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ABSTRACT

BAND STRUCTURE AND REFRACTIVE
INDEX CALCULATIONS FOR SEMICONDUCTORS

By

Mark Douglas Ewbank

A "chemical bond" approach was employed to provide a means of
theoretically predicting material properties of semiconductors which
can be used to delimit the performance characteristics in specific
device applications. First, a set of empirical parameters used to
represent the interaction between atomic orbitals was investigated by
performing numerical band structure computations following the LCAO
or tight binding method and utilizing the Slater-Koster 2-center
integral approximation. Band structures were acquired for zinc-
blendes (Si, Ge, GaAs, ZnSe), chalcopyrites (ZnSiAs,, CdGeAs, and
CdGeP,) and a sulfosalt (T13AsSe3). Then Harrison's bond-orbital
model (BOM) was engaged to predict the principal refractive indices
of the chalcopyrites through a similar parameterization. Both
numerical calculations were implemented with "generalized" Fortran

computer programs (listings included).
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INTRODUCTION

Sophisticated space surveillance requires a "solid state" elec-
tronically tunable filter which functions in the infrared region of
the electromagnetic spectrum. In other words, the optical filter
should exhibit, for example, a spectral passband of approximately ten
nanometers about a central wavelength that is remotely tunable from
three to five or eight to twelve microns. Two possible devices which
can fulfill these types of requirements are Acousto-Optical Tunable
Filters (AOTF) and Electro-Optic Tunable Filters (EOTF). Also,
future applications may arise in the visible and even ultraviolet
portions of the spectrum which could be satisfied by similar devices.

There is a variety of physical problems to resolve in the de-
velopment of such devices--crystal growth, material properties char-
acterizations, acoustic wave propagation, infrared imaging through an
optically anisotropic medium, etc. The primary purpose of this work
is to initiate the evolution of working theoretical models that are
capable of predicting some pertinent material properties which are
necessary for tunable filter design. In particular, by qualitatively
ranking ternary crystalline semiconductors with respect to a specific
physical property (e.g., birefringence, elasto-optical coefficients
or electro-optical coefficients), the numerous candidates can be
screened in an attempt at optimizing crystal selection for tunable
filter development. More generally, the underlying intention of this

1



endeavor is to furnish theories that can benefit the needs of
eventual, yet unforeseen, device applications.

The emphasis of the present work involves predicting the princ-
iple refractive indices using a "chemical bond" approach. The
empirical parameters used to characterize a "bond interaction" are
initially investigated, in detail, with energy band structure cal-
culations. And then, subsequently, the principal indices of refrac-
tion are computed by employing an equivalent set of parameters. Both
numerical calculations are implemented on a computer, incorporating
the concept of general applicability to any semiconductor which helps
to fulfill the criterion of providing a theoretical foundation for

future requirements.



ENERGY BAND CALCULATIONS

To test the numerical accuracies of the parameters used to des-
cribe the interaction of electronic orbitals between two atoms
(transfer integral), energy band calculations have been performed and
compared with similar band structures that can be found in the liter-
ature ad infinitum.l The approach taken here utilizes the LCAO
(Linear Combination of Atomic Orbitals) or tight binding method to
determine the quantized energy states of electrons at various points

in the Brillouin zone.z’3

FORMULISM
First, define and specify the notation, following that of
Zunger.4 Atomic orbitals (see Appendix A) are symbolized by
¢u(?-§g), where u denotes the type of valence orbital (s, Px» Pys> Pz»
etc.) and ﬁg is the vector distance to the ath atom in the nth unit
cell. Bloch functions are formed by taking linear combinations of
"equivalent" atomic orbitals in each unit cell where the expansion

coefficients are determined by the periodicity of the lattice,

> 1 ikR® > =g
(k,r) = — e n ¢u(r-Rn) (1)

d
N n=1

ne—zz

a
u

The summation is over unit cells and approaches an infinite sum for
real crystals. "Equivalent" atomic orbitals imply one type of atomic
orbital on the same atom in each unit cell. Crystal wave functions

or eigenfunctions are linear combinations of the above Bloch



functions:

bR = ) ) oy ) e (&) (2)

p=l a=

where j specifies which band (j = 1,2...., M and M = on = number of
bands). The summation over u is a sum over all valence atomic orb-
itals and the summation over o is a sum over all atoms in the unit
cell.

