing c
2

, crv' and crv with U 1, cr , and crz respectively in t~e ch~r~c-'_ .... · 

ter table for c
2

v in Zak~ Similarly for r(D
6
J and 6(C

6
v) ournotation is' 

identified by replacing crh, 3crv with crz, cr(x) and 3crv, 3cr d with 3cr(x), ~(l)- ~ 

respectively in the appropriate character tables found in Zak .. 

In the BC-8 (T ~)structure time reversal invariance adds additiona1 . 

s.ymmetry to A, P, D, r, and H.' Thus for A(c
3
), A

1 
and :l\

2 
in ou~ nota-, 

tion is obtained from 1 and 2 + 3, respectively, using Zak;s ch~ra.cb:~r table. 

Similarly for P, time reversal invariance requires P
1 

remainP
1 

and.P
2
+P

3
-

becomes P
2

. For D(C
2
), D

1 
+ D

2 
becomes D

1 
and for r(Th), 1 becomes 

r
1

, 2 + 3 become r
2

, 4 becomes r
3

, 5 becomes r
4

, 6 + 7 become r
5 

and 8 

becomes r
6

. The character table for H is the same as for Th; it ~an be :treated 

the same way as r. In the case of 6 (C
2
) our notation is identified by 

replacing c
2

, crv, and rrv with S x; crY, an<fcrz respectively in the character 

table for C 
2

v in Zak. 

In tho ~)T-1 ~ (fJ ~ structure our notation regarding labelling of sym-

· metry points and directions is that of Leuhrman, as mentioned before, andfor 

- . . . 

this case it differs from Zak' s notation. Aside from this, time reversal 
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invariance requires that uY, Mz, S, R, T, M, andUz have additional sym

metry. Thus Y 
1 

+ Y
2 

using Zak's notation becomes ur using our notation. 

Similarly for Mz, we have M
1 

becomes Mz 
1

, M
2 

+ M
3 

become Mz 
2

, and 

z 
M

4 
+ M

5 
become M 

3
, a.nd for S we have s

1 
+ s

2 
becomeS. For R we have 

A
1 

+ A
2 

become R
1

, and for T, T 
1 

+ T 
2 

become T 
1

. Finally for M we obtain 

M
1 

from R
1 

+ R
2 

and M
2 

from R
3 

+ R
4 

and for U z we obtain Uz 
1 

from W 
1 

+ 

w
2

. In the case of r(D
4
), 6(C

2
), I:(C

2
), <l;nd 6z(C

4
), which are internal 

symmetry points, our notation is identified using the character tables for 

D
4

, c
2

: c
2

, and c
4 

respectively found in Zak. 

III. Band Structures and Optical Spectra 

The band structures of Ge qnd Si L11 the 2H-4, EC-8, and. ST- 12 struc-

tures, shown in Figs. 2, 4, 6, 8, 9, and 11, were obtained from EPM calcu-

lations and the form factors used were given in I.. In Figs. 3, 5, 7, 

10 and 12 we show the E
2 

spectra calculated from these band structures 

using: -. 

( 1) 

where I k, v) is a Bloch state in the valence band and the integral is over the 

entire BZ. · 

For the 2H-4 and ST-12 structures we can distinguish between 

.. the polarization of the electric vector and the c axis taken to be in the z-

direction. In this case the factor of 1/3 in Eq. (1) is removed and we have 

parallel polarization if we use d/ dz in the matrix element and perpendicular 

polarization if we use d/dx or d/dy. Tre integration was performed using 



- 6-

.,_.· 

_,._ ... 

·,···;)..";,' 
. ' 

the GHat- Raubenheime~ scheme. 
8 ·Table~ t-VI summa-rize. th~ majo; con~ . 

tributions to the various peaks in the E2 spectra for the six con:-poun_ds .. The .·· 
•• ~ ' ' - ·- :.1; - ~ 

first column identifies the energy of a particular peak and the second column·· .· 

contains the major contributions to this peak identified by inter band transi- .. -~· ·. 
. : ' - -

tions which are listed in order of decreasing strength.. In particular, we list · 
' . . ' - . . . 

the bands which contribute more strongly once we are away from symmetry_-.'. 

points and lines. The third column assigns the interb?-nd transitions 

to various regions of the BZ. Finally, in columns four and five we list the.··. 

symmetries of the critical points and their associated energies respectively. 

In some cases the symmetries were obtained from a preliminary analysis and 

warrant further irivestigation. · These are designated in the Tables qy a tilde. ·•· ·· 

The complexity of the BC-8 and the ST-12 structures 

introduces the possibility that we may have crittcal points which are also 

inflection points along certain directions. Although it is rather difficuit to · 

determine this, it is conceivable that some of the critical points whose sym- · 
. ' 

tries are uncertain may be of this type. 
---~- --· _ ..... _ ~-

For completeness we present an analysis for all six compounds and· ·, · ·. 

although experimental optical data are not available at the present, the con

tributions and identification of strong interband transitions to the optical 

properties will not vary appreciably with small changes in the form (actors. 

: ~· ... 

: ... • 

•. 

.• 
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A. Ge 2H-4 

The threshold in E~ (Figs. 2 and 3) at 1. 4E5 eV is caused by r
5 

- r
8 

transitions and the threshold in E~ at 1. '77 eV is cau:..;ed by r
1 

- r
8 

transi

tions. The rise in E~ around 2. 25 eV is caused by r
0

- r
10 

transitions which 

are associated with an M
0 

critical point (cp) and a region along 6(.6
6 

- 6
3
) 

with small energy derivatives and large matrix elements. The shoulder at 

2. 25 eV is caused by an M
1 

cp and associated transitions A
3 

- Ai at 2. 26 eV. 
. . If · .. 

The small shoulder near 2. 50 eV inE
2 

seems to be caused by an M
0 

cp 

. • l~ 

. -~-
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near the center of the rALM face from bands 7-9. However, the shoulder 

near 2. 50 eV in E~ is caused by .65- .61 transitions and an M1 ~p .appro~i~. 

mat ely 3/5 of the way from r to A. · Tre small peak at: 2.o8 ~VinE~ -is · · . 
. . 

caused by U 
4

.: u
2 

transitions and what seems lik~ an M
1 

cpat about 7/10 ·.·· • 
~ . ' . 

of the way from M to L. Although regions off symmetry directions around 
. . . ... .~ ' . .. . ' 

this ~ritical point also contribute to E~ near 2. 68 eV, thiseffe~tis over~ 

shadowed by u
2

-:- u
2 
trans~tions and an M

1 
cpnear (0~ 5,0,0.4) at about · 

. . - -

2. 78 eV. These t!ansitions are responsible for the peak observed around 

·u ·. . · rr · · . .. · · .· . 
2. 75 eV in E

2
. The should~r near 3.15 eV in E

2 
is caused by 7-10 transi-

tions from· a region near the T symmetry direction from _an MO crUical point. 

at about (0. 08, 0. 08, 0. 2) with energy 3.03 eV. In addition 7-:9 transitions 

contribute to this shoulder from a probable .: M
2 

cp at.3. 14 eV and. ·· .. 

near (0.1~,0.11,0.2). The shoulder in E~ at 3.'35 eV_is caused~y transitions···· 

from bands 6-9 in a large region mainly in the rALM plane ?IOUnd an Ml cp 

approximately at ( 0. 2, 0, 0. 25). A similar shoulderi_n·€~ at 3. 57 eV is· • ·· 

caused by a region with large matrix el~:nents around what appears to be an . 
.. . . ·· . . . . . .· ... :. . ; ····1 . 

M
1 

cp near (0. 2, 0."2, 0. 35) at about 3. 57 eV. The strongest peak in E
2 

'· 

occurs at 3. 60 eV and is caused mainly by 6-9 transitions in a Large region 
. - . . 

with strong matrix elements around M
7

- M
1 

particularly. along.lJ
3 

..;_u; and 

z
4

- z
1

• However, additional strength is obtained by 8-10 ~ra~~itions in a· 

region around R
2 

- R
1 

about 1/2: of the way from A to ~.and fro!Il an }..1
2 

cp 

near (0.2,0,0.4) at 3.80 eV. Tre matrix elements are large for 1iw < 3.80· 
. .-· · .. 

eV and very small for 1iw > 3. 80 eV. The largest peak in E~ ·occurs at 3. 72 

., '1 
eV caused mainly by an M

1 
cp near Hat the same energy. The peak in .E

2 

... ,_ 

. '_;; .. ~ ... ~ ( .. · ·. 
.. ~. ---.; ·- .. 

.. ~ .. .:.. ... , ' .... ,. · . .; .. .,.,._ ___ , 

.. . 

.· 
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at 4. 52 eV is caused by small contributions from three different interband 

transitions. The main contribution is from 8-1] transitions in a region (U 
4 

U 
2
) around L

2
- L

1
, tentatively designated an M

0 
c p at 4. 40 eV. A slightly 

weaker contribution is from bands 8-9 caused by a region around the T ~ 

syrnmetry direction with what seems like an M
0 

cp near (0. 23, 0. 23, 0) at 

4. 45 eV. The final contribution to the peak at 4. 52 eV for E~ is probably 

caused by · · an M
1 

cp near the center of the TAIM face at 4. 53 eV. This 

critical point provides the strongest contribution to the peak at 4. 52 eV for 

E~ because o~~a1rix elements. The other main contri~ution to this pe~k is 

caused by 8-9 transi:ions with an M
2 

cp at K and a region along T'. The 

shoulder around 4. 70 eV in E~is mainly caused by 7-9 transitions with 

a probable· M
2 

cp at Kanda small region extending along T'. Additional 

contributions to this shoulder are from 8-9 transitions in a small region 

around (0. 4, 0. 15, 0. 15) with an M
3 

cp at 4. 72. The final contributionto this 

shoulder is from a region around A particularly along S with a probable 

· an M
2 

cp near (0. 03, 0. 03, 0. 45) at 4. rl1 eV. The shoulder in E~ a~ound 4. 70 
, , 

eV is caused by an M
0 

cp near M about 0. 1 of the way along T' and from 7-:-9 

transitions in a region near K along P with a probable M
3 

cp at about 

4. 9 eV near (0. 33, 0. 33, 0. 15). The last discernible peak in E~ occurs at 

5. 23 eV and is caused ~ainlyby r
5 

- r
12 

transitions which are asso.ciated 

with an M
2 

cp at 5. 23 eV. Additional contributions to this peak are from 8-11 

transitions ina small region around (0.08,0.08,0. 35) which has an M
3 

cp 

at 5. 30 eV. The last discernible shoulder in E~ around 5. 29 eVis caused 

by 1v1
5 

- M
4 

and .E
3

- -E
4 

transitions at 5. 33 eV and 5. 31 respectively. We 
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have not determined the symmetry of these critical points._ Other contri-

butions to this shoulder are from 8-11 transitions in a small region around 

( 0. 3, 0. 1 , 0. 1 5) at 5. 29 e V. 

