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The energy band structure and optical properties of the zinc-blende semiconductors 3C-SiC,
BP, and BN have been calculated using a nonlocal version of the empirical-pseudopotential
method. The results of this investigation are discussed and compared to experiment. The
agreement between theory and experiment is found to be very good for both SiC and BP. The
BN results are quite rough, owing to some very questionable assumptions made necessary be-
cause of the scarcity of experimental data. However, the results seem to give a reasonable
first approximation to the correct band structure. The effect of the nonlocalP pseudopotential
on these three crystals is discussed.

I. INTRODUCTION

During the last several years, the empirical-
pseudopotential method (EPM) has been successful-
ly used by many authors to gain valuable insight
into the band structure and optical properties of a
large group of semiconductors. This method of
calculation has been applied to the group-IV ele-

ments C, Si, Ge, and &-Sn, which crystallize in
the diamond structure, as well as to many of the
III-V and II-VI compounds, most of which exhibit
the zinc-blende crystal structure. We report here
the results of applying the EPM to 3C-SiC, BP, and
BN. Since the materials discussed in this work
are of interest as potential solid-state devices due
to their high melting point, chemical inertness,
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and high hardness, it is hoped that these results
will serve to help establish some of their important
physical pr oper ties.

In general, the EPM calculations give best re-
sults for those solids which satisfy the conditions
of the so-called cancellation theorem. Namely,
that there exist in the solid core states of the
same I as those of the valence states present; e. g. ,
if the solid under investigation has valence states
with s and p characters, the core states should
also contain s-like and p-like states. Under these
conditions the one-electron pseudopotential V~ com-
posed of the usual attractive crystal potential plus
a repulsive term arising from the orthogonality of
the valence wave functions to the core states will be
very weak. If one then expands V~(r) in reciprocal-
lattice vectors, one needs to keep only the first few
terms in the expansion as higher terms should be
small due to the cancellation effect. This being
the case, the band structure of the solid depends
only on a small number of parameters, the first
few coefficients (called form factors) of the ex-
pansion of V~(r) in reciprocal-lattice vectors. In
the EPM, one treats these form factors as param-
eters to be determined by available experimental
data, as discussed in Sec. III and more fully in
the recent article by Cohen and Heine.

Most of the group-IV solids, as well as the III-
V and II-VI compounds, considered thus far have
satisfied the cancellation theorem, and the results
have been quite good. Almost all of the solids
have s and p core states to compensate the crystal
potential seen by s- and P-like valence electrons.
Exceptions to this trend occur when the solid con-
tains elements from rom 1 of the Periodic Table,
such as boron, carbon, or nitrogen. For these
elements, the core contains no p states and hence
the P-like valence states feel the full crystal poten-
tial in the core region. As a result, one would not
except to be able to keep just the first few terms
in the expansion of V~(r) for P states, and the EPM
would notbe expected to yield good results for these
solids. Actually, the EPM calculations of dia-
mond ' work reasonably well and seem to give
band gaps which are roughly correct and a conduc-
tion-band minimum which is consistent with ex-
periment. This success is probably due to the fact
that the p electrons are not normally found in the
core region very much, anyway, due to the asym-
metry of the wave function. However, c2(&u) cal-
culations which test the band structure over a fair-
ly wide range of energies have been disappointing.

In an effort to improve the results of calculations
involving solids with elements from row 1, we have
modified the EPM by adding to the pseudopotential
V&(r) a, nonlocai, angular-momentum-dependent
potential V„L, which acts only on p states, to ac-
count for the fact that the p-like valence electrons

see the entire crystal potential in the core region,
and not a weak pseudopotential. With the addition
of this term, one can again expand V~(r) in terms
of only a few reciprocal-lattice vectors, obtaining
a small set of parameters. These can be combined
with a very small number of parameters coming
from V», and fit to experiment as before. Such
a scheme was used to investigate the properties of
diamond and the results have been published. ~ The
&2(&u) spectrum resulting from this nonlocal-em-
pirical p-seudopotential method (NEPM) seems to
give much better agreement with experiment than
does the EPM results obtained without V„L. In
this paper, we shall extend the NEPM analysis to
the IV-IV compound 3C-SiC and the III-V compounds
BP and BN, all of which crystallize in the zinc-
blende structure.

The paper will be presented in six sections.
Section II briefly describes the calculational pro-
cedure employed in determining the energy bands
and optical properties of these solids using the
NEPM. In Sec. III we discuss the band structure
and optical properties of 3C-SiC. The band struc-
ture has already been discussed in a previous
paper, so we concentrate on the optical properties
in this section. We also include the band structure
calculated without the nonlocal term V„~(r), and
show that the nonlocal effects are not as important
as they were in diamond. We then turn our atten-
tion to BP in Sec. IV, where we discuss the band
structure and optical proper ties and compare them
to those of 3C-SiC. Boron nitride is covered in
Sec. V. In this section we discuss some rather
drastic assumptions we make about the BN form
factors, made necessary due to the scarcity of
reliable experimental data. We show that the re-
sulting band structure is probably a rough, but
nevertheless reasonable, first approximation to
the real thing, and discuss ways in which it might
be improved. Finally, Sec. VI presents some con-
clusions derived from this investigation.

II. CALCULATIONAL PROCEDURE

The electronic-energy-band structure and wave
functions of the compounds SiC, BP, and BN are
calculatedusing the empirical pseudopotential meth-
od (EPM), modified to account for the lack of p
states in the C, B, and N cores. The calculational
procedure is quite similar to that described in
HFC. Briefly, one starts from the Hamiltonian

p'
H= + Z V&(5)e

'
+ V„„(r),

2m

where the pseudopotential V~(r) is expanded in re-
ciprocal-lattice vectors, and the nonlocal term
V»(r) is added to account for the lack of cancella-
tion of the full crystal potential for p valence states
in the C, B, or N core regions. With the addition
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V~(G) = V,(G) cosG: 7.+i V„(G)sinG 7,
where

2V, (G) = v, (C)+v,(G),

2V„(C)= v, (G) —v,(G),

(4)

(5)

(6)

FIG. 1. First BZ of the fcc crystal lattice.

of this term, one needs to retain only the first
few terms in the expansion of V~(r); we have kept
only those reciprocal-lattice vectors which have
Gp(11, where G is measured in units of 2v/a, a
being the appropriate lattice constant (a = 4. 35 A

for SiC, a= 5. 43 A for Bp, and a=3. 615 A for BN).
As in our calculation of diamond, V~(r) is taken
to have the form

where P, is a projection operator which acts only
on states with / =1, P~~ is the Hermitian conjugate
of P„and

'(3)

The sum over n includes only those ion cores with-
out P states, and the A. , &, where the subscript
m labels the B, N, or C cores, are treated as pa-
rameters. R, is chosen to have the average value
of 0. 2 A for all of the compounds considered here.