Each wavefunction I¢j>, is a solution to the time independent

Schrodinger equation,
H|¢j> = Ej|¢j> (3)

To determine the coefficients, CS&(?), minimize the energy eigen-

values, Ej, with respect to each coefficient. In other words,

oF .
i = 0 (4)
acuj

for each u and a, where

<y |Hlp:>
£, = —3 (5)
J <¢'j|¢'j>

This results in a set of M = on "Secular Equations" (see Equations 47

through 64 for an example)



n
1 zl C35 () <¢§(E,F)1H|¢§(K,?)> - cgjmaj =0 , (6)
a=

ne—aqQ

H

one for eachv = 1,....,0 and 8 = 1,....,n. These M equations con-
tain M unknowns -- the coefficients, Cﬁj(f). If a nontrivial solu-
tion exists for a system of M linear, homogeneous equations in M
unknowns, then the determinant of the coefficient of those M unknowns
must be zero.® For the sake of illustration, let the double indices
u and o be represented by a single index. Then the Bloch function

>

¢ﬁ(k,7) goes to ¢i(f,?) and the "Secular Determinant" can be written

as

[<eplHleg>-E4] <pqlHlep> <pplHleg> oooo <oplHloy (7)
<¢2|H|¢1> [<®2|H|®2>-EJ‘] <¢2|H|¢3> ceee <¢2|H|¢M>
<o3lHle > <eglHlep>  [<e3lHlez>-E5] ... <oglHley> =0
<oylHlep> <oylHlep> <eylHloz> «... [<oylHloy>-E;]

The solution of this secular determinant, which results in M energy

eigenvalues, E;, that correspond to each of the eigenfunctions,

j’
wj(j =1,2,....,M), is obtained by "diagonalizing" the matrix of the
Hamiltonian, H. That is, perform a unitary transformation, H' =

U'lHU, which puts the Hamiltonian, H', into diagonal form. In other

words,



[<@'1|H|¢'1>-Ej] 0 0 cee 0 (8)
0 [<¢'2|H|¢'2>Ej] 0 ces 0
(i) (.J [<®'3|H|®'3>-Ej] 9 =0
0 0 0 ... [<¢'M|H|¢'M>-Ej] .

The roots of this new secular determinant are

EJ' = <p le |¢ J'> . (9)

Also, the new eigenfunctions associated with these eigenvalues, Ej,
jo
transformation, the secular determinant of H and the diagonalized

are yj = ¢ Since the eigenvalues are invariant under unitary
secular determinant of H' yield the same eigenvalues. (This diago-
nalization is done numerically on a computer by a Fortran subroutine,
provided by the International Mathematical and Statistical Libraries
(IMSL), which requires each of the matrix elements, <®1IHI¢j>, as
input and returns the energy eigenvalues, Ej, and optionally the
eigenfunctions, wj.)

Consequently, to determine the eigenvalue energies at a given
wave-vector, E; in the Brillouin zone, the matrix elements,
<¢ﬁ(?,?)IH|¢€(E,7)> must be evaluated -- that is, the matrix element
of the Hamiltonian between two Bloch functions of atomic orbitals.
Writing out each Bloch function as an expansion of atomic orbitals

from Equation 1,






> N 2B
e1k Rn ¢ (?'KG)]lHl[ }' 1k R 1
TR e

o, (F-REND> . (10)

Since the Hamiltonian only operates on functions of ;,

gem%aﬂa%wﬁlﬁﬂm%ﬁﬁ%p. (11)
This double sum can be reduced to N times a single sum, as illus-
trated in the following example. Consider the interaction between
atomic orbitals ¢A5 and ¢Bl in the two-dimensional Tlattice with nine
unit cells, as shown in Figure 1. This interaction corresponds to
only one term in Equation 11. But an identical interaction occurs
between the pairs of atoms (Ag, B,), (Ag, By), and (Ag, Bg). In
general, for N unit cells, there are N such identical interactions,
neglecting edge effects.