B. Si 2H-4 

The threshold in E~ (Figs. 4 and 5) at 2. 60 eV is caused by 4=
1 

- 2:
1 

transitions and a probable _ M
0 

cp near (0. 3, 0, 0) while the region 

around this cp off symmetry directions contributes to the thres?oldin E~ at _· .. · 

nearly the same energy. The first shoulder in E~ at 3.10 eV is caused by an 

M
0 

cp near the center of the rALM face from bands ~-9. ·The next shoulder· ,. 

in E~ occurs around 3. 35 eV and is ~aused by u
2

- u
2 

transitions withan 

M
1 

cp near (0. 5,0,0. 35) at about 3. 34 eV. ·The rise in E: around 3.-35 eV -

is caused by · r
6 

- r
10 

transitions which are associated with an M
0 

cpand a 

region alo_ng .6.(.6.
6 

- .6.
3
). The shoulder at 3. 35 eV is caused by an M

1 
cp 

andassociated transitions A
3

- A
1

. _- The next shoulder in E~ at 3. 60 eV is a 

result of .6.
5 

- .6.
1 

transitions and an M
1 

cp approximately 1/2 of the way_ 

1 . : . . . 
from r to A. The largest peak in E

2 
at 4. 10 eV is caused ~ainly by 6~9. 

transitions in a large region with strong matrix elements around M
7

- M
1 

__ 

particularly along U 
3 

- U 
1 

and 2:
4 

- r:
1

. To a much lesser extent addi- - · 

- --

tional strength to this peakis obtained from a region a~o~nd R
2 

~- R
1

, _ speci-

fically 1/2 of the way from A to L. Here we find an M
2 

cp near (0. 15, 0,0. 5) 

II 
~ at about 4. 13 eV. The first large peak in E

2 
occurs around 4. 25 eV _and is -

. . . . . . . 

caused by a region with large matrix elements around what appears to be an .. 

_ 1\II
1 

cp near (0. 2, 0. 2, 0. 35) at about 4. 21 eV. In addition a region near H-
. . 

along S' which also has large matrix elements contributes around 4. 2n eV. 

\ 
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The shoulder at E

2 
near 4. 38 eV is a result of an M

2 
cp around (0. 2, 0, 0. 4) 

at 4. 38eV and transitions in a region around R
2

- R
1 

near (0. 2, 0, 0. 5). 

- II - -
The second large peak in E

2 
occurs around 4. 68 eV and is the result of 

several contributions. First we have 8-10 transitions in a region near M 

about 0. 2 of the way along T' where we have a probable M
2 

cpcat 4. 6~ eV. 

Next -lhere are 8-9 - transitions in a small region around (0. 3, 0.1, 0) with an 

M
1 

cp at 4. 68 eV and 7-11 transitions with a~ M
0 

cp at 4. 61 near (0. 4, 0, 

0. 35). Finally, we have contributions from the shoulder of a non-discerni-
. -

ble peak around 4. 75 eV caused by 7-9 transitions along T with what is proba

bly an M
2 

cp at 4. 74. The peak in E~ at 4. 69 eV is caused mainly by 8-9 

transitions along the T symmetry direction with an M
0 

cp at 4. 57 eV and to 

a lesser extent from .6.
6 

- .6.
5 

transitions with what seems like an M
1 

cp 

at 4. 69 ey near (0, 0, 0. 3). The peak in E~ at 4. 89 eV is a result of what appears 

to be ah M
2 

cp at K around 4. 87 eV and a probable M
2 

cp 
II . 

near (0. 3, 0. 25, 0. 25) around 4. 89 eV. The shoulder in E
2 

at 4. 91 eV is 

caused by a probable M
2 

cp for 7-10 and 8-10 transitions at 4. 91 

eV and 4.93 eV near (0.2,0.08,0) and (0.2,0.1,0) respectively. The shoul

der in E~ at 4. 96 eV is caused mainly by 8-11 transitions slightlyoff the L: 

direction at a probable M
2 

cp near (0. 35, 0. 05,0: 05) at 4. 96 eV, 

while the shoulder at 5. 50 eV is a result of r
5 

- r
12 

transitions with an 

- - - ~~ 

associatedM
1 

cp at 5.47. Finally the shoulder around 5. 55 eV in E
2 

is 

caused by M
5

- M
4 

and r:
3

- r:
4 

transitions at 5.61 and 5. 54 eV respectively. 

C. Ge BC-8 

The first peak in E
2 

(Figs. 6 and 7) at 2. 03 eV l.s caused. by r:
1 

- r:
2 
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transitions with an M
1 

cp about 4/5 of the way from r t~ N .. ~The shoulder 

at 2. 46 is caused by a small region around r:
2 

~· L:
2 

with a probable ·cp near·· 
.. 

(0. 4, 0. 4, 0) at 2. 46 eV whose symmetry we have not determined. Additional 

contributions to this shoulder are from 6
4 

... 6
4 
transitio~s and an~ 0 cp. 

. . . 

about 1/2 the way along 6 at 2. 41 eV. The main contribution to the pe1?-k · , 

at 2. 70 eV is from 13 - 17 transitions in a small reg Lon aroundan M
0

_.cp ··• 
. . . . . -,. .. . . . 

near (0.2,0.8,0.15) at 2.67 eV. A smaller contributio~ ~s f~:QrdG 2 - G
1

_ '' 

transitions with what appears to be onM
0 

cp near (0. 15, 0~ 85,p) ~at 2 •. 65 eV. 
. · .. .· .. ·.we have 

The large peak at 3. 21 eV is a result of many contributions.· First/16 ~ 19 · 

transitions in a region of large matrix elements around an M
0 

cp near . 
we have · . 

(0. 25, 0. 35; 0. 25) at 3.19 eV .. Next/G 
1 

- G
2
transitions withan M

2 
cp.nea.r 

. : ; .~. . 

(0. 4, 0. 6, 0) at 3. 24 eV and a region of large matrix elements around (0. 3, .-. 
there are . . · .... •· . . . · 

0.4,0.15)-at about 3.23 eV. Thirdly/14-17 transitions in a region around·· 
. · · .. weh~e 

(O~ 2, 0. 4,0. 15) with whatappears to be an M
2 

cpat 3_- 21 eV. Finally,/13"'" 18 

transitions near (0. 3, 0. 45, O) with an M
1 

cp at 3. 21 andG 
1 

- G
1 

t~ansitions ·. · 

with a probable cp at (0. 22, 0.78, O) whose symmetry ~ve havenqt determined. 

The shoulder arour{d 3. 76 eV is also the result of several contributiOf!S~ The 

firS: is from 15 - 19 transitions in a region near N with G
2 

- G 
1

transitions 
. · . . ·· · . · we have . · -· ·. . · . _ .· 

and anM
3 

cpnear (0. 4, 0. 55,0) at ~· 78 eV. Next/12 .... 18 transitions near N 

with G
2 

- G 
1 

transitions and an M
1 

cp near (0. 35, 0. 65, 0} at 3. 76 .eV: _ · 
. . . . ' . 

Fi11..ally, we have contributions from a small region around r withr
2

:.. r
6 

transitions and an M
3 

cp at 3. 74 eV. The shoulder at 3. 98 eV iseausedby 

14 - 19 transitions in a large region around (0. 25, 0. 65, 0.15) at 4. 0 eV~ 

- . 
The. last discernible peak occurs at 4. 50 eV and is caused by 12- 19 · .. 

: / .-

· ... ' 

·. ~ 

...... ........ .. ··.·~· -· .. ____ ··.· . 
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transitions in a region around (0. 26, 0. 63, 0. 15) and 14 - 20 transitions in a 

large region around (0. 1, 0. 5, 0. 1) both with strong matrix elements. In 

addition we have contributions from 16 - 21 transitions in a region around 

(0.15,0.2,0.1) with an M
2 

cp near 4.48 eV and .6.
1

- .6.
4 

transitions with an 

M
0 

cp near (0. 25, 0, 0) at 4. 42 eV. 

