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We present calculations of the band structures and the imaginary part of the dielectric function a, as
a function of energy for Ge and Si in the diamond, wurtzite, Si-III (BC-8) and Ge-III (ST-12)
structures using the empirical pseudopotential method. In particular we have obtained the symmetries of
wave functions 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-range-disorder model. We find that, unlike long-range-disorder models, short-range disorder
can explain both the amorphous density of states and the amorphous c,. In particular we find that the

e, spectrum has the same form as an averaged matrix element as a function of frequency.

I. INTRODUCTION

In a previous~ paper (hereafter referred to as I)
we calculated the band structure and density of
states of Ge and Si in the diamond (FC-2), wurtzite
(2tI-4), Si-III (BC-8), and Ge-III (ST-12) struc-
tures using the empirical pseudopotential method
(EPM). The trends observed with the increasing
complexity of the structures indicated that short-
range disorder (deviations in bond angles and bond
lengths-which also provide for the presence of odd
numbered rings —while all bonds are satisfied) was
able to account well for the density of states of
amorphous Ge and Si. This suggested that various
distinctive features in the amorphous density of
states3 could be attributed to certain structural as-
pects of the amorphous phase. For example, devi-
ations 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 fivefold and
sevenfold rings of bonds are responsible for the in-
troduction 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 of the dielectric function, cp,
for the aforementioned structures. From a band-
structure point of view we present a detailed anal-
ysis of the structure in & for Ge and Si in the 2H-4,
BC-S, and ST-12 cases along with their band struc-
tures containing the symmetries of wave functions
along important directions. This is of interest
since the BC-8 and ST-12 structures may have a
variety of applications, e.g. , exciton droplets and,
when doped, superconductivity. From the point of
view of understanding the amorphous phase the
trends observed in E'~ as the structures become
more and more complex may give some insight into
the amount of disorder necessary to produce the
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FIG. 1. Brillouin zones and associated symmetry
points and lines for the 2H-4, BC-S, and ST-12 struc-
tures.

distinctive features of the amorphous a2. We 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 c&. ' In particular we shall show that
when one measures the amorphous g spectrum one
is essentially just measuring an averaged energy-
dependent matrix element. The method of our cal-
culations, the parameters used, and a description
of the crystals studied were given in I and will not
be repeated here.

In Sec. II we give a brief group-theoretical anal-
ysis of the crystals and a description of the notation
used in labeling the band structures. In Sec. III we
give an analysis of the E& spectra. In Sec. IV we

present and discuss results which are of interest to
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the amorphous data. Finally, in Sec. V we make
some concluding remarks. The reader interested
only in the amorphous phase may proceed to Secs.
IV and V with no loss in continuity.

II. SYMMETRY CONSIDERATIONS

Vfe find that the 2H-4 structure has a symmetry
classification of Dz& and is therefore associated with
a nonsymmorphic space group. The BC-8 and
ST-12 structurese have symmetry classifications
T~~ and D4, respectively, and are thus also associated
with space groups which are nonsymmorphic. The
Brillouin zones (BZ) for these structures are shown
in Fig. 1 with the notation used by Leurhmann. ~ In
order to label the symmetries of our wave functions,
shown in Figs. 2, 4, 6, 8, 9 and 11, we have used
the notation for point-group elements and the char-
acter tables found in Zak. In our case, of course,
these point operations must be followed by the ap-
propriate translations. However, several remarks
must be made relating to the additional symmetry,
in some cases, demanded by time-reversal invari-
ance, and to the symmetry notation for points lo-
cated in the interior of the zone.

In the 2H-4 (De~) structure, time-reversal invari-
ance adds additional symmetry to R. Thus R& and

R2 in our notation are obtained from R&+R4 and

R+R» respectively, using Zak's character table.
In the case of M (D») our notation is identified by
replacing U" and o' with U~ and o ~ in the character
table for D» in Zak. For Z (Cm„) we obtain our
character table by replacing C» o„, and o„with U',
o, and o', respectively, in the character table for
Cm„ in Zak. Similarly for I' {D») and & (Ce„) our
notation is identified by replacing e&, 3o„with o',
o'"' and 3o„, 3o& with 3o ', 3o ', respectively, in
the appropriate character tables found in Zak.

In the BC-8 (&t) structure, time-reversal invari-
ance adds additional symmetry to A, P, D, I', and
H. Thus for A (C, ), A& and A2 in our notation is ob-
tained from 1 and 2+ 3, respectively, using Zak's
character table. Similarly for P time-reversal in-
variance requires P~ remain P~ and P~+ P3 becomes
Pz. For D (Cz), D&+Dz becomes D& and for & (T&),
1 becomes ~» 2+3 becomes ~» 4 becomes ~„5
becomes I'4, 6+7 become l"5, and 8 becomes ~6.
The character table for H is the same as for T&, it
can be treated the same way as 1". In the case of
& (C2„) our notation is identified by replacing C2,
o„, and o„with C2, o", and o', respectively, in the
character table for C~„ in Zak.

In the ST-12 (D4) structure our notation regarding
labeling of symmetry points and directions is that
of Leuhrmann, as mentioned before, and for this
case it differs from Zak's notation. Aside from
this, time-reversal invariance requires that U,
M', S, R, T, M, and U' have additional symmetry.
Thus F&+ Y& using Zak's notation becomes U& using

our notation. Similarly for M', we have M& be-
comes M» M~+ MS become M2, and M4+ Mz be-
come M;, and for S we have S,+S, become S. For
R we have A, +A, become R» and for T, T, + T2 be-
come T&. Finally for M we obtain M& from R, +R2
and M2 from R3+R4, and for U' we obtain U; from
W, +Wz. Inthe case of &(D4), &(Cm), Z (Cm), and
&' (C4), which are internal symmetry points, our
notation is identified using the character tables for
D4, C~, C» and C&, respectively, found in Zak.

III. BAND STRUCTURES AND OPTICAL SPECTRA

The band structures of Ge and Si in the 2H-4,
BC-B, and ST-12 structures, shown in Figs. 2, 4,
6, 8, 9, and 11, were obtained from EPM calcula-
tions and the form factors used were given in I. In
Figs. 3, 5, 7, 10, and 12 we show the &2 spectra
calculated from these band structures using

e, (E)=-,' » Z (8E, k{)- E„{k) E)-e'g'
' mm'S' c,. sz

where Ik, 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 distin-
guish between the polarization of the electric vector
and the c axis taken to be in the z-direction. In
this case the factor of —,

' 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. The integration was per-
formed using the Gilat-Raubenheimer scheme.
Tables I-VI summarize the major contributions to
the various peaks in the a2 spectra for the six com-
pounds. The first column identifies the energy of
a particular peak and the second column contains
the major contributions to this peak identified by in-
terband transitions which are listed in order of de-
creasing 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 interband 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 investigation. These
are designated in the tables by a tilde.

The complexity of the BC-8 and the ST-12 struc-
tures introduces the possibility that we may have
critical points which are also inflection points along
certain directions. Although it is rather difficult to
determine this, it is conceivable that some of the
critical points whose symmetries are uncertain may
be of this type.

For completeness we present an analysis for all
six compounds and although experimental optical
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FIG. 2. Band structure
of Ge in the 2H-4 or wurt-
zite structure.
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data are not available at the present, the contribu-
tions and identification of strong interband transi-
tions to the optical properties will not vary appre-
ciably with small changes in the form factors.