Therefore, Equation 11 becomes

e
e—1k (Rn R

B
) > Za > 2B
. 1 <¢u(r-Rn)|H|¢v(r‘-Rl)> (12)

©*|H|eB> =
u v

ne~—=

n

where ﬁf is arbitrarily taken to imply the unit cell "at" the origin.
Now recall that the sum over N unit cells is essentially an in-
finite sum. To reduce this to a finite sum, consider only "near

neighbors". In other words, assume that the matrix element,

<¢u(?-§ﬁ)|Hl¢v(F-§§)>, is negligible when the overlap is small. A
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small overlap between the two atomic orbital occurs when (F—ﬁﬁ)-
(?Lﬁg) = ﬁﬁ-ﬁ? is large. To insure that all interactions are
weighted equally by distance, choose the cutoff such that only atoms
(specified by n and o) inside a spherical shell of radius, Dp,y»
about the central atom (specified by ﬁg) are included. That is, the
matrix element, <¢u(?-ﬁg)lHl¢v(F-ﬁf)>, contributes to the sum in

Equation 12 only when the two atoms involved are "near neighbors" or

—)a —>B

IRn - Rll < Dmax . (13)
Then,

_'—)' _*C!_")B >
@%H|oP> = y e 1K (R R (F-R%) [H1 g (F-iz’fp . (14)
¢ near H v
neighbors
n

IMPLEMENTATION

In view of Equation 14, the energy band structure can be obtained
by specifying the crystal structure (i.e., knowing the position, ﬁf)
of each atom in the unit cell along with the positions, ﬁﬁ, of all
"near neighbor" atoms in real coordinate space) and numerically eval-
uating the matrix element of the Hamiltonian between pairs of atomic
orbitals. It is these same matrix elements that enter into calcula-
tions of index of refraction, birefringence, elastic constants, etc.,
and whose validity we wish to investigate via the band structure
calculations.

The implementation of Equations 7 and 14 to determine the energy

eigenvalues as a function of wave-vector has been accomplished by
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writing a Fortran program, which is flowcharted and listed in Appen-
dix C. (Note: the listings are commented in detail for readability
without an indepth Fortran background.) The problem of obtaining the
crystal structure was handled separately -- i.e., communicate the
crystal geometry via a "1ist" of atoms with vector coordinates gener-
ated by a separate computer program (see, for example, Appendix F).
The evaluation of matrix elements of the Hamiltonian between two
atomic orbitals was done by using the Slater and Koster "two-center
integral" approximation2 (see Appendix B). One generalized method of
numerically specifying the parameters in this approximation was sug-
gested by Harrison.%s7

For two s orbitals, an s and p orbital, and two p orbitals, re-

spectively, Harrison's "Solid State Interatomic Matrix Elements" are

given below.

<52|H|sl> = Vg (15)
A A
<sp|Hlpy> = Vsp (pp = d) (16)
A A A ./\ A ./\
<p2|H|p1> = Vpp‘n (pl * Pz) - [Vppo + Vpp."](pl d)(Pz d) (17)
hZ
2
Vv =-1.84 N (19)

SP md
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¥:
Vo= -3.24
b - (20)
2
h
V - "0.81 /5
- > (21)
72 = 7.62 eV - A2 (22)
m

3 is the vector distance from atom #1 to atom #2 and 61 and 6é are
unit vectors describing the orientations of the positive lobes of the
p orbitals. Note that the geometrical factors of the matrix elements
involving s and p orbitals are compatible with those of Slater and
Koster as shown in Appendix B. For matrix elements involving two
atomic orbitals on the same atom, it is convenient to use the Herman
and Skillman atomic term values for non-orthogonal orbitals.®>8 For
the sake of simplicity, d orbitals were neglected in this work since,
for most semiconductors of interest, the d shell is completely

filled.