All three solids, 3C-SiC, BP, and BN, crystal-
lize in the zinc-blende structure, which consists
of an fcc lattice with a basis. The first Brillouin
zone (BZ) for this structure is shown in Fig. 1,
with important symmetry points and directions in-
dicated. We shall employ the notation of Parmen-
ter~ throughout in the labeling of both the symmetry
points and the irreducible representations of the
point group. If the origin of coordinates is chosen
to lie midway between the two atoms forming the
basis, these atoms will be situated at positions
+ 7.= + —,'a(l, 1, 1) in the unit cell, where a is the ap-
propriate lattice constant.

Unlike the diamond structure, zinc-blende crys-
tals do not possess inversion symmetry. It is
convenient to decompose the Fourier coefficients
V~(G) into parts which are symmetric and anti-
symmetric under such an inversion as follows:

vl(G) = (2/Qp) J„»v~(r)e ' 'd

is the crystal form factor for an atom of type 1,
with an analogous expression for vp(G), the crystal
form factor for atoms of type 2. This decomposi-
tion of the pseudopotential form factors V~(G) into
symmetric and antisymmetric parts, each of
which is itself written as the product of a structure
factor, which depends only on the positions of the
ion cores in the solid, and a crystal form factor,
which is independent of the ion position is a stan-
dard procedure in the investigation of zinc-blende
solids. In these definitions, Ao is the volume of
the unit cell (Qp=-,'a' for the fcc structure), and the
intregralsin (I) are done over the unit cell volume.
It should be noted that the crystal form factors, as
defined by (I), are normalized to volume per a, tom
in the solid.

The energyband structure andpseudo-wave func-
tions are obtained by diagonalizing 0, using Eqs.
(2)-(4), over a basis of plane wave states. In ad-
dition we use a form of perturbation theory de-
scribed by Brust. Essentially, one treats those
plane waves with Ik+GI & E, exactly, while
those such that E

&
& (k+ 6 )

(E2 enter via second-
order perturbation theory. Plane waves with
Ik+G ~ &E2 are neglected. E&and E3 are chosen
to give reasonable convergence to the energy eigen-
values, -0.05 eV. We neglect the contribution
of those plane waves with E&& lk+6t «Ea for the
nonlocal potential. Satisfactory convergence
for SC-SiC and BP is obtained by choosing Ez= 10. 5

and E2= 27. 0. This corresponds to an expansion
of the wave function in approximately 30 plane
waves, with another 150 or so entering via second-
order perturbation theory. For BN, it was neces-
sary to increase E& to 12.0 and E2 to 31.0, result-
ing in about 50 plane waves entering the expansion
via first order, with another 130 or so entering
via second-order theory.

A typical matrix element of V» is of the form

V~& =(46m/a')coseo6, [(I'~5',+I~~, ) cos(C —G') 7.

+ ~'(I-"&, —I&~', )sin(G —G') 7], (8)

where

IM, = J, 'j, (~ k +~ ~)j,(~tk+ 6 ~r)Ae "~'d~, (9)

j& is the spherical Bessel function of order 1, and

86o. is the angle between the vectors ik+ G) and

Ik+ 6').
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Once the energy band structure and the wave
functions are obtained, &2(&), the imaginary part
of the dielectric response function, is determined
via the relation

CHOOSE FORM

FACTORS

( )
eh~ g 1

" f„,(k)ds
m „~ (2w) '~E„ IVgE„ I

'

where

2 I(k, v lp Ik, c) I

3m Z„,

(10)

CALCULATE SELECTED
ENERGY GAPS AND

COMPARE TO VALUES
EXTRAPOLATED FROM

EXPTL DATA

VARY

FORM

FACTORS

is the EPM interband oscillator strength, Ik, c)
and Ik, v) are the EPM wave functions for the con-
duction and valence states, respectively, at the
point k in the BZ, 8 is a surface of constant-inter-
band-energy E„,= E, —E„, E„and E, are the va-
lence and conductionband energies, respectively,
and m and e represent the electron mass and
charge. The method of computing the sums is de-
scribed in HFC. One can obtain the reflectance
R(&u) from ez(&u) by using the Kramers-Kronig re-
lation to find &~(&u), the real part of the dielectric
constant, and then using

1 2 1 1 2(g2+e2)1/2 [2e ~ 2(g2+gm)1/2]1/2+ 1
(12)( ) (qm qR)1/8+ [2q + 2(e z+ g 2)1/R]1/2+ 1

as described in a paper by Walter and Cohen.
From Eqs. (1)-(4), one sees that the energy

band structure and wave functions of the compounds
3C-SiC, BP, and BN are completely determined
by the small set of parameters [V„(G), V~(G),
G ~ 11, A„, &„]in this scheme. For the zinc-
blende structure, the only values of V(G) with
G ~ 11 are those corresponding to G = 3, 4, 8, 11.
Further, sinG v=OforG2=8, andcosG v=0for
G = 4. Hence aknowledge of the six local-form-fac-
tors[V, (G =3), V~(8), V~(11), V„(3), V„(4), V„(11)],
plus the nonlocalparametersA, a enables one to
compute the band structure and optical constants of
these compounds. In the NEPM scheme, one uses
experimental optical data to determine these param-
eters. The procedure is described in detail in a re-
cent review article by Cohen and Heine. 1 Figure 2
summarizes the steps. One first makes a guess at the
parameters, either by extrapolating from nearby
compounds, as in the case of BP and BN, or by scal-
ing previous results for the constituent elements, as
inSiC. Ineither case, oneuses these parameters to
calculate energy gaps at selected %values in the BZ.
These are then compared to values extrapolated
from experimental data in a manner described
by Phillips1o and Cohen and Hei. ne The form
factors are then adjusted until satisfactory agree-
ment with those values obtained from the experi-
mental data is reached. Then one calculates ez(~)
and R(&u) and compares them to the experimental
spectra. If agreement is again satisfactory, one
interprets the optical spectra, etc. , in terms of

CALCULATE

BAND STRUCTURE

CALCULATE c2(u)), R(td)

COMPARE TO EXPERIMENTAL

E2{td) Or R{ )

NO ANALYZE

DIFFICULTIES

ANALYZE COMPUTED

BAND STRUCTURE AND

OPTICAL CONSTANTS

FIG. 2. Schematic outline of the EPM calculational
procedure.

the computed band structure. If not, one repeats
the process until, hopefully, agreement is reached.
Clearly, the more one knows about the band struc-
ture, and the more accurate the experimental data,
the faster the process and the better the results.
In the next sections, we shall discuss the results
of these calculations, including the choice of pa-
rameters and the resulting band structures and

optical constants, for SiC, BP, and BN separately.