D. Si BC-8 

The threshold in E
2 

(Figs. 7 and·8) at 0. 43 eV is caused by H
3 

-. H
4 

transitions. The small bump around 1. 70 eV is a result of .6.
1 

- .6.
4 

transi

tions with an M
0 

cp near (0. 55, 0, 0) at 1. 65 eV. The next small bump at 

2. 04 eV is caused by what appears to be an M
2 

cp near (0. 3, 0. 55, 0). The 

sho~lder at 2. 60 eV is primarily caused by 2:
1 

- 2:
2 

transitions with an M
2 

cp near (0.4,0.4,0) at 2.62 eV. Additional structure is obtained by 15-17 

transitions in a region around an M
0 

cp near (0. 3, 0. 5, O) at 2. 54 eV. The 

shoulder at 3. 0 eV is caused by 13-17 transitions in a small region around an 

M
0 

cp near (0.2,0. 7,0.15) at 2.96 eV. The large peak at 3.45 eV is the result 

of many contributions. The first is from 13-1 7 transitions in a region of very 
.. · wehwe 

large matrix elements around (0. 1, 0. 5, 0. 1) at about 3. 46 eV. Next/14 - 17 

transitions in a region around what appears to be an M..., cp riear (0. 2, 0. 4, 0. 15) 
6 

at 3.45 eV with strong matrix elements. Also, there are 16-19 transitions in a 

small region with very large matrix elements and an M
1 

cp near (0. 3, 0. 4, 0. 2) 
there is · . 

at 3. 43 eV. Finally/a region around r 
1 

- r 
6 

transitions with an associated 

M
0 

cp at 3. 38 eV ... · · 

The shoulder at 3. 7 eV is caused by a small region around G
1 

- G
2 

transitions 

with an M
2 

cp at 3. 7 eV near (0. 45, 0. 55, O) and by a small region around 
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D
1

- D
1 

transitions with large matrix elements andan M
1 

cp_at 3. 6.s· eV. --~· •· : 
.. .,. . . . ' . ' : ~ -· ' . .. .._ '' 

around (0. 5, 0. 5, 0. 15). The shoulder at 4. 05 eV is th~ result of several 

types of transitions. First we have 16 - 21 transitions in a small region 

around (0. 2, 0. 6, 0. 15) with large matrix element sand D.
1 

:. ~ 2 tra~s~tions with 

an M
2 

cp near (0, 5,0,0) at4.04 eV. Next we have 15-21 transitions ln a small' 
. ' . . . . 

region around (~. 2, 0. 6, 0. 1) with an associated M
0 

_cp at 4. O? evar:d,G 
1 

- · · 

G
1 

(13- 18) transitions with a probable cp near (0.2,0,.8,0) whose symmetry 

we have not yet determined. Finally we have 14 - 19 transitions in a region . · 

around what appears to be an M
1 

cp near (0. 25~0. 65, 0. 1) at 4~ ?7 eV .• ·The 

large peak at 4. 20 eV is mainly caused by 16 - 22 transitions in a region of 
. . . ' . 

ve.ry large matrix elements around what appears to be_an M
2 

cp_ near (0~ 2, 

0. 5, 0) at 4. 20 eV. In addition we have contributions _from 12 -18 and 15- 22 

transitions in a small region around an M
2 

cp near (0. 15, 0. 7, 0. 15) at 4. 22 eV 

·and an M
0

cpnear (0.15,0. 7,0) at 4.14 eV resp~ctiv~ly. Fi~ally thes~oul-

der at 5. 05 eV can be attributed to 14 - 21 transitions in asmallregion around 

aq. M
2 

cp near (0. 2,0. 6, 0.1) at 5.05 eVand D
1

- D
1 

transitions with a·p;oba

ble cp near (0. 5, 0. 5, 0. 1) at 5. 0 eV whose symmetry we have ·not .determined. 

E. Ge S'F-12 
; '~., . 

·.;' ·.' .. , .. -.· ,· 

... · ... 

In this sect'ion and the section on Si ST-12 we shall treat the perpen- _ 

;.· 

dicular component of e: first and discuss the parallel component in t?e ·~S.t · 

_ paragraph .. · 
·: .. "' .· 

_ Tre threshold in €~ · (Figs~ 9 and 10) _occurs at 1. 46 eV and iscauseci 

by .2:::
1

- 2:::
1 

transitions. The shoulder at 2. 10 eV is caused by-equal contri- _ 

butions from 24- 25and 23- 25 transitions in small regions (tubular along . 

... , ~.--·· -· :~--· .... . - ,i~· 
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the z direction) around an M
0 

cp near (0. 4, 0. 1, 0. 3) at 2. 08 eV and an M
1 

cp near (0. 4, 0, 0. 3) at 2. 18 eV respectively. T_he shoulder around 2. 55 eV 

is caused mainly by 24- 26 transitions in a region around an M
1 

cp near 

(0. 5, 0. 1, 0. 3) at 2. 48 eV along with much weaker contributions from T 
1 

- T 
1 

(0. 5, 0. 5, 0. 4) and U~ - U~ (0. 5, 0,0. 3) transitions at 2. 52 eV and 2. 50 eV 

· ·respectively whose critical point symmetries have not been determined.. Next 

we have 23 - 26 transitions in a region o.f relatively large matrix elements 

around (0. 4, 0. 15, 0. 25) contributing at 2. 62 eV. Other contributions to this 

shoulder are from 22 - 25 and 21 - 25 transitions, with a probable M
2 

cp 

near ( 0. 4, 0, 0. 2 5) at 2. 62 e V and an M 
1 

c p near ( 0. 4, 0. 15, 0. 2 5) at 2. 60 e V 

respectively, along with transitions at Min a much weaker sense at 2. 60 eV. 

Finally, we have 24- 25 transitions with an M
0 

cp near (0.1,0.1,0.4) at 

2. 54 eV. 

The peak around 2. 80 eV is the result of several types of transitions 

whose contributions are all of comparable weight. First we have 23, 24- 26 

transitions in a region (mostly along z direction) around s
1 

- s
1 

with an M
2 

cp near (0. 4, 0. 4, 0 .• 5) at 2. 87 eV. Next there are 21 - 25 transitions in a· 

region around an M
1 

cp near (0. 4, 0. 15, 0. 25) at 2. 60 eV which c~_nt~~~~es 

to 2. 75 eV because of matrix elements and in a weaker sense 6
1 

- 6
1 

(0. 4, 0, O) transitions with a cp of undetermined symmetry at 2. 80 eV. Next 

we have 24 - 25 transitions near the Ux symmetry direction with an M
1 

cp 

near (0. 2, 0, 0. 4) at 2. 70 eV. Finally, we have 24 - 27 transitions in a small 

region (tubular along z-direction) around an M 
1 

cp near (0.5, 0~ 1, 0. 3) at 

2. ?G eV along with some weaker r
3 

- r
5 

transitions with an M
0 

cp at 2. 75 eV. 
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The shoulder around 3. 0 eV is caused mainly by 20 - ~5 transitions in a 
. ,~ . .: . 

region (tubular along z-direction) around an M
0 

cp near (0. 4, 0 .. 1?,,0~ 25) at __ ·· 

2. 93 eV ~nd 22 - 25 transitions in a region a·round z
2 

.:_ z
2 

With ·an .assoc~ated. _· .· 

M
0 

cp at 2. 98 eV along with much weaker T 
1 

- T 
1 

(O. 5, 0. 5, 0. 3) ~ransitions 

at 3. 0 eV. Additional contributions to this ~houlder are from 24:- ·27 tra-~si-
. . . t . 

tions in a small region near R along T z with an M
1 

cp near (0. 5, 0~ _5,0. 45) . . · 
. . 

at 3.11 eV and 19 - 25 transitions in a region of relativelylarge mat~ix 

elements around (0. 35, 0. 18, 0) at2. 9: eV along withweaker I\11~ -: ~~ .• 

transitions with what appears to be an M
2 

cp at 3. 0 · eV. Finally, YJe have 

22 - 27 transitions with an M
0 

cp ne~r (0. 5, 0.15, 0. 3) at 3. 04 ~V •. -. 

The next shoulder around 3. 20 eV is caused mainly by z
1

- z
1
- _ 

transitions with an associated M
0 

cp at 3. 18 eV along with much weaker 

tranpition~ Z~- Z~ with an M3 cp at 3. 20 eV. Other contributions to~his 

peak are from 21 - 25 transitions in a small region aroundTf with an M2 cp 

near (O~ 2, 0, 0. 5) at 3. 21 eV and 23 - 28 transitions iri a ~egion (tub~lar along · 
. . . z . - . -. . . . : .. · 

z-direction) near R mostly along T with a probable M
1 

cp at 3. 20 eV. Finally, 

we also have contributions from 19 - 25 _transitions with, an M
2 

ct: near (0. 5~ 

0. 15, 0. 3) ct 3.2J ~ along with weaker 6
1 

- 6
1 
tra~sitions ~ear (0.?8, 0,0) at 

3. ~0 eV. The peak at 3. 50 eV is caused mainly by J9- 25, 26transitions -

and a region (along z-direction) around R
1 

- R
1 
wit~ an M

0 
cp at 3. 46 eV and-

18- 25 transitions in a small region around T 
1

- T
1

near (0. 5,0.22,?.
1
5) 

_·with a probable M
0 

cp at 3. 49 eV. Addit iona.l contributions are from S 
1 

- S 
1 

(?.0 - ~5) tran::-Jition:::; with an M
0 

ep near (0. Ofi, 0~ 00, 0. !'.1) at ;{: __ '1 !) PV and what 
.:.,: . .. ~ 

appears to be an M
1 

cp near (0. 45, 0. 45, 0. 5) also at 3. 45 eV .. Other coritri-
'•. .... 

.. ~ . 

... 
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'but ions are from 17- 25 transitions in a small region along T 2 near (0. 5, 

0. 5, 0. 3) with a probable M
1 

cp at 3. 53 eV and 24 - 27 transitions with a 

probable M
2 

cp near (0, 0. 1, 0. 25) at 3. 47 eV and to a lesser extent T 
1 

- T 
1 

transitions near (0. ;5, 0. 3, 0. 5) at about 3. 50 eV. Finally, we have T 
1 

- T 
1 

(20 - 26) transitions with an M
2 

cp at 3. 47 eV and 22 - 27 transitions with an 

Iv~ cp near 3. 54 eV and to a lesser extent :.6.
1 

- .6
1 

transitions near (0. 45, 

0,0) contributing at 3. 50 eV. 