RESULTS

Zincblendes

The first step in performing numerical calculations with a com-
puter is to show that the computer program being used generates valid
results. This was accomplished by reproducing the energy bands for
GaAs and ZnSe from Chadi and Cohen,1 using their first nearest neigh-
bor parameters (Table 5) for the matrix elements of the Hamiltonian
between two atomic orbitals. A special subroutine, incorporating

these parameters, was written to evaluate the matrix elements and is
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listed in Appendix H. Energy eigenvalues of GaAs and ZnSe, at sym-
metry points ', L and X in the Brillouin zone, are compared in Tables
1 and 2, respectively. Note that I implies K = (0,0,0), L implies

K = n/a (1,1,1), and X imp]ies'f = 2n/a (1,0,0) where "a" is the lat-
tice constant. The calculated band structures for GaAs from I to L
and from r to X are shown in Figure 2. These can be compared with

1 which is mislabeled as Ge instead of

Figure 7 of Chadi and Cohen,
GaAs. Similarly, the energy bands for ZnSe from T to L and I to X,
plotted in Figure 3, are equivalent to portions of Figure 9 in Chadi
and Cohen.1 For the sake of completeness, the energy bands of Si and
Ge, using Chadi and Cohen's first nearest neighbor parameters, are
given in Tables 3 and 4, and in Figures 4 and 5, respectively.

Since Harrison's formulas in Equations 15 through 21, in conjunc-
tion with the Herman-Skillman atomic term values, provide a more gen-
eral way of numerically evaluating matrix elements of the Hamiltonian
between two atomic orbitals, a comparison of the energy band struc-
tures for the zincblendes using these parameters was made against the
calculations with the Chadi and Cohen parameters. The results for
GaAs, ZnSe, Si and Ge, assuming only first neighbor interactions, are
given in Tables 1, 2, 3 and 4, and in Figures 6, 7, 8 and 9, respec-
tively. The qualitative shape of the energy bands from Harrison's
parameters agree very well with the bands of Chadi and Cohen, but the
quantitative properties such as the band gap for GaAs are not as
accurately predicted.

To investigate Harrison's formulas further, the inclusion of

higher order near neighbors was attempted. One would expect the band
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Table 1

Selected Energy Eigenvalues for GaAs Using
First Nearest Neighbors

Symmetry Chadi & C?hen _ Ca]culatgd Degeneracy
Point Results Chadi & Cohen/Harrison Parameters
r -12.4 eV -12.43 eV -22.07 eV 1
T 0.0 0.00 -9.54 3
r 1.6 1.63 -6.63 1
r 4.8 4,78 -3.27 3
L -10.7 -10.69 -20.20 1
L -6.2 -6.24 -15.58 1
L -1.2 -1.19 -11.44 2
L 1.7 1.70 -6.19 1
L 6.0 5.97 -1.37 2
L 9.21 0.47 1
X -9.7 -9.71 -19.35 1
X -6.8 -6.76 -15.31 1
X -2.8 -2.82 -13.43 2
X 2.2 2.16 -3.97 1
X 7.60 -2.88 2/1
X 8.29 0.62 1/2
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Table 2

Selected Energy Eigenvalues for ZnSe Using
First Nearest Neighbors

Symmetry Chadi & CYhen ] Calcu]atgd Degeneracy

Point Results Chadi & Cohen/Harrison Parameters
r -12.1 eV -12.11 eV -23.62 eV 1
r 0.0 0.00 -10.57 3
r 2.9 2.91 -5.10 1
r 7.5 7.54 -2.34 3
L -11.0 -11.02 -22.36 1
L -4.7 -4,71 -15.22 1
L -0.75 -0.75 -12.14 2
L 3.9 3.88 -4.,96 1
L 8.3 8.29 -0.77 2
L 10.19 0.91 1
X -10.6 -10.58 -21.88 1
X -4.8 -4.81 -14.37 1
X -1.9 -1.93 -13.94 2
X 4.7 4,65 -3.56 1
X 9.08 -1.82 1
X 9.47 1.03 2
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Table 3

Selected Energy Eigenvalues for Si

Symmetry Chadi & CYhen* ) Ca]cu]atgd** Degeneracy

Point Results Chadi & Cohen/Harrison Parameters
r -12.16 eV -12.16 eV -21.27 eV 1
r 0.00 0.00 -9.50 3
r 3.42 4.10 -5.83 1
r 4.10 6.34 -3.54 3
L -9.44 -9.49 -18.82 1
L -7.11 -6.64 -16.34 1
L -1.44 -2.17 -11.73 2
L 3.92 -5.82 1
L 8.51 -1.31 2
L 10.49 0.84 1
X -7.70 -7.32 -16.86 2
X -2.85 -4.34 -13.96 2
X 6.46 -3.21 2
X 10.68 0.92 2