A. Ge 2H-4

The threshold in ez (Figs. 2 and 3) at 1.45 eV is
caused by I'5-I'8 transitions and the threshold in E2

at 1.77 eV is caused by I'&-I'8 transitions. The
rise in e2 around 2.25 eV is caused by I'6-I'&0 tran-
sitions which are associated with an Mo critical
point (cp) and a region along & (&6-&3) with small
energy derivatives and large matrix elements. The
shoulder at 2. 25 eV is caused by an M& cp and as-
sociated transitions A3 Ag at 2 26 eV. The small
shoulder near 2.50 eV in e2 seems to be caused by
an Mo cp near the center of the I'ALM face from
bands 7-9. However, the shoulder near 2. 50 eV in
&& is caused by &5-&& transitions and an M& cp ap-
proximately —,

' of the way from I' to A. The small
peak at 2.68 eV in az is caused by U4-U2 transitions
and what seems like an M, cp at about + of the way
from M to I . Although regions off symmetry di-
rections around this critical point also contribute
to a~ near 2. 68 eV, this effect is overshadowed by
Ua-U2 transitions and an M, cp near (0. 5, 0, 0.4) at
about 2.78 eV. These transitions are responsible
for the peak observed around 2.75 eV in e2. The
shoulder near 3.15 eV in E2 is caused by 7-10 tran-
sitions from a region near the T symmetry direc-
tion from an Mo critical point at about (0.08, 0.08,
0.2) with energy 3.03 eV. In addition 7-9 transi-
tions contribute to this shoulder from a probable
Mz cp at 3.14 eV and near (0.11, 0.11, 0.2). The

50
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FIG. 3. Imaginary part of the dielectric function, e&,
for Ge 2H-4 with parallel (top) and perpendicular (bot-
tom) polarizations.

shoulder in ez at 3. 35 eV is caused by transitions
from bands 6-9 in a large region mainly in the
I'AIM plane around an M~ cp approximately at (0.2,
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M) FIG. 4. Band structure

of Si in the 2B-4 or wurt-
zite structure.

—b
A l 0 M r b, A

0, 0.25). A similar shoulder in cz at 3.57 eV is
caused by a region with large matrix elements
around what appears to be an M, cp near (0.2, 0.2,
0. 35) at about 3.57 eV. The strongest peak in az

occurs at 3.60 eV and is caused mainly by 6-9 tran-
sitions irl a large region with strong matrix ele-
ments around M7-M, particularly along U3-U& and
Z4-Z, . However, additional strength is obtained by
8-10 transitions in a region around R~-R& about & of
the way from A to L and from an M~ cp near (0.2,
0, 0.4) at 3.80 eV. The matrix elements are large
for @co &3.80 eV and very small for Ro &3, 80 eV.
The largest peak in E& occurs at 3.72 eV, caused
mainly by an M& cp near H at the same energy. The
peak in E~ at 4. 52 eV is caused by small contribu-
tions from three different interband transitions.
The main contribution is from 8-11 transitions in a
region (U4- Uz) around Lz L„ tentatively des-ignated
an Mo cp at 4.40 eV. A slightly weaker contribu-
tion is from bands 8-9, caused by a region around
the T symmetry direction with what seems like an
Mo cp near (0. 23, 0. 23, 0) at 4.45 eV. The final
contribution to the peak at 4. 52 eV for && is proba-
bly caused by an M& cp near the center of the I'ALM
face at 4. 53 eV. This critical point provides the
strongest contribution to the peak at 4. 52 eV for &z

because of large matrix elements. The other main
contribution to this peak is caused by 8-9 transi-
tions with an M~ cp at E and a region along T'. The
shoulder around 4.70 eV in fz is mainly caused by
7-9 transitions with a probable M& cp at K and a
small region extending along T'. Additional contri-
butions to this shoulder are from 8-9 transitions in
a small region around (0.4, 0. 15, 0. 15) with an M~
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FIG. 5. Imaginary part of the dielectric function, &z,

for Si 2H-4 with parallel (top) and perpendicular (bot-
tom) polarizations.

cp at 4.72 eV. The final contribution to this shoul-
der is from a region around A particularly along S
with a probable M~ cp near (0.03, 0.03, 0.45) at
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FIG. 6. Band structure
of Ge in the BC-8 struc-
ture.

D N

4.71 eV. The shoulder in &2H around 4.70 eV is
caused by an Mo 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~ cp at about 4.9 eV
near (0.33, 0.33, 0.15). The last discernible peak
in c~ occurs at 5.23 eV and is caused mainly by I', -
I',2 transitions which are associated with an M2 cp
at 5.23 eV. Additional contributions to this peak
are from 8-11 transitions in a small region around
(0.08, 0.08, 0. 35) which has an M3 cp at 5.30 eV.
The last discernible shoulder in c2 around 5.29 eV
is caused by M5-M4 and Z, -Z4 transitions at 5.33
and 5.31 eV, respectively. We have not determined
the symmetry of these critical points. Other con-
tributions to this shoulder are from 8-11 transitions
in a small region around (0. 3, 0.1, 0. 15) at 5.29
eV.

B. Si 2H-4

The threshold in cz (Figs. 4 and 5) at 2. 60 eV is
caused by Z&-Zj transitions and a probable Mo cp
near (0.3, 0, 0), while the region around this cp off
symmetry directions contributes to the threshold in
E~ at nearly the same energy. The first shoulder
in &z at 3.10 eV is caused by an Mo cp near the cen-
ter of the 1"ALM face from bands 7-9. The next
shoulder in &2 occurs around 3.35 eV and is caused
by U~-U~ transitions with an M& cp near (0.05, 0,
0.35) at about 3.34 eV. The rise in ez around 3.35
eV is caused by I'z-I'&0 transitions which are asso-
ciated with an Mo cp and a region along & (&~-&,).
The shoulder at 3.35 eV is caused by an M, cp and
associated transitions A3-A, . The next shoulder in

ez at 3.60 eV is a result of Q-&, transitions and an
M& cp approximately ~ of the way from I to A. The
largest peak in &~ at 4. 10 eV is caused mainly by
6-9 transitions in a large region with strong matrix
elements around M~-M~, particularly along U3-U,
and Z4-Z&. To a much lesser extent additional
strength to this peak is obtained from a region
around R~-R„specifically & of the way from A to
L. Here we find an Mm cp near (0. 15, 0, 0.5) at
about 4. 13 eV. The first large peak in E2 occurs
around 4. 25 eV and is caused by a region with large
matrix elements around what appears to be an M,
cp near (0.2, 0.2, 0. 35) at about 4.21 eV. In addi-
tion a region near H along S', which also has large
matrix elements, contributes around 4.26 eV. The
shoulder at ~& near 4.38 eV is a result of an M2 cp
around (0. 2, 0, 0.4) at 4. 38 eV and transitions in a
region around Rz-R, near (0.2, 0, 0. 5). The second
large peak in &z 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~ cp at 4.64
eV. Next there are 8-9 transitions in a small re-
gion around (0. 3, 0.1, 0) with an M, cp at 4.68 eV
and 7-11 transitions with an Mo cp at 4.61 eV near
(0.4, 0, 0.35). Finally, we have contributions from
the shoulder of a nondiscernible peak around 4.75
eV caused by 7-9 transitions along T with what is
probably an M2 cp at 4.74 eV. The peak in e2 at
4. 69 eV is caused mainly by 8-9 transitions along
the T symmetry direction with an Mp cp at 4. 57 eV,
and to a lesser extent from &~-Q transitions with
what seems like an M& cp at 4.69 eV near (0, 0,
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FIG. 7. Imaginary part of the dielectric function, &2,

for Ge BC-8 (top) and Si BC-8 (bottom).