'The shoulder at 3. 65 eV is caused by 17 - 25 transitions in a region 

(tubular along z-direction) around an M
2 

cp at 3. 67 eV near (0. 5, 0. 25, 0. 3) 

andin a weaker sense by z
1 

- z
2 

transitions withan M
0 

cp at 3. 65 eV. Other 

contributions to this shoulder are from 23 - 27 transitions in a relatively 

large region around (0. 1, 0, 0. 25) which contributes around 3. 65 eV, 24 - 29 

transiti~ns in a region around Ux with an M
0 

cp near (0. 22, 0, 0. 5) ~t 3. 60 

eV, and 24 - 30 transitions at R with an M
1 

cp at 3. 60 eV. The peak at 4. 20 

eV is caused by 24 - 30 transitions ip a region (mostly in z-direction) near 

Ux around (0. 3, 0,.0.4) which contributes at about 4.18 eV along with weaker 

transitions in a region around Mat 4. 20 eV. In addition we have 21 - 27 

transitions with an M
2 

cp near (0. 15, 0. 15, 0. 2) at 4. ~2 eV and 23 - 28 transi

tions in a region around .6
2 

- .6
1 

with most of the contributions near (0. 1, 0, 

0. 05) at 4. 20 eV. Other transitions contributing to this peak are 21 - 28 

transitions in a small region near Ux around (0. 15, 0, 0. 4) at 4. 20 eV and 

20- 25 transitions around r:
2

- r:
1 

with an M
1 

cp near (0.07,0.07,0) at 

.4.21 eV. Finally, we also have some weak structure from s
1

- s
1 

(23 -.32) 

transitions with acp of undetermined symmetry .near (0. 22, 0. 22, 0._5) at 



- ] 7-

4. 20 eV-. 

"1 "." ... ,·. "," : ... " ... · .. " 

The last peak that we shall consider in E
2 

_occurs at 4~ 50 eV and is thE! •.. "" 
. . 

result of many different contributions. First wehave 23 -· 31 transitions in a 

region around U~ - U~ with a probable M
3 

cp near (0. 5, 0, 0. 2) at 4. 57 eV .· 

: ' . . - .. . . 

and L:
2 

- L:
1 

(21 - 23) transitions with a cp of undetermined syrnmetry near ,. c:·· · 

(0. 4, 0. 4, 0) at 4. 48 eV. Next we have 22- 30 transitions in~ srr{~n r~ion - •.. . 
. . -· 

near uY with an M
1 

cp around (0. 45, 0.1 '.0. 05) at 4. 36 eV and.?-? M
1

cp near.-__ · 

(0. 3, 0.15, 0. 4) at 4. 52 eV. In addition we have 20 - 26 transitions with an 

M
3 

cp near (0. 15, 0, 0. 1) at 4. 54 eV and 20 - 28 transition~ with an M
0 

cp 
. '"• . ~ . 

near (0.15, 0. 15, 0. 25) at 4. 47 eV. Finally for completeness we also list in 

Table III a set of much weaker transitions along symmetry directions at 

critic~l points of undetermined· symmetry, starting with~~ -:- M~ transitions · 

and ending with ui- ui transitions. Taken as a whol.e they ~re of compara- . 

ble weight to the others discussed above. 
. . .• . · .. 

The threshold in E~ occurs around 1. 60 eV ~ith minute matri~ elements 
" . 

from L:
2 

-. L:
1 

transitions at 1. 46 eV and very small matrix elements near 1 ~ 6 

and appreciable conJributions only frorri t:.
2 

- .6
1 
transitio~s .with a probable 

M
1 

cp near (0. 4, 0, 0) at 1. 7 eV .. The shoulder around 2. 15 e_y is caused . 
• 0 •• 

mainly by L:
2 

- L:
1 

transitions with an M
0 

cp near (0. 37, 0. ?7, O) at 2. 07e\[. · 

In addition we have contributions from 24 - 25 and 23 ..;. 25 transitions in small· 

regions around what appears to be an M
0 

cp near (0. 4, o.' 1, 0. 3) at 2. 08 ~V 

and an 11
1 

cp near (0.4,0,0. 3) at 2~ 18 respectively. ·TlEshoulder aroun~ 

2. 65 eV is caused mainly by 21 - 15 transitions in a region around ar1 M
1 

cp 

near (0. 4, 0. 15, 0. 25) and 2. 60 eV and a region (particularly along uY) ·around . 
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Z~ - Z~ with a probable M
2 

cp at 2. 65 eV and ur - U~ transitions contribu

ting at 2. 63 eV. Additional contributions are from 22 - 26 transitions with an 

M
1 

cp near (0. 5, 0. 2, 0. 25) at 2. 74 eV and 22r-25 transitions in a region around 

M~- M~ with a probable M
2 

cp at 2. 70 eV. Finally, to a much lesser extent, 

we have contributions from r
3

- r
4 

transitions with an M
0 

cp at 2. 64 eV. 

The peak at 3. 20 eV is a result of several interband contributions of . 

approximately the same weight. First we have 24- 27 transitions in a region 

around z
1 

- z
1 

with an M
0 

cp at 3. 18 eV along with we~ker Z~ -. Z~ transi

tions with an M
3 

cp at 3. 20 eV and ~ 2 - .6.
1 

transitions with a probable 1\1
2 

cp near (0.45,0,0) at 3.18 eV. Next we have 21- 25transitions in a small 

region (mostly along z-direction) around Ux with an M
2 

cp near (0. 2, 0, 0. 5) 

at 3. 21 eV and a region of large matrix elements near (0. 2, 0. 2, 0. 3) contri-

buting to .3. 20 eV. In addition we have 24 - 26 transitions in a region around 

s
1 

- s
1 

with an M
3 

cp near (0. 26, 0. 26, 0. 5) at 3. 26 eV and in a weaker sens.e 

R
1 

- R
1 

(23- 28) transitions at 3. 20 eV and r:
2 

- 2:
1 

(24- 28) transitions with 

a probable M
1 

cp near (0. 25, 0. 25, O) at 3. 20 eV. The next peak at 3. 50 eV 

•., 

is a result, in part, of 20 - 25 transitions in a region around z
2 

- z
2 

with a 

cp of undeter,mined symmetry at 3. 48 eV and s
1 

- s
1 

transitions with an 

M
0 

cp near (0. 06, 0. 06, 0. 5) at 3. 45 eV. In addition ther~ are contributions 

from 22 - 27 transitions in a small region aroimd an M
2 

cp near (Oo 3, 0. 1, 

0. 3) at 3. 54 eV, r
5 

- r
5 

transitions with an associated M
0 

cp at 3. 44 eV 

and 20 - 26 transitions in a region (tubular along z-direction) of relatively 

large matrix elements around (0. 3, 0. 1, 0. 3) at 3. 53 eV. Finally, there are 

weaker contributions from r:
2 

- 2:
1 

(24 - 29) and .6.
1 

- 6
2 

(24- 26) transitions 
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with critical points of undeterrnined symmetry near (0. 35,0. 35, 0) at 3.45 eV 

and near (0. 3, 0, O) at ~- 48 eV respectively. 

The shoulder at 3. 70 eV is caused by 24 - 28 transitions in a small· 

.-

region around 6
1

- 6
2 

with a cp of undetermined symmetry near (0~:26; 0~0), 

at~ 3. 70eV ands
1
-s

1 
transitions with a probable_ M

2 
c~ _nea_r _(0 .. 2·, 0, O) a~so at_·· 

- . ~ . ' 

3. 70 eV. Other contributions to this shoulder are from 21 - 27 transitions 

around ·Z~ - z~ with an M
1 

cp at 3. 69 ey and uf -.U~ fransi~ions with a cp 
~ ·~ . 

_ of undeterm~ed symmetry near (0. 5, 0, 0. 2) at 3. 71 eV .. ~he peak at 3. 90 _eV 

is caused in p3.rt by 19- 25 transitions in a small region (mostly in·z--direc- · 

lion) around ari M
3 

cp near (0. 2, 0~ 15, 0. 3) at 3. 92 ey and.24- 29_;transitions _ 

\., 

. ....... . · .. , . 

around 6~- 6~ with an M
2 

cp near (0, 0, 0. 18) at 3. 94 eV. · __ Additionalcon- . -

tributions are from 23 - 29 transitions around 61 - 62 with what appears to . 

be an M
2

_cp at 3.9 eV, s
1

- s
1 

transitions with a cpof un~eter~ined sym

metry at 3. 9 eV, and 62 - 6
1 

(21 - 26) transitio'ns V.:_ith a probable M
1 

cp 

near (0.15, 0, O) at 3. 88 eV. The peak at 4. 20 eV is caused in _par~ by 24 --

29 transitions in a region of very large matrix elements around r
3 

- ~-with -
. - . . - - - . . . -

an rJ!
3 

cp at 4._22 eV and 20 - 25 transitions in a r~gi~n- around r
3 

_- r
4 

with_ 

an M
0 

cp at 4. 16 eV along with anM
1 

cp near (0. 07,0.07_, 0) at 4. 21 eV from 
j -K • - • ~ ·- -~ • ' • : • 

2::
2 

-.2:::
1 

transitions. Other contributions to this peak are from 21: ~-28transi..:.- ·-· -

tions in a region around· r
2

- r
1 
~ith an M

0 
cp at 4. 2~ eV _including in parti-

cular .6~ ~ 6 ~ transitions at 4. 23 eV, transitions in a small region "near Ux 

around (0. 15,0,0.4)at 4.20 eV, and to a lesser extent s
1

- s 1 tr~nsitions 

with a cp of undetermined symmetry at 4. 20 eV. Still other contribut1ons 

are from 22- 29 transitions with an M
0 

cp near (0.15,0. 15,0.2) at4.~l eV 
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and weaker Z~- Z~ transitions with an M
2 

cp at 4.24 eV. Finally, we have 

24 - 30 transitions with an M
1 

cp near (0. 1, 0 . .1, 0. 3) at 4. 26 eV and 22 - 30 

transitions in a region around (0. 3, 0. 25, 0. 25) contributing at 4. 21 eV. 