Notes: * for first and second nearest neighbor parameters
** for first nearest neighbor parameters only.
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Table 4

Selected Energy Eigenvalues for Ge

Symwetry Chadi & CYhen* . Ca]cu]atgd** Degeneracy
Point Results Chadi & Cohen/Harrison Parameters
r -12.57 eV -12.57 eV -21.49 eV 1
r 0.00 0.00 -9.10 3
r 0.99 .99 -7.27 1
r 3.24 -5.24 -3.62 3
L -10.30 -10.33 -19.13 1
L -7.52 -7.25 -16.03 1
L -1.60 -2.10 -11.16 2
L 1.96 -6.64 1
L 7.34 -1.56 2
L 9.28 0.32 1
X -8.60 -8.36 -17.09 2
X -3.30 -4,20 -13.22 2
X 5.19 -3.65 2
X 9.44 0.50 2

Notes: * for first and second nearest neighbor parameters
** for first nearest neighbor parameters only.
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structure to asymtotically approach some stable structure by consid-
ering higher and higher order neighbors. Figures 10 and 11 show the
energy bands of GaAs from including second and third nearest neigh-
bors, respectively. From these two calculations, it is apparent that
Harrison's formulas are valid only for nearest neighbors; that is,
they overestimate the interaction between atomic orbitals to compen-
sate for the neglecting of higher order neighbors. To obtain the de-
sired asymtotic behavior mentioned above, the dependence of the
interaction on distance needs to fall off more rapidly than d-2 (in
fact, since volume or number of neighbors varies as d3, really need
faster than d‘3). It has been suggested9 that perhaps an exponential

dependence, e 24, be tried to accomplish this.

Chalcopyrites

In view of the above limitations when using Harrison's para-
meters, these parameters were then utilized in determining the energy
band structures of more complicated semiconductors. One class of
compounds, the chalcopyrites (see Appendix F), is closely related to
the zincblendes. The 16 atoms per unit cell in the chalcopyrites
imply that the matrix to diagonalize in Equation 7 has dimensionality
64x64 when considering only the valence s and p orbitals. This is no
problem on a "big" computer (CDC, IBM, etc.) except for cost.
However, on a 16-bit minicomputer with only 32K integer words of
addressable memory, the maximum number of atoms per unit cell is ap-
proximately ten, assuming that each matrix element is "double pre-

cision complex" and that swapping submatrices to and from magnetic
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disk during diagonalization is to be avoided. Therefore, in order to
perform a chalcopyrite band structure calculation on the minicom-
puter, symmetry arguments must be invoked to reduce the number of
atoms per "unit cell" for a given direction in k-space. From
Equation F8, it can be seen that only eight atoms per "unit cell" are
necessary to specify the crystal structure by using the twofold screw
axis symmetry. Consequently, the energy bands of the chalcopyrites
along the c-axis can then be calculated on a minicomputer. Three ex-
amples are shown in Figures 12, 13, and 14 which correspond to
ZnSiAs,y, CdGeAs;p, and CdGeP,, respectively. Again, due to limita-
tions on Harrison's parameters, only first nearest neighbor inter-

actions were included.

T13AsSeq

The band structure of one other semiconductor, T13AsSe3 or TAS,
which is a sulfosalt, has been investigated. Once more, the 21 atoms
per unit cell (see Appendix G) mean diagonalizing an 84x84 matrix,
for s and p valence orbitals. By identifying the c-axis as a three-
fold screw axis (Equation G4), the number of atoms per effective
"unit cell" was reduced to seven, thereby allowing the band calcu-
lation to be done on the 16-bit minicomputer. The result, for first

nearest neighbors along the c-axis, is shown in Figure 15.