III. 3C-SiC

The choice of parameters V~(G ), V„(G ), A,
has been discussed previously in Ref. 6 (hereafter
to be referred to as I). Briefly, initial values of
the local parameters V&(G ), V„(G ) are deter-
mined by combining the diamond form factors of
HFC with the silicon form factors of Brust, each
having been scaled to account for the difference in
lattice constant between 3C-SiC and C and Si, re-
spectively. The nonlocal parameters A, &, which
refer to only the carbon ion cores, are taken to
retain the same values which they have in the dia-
mond lattice, but scejed by a factor of ac/aa« to
account for the differing lattice constant of the two
solids. The local parameters (V~, V„) are then
allowed to vary, with A, & held fixed, until satis-
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TABLE I. Parameters used in the calculation of the
band structure of 3C-SiC, BP, and BN. The form fac-
tors are given in Ry.

Form factors

v, (c' =3)
v, (8)
v, (11)
V.'(3)

v„(11)
A

a

3C-SiC

-0.419 Ry
0. 1.01
0, 118
0.001
0. 08
0. 051

—0. 128
1.02A

10.0
27. 0
4. 35 A

BP
—0.373 By

0. 085
0. 099
0. 010
0.023
0. 034

—0, 09
1.04A

10.5
27. 0
5. 43 A

BN

—0. 79 Ry
0. 19
0. 14
0. 06
0. 08
0. 02
—.16
1.28A

12.0
31.0
3.615 A

factory agreement with experiment is reached, as
discussed in Sec. II. The final choice of param-
eters resulting from this procedure is reproduced
in Table I for convenience.

The band structure resulting from the use of the

parameters in Table I is shown in Fig. 3. Also
shown (dashed line) is the band structure of 8C-SiC
calculated using the same local parameters V~(G ),
V~(G ), but with A=0 (i.e. , no nonlocal potential
term added). It should be noted that the band struc-
ture shown in Fig. 3 is not identical to the band
structure reported in I. The reason for this is that
there was a slight error in the computer code used

to calculate the band structure reported in I, which
resulted in some (not all) of the matrix elements
of the antisymmetric part of the nonlocal potential
having the wrong sign. This introduced erroneous
shifts in some (but again, not all) of the energy
levels at various points in the BZ. For the most
part, such shifts are insignificant, being & 0.05
eV. Moreover, the energy gaps change even less,
the difference usually being & 0. 02 eV. However
the shifts are somewhat larger for some of the
bands at X, 1". The largest difference between
the corrected band structure of Fig. 3 and that re-
ported in I occurs in the lowest-lying valence band
(band 1) in the region about X and extending out
toward E. The corrected energy of X&„ is about
0. 17 eV greater than that shown in I. The rest of
band 1 is essentially the same in both cases. There
is also a shift of 0. 10 eV introduced into the energy
of I"i, (band 8), and a shift of 0. 12 eV at X„(bands
7, 8 at X). Both of these corrections are rather
localized about the symmetry points mentioned,
with the remainder of the band structure essential-
ly unaffected. With these three exceptions, the
band structure of Fig. 3 is identical to that report-
ed in I.

As one can see from Fig. 3, 3C-SiC is an indi-
rect-gap material with valence-band maximum at
I'»„and conduction-band minimum at Xi, . The
calculated threshold for indirect transitions is
2. 33 eV, corresponding to the I'»„-X&, transition.

20

14

12

2O

0
C3

QJ 2

LU

FIG. 3. Energy band structure of
3C-SiC, both with (full line) and with-
out (dashed line) the inclusion of Vwz.

—12-
—14

-16

-18
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TABLE II. Key energy gaps of 3C-SiC, BP, and BN both with and without V„L, at selected symmetry points in the BZ.

Solid

SiC
SiC (no V&L)
BP
BP (no V„,)
BN
BN (no V»)

r„-r,
(eV)

5. 90
5. 92
5. 25
5. 22
8. 36
8, 51

I'is-I'~s
(eV)

6.47
6.49
5. 38
5.39

1.0. 83
11.04

L3-L )
(eV)

5.97
6. 02
5. 0
5. 04
9.88
9.95

L3-L3
(eV)

9.08
9. 1,8

8. 02
8.13

14.95
1,5.25

Xs-Xg
(ev)

6. 13
6.37
6.07
6.31,

12.69
13.10

Xs-X3
(eV)

9.21
9.40
7.34
7. 55

13.75
1.4. 18

4. 39
4. 38
3.40
3.34
7.62
7.55

2. 33
2.35
2. 18
2. 19
7.60
7.69

This is in good agreement with the experimental
value of 2. 39 eV determined by Choyke, Hamilton,
and Patrick. ~ The threshold for direct transitions
is 5. 90 eV, associated with the I"»„-F~, transition.

A listing of band energies at selected symmetry
points in the BZ, calculated both with and without
VNL(r), is shown in Table II. As one can see from
these tables and from the band structure itself,
the effect of the nonlocal term V» is to shift the
energy bands slightly, the largest effect being a
shift of 0. 23 eV in the highest valence band (band
4) at X. V»(r) has its major effect on band 4 in
the region near X, and extending out above the 4
direction toward I', and out along Z toward K,
where energy shifts are all between 0. 15-0.25 eV.
As expected, V» has virtually no effect on the low-
est conduction band (band 5), which has little or no
p-like character. Thus, V«has its major influ-
ence on 4- 5 transitions, which are the major con-
tributions to ea(&u) for energies less than or equal
to that of the main peak, in the region of the BZ
near X, extending out along 4 toward F, and also
out along Z to K. But this is just the region in k
space which contributes most strongly to the main
peak in the ref lectivity spectra of III-V and IV-IV
compounds and group-IV solids, as was pointed out
in our previous discussion on diamond in HFC,
and as will be shown to be true for 3C-SiC and BP
as well. The effect of the nonlocal term in 3C-SiC
is much less important than it was for diamond,
where energy shifts as large as 0. 75 eV or so were
found, and could probably be omitted. A very
rough calculation of ea(&u), using only about 250000
sampling points in the BZ instead of the usual 10
or so, indicates that the effect of V» is merely
to shift the entire Ea(& ') spectrum by approximately
0. 2 eV, without introducing any new features. This
shift could possibly be all or partially compensated
for by appropriate changes in [Vq(G ), V„(G ) j.
Such is not the case for diamond however, where
the inclusion of V»(r) is absolutely necessary in
order for the main &~(&u) peak at 12.0 eV to be ac-
curately reproduced.