The last peak that we shall consider in E~ occurs at 4. 40 eV and is 

the result of many different contributions. First we have 20 - 26 transitions 

LY! a re~ion (tubular along z-direction) around an 1111
2 

cp near (0. 17, 0. 17, 

0. 1) at 4. 42 eV and 18- 27 transitions ~n a region around z
1

- z
1 

with an 1fb 

cp at 4. 36 eV. Next we have 23- 28 (6
1 

- 6
2
) transitions and 22- 27 (6

1 
-

6~ transitions with critical points of undetermined symmetry near (0. 14: 

0. 14, O) at 4. 40 eV and 4. 37 eV respectively along with .6.
1 

- .6.
2 

transitions 

with a cp near (0.25,0,0) at 4.40 eV. Other contributions are from 23- 24 

transitions around M~ - M:, with a probable M
2 

cp at 4. 40 eV and r:
1 

- 6
2 

·. 

transitions with a cp of undetermined symmetry near (0. 35, 0. 35, O) at 4. 40 

eV. · In addition we have weaker contributions from 16 - 26 transitions in a 

small region around z
2 

- z
2
, particularly along .6.~ - .6. ~ at 4. 40 eV, with a 

probable M
1 

cp at 4. 37 eV. Finally·we have 23- 30 transitions with an 

M
3 

c:p near (0. 35·; 0. 15, 0. 3) at 4. 42 eV, .6.
1 

- .6
2 

transitions with a cp of 

undetermined symmetry near (0. 37, 0, O) at 4. 40 eV, and 22-31 transitions 

around u;- ur with a cp near (0. 5, 0. 3,0) at 4. 40 eV. 

F. · Si ST--12 

The threshold in E~ (Figs. 11 and 12) occurs at 1. 76 eV and is the 

result of 24 - 25 transitions around an M
0 

cp near (0. 4, 0. 2,0). The 

shoulder at 2. 33 eV is caused by 23 - 25 transitions and 24 - 25 transitions 

in a region (tubular along z-direction) around an M
0 

cp near (0. 4, 0, 0. 3) 

at 2.31 eVand around an M
1 

cp near (0.4,0,0.45) at 2.·33 eV respectively. 
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The shoulder at 2. 50 eV is caused by 23 - 26 and mainly 24 :._' 2fi tra~sitions in · 

a region around M with a probable M 
1 

cp at 2. 50 eV ... In p~:ticular, we hav: .. · 

contributions from T
1 

- T 
1 

transitions with an M
1 

cp near(~. 5,0.-15,0. 5) .•. 

at 2. 52 eV and u
1
z - U~ transitions at 2~ 51 eV~ . F'inally, we h.a.ve weaker c • · · 

transitions from a region near. ZX along UJ- UJ contributi~gt0_-2-.4~ ·e\1.~.
0 

••• 

; :;. ·. 

The peak at 2. 80 eV is a result in part of 23, 24- 2t3 tra.n~itions in a · · 

region around s
1

- s
1 

(0.4,0.4,0. 5) at 2. 76 eV y.'ith partkula.rly strong· 

contributions off the symmetry axis with an M
1 

cp near (0. 4, 0.4, 0~ 4) at. 

.. . . :~':..,.. 

2. 80 eV. _?ther contributions are from 21 - 25 transit_ionswith.an M
0 

cp :_ _·· .. 
' . . . .. . . ~ .. ~ ~- ·.· :·- ... 

near (0. 45, 0. 15, 0. 3) at 2.73 eV, .6
2 

- .6
1 
transition~ with a cp of undeter-

. mined symmetry near (0.45, q, O) at 2. 80 eV, and uK -:- ur,transitiOns. with · 
. ·_ ... ' 

an M
1 

cp near (0. 5, 0. 2, 0) at 2. 79 eV along with 22 - 26 transitions in a·. 

large region (along z-direction) around (0. 5,0. 3, 0. 15) contributing at 2. 82 
. - . .-· ..... _ •. · .. 

eV. ·Finally we have contributions from z
1 

- z
1 

(23 - 28) transitions ~ith . 

an M
0 

cp at 2. 78 eV and 22 ""' 25 transitions. with an M
2 

cp near(O. 4, 0, 0~ 25) 

at 2. 74 eV. The shoulder at 3. 20 eV is caused mostly by 20 - 25 transitions 

. . ' 

in a region of relatively large matrix elements around L:,l.- L:,l, .with an M
0 

. 
. - ' . . .. _.· 

cp near (0. 39, 0, 0) at 3. 17 eV and a region around 2=
1 

- L: 
1 

with anM
2
ep. 

- . - . - . . . .. . .. 

near (0. 37, 0. 37,0) at 3. 21eV, along with 19-25 transitiQns in a r_egion 

(c.long z-direction) around L:j - L:
2 

with a probable. 

M~ cp near (0. 4; 0. 4, O) at 3.18 eV. Additional contributions are from 22 :.. · 
l . . . . · .. 

25 transitions in a region around z
2 

~ z
2 

with an M
0 

cp at 3~ 18 eV and, an 

M_ cp near (0. 2, 0. 2, 0. 25) at 3. 16 eV and 20- 26 transitions in· a region 
l ·. . . . . . 

around uY with an M
1 

cp near (0. 5,0. 35,0.05) __ at 3.17 eVand a cp of 

undetermined symmetry near (0. 4, 0. 4, 0) from 2:.:
1 

- ;:
1 

transi.Hons at 3~ 20 

.. 



- . 

\ 

eV. Other contributions are from 22 - 28 transitions, from a cp of undeter

mined symmetry around ur- ur near (0. 5, 0. 4, 0) at 3. 20 eV and R
1 

- R
1 

transitions at 3. 20 eV, and 21 - 26 transitions in a region around Tz with an 

M
2 

cp near (0. 5, 0. 5, 0.4) at 3. 23 eV. 

The largest peak in E~ occurs at 3. 38 eV and is the result of many types of 

transitions. First we have ·20-25 transitions in a region near R along Tz with an 

M
1 

cp near (0. 5, 0. 5, 0. 45) at 3. 39 eV and 19 - 25 transitions in a similar 

region around Tzwith a probable M
3 

cp'near (0.48,0.48,0.4) .at 3.45 eV, 

along with L:
2 

- L:
1 

transitions near (0. 35, 0. 35, O) with a cp of undetermined 

symmetry at 3. 35 eV. Next we have 22- 26 transitions, with a large region 

(along z-direction) around an M
2 

cp near (0. 25, 0. 25, 0. 3) at 3. 36 eV. 

Additional contributions are from 18- 25 transitions, with anM
0 

cp near 

(0. 4, 0. 2, 0) at 3. 35 eV and uJ- ur transitions near (0. 5, 0. 38, O) with a cp 

at 3. 4 eV, and 24- 27 transitions with an M
1 
c~ near (0.15,0,0. 3) at 3. 38 eV 

and U~ - U~ transitions near (0. 5, 0, 0. 15) with a cp around 3. 38 eV. Finally 

we have 22 - 28 transitions, with an M
0 

cp at 3. 37 eV from z
2 

- z
1 

transi

tions and an M
1 

cp near (0. 45, 0. 4, 0. 3) at 3. 35 eV, and 23 - 27 transitions 

with contributions from various regions of the zone contributing at around 

3. 35 eV. The shoulder at 3. 60 eV is caused in :rnrt by 20 - 25 transitions 

in a region near Z around Ux with an M
0 

cp near (0. 1, 0,.0. 5) at 3. 60 eV a~d 

21 - 26 transitions with a probable M
1 

cp near (0. 3, 0. 2, 0. 25) also ~t 3. 60 

eV. Other contributions are from 22 - 27 transitions in a region around 

L:
2 

- E
1 

with an M
0 

cp near (0. 3, 0. 3, 0) at 3. 50 eV, 21 - 29 transitions in 

?-region around R
1 

- R
1 

with an M
0 

cp at 3. 59 eV and 23- 27 transitions 

with an M
0 

cp near (0.1,0.1,0.25) at 3. 54 eV. Finally we have 23- 28 



\ 
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transitions with an M
1 

cp near (0. 5, 0. 15, 0. 3) at, 3. 5~. ~V, ·22 - 2G transitions 

-in a region around 6~- 6~ with a cp of undete-rmined sym~~tr~ near,(o,o: . 

0. 3) at 3. 60 eV and 22 - _ 28 tF.ansitions iri a region around 2::
2 

- ~l with a 
cp near (0.32,0.32,0) at 3.60 eV. 

The peak around 3. 85 ev- is the result of manytyp~s oftransitions ~- · 

1 . .. . . .. - . 
contributing approximately equally to E

2
. First we have 24 - 2_9 transi~ions 

. in a region around Z~"" z~ with an M
2 

cp at 3. 92 eV ~~d ~~- 28transitions · 

in a region (tubular abng z-direction) around r
5

- r; ~ith anM
0 

cp at3. 71 _ 
. . . .. . . . . -· . .- . 

eV along with 6~- 6~ transitions with an M
2 

cp near(O,O, o: 24) at 3.85 eV. 
. . .. . ., \. . . . . . 

. . . . . . . . .. : 

Next we have 23 - 29 transitions in various regions of the zone with str~ngest 
..... , 

contributions from a large tubular region in the z-direction around (0. 35, 

0.15,0.25) contributing at 3.85 eV and 17- 25 tran~itlons ina largeregion 
·• 

around U~ - U~ (0. 5, 0, 0. 33) parallel to the T direction contributing at 3. 85 
. . . ·-.' . . ~ . . . . 

eV. Other contributions are from 22 - 27 transitions': with a probable M
1 

cp near (0. 15, 0. 15, 0. 2) at 3. 81_ eV, 21- 29 transitions, ·with _cont;ibutions 

• .. - .... •••• < 

from asmall region around I:~- 2::
2 

and an M
1 

cp near(0.42,0.42,0) at_ 3.88 
' . ,. . . . ... 

eV, and20- 26 transitions with what appears to be an M
1
.ep ne~ (0.1-5, ?·1, 

0. 4) at 3. 89 eV. Finally, we have 16- 25 tra~sitions\~ a_ regi~~:around~~

M~ with an M
1 

cp at 3. 86 eV .and 23--20 transitions wit~ a prob~bl~ M
1

cp 

near (0. 35, 0. 35, 0. 25) at 3. 81 eV. . 
. . . . . . . . . .. . ' 1 . . . . . . . .•.. : ·: 

The last structure we shall consider in the E
2 

spectrum occurs at 
. .. 