0.3). The peak in t~z at 4.89 eV is a result of what
appears to be an M2 cp at K around 4. 87 eV and a
probable M2 cp near (0. 3, 0.25, 0.25) around 4.89
eV. The shoulder in cz at 4.91 eV is caused by a
probable M~ cp for 7-10 and 8-10 transitions at
4.91 and 4.93 eV near (0.2, 0.08, 0) and (0.2, 0. 1,
0), respectively. The shoulder in d~ at 4.96 eV is
caused mainly by 8-11 transitions slightly off the E
direction at a probable M2 cp near (0.35, 0.05,
0.05) at 4.96 eV, while the shoulder at 5. 50 eV is
a result of ~5-F~2 transitions with an associated M&

cp at 5.47. Finally the shoulder around 5. 55 eV in
42 is caused by M5-M4 and Z, -Z4 transitions at 5.61
and 5. 54 eV, respectively.

C. Ge BC-8

The first peak in em (Figs. 6 and 7) at 2.03 eV is
caused by Z~-Z2 transitions with an M& cp about -',

of the way from I to ¹ The shoulder at 2.46 eV is
caused by a small region around Z2-Z2 with a prob-
able cp near (0.4, 0.4, 0) at 2.46 eV whose sym-
metry we have not determined. Additional contri-
butions to this shoulder are from &4-&4 transitions
and an Mo cp about & the way along & at 2.41 eV.
The main contribution to the peak at 2.70 eV is
from 13-17 transitions in a small region around an
Mo cp near (0.2, 0. 8, 0. 15) at 2. 67 eV. A smaller
contribution is from G2-G, transitions with what ap-

pears to be on Mo cp near (0. 15, 0.85, 0) at 2. 65
eV. The large peak at 3.21 eV is a result of many
contributions. First we have 16-19 transitions in
a region of large matrix elements around an Mo cp
near (0. 25, 0.35, 0.25) at 3.19 eV. Next we have
G~-G2 transitions with an M2 cp near (0.4, 0.6, 0)
at 3.24 eV and a region of large matrix elements
around (0. 3, 0.4, 0.15) at about 3.23 eV. Third,
there are 14-17 transitions in a region around (0.2,
0.4, 0. 15) with what appears to be an M2 cp at 3.21
eV. Finally, we have 13-18 transitions near (0.3,
Q. 45, 0) with an M, cp at 3.21 eV and G, -G, transi-
tions with a probable cp at (0.22, 0.78, 0) whose
symmetry we have not determined. The shoulder
around 3.76 eV is also the result of several contri-
butions. The first is from 15-19 transitions in a
region near N with G2-G& transitions and an M3 cp
near (0.4, 0.55, 0) at 3.78 eV. Next we have 12-18
transitions near N with G2-G& transitions and an M,
cp near (0.35, 0.65, 0) at 3.76 eV. Finally, we
have contributions from a small region around I
with I'2-I 6 transitions and an M3 cp at 3.74 eV.
The shoulder at 3.98 eV is caused by 14-19 transi-
tions 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 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 con-
tributions from 16-21 transitions in a region around
(0. 15, 0. 2, 0.1) with an Mz cp near 4.48 eV and &,-
h4 transitions with an Mo cp near (0.25, 0, 0) at
4.42 eV.

D. Si BC-8

The threshold in &2 (Figs. 7 and 8) at 0.43 eV is
caused by Hs-H4 transitions. The small bump
around 1.70 eV is a result of ~&-&4 transitions with
an Mo 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 M2 cp near (0.3, 0. 55, 0). The shoulder at
2. 60 eV is primarily caused by Z&-Z2 transitions
with an M~ cp near (0.4, 0.4, 0) at 2. 62 eV. Addi-
tional structure is obtained by 15-17 transitions in
a region around an Mo cp near (0.3, 0.5, 0) at 2. 54
eV. The shoulder at 3.0 eV is caused by 13-17
transitions in a small region around an Mo 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 13-17 transitions in a region of very large
matrix elements around (0.1, 0. 5, 0. 1) at about
3.46 eV. Next we have 14-17 transitions in a re-
gion around what appears to be an M2 cp near (0.2,
0.4, 0.15) 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& cp near
(0. 3, 0.4, 0.2) at 3.43 eV. Finally there is a re-
gion around I', -I'6 transitions with an associated Mo
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cp at 3.38 eV. The shoulder at 3.7 eV is caused by
a small region around G, -G~ transitions with an Mz
cp at 3.7 eV near (0.45, 0. 55, 0) and by a small re-
gion around D, -D, transitions with large matrix ele-
ments and an M& cp at 3.68 eV around (0.5, 0.5,
0.15). The shoulder at 4.05 eV is the 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 elements and &5-&l transi-

tions with an M5 cp near (0, 5, 0, 0) at 4.04 eV.
Next we have 15-21 transitions in a small region
around (0.2, 0. 6, 0. 1) with an associated Mo cp at
4.02 eV and G&-G& (18-18) transitions with a prob-
able cp near (0.2, 0. 8, 0) whose symmetry we have
not yet determined. Finally we have 14-19 transi-
tions in a region around what appears to be an M&

cp near (0.25, 0.65, 0.1) at 4.07 eV. The large
peak at 4.20 eV is mainly caused by 16-22 transi-
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tions in a region of very large matrix elements
around what appears to be an M~ 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~ cp near (0.15, 0.7, 0. 15) at 4.22 eV
and an Mo cp near (0. 15, 0.7, 0) at 4. 14 eV, re-
spectively. Finally, the shoulder at 5.05 eV can be
attributed to 14-21 transitions in a small region
around an Mz cp near (0.2, 0. 6, 0. 1) at 5.05 eV and
Dy Dy transitions with a probable cp near (0. 5, 0. 5,
0. 1) at 5.0 eV whose symmetry we have not deter-
mined.

E. Ge ST-12

In this section and the section on Si ST-12 we
shall treat the perpendicular component of Ez first
and discuss the parallel component in the last para-
graph.