Arguments for the accuracy of the band structure
of Fig. 3 have already been advanced in I and will
not be repeated here. Instead, we shall concen-

55-

25-3
CV

)C-Si C

20-

l5-

IO-

6 7 8 9

FIG. 4. Theoretical &2() of 3C-SiC.

trate on a discussion of the optical properties of
the solid as manifested in &z(&u), the imaginary
part of the dielectric response function, and in
R(&u), the reflectance. The calculated E~(&u) of
3C-SiC, obtained by using Eq. (10) with the NEPM
wave functions and band structure of Fig. 3, is
shown in Fig. 4, while the reflectance, derived via
a Kramers-Kronig transformation on e~(~) as de-
scribed in Sec. III, is shown in Fig. 5. Also pre-
sented in Fig. 5 is the experimental results of
Wheeler (dashed line). Important energy contours
and critical points are presented in Figs. 6 and 7
for 4- 5 and 4- 6 interband transitions, respective-
ly.

As can be seen from Fig. 5, the experimental
R(&) spectrum has prominent structure at 4. 5,
6. 0, 7. 1, 7. 8, 8. 3, and 9. 7eV. The theoretical
R(&) spectrum has corresponding structure at
6. 2, 6. 8, 7. 9, 8. 5, 9. 5, and 10 eV. The agree-
ment between the two curves is quite good, except
that the calculation does not reproduce the 4. 6-e7
edge in'the beginning of the spectrum, and it shows
a doublet structure in the range 9. 5-10 eV instead
of the single peak at 9.7 eV observed by Wheeler.
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EXPERIME NT (WHEELER)

PRESENT CALCULATION

.50-

.40—

.20-

FIG. 5. Heflectance spec-
tra of 3C-SiC. The full line
shows the calculated result,
while the dashed line indicates
the experimental results of
Wheeler (B,ef. 12).

.IO—

5 6
E {eV)~ IO

However, it should be noted that the 4. 6-eV edge
was not observed in independent measurements
made by Choyke and Patrick, who report no struc-
ture below 6. 0 eV, which they identify to be the
fundamental gap for direct transitions. Thus, there
is some doubt as to the reliability of this 4. 6-eV
edge in Wheeler's results. We have chosen our
parameters so that the resulting band structure
of 3C-SiC has a fundamental gap for direct tran-
sitions near 6. 0 eV, which are in agreement with
the measurements of Choyke and Patrick. As for
the doublet structure in the 9. 5-10-eV region, it
is interesting to note that the experimental results
of Belle et al. ' do report a doublet in this region
instead of the single peak, and a previous calcula-
tion of tz(&) made by Herman et al. ~ also predicts
such a doublet structure. Hence this result must
also be considered somewhat uncertain at this
time. Outside of these two exceptions, however,
the two R(~) spectra seem to agree very well in-
deed.

In order to determine the interband transitions
responsible for the structure in R(&u), it is conve-
nient to study a~(u&), which directly depends on in-
terband transitions within the BZ. Qne cannnot
directly compare the positions of structure in ez(&u)

and R(~) due to the fact that the Kramers-Kronig
transformation introduces energy shifts of 0. 1-0.5
eV between the two, but the fact that the theoreti-
cal R(u&) seems to agree so well with experiment
would indicate that the corresponding &2(&u) from
which it was derived should also be accurate.

The &~(&u) spectrum of Fig. 4 has structure at
6. 0, 6. 2, 6. 5, 6. 9, 7. 6, 8. 3, 9. 1, and 9.9 eV.
The spectrum begins with direct transitions at F

of energy 5. 90 eV, corresponding the F~~„—F~,
transition. This Mo critical point provides the
threshold for the structure near 6 eV. As more
and more points in the BZ begin to contribute,
&z(~) rises rapidly. Reference to Fig. 6 shows
that contributions to c~(~) in the region about 6 eV
come mainly from 4 5 transitions near F, L, X,
which are very close in energy, and along the A

direction from F to L, where bands 4, 5 are essen-
tially parallel. The matrix elements are quite
large ~ this region of k space as well. The weak
edges at 6.0 and 6. 2 can be assigned to Mo critical
points at I associated with the L3„-Lj, transition
(5. 97 eV), and X, where the Xs„—Xj, energy gap
is 6. 13eV, respectively. In addition, there is an

M~ critical point near (2m/a)(0. 1, 0. 1, 0. 1) with

energy 6. 10 eV. All of these critical points prob-
ably contribute to the 6. 0-eV peak in the experi-
mental ref lectivity spectrum of Wheeler.

The shoulder in Ez(v) at 6. 5 eV can be identified
with an Mo singularity at F corresponding to the
4- 6 transition F» —F&5„of energy 6.47 eV. In

addition, there is a point of inflection in the 4- 6
energy plane near the point (2v/a) (0.40, 0, 0),
which has energy 6.43 eV. This has some effect
as a weak pair of critical points of the Mo and M~
variety. The edge at 6. 9 eV does not seem to be
associated with any critical points, but seems to
be a volume effect due mainly to 4- 5 transitions
throughout the BZ, as shown in Fig. 6.

The large central peak at 7. 6 eV in Ez(&u), cor
responding to the 7. 8-eV peak in the experimental
R(&u), is predominantly a volume effect, even
though there is an Mm singularity on the Z axis near
(2v/a) (0. 50, 0. 50, 0), with an energy gap of 7. 76
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T~LE III. Summary of optical structure, with associated critical points, for 3C-SiC. The experimental energies
are taken from the reflectance spectrum of Wheeler (Ref. 12), while the theoretical energies are taken from the calcu-
lated ~&(~) spectrum, with the corresponding energy in the reflectance spectrum shown in parentheses immediately
following.