4. 45 eV. This shoulder is caused in part by 20 "" 26 transitions in a region 
'! ·-

(along z direction) around what appears to be an M
2 

cp ~ear (0.1,0, 0. l) at 
. . . ... '·. 

4. 48 eV, 2::
1 

- 2::
1 

transitions with a cp of undetermined_symmetry near · · 

. 

·-
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(0. 12, 0. 12, 0) at 4. 44 eV and 23- 25 transitions :With a cp at M~- M~ at 

4. 46 eV. Other contributions are from 15 - 27 transitions in a region around 

M
2 

- M
2 

with a probable M
1 

cp at 4. 45 eV and 15 - 26 tr. ansitions near Mz 
3 J 

with a cp from .L
2 

- 6
1 

transitions near (0. 44, 0. 44, O) at 4. 42 eV along with 

U
2

1 
- U~ transitions with a cp near (0. 5, 0, 0. 34) at 4. 45 eV. Next we have 

1 ' 

14 - 26 transitions, with a cp at M~ - M~. at 4. 41 eV and a cp from T 
1 

- T 
1 

transitions near (0. 5, 0. 28, 0. 5) at 4. 45 eV, and 21 - 27 transitions with a 

( ) 
z z 

probable M
1 

cp near 0. 2, 0, 0. 2 at 4. 40 eV and a cp from 6 
3

- 6 
2 

transi-

tions near (0, 0, 0. 27) at 4. 45 eV. Finally we have contributions from r:
2 

-

6
1 

(22 - 33) transitions with a cp near (0. 44, 0. 44, O) at 4. 45 eV, 6
1 

- r:
1

. 

(22- 33) transitions with a cp near (0.4,0.4,0) at 4.45 eV, 19- 27 transi-

tions with _an M
2 

cp near (0. 35, 0~ 15, 0. 3) at 4. 48 eV and a series of weaker 

transitions listed for completeness in Table (V). · 

The threshold in E~occurs at 1. 76 eV and is the result of 24 - 25 transi

tions around an M
0 

cp near (0. 4, 0. 2, 0) which are weaker than in the-E~ case.··.· 

The shoulder starting at 2. 32 eV is caused in part by 23- 25 transitions and 

24 - 25 transitions in a region (mostly along z-direction) around an M
0 

cp 

near (0. 4, 0, 0. 3) at 2. 31 eV and around an M
1 

cp near (0. 4, 0, 0. 45) at 2. 33 

eV respectively. Other contributions are from 24 - 26 transitions in a region 

arour1d U~- U~ with anM
0 

cpnear (0.5,0,0.4) at 2.46·eV and22- 25 transi

tions in a region around 6
2 

- 6
1 

with an M
0 

cp near (0. 35, 0. 35, O) at 2. 32 

eV. Tte shoulder around 2. 80 eV is caused to a large extent by 24 - 26 transi-

tions Lt1 a small region around an M
0 

cp near (0. 1, 0. 1, 0. 4) at 2. 81 eV and an 

M
0 

cp nPar (0. ~~, 0. _2, 0. 5) at 2. 79 eV. Other strong contributions are from 
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21 - 25 transitions with an M
0 

cp near (0.4~, 0. 15, 6. 3) at 2:73 ev', .~r- ur- : 
transitions with an M 

1 
cp near (0. 5, 0. 2, O) at2. 78 ·eV and 22 - 26 transitions · 

in a region (along z- direction) around (0. 5, 0. ~' 0. 15) at 2. 82 ~V and an M
0 

. 

cp at Mat about 2. 65 eV. Weaker contributions. are from z
1

- z
1 

(24 ~ 27) 

transitions with an M
0 

cp at 2. 79 eV and 24 .- 25 transitions with an:M
2 

cp 

near (0. 2, 0. 05, 0. 4) at 2. 81 eV. 

The peak at 3. 30 eV is caused in .Part by 21 - 25 transitions in a region 
. ~ . . . . ... -

(tubular along z-direction) around Ux with anM
2 

·cp near (0.2,0,0. 5) ~t· 
.. . .· . . . 

. 3. 33 eV and 23- 27 transitions with an M
1 

cp near(~. 35,0.15,0. 3) at · . , 

3. 31 eV. Additional contributions to this peak are from 22 ~ 26 transitions 
~ . ' 

. in a region around what appears to be an M
2 

cp near (0. 2 5,0. 25~~- 3) _at 

3. 36 eV and 23 - 26 transitions in a region near r with particularly strong 

contributions from 6~- 6~ transitions at about 3. 3:eV. Finally we have 

contributions from 24- 26 transitions with an M
2 

cp near (~.12,0. 12,0. 25) 

at 3. 25 eV and 21 - 28 transitions in a region around r:
2 

- r:
1

with a cp -__ 
... ~. -

of undetermined symmetry near (0. 4; 0. 4, 0) at 3. 3 eV. ·_The peak at 3·. 65 

eV is the result of three main types of contributions. First we have 22 - 27 

transitions in a region near Z off the S direction with a probable M
1 

ep near · 

(0.15, 0. 1, 0. 45) at 3. 64 eV along with an M
1 

cp near (0. 2, O,,b. 4)at 3. 69 . 
- .. . . . . ' . 

- . . . . . . . . . ·. ' . -
. . . 

eV, and 21, 22 - 27 transitions in a region of relatively large matrix ele:- · 

ments nea~ M off the Ux direction with a probable M
0 

cp near (0. 37:0.1, 
. . . . 

0. 4) at 3. 62 eV and. an M
0 

cp near (0. 3, 0. 3, 0. 25) at 3. 60 eV. - Secondly, 

we have 19 - 25 transitions, in a region near Z ar01~nd s
1 

.:. s
1

, withan 

M
0 

cp near (0. 1, 0. 1, 0. 5) at 3. 65 eV, and 20 - 25 transitions also ncar Z 



·. 
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II :..1 j 

but around Ux with an M
0 

cp near (0. 1, 0, 0. 5) at 3. 60 eV and what appears to 

be an M
0 

cp near (0. 2, 0. 1, 0. 3) at 3. 62 eV. Thirdly, we have 24 - 28 transi-
. . . 

ttons, with a ~P of undetermined symmetry near s
1 

- S 
1 

(0. 25, 0. 25, 0. 5) at 

3. 65 eV and a region around T 
1 

- T 
1 

with ail 11
3 

cp near (0. 51 0.21, 0. 5) at. 

3. 74 eV, and 23 - 28 transitions with an M
1 

cp near T at about (0. 5, 0.15, Q_ 4) 

at 3. 60 eV along with weaker t:-
1 

- t:-
2 

(24 - 27) transitions with a cp near 

(0. 35, 0, O) at 3. 65 eV. 

The large peak at 3. 90 eV is caused in part by 24 - 30 transitions in 

a region around an M
1 

cp near (0. 5, 0. 22, 0. 25) at 3. 92 eVand 24- 29, 30 

transitions in a regionaround Z~- z~· with an M
0 

cp at 3. 93 eVand particularly 

str?ng contributions along ui -ur at 3. 95 eV. Oth~r important contribu- · 

tions are from 24 - 29 transitions in a region with very large matrix elements 

around r 
3 

- r 
4 

with an M
2 

cp at 3. 98 eV and ~3 - 29 transitions with an M
0 

cpnear (0.2,0,0.3) at 3.91 eV. Next we have 18-25 transitions ina region 

around (0. 3,0,0.4) contributing at 3.90 eV, t:-
2

- t:-
1 

transitions with a cp 

near (0. 35,0,0) also at 3.90eV, and 21- 26 transitions in a region around 

2:
2 

- 2:
1 

with an M
1 

cp near (0. 16, 0. 16, O) at 3. 92 eV. Finally we have 

22 - 30 transitions with an M
0 

cp near (0. 35, 0. 35, 0. 1) at 3. 81 eV and 23 -

28 transitions with a cp near (0, 0, 0. 22) at 3. 88 eV. 

The shoulder around 4. 26 eV is caused in part by 20 - 25 transi-

tions in a region (along z-direction) of large matrix elements around r
3 

-

r
4 

with an Ivi
0 

cp at 4. 07 eV, 22 - 29 transitions in a region (along z-direc

tioruaround M with a probable M
1 

cp at 4.28 eV, and 22- 32 transitions in 

a region around M~ - M~ with a cp at 4. 30 eV and in a region around 
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ur- _ur with a cp near (0. 5,0. 3,0) at 4.26 eV. Additional contributions 

. to this shoulder are from 20- 28 transitions in a region around (0 .. 4, 0. 2, 

0.25) at 4. 30 eV, 18- 27 transitions in a region around z
1 

- z
1 

with ar1 M
1

·

cp at 4. 25 eV and 19 - 25, 26 transitions in a region around (0. 2 5, 0. 25, 0. 3) 

at 4. 28 eV. Finally we have 24 - 30 transitions with critical points of undeter

mined symmetries near U~ - U~ (0. 5, 0, 0. 15) at 4. 26 eV, s
1 

·_ S 
1 

(0. 3, 0. 3, 
' .., - .. ~ -· 

. . . 