The threshold in ez (Figs. 9 and 10) occurs at
1.46 eV and is caused by Z, -Z& transitions. The
shoulder at 2. 10 eV is caused by equal contributions
from 24-25 and 23-25 transitions in small regions
(tubular along the z direction) around an Mo cp near
(0.4, 0.1, 0. 3) at 2.08 eV and an M, cp near (0.4,
0, 0.3) at 2. 18 eV, respectively. The shoulder
around 2. 55 eV is caused mainly by 24-26 transi-
tions in a region around an M& cp near (0. 5, 0.1,
0. 3) at 2.48 eV along with much weaker contribu-
tions from T, T~ (0. 5, 0. -5, 0.4) and U~-Uf (0. 5,
0, 0. 3) transitions at 2. 52 and 2. 50 eV, respective-
ly, whose critical-point symmetries have not been
determined. Next we have 23-26 transitions in a
region of 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~ cp near (0.4,
0, 0.25) at 2. 62 eV and an M, cp near (0.4, 0. 15,
0.25) at 2. 60 eV, respectively, along with transi-
tions at M in a much weaker sense at 2. 60 eV. Fi-
nally, we have 24-25 transitions with an Mo 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 tran-
sitions in a region (mostly along the z direction)
around S,-S~ with an Mz cp near (0.4, 0.4, 0. 5) at
2. 87 eV. Next there are 21-25 transitions in a re-
gion around an M~ cp near (0.4, 0. 15, 0.25) at 2. 60
eV which contributes to 2.75 eV because of matrix
elements, and in a weaker sense 4~-4~ (0.4, 0, 0)
transitions with a cp of undetermined symmetry at
2. 80 eV. Next we have 24-25 transitions near the
U" symmetry direction with an M& cp near (0.2, 0,
0.4) at 2. 70 eV. Finally, we have 24-27 transitions
in a small region (tubular along the z direction)
around an M~ cp near (0. 5, 0.1, 0.3) at 2.76 eV,
along with some weaker l",-~5 transitions with an
Mo cp at 2.75 eV. The shoulder around 3.0 eV is
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FIG. 10. Imaginary part of the dielectric function, &~,

for Ge ST-12 with parallel (top) and perpendicular (bot-
tom) polarizations.

caused mainly by 20-25 transitions in a region (tu-
bular along the z direction) a.round an Mo cp near
(0.4, 0. 15, 0.25) at 2.93 eV and 22-25 transitions
in a region around Z~-Z~ with an associated Mo cp
at 2.98 eV along with much weaker Tj-T, (0. 5, 0. 5,
0. 3) transitions at 3.0 eV. Additional contributions
to this shoulder are from 24-27 transitions in a
small region near R along T' with an M, cp near
(0. 5, 0.5, 0.45) at 3.11 eV and 19-25 transitions in
a region of relatively large matrix elements around
(0. 35, 0. 18, 0) at 2.97 eV, along with weaker Mz-
M; transitions with what appears to be an Mz cp at
3.0 eV. Finally, we have 22-27 transitions with an
Mo cp near (0. 5, 0.15, 0. 3) at 3.04 eV.

The next shoulder around 3.20 eV is caused
mainly by Z, -Z, transitions with an associated Mo
cp at 3.18 eV along with much weaker transitions
Z&-Z", with an M3 cp at 3.20 eV. Other contribu-
tions to this peak are from 21-25 transitions in a
small region around U" with an M~ cp near (0.2, 0,
0. 5) at 3.21 eV and 23-28 transitions in a region
(tubular along z direction) near 8 mostly along T'
with a probable M, cp at 3.20 eV. Finally, we also
have contributions from 19-25 transitions with an
Mz cp near (0. 5, 0. 15, 0. 3) at 3.21 eV, along with
weaker 4~-4~ transitions near (0.38, 0, 0) at 3.20
eV. The peak at 3.50 eV is caused mainly by 19-
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25, 26 transitions in a region (along the z direction)
around R, -R& with an M& cp at 3.46 eV, and 18-25
transitions in a small region around Tg Ty near
(0. 5, 0.22, 0.5) with a probable Mz cp at 3.49 eV.
Additional contributions are from S&-Sz (20-25)
transitions with an M~ cp near (0.06, 0.06, 0.5) at
3.45 eV and what appears to be an M, cp near
(0.45, 0.45, 0. 5) also at 3.45 eV. Other contribu-
tions are from 17-25 transitions in a small region
along T' near (0.5, 0. 5, 0. 3) with a probable M, cp
at 3.53 eV and 24-27 transitions with a probable M~

cp near 0, 0. 1, 0.25) at 3.47 eV, and to a lesser
extent T, T, tra-nsitions near (0. 5, 0.3, 0. 5) at
about 3.50 eV. Finally, we have T, T, (20--26)
transitions with an M2 cp at 3.47 eV and 22-27 tran-
sitions with an M2 cp near 3.54 eV, and to a lesser
extent &,-&, transitions near (0.45, 0, 0) contribut-
ing at 3.50 eV.

The shoulder at 3.65 eV is caused by 17-25 tran-
sitions in a region (tubular along the z direction)
around an Mz cp at 3.67 eV near (0.5, 0.25, 0.3),
and in a weaker sense by Z&-Z~ transitions with an

M~ 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 transitions in a region
around U*with an Mz cp near (0.22, 0, 0.5) at 3.60
eV, and 24-30 transitions at R with an M& cp at 3.60
eV. The peak at 4.20 eV is caused by 24-30 transi-
tions in a region (mostly in the z direction) near U'
around (0.3, 0, 0.4) which contributes at about 4. 18
eV, along with weaker transitions in a region
around M at 4. 20 eV. In addition we have 21-27
transitions with an Mz cp near (0.15, 0.15, 0. 2) at
4.22 eV and 23-28 transitions in a region around
&2-&& 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 U" around (0.15, 0, 0.4) at 4. 20 eV and 20-25
transitions around Z2-Z~ with an M& cp near (0.07,
0.07, 0) at 4. 21 eV. Finally, we also have some
weak structure from S,-S, (23-32) transitions with
a cp of undetermined symmetry near (0.22, 0.22,
0. 5) at 4. 20 eV.

The last peak that we shall consider in &2 occurs
at 4.50 eV and is the result of many different con-
tributions. First we have 23-31 transitions in a re-
gion around U~-U& with a probable M3 cp near (0.5,
0, 0.2) at 4. 57 eV and Zz-Z, (21-23) transitions with
a cp of undetermined symmetry near (0.4, 0.4, 0)
at 4.48 eV. Next we have 22-30 transitions in a
smaB region near U" with an Mz cp around (0.45,
0.1, 0.05) at 4. 36 eV and an M& cp near (0.3, 0. 15,
0.4) at 4. 52 eV. In addition we have 20-26 transi-
tions with an M3 cp near (0.15, 0, 0. 1) at 4. 54 eV
and 20-28 transitions with an Mp 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 tran-

sitions along symmetry directions at critical points
of undetermined symmetry, starting with M~-M&
transitions and ending with U&-Uz transitions. Tak-
en as a whole they are of comparable weight to the
others discussed above.

The threshold in &~ occurs around 1.60 eV with
minute matrix elements from Zz-Z& transitions at
1.46 eV and very small matrix elements near 1.6
eV, and appreciable contributions only from &~-&,
transitions with a probable M, cp near (0.4, 0, 0)
at 1.7 eV. The shoulder around 2. 15 eV is caused
mainly by Zz-Z~ transitions with an Mz cp near
(0. 37, 0. 37, 0) at 2.07 eV. In addition we have con-
tributions from 24-25 and 23-25 transitions in
small regions around what appears to be an Mp cp
near (0.4, 0. 1, 0. 3) at 2.08 eV and an M& cp near
(0.4, 0, 0. 3}at 2. 18 eV, respectively. The shoul-
der around 2.65 eV is caused mainly by 21-15 tran-
sitions in a region around an M& cp near (0.4, 0.15,
0.25) at 2.60 eV and a region (particularly along
U") around Zf-Zf with a probable Mz cp at 2.65 eV,
and U,"-U~~ transitions contributing at 2. 63 eV. Ad-
ditional contributions are from 22-26 transitions
with an M, cp near (0. 5, 0.2, 0.25} at 2.74 eV and
22-25 transitions in a region around M3-M& with a
probable M, cp at 2.70 eV. Finally, to a much
lesser extent, we have contributions from Z3-1"4
transitions with an MG cp at 2.64 eV.