Energy of optical structure (eV)
Expt. Theoret. Interband transition

Associated critical points
Symmetry Energy (eV)

6. 0

7. 1
7. 8
8. 3
9.7

6. 0(6. 2)

7. 3
7. 6(7.9)
8.3(8.1)
9. 1(9.5)

9.9

I'~s.-I'ic
I 3v-I ~c

Volume effect

Volume effect
3o sc

XSv-Xsc
Volume effect

Mp

Mp

Mp

Mp

Mp

5. 90
5.97

7. 78

9.06
9.20

eV, as shown in Fig. 7. The very small peak at
9.9 eV has no associated critical points, and may
be due to sampling procedure used in calculating
~3(~).

We have summarized the experimental optical
structure of 3C-SiC in Table III, where we have
also listed associated critical points and the cor-
responding interband transitions. The position
of the experimental structure is taken from the
R(&u) spectrum of Wheeler. The theoretical energy
is taken from the calculated Ez(~) spectrum of Fig.
4 with the corresponding position in the calculated
R(&u) listed in parentheses immediatelyfollowing.
This information will be very useful when we wish
to compare the spectra of 3C-SiC, BP, and BN.

IV. BP

To determine the band parameters for BP, it is
convenient to think of BP as derived from 3C-SiC
by a replacement of the silicon atoms by phospho-
rous and the carbon atoms by those of boron. This
being the case, one would expect the symmetric
form factors [V~(3), V~(8), V~(11)) of BP tobe
roughly the same as those of 3C-SiC, properly
scaled to account for the difference in lattice size,
of course. The antisymmetric form factors
[V„(3), V„(8), V„(11)]are expected to differ due
to the difference in core charges between boron
and phosphorous. Thus, as a starting point in de-
termining these parameters, we choose them to
have the scaled 3C-SiC values, and then allow
the antisymmetric form factors [V„(3), Vz(4),
V~(21)] to vary freely to fit the optical data, keep-
ing the nonlocal parameters g, &}fixed, and al-
lowing the symmetric parameters [V~(3), V~(8),
Vz(11)] to vary slightly, within + 0. 02 Ry or so, to
account for possible errors of 0. 1-0.3 eV in fitting
the optical spectra of 3C-SiC. In this scheme,
one has three free parameters with which to fit the
optical data of BP, while another three can be
varied slightly if needed. The final choice of pa-
rameters is given in Table I, alongside those of

3C-SiC. It is interesting to note that the anti-
symmetric form factors of BP are all quite small,
the largestbeing 0.03 Ry, indicating that BP is
essentially purely covalent. This agrees with the
results of lattice infrared spectra reported by Gie-
lisse et a/. , whose ref lectivity measurements sug-
gest a very low effective charge (e*= 0. 25e), in-
dicating BP to be the most covalent of the III-V
compounds studied thus far. This is further cor-
roborated by the quantum dielectric theory of elec-
tronegativity in covalent systems developed by
Phillips and Van Vechten, who have determined
the fraction of ionic character of BP to be less than

The antisymmetric form factors of 3C-SiC, like
those of BP, are very small for G ~ 3. However,
for higher values of G3, they become very much
larger than those of BP, especially in the region
5 & G & 10, where the values are all in the range
0. 15-0.20 Ry. By way of contrast, the antisym-
metric form factors of BP are uniformly small,
never getting greater than 0. 05 Ry or so. This
implies that 3C-SiC should be more ionic in char-
acter than in BP, a fact confirmed both by lattice
ref lectivity measurements, which suggest a larger
effective charge for 3C-SiC (e"-0.5e), and by the
quantum dielectric theory of Van Vechten and Phil-
lips, who calculate the fraction of ionic character
of 3C-SiC to be close to 20%.

The energy band structure of BP derived from
the parameters in Table I is shown in Fig. 8. BP,
like 3C-SiC, is found to be an indirect gap mate-
rial with valence band maximum at F, and conduc-
tion band minimum at X„. The calculated value
of the I'»„-X&, indirect gap is 2. 18 eV, in good
agreement with the experimental value of 2. 0+ 0. 2

eV determined by Fomichev et al. ' This is about
the same as the value in 3C-SiC, where E~(I"»„-Xf )
=2. 39 eV.

The lowest energy for direct transitions occurs
at L, where the L3„-L~, gap has an energy of 5.0
eV. This is one of the few differences between BP
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and 3C-SiC, where the direct gap is at 1". How-

ever, the I»„—Fz gap in BP is very near in energy
at 5. 25 eV, and small changes in the form factors
(of less than 0. 005 Ry) could easily effect a change
in the direct gap of BP from L to X', without alter-
ing the remaining band structure significantly.
Other than this minor difference, the band struc-
tures of BP and 3C-SiC are about the same. The
ordering of the levels are identical, while the ener-
gy gaps of BP are all smaller than the correspond-
ing gaps in 3C-SiC, as expected, since BP is less
polar than SiC. This is indicated in Table II,
where important band gaps in BP and 3C-SiC are
compared.

The theoretical &~(&u), derived from the band
structure just discussed, is shown in Fig. 9. The
reflectance R(&u) obtained via a Kramers-Kronig
transformation of E2(~) is shown in Fig. 10, along
with the experimental results of Wang et a/. " Im-
portant energy contours and associated critical
points are shown in Figs. 11 and 12 for 4-5 and
4- 6 transitions, respectively.

The main features of the experimental R(m) spec-

trum are a weak maximum at 5. 0 eV, a main peak
at 6.9 eV, and a shoulder near 8eV. The calculat-
ed R(~) has corresponding structure at 5. 2, 7. 0,
and 7. 7 eV, respectively. As noted in our discus-
sion in Sec. III, the interband transitions respon-
sible for these structures are most clearly deter-
mined by considering &z(&), whose shape can be
directly connected to interband transitions occur-
ring at critical points in the BZ.