T1;AsSe; with Group Theory

As a precursor towards doing the above calculation on TAS, group

theory was employed to analytically simplify the problem. In par-






29

40} sadjaweded s,uostadey buirsn CsyLsuz 4o spueq ABusuj

s4oqybLau 3sdueau 3Sdly

"21 34nbL4

(BS® ‘00" ‘00" ) Ol (@0° ‘@9° ‘@0° ) LOY¥d SIITYYA ¥0LI3N-M
(SWOHLSING/ 1) [X1sgy
9°0 =%} v-0 £°'0 c'o 10 (% %]
f-.______a__-______________.__l
N ]
= ——e— —— R T —
IP_PL____.____________________l
dOLJIAIAYUM SA AQY3INT --- SANYI A9H3N3

646172 72

Ge-

0c-

Sl-

a1-

>

wWZwoxo>-






30

(9s* ‘@o° ‘00" ) 01 (90"

C
9°0 S0 0

SJ40qybLau 3ssJeau 3SulLy
404} sud3aweded s,uosiuadey Bursn Csyagp) 4o spueq Kbasuj

‘Y9 ‘00"
SHOJLSINY /1) [H]sgy

£°0

)

WOJd SITIUNA d0LIIN-M

c'o 10

€1 34nbL4

(% I %]

Illll]llTlTllllllllTllIlllll

I—______.____

.b__

____.__

dOL3J3IN3INAEM SA
646172 /72

A9H3INT

SANYE A943N3

Se-

ac-

Sl-

a1-

>

WZWro>






31

saoqybLau 3saueau

3S4L4 404 sudlaweded SUOSLUURH Bulsn C4agpy 4o spueq Abuasui "y aunbL4

(BS® '@B° ‘00" > 0Ol (@9° ‘00" ‘00" ) LOdd SIIHUYA HOLIIA-M
(SHOYLSONY/ 1) [X]1sgy

9°'0 S0 v-o £°'0 2'0 1°0 00

ARULLANL LI I [ Bt T Se-

Ill‘//l — pe-

- l-l.lll\l\lll\l.ll\'l\l\l\'llﬂ

- e ]

T —

— T = GIl-

p— I‘!fl!l’ll!ll{l —

I/// 01-

— — ml

|I.. T IM

- -

I_ I | _ L1 _;\_ | I | _ | S | __ | I T | _ 1 | _I S

AOLIJINAIABM SA ADH3NT --- SANYE AId3N3

646172 72

Tw> 1

WZWro>






32

s4oqybLau 3ssuedu 3Sdly
404 sud3aweded s, uostadey bursn €agsy€|] jo spueq Abusu3

"GT 3d4nbL4

(££°1°00° ‘00" > 0L (92" ‘@0° ‘@0° ) WOdd SIITAYA JOLIIN-N

CSHOMLSING/T) [X]sd

-1 c 1 2°1 80 9°0 L %) FAl %) %%}

S AL AL AN L NS S — R
[ — 02—
_ 'lllll‘ll\llll"\'\l‘l\l\l\ll\l\l‘l -1
S mﬁl
- N
— — ol-
- _
_ z‘ — m.l
i 1 l 1 ] ] ] ] ] 1 | 1 } ] 2

dOLIIAINAYM SA AT¥INT --- SANYE A9¥3N3

6261/5 72

>

WZwxo>-






33

ticular, the threefold screw axis symmetry was used to reduce the 84
states to 28, or to seven atoms, as above. But in addition, these

seven atoms (one formula unit, T13AsSe3) exhibit triangular sym-

7 i.e., three reflections and two rotations. The irreducible

10

metry;

representation for the group C3y are given below.

E 3o 30 3o 2C 2C
Ay 1 1 1 1 1 1
A, 1 -1 - -1
g_ 3\ (4 3\ (=L 3\ L v” (23)
A (10)(-10 2 ~2\|7 2\ 77 2
01/\01 -3 -1/\3 -3 -1 -
2z 2/\2 2 2

The character table for the irreducible representations of C3v is

written as follows

E 30 2
A 1 1 1
Ay 1 -1 1 (24)
A3 2 0 -1

By considering a linear combination of atomic orbitals that is com-
patible with the triangular symmetry (see Figure 16) and examining
how these states transform under symmetry operations, the following

character table for TAS was obtained.