The peak at 3.20 eV is a result of several inter-
band contributions of approximately the same
weight. First we have 24-27 transitions in a region
around Z, -Z, with an M& cp at 3.18 eV, along with
weaker Zz-Zz transitions with an M3 cp at 3.20 eV
and &2-&, transitions with a probable M~ cp near
(0.45, 0, 0) at 3.18 eV. Next we have 21-25 transi-
tions in a small region (mostly along the z direc-
tion) around U* with an Mz 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) contributing to 3. 20 eV. In addition
we have 24-26 transitions in a region around S&-S~

with an M, cp near (0.26, 0.26, 0. 5) at 3.26 eV,
and in a weaker sense R, -R, (23-28) transitions at
3.20 eV and Zz-Z& (24-28) transitions with a prob-
able M, cp near (0. 25, 0.25, 0) 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~-Z& with a cp of
undetermined symmetry at 3.48 eV and S&-S& tran-
sitions with an M~ cp near (0.06, 0.06, 0. 5) at 3.45
eV. In addition there are contributions from 22-27
transitions in a small region around an M~ cp near
(0. 3, 0.1, 0. 3) at 3.54 eV, I'~-I'~ transitions with
an associated Mz cp at 3.44 eV, and 20-26 transi-
tions in a region (tubular along the z direction) of
relatively large matrix elements around (0.3, 0.1,
0.3) at 3.53 eV. Finally, there are weaker contri-
butions from Zz-Z~ (24-29) and &~-4z (24-26) tran-
sitions with critical points of undetermined sym-
metry near (0.35, 0. 35, 0) at 3.45 eV and near
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(0. 3, 0, 0) at 3.48 eV, respectively.
The shoulder at 3.70 eV is caused by 24-28 tran-

sitions in a small region around &~-&~ with a cp of
undetermined symmetry near (0.26, 0, 0) at 3.70
eV and S,-S, transitions with a probable M2 cp near
(0.2, 0, 0) also at 3.70 eV. Other contributions to
this shoulder are from 21-27 transitions around Z",—

Z~ with an M& cp at 3.69 eV and U~-U~ transitions
with a cp of undetermined symmetry near (0. 5, 0,
0.2) at 3.71 eV. The peak at 3.90 eV is caused in
part by 19-25 transitions in a small region (mostly
in the z direction) around an MS cp near (0.2, 0. 15,
0. 3) at 3.92 eV and 24-29 transitions around Q-13&
with an Mz cp near (0, 0, 0. 18) at 3.94 eV. Addi-
tional contributions are from 23-29 transitions
around &&-&2 with what appears to be an M2 cp at
3.9 eV, S&-S, transitions with a cp of undetermined
symmetry at 3.9 eV, and ~2-~, (21-26) transitions
with a probable M1 cp near (0. 15, 0, 0) at 3.88 eV.
The peak at 4.20 eV is caused in part by 24-29
transitions in a region of very large matrix ele-
ments around 1"3-1"4with an M, cp at 4. 22 eV and
20-25 transitions in a region around 1 3-I"4 with an

Mo cp at 4. 16 eV, along with an My cp near (0.07,
0.07, 0) at 4. 21 eV from Zz-Z, transitions. Other
contributions to this peak are from 21-28 transi-
tions in a region around ~2-~, with an Mo cp at 4. 22
eV, including in particular ~&-&& transitions at 4.23
eV, transitions in a small region near U" around
(0. 15, 0, 0.4) at 4.20 eV, and to a lesser extent S,—

S& transitions with a cp of undetermined symmetry
at 4.20 eV. Still other contributions are from 22-
29 transitions with an Mo cp near (0.15, 0. 15, 0.2)
at 4.21 eV and weaker Z&-Z& transitions with an M2

cp at 4.24 eV. Finally, we have 24-30 transitions

with an M1 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 con-
tributions. First we have 20-26 transitions in a re-
gion (tubular along the z direction) around an Mz cp
near (0. 17, 0. 17, 0. 1) at 4.42 eV and 18-27 transi-
tions in a region around Z~-Z& with an Mo cp at 4. 36
eV. Next we have 23-28 (Z, -Zz) transitions and 22-
27 (Z, -Zz) transitions with critical points of unde-
termined symmetry near (0.14, 0.14, 0) at 4.40 and
4. 37 eV, respectively, along with &,-&, transitions
with a cp near (0.25, 0, 0) at 4.40 eV. Other con-
tributions are from 23-24 transitions around M~-

Mf with a probable M2 cp at 4.40 eV and Z& -Z2
transitions with a cp of undetermined symmetry
near (0. 35, 0. 35, 0) at 4.40 eV. In addition we have
weaker contributions from 16-26 transitions in a
small region around Z2-Z2, particularly along ~2-
~3 at 4 ~ 40 eV, with a probable M, cp at 4. 37 eV.
Finally we have 23-30 transitions with an M3 cp
near (0.35, 0. 15, 0.3) at 4.42 eV, 411-&z transitions
with a cp of undetermined symmetry near (0.37, 0,
0) at 4.40 eV, and 22-31 transitions around U1-U,"
with a cp near (0. 5, 0. 3, 0) at 4. 40 eV.

F. Si ST-12

The threshold in &z (Figs. 11 and 12) occurs at
1.76 eV and is the result of 24-25 transitions
around an Mo 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 the z direc-
tion) around an Mo cp near (0.4, 0, 0.3) at 2. 31 eV
and around an M1 cp near (0.4, 0, 0.45) at 2. 33 eV,
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respectively. The shoulder at 2. 50 eV is caused by
23-26 and mainly 24-26 transitions in a region
around M with a probable M, cp at 2. 50 eV. In par-
ticular, we have contributions from T, -T, transi-
tions with an M, cp near (0. 5, 0. 15, 0. 5) at 2. 52 eV
and U~-U& transitions at 2. 51 eV. Final1y, we have
weaker transitions from a region near Z" along U,'-
U,' contributing to 2.45 eV.