The &~(&u) spectrum of BP begins with direct
transitions at L at an energy of 5. 0 eV. The spec-
trum rises rapidly in this region due to the fact
that the matrix elements are rather large, and

there is a fairly large region in k space extending
from L out along the A direction toward I' where
the valence and conduction bands are fairly paral-
lel. In fact, at I' the separation is still only 5. 25
eV. Besides the Mocritical point at L, correspond-
ing to the L,„—L„ transition, there are two other
critical points in this region; an Mo critical point
at I' associated with the I'~,„—I'q, transition of

energy 5. 27 eV, and an Mz critical point at the
position (0. 1, 0. 1, 0. 1)2v/a» along A of energy
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several contributions. First, there are two criti-
cal points associated with this structure: an Mf
critical point at X with energy 6. 07 eV (X,„—X~,
transition), and an M~ type singularity at the point
(0. 50, 0. 50, 0)2II/asz, in the Z direction, corre-
sponding to the Zz„—Zf, transition of energy 6. 8
eV. In addition, there is a large volume contribu-
tion, especially in the FEQVX plane, as shown in

Fig. 11. As was seen in 3C-SiC and in diamond,
the volume effect, i. e. , contributions from a large
region of k space, is a very important contribution
to the prominent peak in III-V, IV-IV compounds
and group-IV solids. Critical points at X and Z

often accompany such peaks, but are alone not suf-
ficient to explain all such peaks; e. g. , in SC-SiC
the critical peak at X is almost 1.5 eV below the

main peak in energy, while diamond has no critical
point at Z.

As one goes higher in energy, 4- 6 transitions
become more important. Since the oscillator
strengths for such transitions are usually smaller
than those for 4- 5 transitions, ez(u&) falls smooth-

FIG. 9. Theoretical &2(~) of BP.

5. 19 eV. Just above this region is another Mo
critical point at 1 corresponding to the 4- 6
x r f5 Ff5g transition of energy 5. 38 eV.

The main peak at 6. 7 eV in ca(Id), corresponding
to the experimental peak at 6. 9 eV in R(&u), has

5.4
5.8

.TO-
Reflectance
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— Theory

rim ent

6.7
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Mp

.50-

.30 I I
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7.4
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FIG. 10. Theoretical (full line) and experimental
(dashed line) reflectance spectra of BP.

FIG. 11. Important BP energy contours and critical
points for 4-5 transitions.
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Table III, corresponding to 3C-SiC, and is ex-
plained at the end of Sec. III.

In comparing Figs. 5 and 10, as well as Tables
III and IV, one sees that the optical spectra and
band structure of BP and SC-SiC are quite similar,
as are the interband transitions responsible for
this structure. Both reflectance spectra exhibit
peaks at low energies due to Mo transitions near
I' and L, corresponding to the onset of direct in-
terband transitions. Each spectrum is dominated
by a single large peak, arising largely from 4- 5

transitions in the region of the BZ nearKandex-
tending out along the Z direction toward 1" and
bending out along ~ toward the X-W boundary.
Each also has a M~ critical point near (2m/a)
(0. 50, 0. 50, 0) which contributes to the sharpness
of this peak. Finally, both spectra have structure
on the high-energy side of the main peak due to
critical points associated with 4- 6 transitions at
X, I-. Such general features tend to be character-
istic of the optical spectra of III-V, II-VI, and
group-IV solids studied thus far, reflecting a gen-
eral over-all similarity in the band structure of
these solids. The position of the optical structure
in BP is generally lower than that of the corre-
sponding structure in SC-SiC due to the fact that
BP is less polar then SC-SiC, as discussed before,
and hence should have correspondingly lower ener-
gy gaps (Table IV).

V. BORON NITRIDE

5.8 6.7 S.O Mg 9.0

FIG. 12. Important BP energy contours and critical
points for 4-6 transitions.

ly as energy increases, except near critical points.
Above 7 eV, there is a critical point at X (X,„—X~
transition) of the M, type with energy V. 35 eV,
which contributes a very weak shoulder in t~((o)
near 7. 5 eV, an M& singularity at a general point
in the BZ of energy 7.9 eV, as shown in Fig. 12,
and an Ma singularity near L at energy 8. 02 eV
(L~„-L~ transition). These latter two critical
points combine to give the peak at 8.0 eV in the cal-
culated EI(&o). Finally, there is a weak edge in
t'z(&u) at 9 eV, corresponding to an M~ critical point
at the point b, = (0.40, 0, 0)2v/a» in the BZ, cor-
responding to the &5„—4&, transition of energy 9.04
eV. Above 10 eV, the experimental and theoreti-
cal R((u) are quite different. However, the experi-
mental measurements were made in 1962, and
measurements at higher energies from that period
of time are not very xeliable. The structure in
R(&o), along with the associated interband transitions
and critical points is summarized in Table IV for
convenience. The format is the same as that of

Just as it was convenient to think of BP as de-
rived from SC-SiC, one can likewise consider BN
to be a perturbation on diamond with one carbon
atom in the unit cell replaced by boron and the
other replaced by nitrogen. One would then expect
the symmetric form factors Vz(G ) to be roughly
the same as the corresponding diamond form fac-
tors Vo(G ) (no scaling is required, since a»-=ac),
while the antisymmetric form factors should be
chosen to account for the difference in core charges
between the boron and nitrogen ion cores. One
can also define symmetric and antisymmetric non-
local parameters As~ AA, given by

~ s AB+AN ~A AB AN

where the subscripts 8, N refer to boron and ni-
trogen, respectively. Then, by the same argu-
ment as above, one would expect A s A~, the car-
bon value, whereas AA could be chosen to account
for differences between the two cores. The usual
procedure, then, would be to allow the parameters
[V~(3), V~(4), V~(11), A„] to vary freely, keeping
[Vq(3), V~(8), V~(11), A z] constant to within 0.02
Ry or so, until satisfactory agreement with the ex-
perimental data is achieved.