0. 5) at 4. 27 eV, 6
1 

- 6
2 

(0. 36, 0, O) at 4. 26 eV and an M
3 

cp near (0. 3, 0.1, 

. . . H . . , , 
0. 2) at 4. 41 eV. The last. structure we shall consider in the E

2 
spectrun: 

occurs at 4. 96 eV. This shoulder is caused in part by 20 - 28, 29 transi

tions in a region (mostly along z-direction) around (0. 3, 0, 0. 25) at 4. 95 eV. 

Other contributions to this shoulder from critical points of undetermined 

symmetry are listed in Table VI. 

. :,: 

·-. ·~ .. ' f~ ~ .. ""'" ._....., ________________________ _ 



IV. Discussion of Amorphous Phases 

The experimental amorphous dielectric function E
2

(E) 
3

' 
4 

(Figs. 13 

and 14) consists of a seemingly featureless spectrum with one broad peak 

positioned near the A peak in the FC-2 E
2

. This spectrum is quite different 

from any known crystalline E
2 

(except for ST-:-12) and cannot be obtained by 

simply averaging the peaks in the FC-2 spectrum. 

rr.h th . . . tt g_ 14 1 . th h ha 11 J: e eoret1cala empts to exp am e amorp ous E
2 

ve a 

assumed that long range disorder is of primary importance. They have 

taken the FC-2 band structure as a starting point and have applied various 

modifications to· study the effect of long range disorder. In some 

cases
9

' 
13 

complete k non-conservation was considered in the qense ofa 

non-direct transition(NDT) and in other cases
10

-
12

' 
14 

partial k non-

conservation was proposed. which enabled the introduction of some type of 

short range order parameter. In all cases, however, the results are simi-

lar, in good. agreement with experimental E
2 

data, and the authors agree 

.... 
that strong k non-conservation (long range disorder) is a requisite in 

explaining the amorphous E2. None of these theories, however' predicts 

even a correct trend. to the density of states of the amorphous phase. The 

single broad peak
2 

at the bottom of the valence band den~ity of states for the 

. amorphous case is very striking and cannot be accounted for by a simple 

broadeni.n.g of the two s-like peaks in the FC-2 structUre. This problem was 

disc us sed in I where we suggested that the experimental results could 

be explained by a short range disorder which would make the presence of 

five an.d seven fold rings of bonds appreciable. It is precisely the lack of 



'' . , .. 

- 29-
·., .· .. 

this short range disorder in these theories that produces this inconsistency 

with the experimental data. To see this let us examine one of the most 

interesting and sophisticated of the abrementioned theories, which is that 

of a complex band structure (CC'BS)
12

' 
14

. It was instigated by.the work 

11 . · . 0
• -

-of Maschke and Thomas and developed by Kramer. A one electron Green 

function is expanded in a Born series and a configurational averaging is 

applied by introducing in each term containing n scattering centers an . 

' ·:' 

n-particle correlation function which is integrated over all n sites •. It is·· . 

then assumed that the n-particle correlation functions can be approximated ·· 
.·. :-'. 

by products of two particle correlation functions which are taket). to besums . 

of Gaussian-like functions centered on lattice sites, with half-widths which 
. --· :~ i· 

. . : .·. . 

increase with increasing distance from a given lattice point and· are. propor-

tional to a small parameter a. which describes the a~ount of disorder.·. This 
. . . . . 

type of approximation treats correctly mt1ltiple -scattering at one -~tom only 

. . . 

while higher multiple scattering terms are treated approximately correctly 

if one has a. << 1.. The two body correlation functions can be related to. 

experimental amo.z:phous radial distribution functions (ROF), however we 
. •. .• . . . ..._ "!-. • . 

notice that in Ge for example it would be difficult to reproduce the second 
. ·. . . . ; . . . -.- ·_ _. ' : . ' : . . ' -~ . . .: . . . .' '· -~- : -~ :· .... ; .. . 

and thir-d hump in the RDF
15 

curves by simply pla~ing Gaussian-likefunc- · 
.· ... I • • 

•. 

tions at FC-2 lattice points. 

Nevertheless, the averaged Green function series,. which is written 
. . . ·._ .. : .... -.. J ·~ 

in terms of pseudopotentials v(q), 
16 

can be reduced if one assumes slowly 
' ' . . . ~ .. " 

- -·. 

varyi....11g potential functions and small enough a. so as to take v(q) constant . 

-in the k-integration which in turn permits decoupling of terms and a 
.. 

. '· 

. . 
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resunimation of the series. The poles of this averaged Green function 

are now obtained from a generalized pseudorntential secular equation which 

is now no longer Hermitian. Kramer then finds that he obtains complex 

energies whose real parts are approximately the energies of the crystal 

and whose imaginary parts can be interpreted as av~rage reciprocal life-._ 
spectrum 

times or equivalently average energy widths. The average E
2 

/ is obtained 

by using the Kubo formula and performing a similar configurational averaging 

on a product of two one electron Green functions. With some approxima-

tions the forms for the averaged E
2 

and density of states are similar in that 

they are written as a sum over partial spectra belonging to different regions .. 

of the BZ where the reciprocal lifetimes can be taken constant. The partial 

spectra are then given by a convolution of the crystalline spectrum (shifted 

in energy when appropriate as shown below) with a Lorentzian which depends 

on an average reciprocal lifetime. The parameter a was chosen to fit the 

E
2 

spectrum of amorphous Ge and Si. 

Kramer's results show the valence band being affeCted very slightly 

while the conduction band is broadened considerably. In particular, for 

Ge the r
25

- r
2 

and L
1 

- L
3 

gaps become smaller while the X 
4

- x
1 

gap . 

becomes larger. Furthermore, r
2 

is very slightly bro.adened~ "L
2 

is 

slightly broadened, and x
1 

is largely broadened. This is not surprising 

nor difficult to understand. In princip~e, we would expect the eiectrons in 

the conduction band to be affected more by long range disorder than the 

very well localized valence electrons. In fact, if we look at the charge 

density at symmetry points in the conduction band, we find that x
1 

is 
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. ··, 

'·:·· .. ·.· 
. '". ·<·.~.·· 

largely spreadout while L
3 

is somewhat localizeda~d r
2

. shows definite: 

···p. • 

signs of localization~ This is exactly the sam~ trend observed in the · · .... 

·. reciprocal life times mentioned above. Tre effect of this ?n €
2 

· ___ i~ then:_ _ 

·_ to average out most of the X peak while ~reserving. the A peak a~d shifting·,,_:·,>·. __ . 

E
2 

is good. The effect of Kramer's disorder on th~densityofstates,·. how-
. . 

,ever, is a_strong averaging ofthe cond1.:1-ction band and a very smallavera-:- _ ... -· 

ging ofthe valence b~nd peaks for FC-2. Ttls is certainly not in agreement· 

with experiment. 
2 

The problem is that one is deali~g-here with a syst-em that 
. . ... : . . 

· has the short range order of diamond. In fact, the parameter a., used to fit' · · 
.. . . ... ~ 

E
2

, is very small and corresponds, for example, to all first, seCOridand' 
:·'""· 

half the third nearest neighbors being within a deviation of orily; 0.04a of the· _ -
. . . 

crystalline FC-2 positions. It could be suggested that the density of states . 

might agree better with experiment if a. was taken to be larger. - But n~w the - · -

E
2 

would b~ shifted to lower energies and agreement with experir?-ent her~ 
~. ..., . 

'· ' ... 

"i·" 

obtairiing Kramer's final expressions may not be valid: for large a..·,. 

Th~s we believe that the conclusions drawn by applJing the QBS theory 
. . ~ . ' . . . .. ~ 

·. ~ . ·-

to the FC;..2 structure are not valid for the amorphous cas eo . The sugges- -- __ 
17 . . ·.. . . . ·._ .· . - . . ' . ,. 

tion that the peak in the amorphous E
2 

is due to A transitions because of 

the preservation a'£ the bonding ,direction is highly questionableandi.s 

only a conjecture supported by analyzing a hypothetical "amorphous" system · 

that is too close to the FC-2 structure. 
. . .· -

The results from these theories lead usto suspect that the E
2 

spectrum. 

., . 
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may not be a good judge of the microscopic structural aspects of the amor

phous state and that one needs a theory that wiU be able to accotint for both 
. --

the density of states and E
2 

in the amorphous phase. In I we applied 

the concept of short range disorder to the density of states and obtained good 

agreement with experiment. We shall how do the same for the E
2 
spectrum~. 

There are two features of the amorphous E
2 

spectrum which are of 

pr'i-rr.ary importance. These are, of co-urse, the one hump form. of the 

spectrum and the position in energy of this hump. We shall attempt to 

. . . 

account for these features in the following analysis. 

_The crystalline E
2

(E) may be written as: 

E
2

(E) = CJ(E)~ L:> 6(Ec(k)- Ev(k)- E)j(l/Jc(k)j;j<Pv(k))j
2
;J(E)- (2) 

· K c,v · -

where C is a constant and J(E) is the joint den:3ity of states given by: 

- -J(E) = & E 6(E: (k) - E (k) - E) 
k 

c v . 
c,v 

(3) 

·,. 

Equation (2) is just an expression for an average matrix element P(E) 

multiplied by the joint density of states J(E). If we now incorporate the 

constant C into J(E) we can write: 

.· 
E

2
(E) = J(E) P(E) • (4) 

-~ ::.:.s is a physically reasonable expression and could be used to study the 

amorphous phase since it is essentially the number of states accessible for 
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transitions at an energy E, multiplied by an average probability for those . ·_

transitions. When one does band structure calculations, however 1 it iseasi~~ 

to calculate an associated average matrix: element M(E) obtained by a weighted 

averaging of 1<1/Jc(k) IVI1/Jv{k))!
2

. Then Eq. (3) can bew~itten as)
8 

·-- _. 
. :' : .,. 

E
2

(E) = J(E) · M(:8) 
E2 

Equation ( 3) or ( 4) can now be used to qualitatively account for the amor_. .. -

,-

phous E
2 

spectrum in a simple way. In the amorphous case we would expect 
. . 