The peak at 2.80 eV is a result in part of 23, 24-
26 transitions in a region around S~-S, (0.4, 0.4,
0.5) at 2.76 eV, with particularly strong contribu-
tions off the symmetry axis with an M, cp near
(0.4, 0.4, 0.4) at 2. 80 eV. Other contributions are
from 21-25 transitions with an Mo cp near (0.45,
0. 15, 0. 3) at 2.73 eV, &z-&, transitions with a cp
of undetermined symmetry near (0.45, 0, 0) at 2.80
eV, and U,'-U& transitions with an M& cp near (0.5,
0. 2, 0) at 2.79 eV, along with 22-26 transitions in
a large region (along the z direction) around (0. 5,
0.3, 0.15) contributing at 2. 82 eV. Finally, we
have contributions from Z, -Z, (23-28) transitions
with an Mo cp at 2.78 eV and 22-25 transitions with
an Mz cp near (0.4, 0, 0. 25) at 2.74 eV. The shoul-
der at 3.20 eV is caused mostly by 20-25 transi-
tions in a region of relatively large matrix elements
around 4&-&&, with an Mo cp near (0. 39, 0, 0) at
3.17 eV and a region around Z, -Z, with an M~ cp
near (0. 37, 0.37, 0) at 3.21 eV, along with 19-25
transitions in a region (along the z direction) around
Z~-Zz with a probable M~ cp near (0.4, 0.4, 0) at
3.18 eV. Additional contributions are from 22-25
transitions in a region around Z2-Z, with an Mo 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 around
U~ with an M~ cp near (0.5, 0.35, 0.05) at 3.17 eV
and a cp of undetermined symmetry near (0.4, 0.4,
0) from Z~-Z~ transitions at 3.20 eV. Other contri-
butions are from 22-28 transitions, from a cp of
undetermined symmetry around U~-U", near (0. 5,
0.4, 0) at 3.20 eV, and R~-R~ transitions at 3.20
eV, and 21-26 transitions in a region around T' with
an Mz cp near (0.5, 0. 5, 0.4) at 3.23 eV.

The largest peak in &~ 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 T'
with an M, cp near (0.5, 0. 5, 0.45) at 3.39 eV a.nd
19-25 transitions in a similar region around 2 with
a probable Mz cp near (0.48, 0.48, 0.4) at 3.45 eV,
along with Zz-Z, transitions near (0.35, 0. 35, 0)
with a cp of undetermined symmetry at 3.35 eV.
Next we have 22-26 transitions with a large region
(along the z direction) around an Ma cp near (0.25,
0.25, 0. 3) at 3. 36 eV. Additional contributions are
from 18-25 transitions with an Mo cp near (0.4,
0. 2, 0) at 3.35 eV, U,"-Uf transitions near (0.5,
0. 38, 0) with a cp at 3.4 eV, 24-27 transitions with
an M, cp near (0. 15, 0, 0.3) at 3.38 eV, and Uf-Uf
transitions near (0.5, 0, 0. 15) with a cp around
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3.38 eV. Finally we have 22-28 transitions with an
Mo cp at 3 ~ 37 eV from Z2-Z& transitions and an M&

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 part by 20-25
transitions in a region near Z around U" with an Mo
cp near (0.1, 0, 0. 5) at 3.60 eV and 21-26 transi-
tions with a probable M~ cp near (0.3, 0. 2, 0. 25)
also at 3.60 eV. Other contributions are from 22-
27 transitions in a region around Z2-Z& with an Mo
cp near {0.3, 0.3, 0) at 3.50 eV, 21-29 transitions
in a region around 8&-B~ with an Mo cp at 3.59 eV,
and 23-27 transitions with an Mo cp near (0.1, 0. 1,
0.25) at 3.54 eV. Finally we have 23-28 transitions
with an M, cp near (0. 5, 0. 15, 0. 3) at 3.58 eV, 22-
26 transitions in a region around Lg-&4 with a cp of
undetermined symmetry near {0, 0, 0.3) at 3.60 eV,
and 22-28 transitions in a region around Z~-Z& with
a cp near (0.32, 0.32, 0) at 3.60 eV.

The peak around 3.85 eV is the result of many
types of transitions contributing approximately
equally to E2. First we have 24-29 transitions in a
region around Zj-Z", with an M2 cp at 3.92 eV and
23-28 transitions in a region (tubular along the z
direction) around I'~-I', with an M, cp at 3.71 eV



2750 J. D. JOANNOPOULOS AND M. L. COHEN

along with &4-&& transitions with an M& cp near {0,
0, 0.24) at 3.85 eV. Next we have 23-29 transitions
in various regions of the zone with strongest contri-
butions from a large tubular region in the z direc-
tion around (0. 35, 0. 15, 0. 25) contributing at 3.85
eV and 17-25 transitions in a large region around
Uf-U~ (0. 5, 0, 0. 33) parallel to the T direction con-
tributing at 3.85 eV. Other contributions are from
22-27 transitions, with a probable M& cp near (0.15,
0. 15, 0. 2} at 3.81 eV, 21-29 transitions with con-
tributions from a small region around Z~-Z~ and an
M~ cp near (0.42, 0.42, 0) at 3.88 eV, and 20-26
transitions with what appears to be an M, cp near
(0. 15, 0. 1, 0.4) at 3.89 eV. Finally, we have 16-
25 transitions in a region around M', -M~ with an M,
cp at 3.86 eV and 23-20 transitions with a probable
M, cp near (0.35, 0. 35, 0. 25) at 3.81 eV.

The last structure we shall consider in the &&

spectrum occurs at 4.45 eV. This shoulder is
caused in part by 20-26 transitions in a region
(along the z direction) around what appears to be an
Mz cp near (0.1, 0, 0.1) at 4.48 eV, Z, -Z, transi-
tions with a cp of undetermined symmetry near
(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 M3-
M& with a probable M& cp at 4.45 eV and 15-26
transitions near M' with a cp from Z~-Z, transi-
tions near (0.44, 0.44, 0) at 4.42 eV along with U~-
U~ transitions with a, cp near (0. 5, 0, 0. 34) at 4.45
eV. Next we have 14-26 transitions with a cp at
M3-M~ at 4. 41 eV and a cp from T, —T, transitions
near (0. 5, 0.28, 0. 5}at 4.45 eV, and 21-27 transi-
tions with a probable M, cp near (0.2, 0, 0. 2) at
4.40 eV and a cp from &3-&; transitions near (0, 0,
0.27) at 4.45 eV. Finally we have contributions
from Zz-Zq (22-33) transitions with a cp near (0.44,
0.44, 0) at 4.45 eV, Z~-Z~ (22-33) transitions with
a cp near (0.4, 0.4, 0) at 4.45 eV, 19-27 transi-
tions with an Mz 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 &~ occurs at 1.76 eV and is the
result of 24-25 transitions around an Mo cp near
(0.4, 0. 2, 0) which are weaker than in the ez case.
The shoulder starting at 2. 32 eV is caused in part
by 23-25 transitions and 24-25 transitions in a re-
gion (mostly along the z direction) around an Mo cp
near (0.4, 0, 0. 3) at 2. 31 eV and around an M~ cp
near (0.4, 0, 0.45) at 2. 33 eV, respectively. Other
contributions are from 24-26 transitions in a region
around U~-Uf with an Mo cp near (0.5, 0, 0.4) at
2.46 eV and 22-25 transitions in a region around
Zz-Z, with an Mo cp near (0.35, 0, 35, 0) at 2. 32 eV.
The shoulder around 2. 80 eV is caused to a large
extent by 24-26 transitions in a, small region around
an Mo cp near (0.1, 0. 1, 0.4) at 2.81 eV and a.n Mo