Unfortunately, such a procedure is not presently
feasible for BN, since there is to date very little
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T~LE IV. Summary of optical structure and associated critical points for BP. (See caption of Table III. )

Energy of optical structure (eV)
Kxpt. Theo ret. Interband transition

Associated critical points
Symmetry Energy (eV)

5, 0

8. 0

5. 0(5. 2)

6.7(7. 0)

8. 1(8.05)

Lsv-L~
~15v
X5v-Xic
~2m-~i~
General point in BZ
L3„-L3

Mo

Mp

M(
M2

Mg

0

5. 0
5.25
6. 07
6. 8
7. 9
8. 02

experimental data available. The only reference
to the optical constants occurs in 1962 when Phil-
ipp and Tafta mention, in their paper on the optical
yroperties of diamond, that "crude" reflectance
measurements had also been made on BN, showing
structure in the 9—10-eV region and a main peak
is at least consistent with the dielectric calculation
of Phillips, ~ who uses a generalization of Penn's
two-band model along with the measured value of
the static dielectric constant to determine a value
of E~ = 14.2 eV for the main peak in ea(&u). Addi-
tional experimental data is provided by Fomichev
and Rumsch, who report an upper limit to the
width of the energy gap as 6. 0+ 0. 5 eV and a lower
limit to the valence bandwidth as 15.4+ 0. 5 eV.
However, the former is at variance with the mea-
surements of Gielesse et al. , who claim an energy
gap of approximately 8 eV, while the latter figure
of 15.4 eV could change to = 22 eV with a different
interpretation of the experimental data, as ex-
plained by the authors themselves. Previous cal-
culations~ 3' are of no help in resolving these
questions, as the calculated energy gays range
from 2. 9 to 10.5 eV, while calculated valence-
band widths span the range 12.6-23. 5 eV. The net
result of all this is that there is not enough reliable
data which one can use to fix the parameters
[V„(G'), A„] in the usual way.

In light of the scarcity of information concerning
BN, we have been forced to make some rather
drastic aasumptions in fixing the parameters
[V„(G ) A„]. The local antisymmetric form factors
V„(G ) are determined by taking the corresponding
BP antisymmetric form factors and scaling them
by a factor of (aep/aeN) = 2 to account for the dif-
ference in lattice size between BN and BP. No
further adjustment is made. By assuming A~ =&N,
A.z is set tobe zero. A Priori, it is hard to esti-
mate how valid these approximations are. Lattice
ref lectivity measurements indicate that BN is the
most ionic of all the III-V compounds, while BP
is the least ionic solid in this class. Hence, one
expects the BN form factors to be much larger than
those of BP. It is unlikely that the factor of 2, in-
troduced by the scaling procedure, wholly compen-
sates for this difference, but it does, at least,

partially do so. Moreover, the symmetric form
factors [V~(G2)] are the most important parameters
in determining the band structure and optical prop-
erties, and these should be fairly accurately given
by the diamond values. Hence, one would expect
that the choice of parameters just outlined should

give at least a rough first approximation to the
band structure of BN, which could be improved by
adjustments in the [ V„(G ), A„] when more experi-
mental data become available. This is the pro-
cedure we have adopted, and the resulting pararn-
eters are listed in Table I.

The band structure of BN is shown in Fig. 13.
Like BP, the maximum of the valence band occurs
at I z5„, while the conduction-band minimum occurs
at either X or L, both of which have an energy of

7. 60 eV above 1"»„. The magnitude of the indirect
gap tends more towards Gielisse's value of 8. 0
eV than it does to the value of 6. 0 to 6. 5 eV quoted

by Fomichev, but the location of the conduction
band minimum in the BZ must await further experi-
mental evidence. The band gap for direct transi-
tions is 8. 36 eV, corresponding to the l"»„—I'&,

transitions at I". Key energy gaps are listed in
Table II, along with corresponding results for BP,
3C-SiC. In general, the gaps are larger for BN
than they are for BP and 3C-SiC, which is in quali-
tative agreement with the fact that BN is the most
polar of the three. The ordering of the levels in
the three solids is essentially the same. The cal-
culated BN valence bandwidth is 27. 5 eV, which is
much larger than even the largest minimal value
of 22 eV quoted by Fornichev. This large valence
bandwidth is no doubt due to the influence of the
diamond form factors on BN, as the valence band-
width of diamond was found to be close to 29 eV.
This indicates that the lowest lying valence band,
which is unimportant for almost all properties es-
pecially optical ones, may lie too low in energy.
If one includes only the three highest valence bands
(i.e. , bands 2-4), one finds a width of 16.5 eV,
which seems quite consistent with previous calcula-
tions.

'ihe optical constants ea(~) and R(ru) of BN (Fig.
14) have also been calculated. However, we pre-
sent only &~(v) in Fig. 14; R(&u) shows no additional
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structure, and there are no experimental data avail-
able to which it might be compared. It should be
noted that, since the available experimental data

are so coarse, we have performed only a very
rough calculation of ez(&u), using only about 250 000
sampling points in the BZ instead of the 10 or so
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Summary of calculated optical structure and associated critical points for BN. The theoretical energies
listed are those occurring in the calculated &2() spectrum.

14.5

8.4
10.1
10.8
12.7
13.5
13.8
15.1

Energy of optical structure (eV)
Expt. Theo ret.

~is~ ~fc
I-sv-&~
~~s.-~~s~
Xsv-X
Volume effect
Xs„-Xs~
I sv-L s

Mp

M)
Mp

Mg

Mp

M(

Associated critical points
Interband transition Symmetry Energy (eV)

8.36
9.9

10.8
12.69

13.75
14, 95

used in calculating the spectra of BP and 3C-SiC.
Such a sampling should reproduce the gross struc-
ture of f~(&u) to within 0. 3 eV or so, although ad-
ditional spurious structure may result because of
the coarseness of the mesh used, especially from
regions in the BZ where the matrix elements vary
rapldlyo

The theoretical ez(&o) begins with Mo-type tran-
sitions at 1", corresponding to the I'„„—I"z energy
gap of 8. 36 eV. There is an M~ critical point at
L (Ls„—L„)of energy 9.9 eV, resulting in an edge
at 10.1 eV, and an Mo singularity at 1 (I'»„—I"», )
of energy 10.8 eV, associated with the edge at 10.8
eV in the spectrum. The edges at 11.2, 11.7, and
12 have no critical points associated with them,
and are probably a result of the sampling procedure
used. Similar structure below the main peak was
found to occur in rough calculations of c~(e) for
BP and 3C-SiC, only to disappear as more sam-
pling points were employed. The shoulder in ez(&u)

near 12.7 eV is due to the X,„-X„transition of
energy 12. 69 eV, which represents a critical point
of the M& type (Table V).