J(E) to be a monotonically increasing function of energy w itpout any sharp ·- ··- · 

structure from specific localize~ regions in the B Z. - Similarly we would ··- .. 
.. · .• :-· 

expect the average dipole matrix element P(E) to be a smooth monotonically . 

decreasing function of energy. The product of these two functions wouldthen 
- -· 

give a one hump structure which would explain t~e shape of the.am~rphous E
2

. 

To examine this in more detail we have calculated E
2

, J/E
2 

and M, andJ . 
2 . . .. _ .. 

and M/E as functions of energy forGe and Si in the FC-2, 2H-4, BC~8 and 

ST-12 structures using the Gilat-Raub.enheimer
8 

integrationscheme:- The. 

- . 

results are shown in Figs. 13 and 14. For each row the product of the two 

curves in the second and third columns gives the €2 spectrum in the first-

column. In the cases of 2H-4 and ST-12 structures we show the weighted 

average of the parallel and perpendicular components of E
2

. · We are. interested 

in observing the trends as we go from FC-2 down the columns to more and 

locally disordered and complicated crystal structures. For the moment let 

us concentrate on the third column in each figure. We notice that with the 

increasing complexity of the crystal structures, J gradually loses the sharp 

-.- · ....... 



structure prominent in the FG-2 case which was caused by the simplicity 

and symmetry of this band structure. When we reach ST-12, J is almost 

a smooth and featureless spectrum which would compare well with what we 

expected in the amorphous case. In addition the average dipole matrLx ele

ment M/E
2 

for ST-12 is for the most part a smooth decreasing functi.on of . 

energy. This is particularly the case forGe ST-12 in a large energy re-

gion while in ST-12 this is true for E > 3 eV which, however, contains the 

peak of E
2

. li we now examine the E
2 

spectra we notice that it is precisely 

the ST-12 structure that has the qualities of the superimposed amorphous 
/ 

E
2 

spectrum obtained by Donovan and Spicer
3
for Ge and by Pierce and 

Spicer 
4 

for Si. Tle agreement between the ST-12 spectra and the amorphous 

spectra is quite encouraging and shows that the kind of short range disorder
1 

· 

which a~counted for the amorphous density of states also accounts for the 

important features of the amorphous E
2 

spectru:m. The discrepancy in mag

nitude of the E
2 
cur~es is irrelevant in this discussion and is caused in part 

by the differences in bulk density of the ST-12 and amorphous structures. 

An interesting feature that comes out of this analysis is that J/E
2 

should look something like a step function in the amorphous case since J is ' 

such a smooth polynomial-like increasing function of energy. This would 
gradient 

then suggest that the averagEyfuatrix element M must contain most of the 

Lrliormation about E
2

. This is shown in Figs. 13 and 14 as we go doy.rn thE' 

second column where we have plotted J/E
2 

and M. In the FC-2 case the E
2 

spectrum looks mostly like J/E
2 

while M simply modulates the J/E
2 

spectrum. In the 2H-4 structure we find that the form of the E
2 

spectrum 
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·is now· shared between J/E
2 

and M where M contributes mo:t of the~irst 
peak and J /E

2 
contributes the second peak .. W]:len we examine the Be.:. a . ·. 

·. . . . ;, .. ··.. 2'. 

case we find that the E2 spectrum now looks mostly like M whil~ J /E just 
. . 

·modulates theM spectrum. Finally, in the ST-12 structure we find that· · 

· J/E
2 

is a relatively featureless step-like functio~ ofe~ergy,and~ ag~in E
2 

·. > .. 

looks like M. 
· · · · . · ·· · · · · · · .· .... ·_.·· . gradient · · 

Therefore, we can safely conclud~ from this that the Cl.verageJmatrix .· 

element M determines the position in energy of the hump in the amorphous . · 
. . . -

--·· ··-· ~~ 
........ 

E 2 ~ and most important, when one measures the am~rphous E
2

spectrum, 

. ''·'· 

one is essentially just measuring the average matrix element M. 

V. · Conclusions 

Our aim in this work has been two-fold. First to make a complete 

band structure analysis of Ge and Si in a series of riovel, ·interesting and .. 

complicated crystal structures. This included ·calculating energy eigen

values, densities of states, optical functions, determining the symmetry of ·.· .. ··.· · .. 

wavefunctions and identifying optical structure. Secondly, to use the increas- · 

ing complexity of the crystal structures to study the trends observed in the 

. - · .. 

density of states and the imaginary part of the dielectric function as we ·. 

approach the amorphous phase. To this end we have made particular use of -

the ST-12 structure which has deviations in bond lengths· and angles and has 

odd-numbered rings of bonds. We have not used the ST-12 structur"e as a . 

replica of amorphous Ge and Si, but rather as a tool to probe the important . 

microscopic structural aspects of the amorphous phase. 

Vle have found that if one is to make a reliable model of the amorphous 

,•,- ' n • • ' •• ~- ' ·,.' ·-' ' 

< • •• 

·.·."f." .:· 

.·. 

.. 
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phase, one cannot start with a long-range disorder model applied to the FC-2 

structure. On the other hand, a short-range disorder model, defined as a 

system with deviations in bond angles, bond lengths, with all bonds, satis-

fied and with odd-numbered rings of bonds, could areount for both the amor-

phous d2nsity of states and imaginary part of the dielectric function. In par-
. . 

ticn1ar we folL.'1d that the amorphous E
2 

is just the spectrum of an average 

matrix element. 

\ 

If we now include long-range disorder to our short-range disorder, we 

would expect to have a much better model for the amorphous phase. Our point 

is, however, that the effects of long-range disorder are of secondary impor-

tance. 

'· 
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Table Captions 

Theoretical E
2 

structure and identifications, including the location 

in the BZ, symmetry and energy of critical p:>ints for Ge and Si 

in the 2H-4 structure. Details are given in the text. 

Theoretical E
2 

structure and identifications, including the location 

in the BZ, symmetry and energy of critical points forGe and Si 

in the BC-8 structure. Details are given in the text. 

Table III Theoretical E
2 

structure, with perpendicular polarization, and 

identifications, including the locat~on in the BZ, symmetry and 

energy of critical points for Ge ST-12. Details are given in the 

text. 

Table IV Theoretical E
2 

structure, with parallel polarization, and identi

fications including the location in tho.BZ, symmetry and energy 

Table V 

of critical points forGe ST-12. Details are given in the text. 

Theoretical E
2 

structure, with perpendicular polarization, and 

identifications, including the location in the BZ, symmetry and 

energy of critical points for Si ST-12. Details are given in the 

text. 

Table VI Theoretical E
2 

structure, with parallel polarization, and identi

fications, including the location in the BZ, symmetry and. energy 

of critical points for Si ST-12~ Details are given in the text. 



Fig •. 1. 

Fig.- 2 

Fig. 3 

Fig. 4 

Fig. 5 

Fig. 6. 

Fig. 7 

Fig. 8 

Fig. 9 
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Figure Captions 
~~ . ' 

.' ·.·. 

Brillouin zones and associated symmetry fJ0ints and lines for the 

2H-4, BC-8 and ST-12 structures. 

•· 

Band structure of Ge in the 2H-4 or wurtzite structure .. 

Imaginary part of _the dielectric fun~tion, ~-2·, for Ge ?tr-:1 V:it~·: ~:;,· : •. <:,-

parallel (top) and perpendicular (bottom) polarizations. 

Band structure of Si in the 2H-4 orwurtzitestructure. 

Imaginary part of the. dielectric function, ·€'2~ f~r Si ~H~~ with~ 

parallel (top) and perpendicular (bottom) polarizations . 
. ,., .....• 

Band structure of Ge in the BC-8 structure. 

Imaginary part of the dielectric function, .E
2

, forGe BC-8 (top). 

and Si BC-8 (bottom). 

Band structure of Si in the BC-8 structure. 

Band structure of Ge in the ST-12 structure . 
.... . ' 

Fig. 10 Imaginary part of the dielectric function, E
2

,· forGe ST:-12 w~th . 

' . . 

parallel (top) and perpendicular (bottom) polarizations. . . 

Fig. 11 -Band structure of Si in the ST-12 structure.- .. 
. . 

Fig. 12 Imaginary part of the dielectric function,· E:;, · £or Si ST-12 with p~allel_ 

Fig. 13 

.. \ .. 

Imaginary part of the dielectric function E2, .a'veragegradiE:mt matrix 

element M, associated joint density of states J /E
2

, average dipole· 

matrix element M/E
2

, and joint density of states J for Ge i!l..the FC-2, 

2H-4, BC-8, and ST-12 structures. For each row th.e product of the 

two curves in the second and third columns gives the E
2 

spectrum in 

the first column. The E
2 

for the 2H-4 and ST-12 structures was obt~ined-

.·;;..... .-~-- .""< ..... -." : 



by averaging over parallel and perpendicular polarizations. The 
2 

matrix element M is in units of (
2

rr) where a is the smallest lattice 
a-

. . . 2 
constant of each crystal and J in the figure is in units of (:rr) -(ev) 2. 

The un-normalized J(E) defined in equation (3) can be obtained from 

the values of J in the figure by taking J to be in units of 

2 2 . e~ 4 ): 2 ~) ~ • The amorphous E2 is from Donovan and 
en (em eV . 

Spicer (Ref. 3). 
Fig. 14 Imaginary part of the dielectric function E

2
, associated average 

matrix element M, associated joint density of states J /E
2

, average 

dipole matrix element M/E
2

, and joint density of states J for Si in 

the FC-2, 2H-4, BC-8, and_ST-12 structures. The convention is 

the same as in Fig. 13. The amorphous E
2 

is from Pierce and Spicer 

(Ref. 4). 
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~------~~------LEGAL NOTICE------------------~ 

This report was prepared as an account of work sponsored by the 

United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 

any of their contractors, subcontractors, or their employees, makes 

any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights . 
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