cp near (0.2, 0. 2, 0. 5) at 2. 79 eV. Other strong

contributions are from 21-25 transitions with an Mo
cp near (0.45, 0. 15, 0. 3) at 2.73 eV, U f-U," transi-
tions with an M, cp near (0.5, 0. 2, 0) at 2.78 eV,
and 22-26 transitions in a region (along the z direc-
tion) around (0. 5, 0. 3, 0. 15) at 2. 82 eV and an Mo
cp at M at about 2. 65 eV. Weaker contributions
are from Z, -Z, (24-27) transitions with an Mo cp at
2.79 eV and 24-25 transitions with an M~ 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 the z direction)
around U* with an Mz cp near (0.2, 0, 0.5) at 3.33
eV and 23-27 transitions with an M, cp near (0.35,
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~ cp near (0.25,
0. 25, 0.3) at 3.36 eV and 23-26 transitions in a re-
gion near 1", with particularly strong contributions
from &4-&4 transitions at about 3.3 eV. Finally we
have contributions from 24-26 transitions with an
Mz cp near (0. 12, 0.12, 0.25) at 3.25 eV and 21-28
transitions in a region around Zz-Z& 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, cp near (0. 15, 0. 1, 0.45) at 3.64
eV, along with an M& cp near (0.2, 0, 0.4) at 3.69
eV, and 21, 22-27 transitions in a region of rela-
tively large matrix elements near M off the U" di-
rection with a probable Mo cp near (0.37, 0.1, 0.4)
at 3.62 eV and an Mo cp near (0.3, 0.3, 0. 25) at
3.60 eV. Second, we have 19-25 transitions, in a
region near Z around S,-S„with an Mz cp near
(0. 1, 0.1, 0. 5) at 3.65 eV and 20-25 transitions al-
so near Z, but around U" with an Mo cp near (0. 1,
0, 0.5) at 3.60 eV and what appears to be an Mo cp
near (0.2, 0.1, 0. 3) at 3.62 eV. Third, we have
24-28 transitions with a cp of undetermined sym-
metry near S,-S, (0. 25, 0.25, 0. 5) at 3.65 eV and a
region around T& T, with an M3-cp near (0.5, 0. 21,
0. 5) at 3.74 eV, and 23-28 transitions with an M,
cp near T at about (0.5, 0. 15, 0.4) at 3.60 eV,
along with weaker &,-&z (24-27) transitions with a
cp near (0. 35, 0, 0) 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& cp near
(0. 5, 0.22, 0.25) at 3.92 eV and 24-29, 30 transi-
tions in a region around Z&-Zz with an Mo cp at 3.93
eV, and particularly strong contributions along U~-
U& at 3.95 eV. Other important contributions are
from 24-29 transitions in a region with very large
matrix elements around I'3-~4 with an M~ cp at 3.98
eV and 23-29 transitions with an Mo cp near (0. 2, 0,
0.3) at 3.91 eV. Next we have 18-25 transitions in
a region around (0.3, 0, 0.4) contributing at 3.90
eV, &z-&, transitions with a cp near (0. 35, 0, 0) al-
so at 3.90 eV, and 21-26 transitions in a region
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around Zz-Z~ with an M~ cp near (0.16, 0.16, 0) at
3.92 eV. Finally we have 22-30 transitions with an
Mo 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 transitions in a region (along the z direction)
of large matrix elements around 1",-~4 with an Mo
cp at 4.07 eV, 22-29 transitions in a region (along
the z direction) around M with a probable M, cp at
4. 28 eV, and 22-32 transitions in a region around
M3-M3 with a cp at 4. 30 eV and in a region around
U,"-U~~ with a cp near (0.5, 0. 3, 0) at 4. 26 eV. Ad-
ditional 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, -Z&
with an M& cp at 4.25 eV, and 19-25, 26 transitions
in a region around (0.25, 0.25, 0.3) at 4.28 eV.
Finally, we have 24-30 transitions with critical
points of undetermined symmetries near U~-U~
(0. 5, 0, 0. 15) at 4.26 eV, S,-S, (0. 3, 0. 3, 0. 5) at
4. 27 eV, &,-4z (0.36, 0, 0) at 4. 26 eV, and an M,
cp near (0.3, 0.1, 0. 2) at 4.41 eV. The last struc-
ture we shall consider in the E& spectrum occurs at
4.96 eV. This shoulder is caused in part by 20-28,
29 transitions in a region (mostly along the z direc-
tion) around (0. 3, 0, 0.25) at 4.95 eV. Other con-
tributions to this shoulder from critical points of
undetermined symmetry are listed in Table VI.
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It was instigated by the work of Maschke and Thom-
as 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-par-
ticle correlation functions can be approximated by
products of bvo-particle correlation functions which
are taken to be sums of Gaussian-like functions
centered on lattice sites, with half-widths which in-
crease with increasing distance from a given lattice
point and are proportional to a small parameter e
which describes the amount of disorder. This type
of approximation treats correctly multiple scatter-
ing at one atom only, while higher multiple scatter-
ing terms are treated approximately correctly if
one has e «1. The two-body correlation functions
can be related to experimental amorphous radial
distribution functions (RDF); however, we notice
that in Ge, for example, it would be difficult to re-
produce the second and third hump in the RDF 6

curves by simply placing Gaussian-like functions at
FC-2 lattice points.

Nevertheless, the averaged Green-function series,
which is written in terms of pseudopotentials v(q), '
can be reduced if one assumes slowly varying po-
tential functions and small enough e so as to take
v(q) constant in the k integration, which in turn per-
mits decoupling of terms and a resummation of the
series. The poles of this averaged Green function
are now obtained from a generalized pseudopoten-
tial secular equation which is now no longer Her-
mitian. 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 average reciprocal lifetimes
or, equivalently, average energy widths. The av-
erage aa spectrum is obtained by using the Kubo
formula and performing a similar configurational
averaging on a product of two one-electron Green
functions. With some approximations the forms for
the averaged E2 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 ap-
propriate as shown below) with a Lorentzian which
depends on an average reciprocal lifetime. The pa-
rameter e was chosen to fit the &~ spectrum of
amorphous Ge and Si.

Kramer's results show the valence band being af-
fected very slightly while the conduction band is
broadened considerably. In particular, for Ge the
~25-I'2 and L,-L, gaps become smaller while the X4-
X& gap becomes larger. Furthermore, I ~ is very
slightly broadened, L2 is slightly broadened, and

X& is largely broadened. This is not surprising nor
difficult to understand. In principle, we would ex-
pect the electrons in the conduction band to be af-
fected 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, is largely spread
out while L3 is somewhat localized and I'2 shows
definite signs of localization. This is exactly the
same trend observed in the reciprocal lifetimes
mentioned above. The effect of this on E2 is then to
average out most of the X peak while preserving the
A peak and shifting it to slightly lower energies.
The agreement with the experimental amorphous E~

is good. The effect of Kramer's disorder on the
density of states, however, is a strong averaging
of the conduction band and a very small averaging
of the valence-band peaks for FC-2. This is cer-
tainly not in agreement with experiment. The
problem is that one is dealing here with a system
that has the short-range order of diamond. In fact,
the parameter a, used to fit &2, is very small and
corresponds, for example, to all first, second, and
half the third nearest neighbors being within a devi-
ation of only 0.04a of the crystalline FC-2 positions.
It could be suggested that the density of states
might agree better with experiment if e was taken
to be larger. But now the &2 would be shifted to
lower energies and agreement with experiment here
would be considerably marred. Besides, the ap-
proximations involved in obtaining Kramer's final
expressions may not be valid for large a.

Thus we believe that the conclusions drawn by ap-
plying the CBS theory to the FC-2 structure are not
valid for the amorphous case. The suggestion
that the peak in the amorphous &2 is due to A tran-
sitions because of the preservation of the bonding
direction is questionable and is only supported by
analyzing a hypothetical amorphous" system that
is too close to the FC-2 structure.