The main peak in ez(&u) is situated at 13.5 eV.
This is to be compared to the rough value of 14. 5

eV given by Phillipp and Taft. ~0 Actually, 14. 5 eV
refers to the ref lectivity spectrum, whose main
peak is generally 0. 1-0.5 eV higher than the cor-
responding peak in ea(&u). Hence, the agreement
must be considered satisfactory, especially in
view of the crudeness in both the experimental data
and in the present calculation. There are no crit-
ical points associated with this peak, other than
the Mo critical point at X with energy 12.69 already
discussed, with the main contribution coming from
4 5 transitions in the region of K extending in the
Z direction toward I', and then out along & to X,
as discussed previously in Secs. III and IV. The
shoulder at 13.8 eV on the high-energy side of the
main peak can be assigned to the Mo singularity
at X (X,„-X3, transition) of energy 13.75 eV, while
the small edge at 14.4 eV has no associated crit-
ical point. The peaks at 15.1 and 15.5 can be
assigned to an M, singularity at L due to the 4- 5

transition L,„-Ls, of energy 14.95 eV and an in-
flection point near 2v/a(0. 50, 0, 0), which acts
as a weak pair of MD and M~ critical points at ener-
gy 15.47 eV (Fig. 15).

Despite the rather drastic assumptions made in
determining the parameters V„(G ), A„ for BN,
the resulting band structure does seem to yield
a reasonable, although rough, first approximation
to the real result. The band gap is close to the
value quoted by Gielesse, and within 1 eV or so
of that given by Fomichev. The main peak in e~(&u)

is within 0.5-1.0 eV of the value crudely deter-
mined by Philipp and Taft, and the e~(&u) spectrum
shows structure in the range 10-11eV, probably
corresponding to the structure in the 9-10-eV re-
gion reported by Philipp and Taft. The valence
bandwidth may be too large, probably due to the
fact that band one lies so low in energy, but this is
a relatively unimportant feature as far as most
physical properties go. The band structure near
the fundamental gap of BN reported here is probab-
ly accurate to within 1 eV or so, and if new experi-
mental data should become available, appropriate
increases in V„(G ), A~ should be able to improve
this accuracy considerably.

Before leaving BN, it should be noted that we
have also calculated energy bands at the symmetry
points I", X, I, K without using V». The
effect of V» is found to be larger in BN than in
either SiC or BP, but smaller than in diamond.
The largest energy shift in band 4 occurs at X,
where X,„ is shifted up by 0. 5 eV or soby V».
This is to be compared to shifts of 0. 15 to 0. 25 in
BP and 3C-SiC and the shift of 0. 75 eV atX4 in
diamond. The reason why the shift in BN is small-
er than that in diamond is probably due to the fact
that the antisymmetric form factors tend to com-
pensate part of the nonlocal effect. The antisym-
metric potential arises from the difference in core
charge between boron and nitrogen, and is attrac-
tive about nitrogen and repulsive about boron. The
nonlocal potential, on the other hand, is attractive
in both cases. These bvo contributions tend to
compensate each other about the nitrogen cores.
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Hence, one expects VNL to have an effect in BN
intermediate between that in diamond, which gets
strong contributions from all ion cores in the unit
cell, and 3C-SiC or BP, which get contributions
from only one-half of the ion cores.

VI. CONCLUSIONS

As seen in Sec. III-V, the NEPM seems to give
quite reasonable results for the band structures
of 3C-SiC, BP, and BN, as reflected in the agree-
ment between the experimental optical data and
that calculated on the basis of the computed band
structure. Even BN, for which some rather ques-
tionable assumptions were introduced, seems to be
at least reasonably consistent with the scarce and

some times conflicting experimental data. Actually,
as was discussed in Secs. III-IV, the nonlocal
term V» is not as important in SiC and BP as it
is in diamond and BN, and the former solids could
probably have been adequately handled using the

usual local EPM method. Such a nonlocal term is
essential if one is to accurately reproduce the

optical data of diamond and BN, however. It is
hoped that further experimental evidence on BN
will be forthcoming in the future so that our NEPM
results can be improved. We notice that the V„(3)'s
are smaller than the V„(4)'s in these three com-
pounds. This may be related to the covalent na-
ture of these compounds. We shall not go into the
details in this paper.
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New reflectance spectra are obtained for amorphous As2S3 and As2Se3. The spectra contain
features not reported in earlier studies. Analysis of the spectra in terms of damped Lorent-
Eian oscillators, combined with new Raman data, gives further support to the validity of a
molecular model for the optic-mode vibrational frequencies. Using mode masses derived
from the model, values of the macroscopic effective charge ez are obtained. For both ma-
terials, e& values are comparable to those of other covalently bound solids; e.g. , trigonal
Se and trigonal Te. Contrary to early suggestions, it is demonstrated that the large values
of e~z in these materials are not a manifestation of ionic bonding but rather result from dynam-
ical charge transfer. In both As2S3 and As2Se3 there are sufficient differences between the
infrared (ir) and Raman spectra so that they cannot be interpreted simply in terms of a den-
sityof states by assuming a complete breakdown of selection rules due to disorder. On the
contrary, selection rules resulting from the short-range order or the molecular nature of
these solids are of considerable importance in determining the ir or Raman activity of the
optic modes.

I. INTRODUCTION

The first report of reststrahlen bands in chalco-
genide glasses was made by Hilton et al. Felty,
Lucovsky, and Myers studied the dominant rest-
strahlen band in both AssSs (at -300 cm ') and

AssSes (at -220 cm ) and found that this band dis-
played a two-mode behaviors in the pseudobinary
alloy system As&S3 „Se„analogous to that reported
for crystalline alloy systems, e. g. , CdS& „Se„.
Taylor, Bishop, and Mitchell studied As&Se3 in
greater detail. They identified a second and weak-
er reststrahlen (at -100 cm ') and studied the ab-
sorption spectrum as well. They found that a
Gaussian line shape gave a better fit to the wings
of the absorption bands than did a Lorentzian line
shape. Infrared (ir) reflectance bands in crystal-
line materials have traditionally been fit with

damped Lorentzian oscillators. Zlatkin and

Markov studied both crystalline and amorphous
AsaS3 and As&Se3. They calculated values of the
Szigeti effective charge 8,* for the amorphous ma-
terials and suggested that the large values of e,*
they found, 0. 94e for As&S3 and 0. 678 for AsaSe3,
were indicative of a substantial ionic content to the
chemical bonding. Onomichi, Arai, and Kudo also
studied amorphous As2S, and As2Se, and reported
similar values for e,*. The Raman spectrum of
As&S3 was studied by %ard and Myers' and by
KoMiska and Solin and that of As2Se, by Schottmil-
ler et a/. A comparison of the ir and Raman data
indicated-that the frequencies of the dominant
modes are different.

In this paper we present new reflectance spectra
for AszSS and As~Se~ in the region of the dominant
reststrahlen bands, 180-450 cm . In the earlier