The results from these theories lead us to sus-
pect that the E2 spectrum may not be a good judge of
the microscopic structural aspects of the amor-
phous state and that one needs a theory that will be
able to account for both the density of states and &2

in the amorphous phase. In I, we applied the con-
cept of short-range disorder to the density of states
and obtained good agreement with experiment. We
shall now do the same for the &2 spectrum.

There are two features of the amorphous &2 spec-
trum which are of primary importance. These are,
of course, the one-hump form of the spectrum and
the position in energy of this hump. We shall at-
tempt to account for these features in the following
analysis.

The crystalline «3(E) may be written as

eq(E) = CJ(E)Q Q 5(E~(k) —E„(k)—E)
i, c,v
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x
~
&tI,(k)

~

r
~
y„(k)) ~'/j(E), (2)

where C is a constant and j(E) is the joint density
of states given by

j(E)= Q Z 6(E~ (k) —E„(k)—E) .
K c,v

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

e2(E) = J(E)P(E) . (4)

This is a physically reasonable expression and
could be used to study the amorphous phase since it
is essentially the number of states accessible for
transitions at an energy E, multiplied by an average
probability for those transitions. When one does
band-structure calculations, however, it is easier
to calculate an associated average matrix element
M(E) obtained by a weighted averaging of
1&/, (k) I V I g„(k)) I . Then Eq. (3) can be written as~9

e2 (E) = j(E)M(E)/E

Equation (3) or (4) can now be used to qualitatively
account for the amorphous Ez spectrum in a simple
way. In the amorphous case we would expect j(E)
to be a monotonically increasing function of energy
without any sharp structure from specific localized
regions in the BZ. 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 would then give a
one-hump structure which would explain the shape
of the amorphous c2. To examine this in more de-
tail we have calculated ez, j/E, and M, and j and
M/E2, as functions of energy for Ge and Si in the
FC-2, 2H-4, BC-8, and ST-12 structures using the
Gilat-Raubenheimer integration scheme. The re-
sults 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 perpendicu-
lar components of ~2. We are interested in observ-
ing the trends as we go from FC-2 down the col-
umns to more and locally disordered and compli-
cated 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 FC-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 com-
pare well with what we expected in the amorphous
case. In addition the average dipole matrix ele-
ment M/E for ST-12 is for the most part a smooth

decreasing function of energy. This is particularly
the case for Ge ST-12 in a large energy region,
while in ST-12 this is true for E & 3 eV, which, how-
ever, contains the peak of &2. If we now examine
the E& spectra we notice that it is precisely the ST-
12 structure that has the qualities of the superim-
posed amorphous && spectrum obtained by Donovan
and Spicer for Ge and by Pierce and Spicer5 for Si.
The agreement between the ST-12 spectra and the
amorphous spectra is quite encouraging and shows
that the kind of short-range disorder which ac-
counted for the amorphous density of states also ac-
counts for the important features of the amorphous
E2 spectrum. The discrepancy in magnitude of the
&2 curves 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 anal-
ysis is that j/E2 should look something like a step
function in the amorphous case since J is such a
smooth polynomiallike increasing function of energy.
This would then suggest that the average gradient
matrix element M must contain most of the informa-
tion about E2. This is shown in Figs. 13 and 14 as
we go down the second column, where we have plot-
ted j/E~ and M. In the FC-2 case the e2 spectrum
looks mostly like J'/E, while M simply modulates
the j/E2 spectrum. In the 2H-4 structure we find
that the form of the E2 spectrum is now shared be-
tween J/E and M, 'where M contributes most of the
first peak and j/E2 contributes the second peak.
When we examine the BC-8 case we find that the &,
spectrum now looks mostly like M while j/E~ just
modulates the M spectrum. Finally, in the ST-12
structure we find that J/E2 is a relatively feature-
less steplike function of energy and again E~ looks
like M.

Therefore, we can safely conclude from this that
the average gradient matrix element M determines
the position in energy of the hump in the amorphous
g, and most important, when one measures the
amorphous &2 spectrum, one is essentially just
measuring the average matrix e)ement M.

V. CONCLUSIONS

Our aim in this work has been twofold. First, to
make a complete band-structure analysis of Ge and
Si in a series of novel, interesting, and complicated
crystal structures. This included calculating ener-
gy eigenvalues, densities of states, and optical
functions, determining the symmetry of wave func-
tions, and identifying optical structure. Second, to
use the increasing complexity of the crystal struc-
tures to study the trends observed in the density of
states and the imaginary part of the dielectric func-
tion as we approach the amorphous phase. To this
end we have made particular use of the ST-12 struc-
ture which has deviations in bond lengths and angles
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and has odd-numbered rings of bonds. We have not
used the ST-12 structure as a replica of amorphous
Ge and Si, but rather as a tool to probe the impor-
tant microscopic structural aspects of the amor-
phous phase.

We have found that if one is to make a reliable
model of the amorphous 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 and bond lengths, with all bonds sat-

isfied, and with odd-numbered rings of bonds, could
account for both the amorphous density of states
and imaginary part of the dielectric function.
In particular we found that the amorphous &z

is just the spectrum of an average matrix ele-
ment.

If we now include long-range disorde~ 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 importance.

«Supported in part by the National Science Foundation under
Grant No. GH 35688.

'J. D. Joannopoulos and M. L. Cohen, Phys. Rev. (to be
published).

'The optical properties and density of states of Ge 2H-4 has
also been calculated by I. B. Ortenburger, W. E. Rudge, and
F. Herman, J. Non-Cryst. Solids 8, 653 (1972).

'L. Ley, S. Kowalczyk, R. Pollak, and D. A. Shirley, Phys.
Rev. Lett. 29, 1088 (1972).

'T. M. Donovan and W. E. Spicer, Phys. Rev. Lett. 21, 1572
(1968).

'D. T. Pierce and W. E. Spicer, Phys. Rev. B 5, 3017 (1972).
6J. S. Kasper and S. M. Richards, Acta Crystallogr. 17, 752

(1964).
'A. W. Luehrmann, thesis (University of Chicago, 1967)

(unpublished).
'J. Zak, A. Casher, M. Gluck, and Y. Gur, The Irreducible

Representation of Space Groups, edited by J. Zak (Benjamin,

New York, 1969).
'G. Gilat and L J. Raubenheimer, Phys. Rev. 144, 390 (1966).
' F. Herman and J. P. Van Dyke, Phys. Rev. Lett. 21, 1575

(1968).
"D. Brust, Phys. Rev. Lett. 23, 1232 (1969).
"K. Maschke and P. Thomas, Phys. Status Solidi 39, 453

(1970).
"B. Kramer, Phys. Status Solidi 41, 649 (1970).
"K. Maschke and P. Thomas, Phys. Status Solidi 41, 743

(1970).
"B. Kramer, Phys. Status Solidi 47, 501 (1971).
' D. E. Sayers, E. A. Stern, and F. W. Lytle, Phys. Rev. Lett.

27, 1204 (1971).
"M. L. Cohen and T. K. Bergstresser, Phys. Rev. 141, 789

(1966).
"J. Stuke, J. Non-Cryst. Solids 4, 1 (1970).
"A similar expression has also been used by Maschke and

Thomas (Ref. 14).