34

s orbitals

pr orbitals

Py orbitals

Figure 16. Atomic orbitals with triangular symmetry
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E 30 2C
A 28 6 1 (25)
Therefore,
A = 8Ap + 20) + 903, (26)

which implies that in the three irreducible representations A;, A)

and A3, there are eight, two and nine basis states, respectively.

These basis states are7

M 11> = s(s) (27)
12> = p, (As) (28)
13> = % [s(Se), + s(Se), + s(Se)_] (29)
14> = =3 [p,(Se), + p.(Se), + p,(se) ] (30)
15> = o3 [p,(Se)_ + p,(Se), + p,(Se) ] (31)
6> = o+ [s(TI)_ + s(T), + s(T1)_] (32)
17> = o3 Do (TH, + p(TH, + p.(TH] (33)
18> = =3 [p (T, + p,(T1), + p,(T1_] (34)
Ay: 11> = o5 [py(Se), + py(Se) + py(Se) ] (35)
2> =%[pt(T|)a + p (T + py(T1) ] (36)
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1

Ay 11> = 75 [py (As) + ip (As)] (37)
12> = 3 [s(Se) + os(Se), + &' s(Se) ] (38)
13> = 3 [p, (Se), + op,(Se)y + o p,(Se) ] (39)
19> = o3 [p,(Se), + ep (Se), + o'p_(Se) ] (40)
15> = 75 [p(Se), + op,(se) + o p,(Se) ] (41)
6> = o3 [s(TI), + os(TI), + ¢"s(T]) ] (42)
175 = 5% [p, (T, + ep,(T1), + ¢ 'p,(T1)_] (43)
18 = o3 [p.(Th, + op (TI) +¢'p (T)_] (44)
19> = 5% [p (T, + ep (T + ¢ p (T])_] (45)

where ¢ = exp(2ni/3). Nine additional basis states are obtained by
complex conjugation of the A3 states, thus giving the desired 28
states.

Now, by following the formularization set forth in Equations 1
through 7, one only needs to replace the atomic orbitals in the Bloch
function (Equation 1) by the above basis states. Since these basis
states are in the irreducible representations, Equation 7 turns out
to be in "block-diagonal" form. Therefore, the diagonalization of
the 28x28 matrix is reduced to four independent diagonalizations: an

8x8 for Ay, @ 2x2 for Ay, and two 9x9's for Az. This analytical
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"simplification" was considerably more cumbersome to code as a
Fortran program when compared with the program listed in Appendix

C. Nonetheless, the resultant energy band structures for Ap and Ay,
using Harrison's formulas in Equations 15 through 21 and the Herman-
Skillman atomic term values to numerically evaluate the matrix ele-
ments for first nearest neighbors, are shown in Figure 17. Upon
close comparison of this figure with Figure 15, it is obvious that
the diagonalization of the 28x28 matrix yields identical eigenvalues
to the method utilizing the basis states in the irreducible represen-
tations, provided that the interaction parameters and number of

nearest neighbors are the same.

Symmetry Considerations

The above examples of energy band structure calculated for TAS
indicate that the symmetry or group theory portion of the energy bond
problem can be set aside by the programmer and handled solely by
having the computer diagonalize a larger matrix (at correspondingly
longer computer execution times). In particular, a graph similar to
Figure 15 for TAS would be generated, in a reduced Brillouin zone, by
a diagonalization of the 84x84 along the c-axis. To make this point
more explicit, silicon was treated as a chalcopyrite -- that is,
eight atoms per "unit cell" with a twofold screw axis symmetry. The
resultant band structure along the c-axis is shown in Figure 18 and,
for direct comparison, the bands for the two atoms per unit cell are

also plotted. The existence of an additional symmetry can be
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recognized from the mirror reflection symmetry about the reduced
Brillouin zone edge at k, = n/(c/2) in the energy bands.

More importantly, by using the larger matrices, the diagonal-
ization is not restricted to wave-vectors that lie on symmetry axes,

but can be done for any wave-vector in the Brillouin zone.

CONCLUSION
To summarize the section on energy bands, a computer program has
been written and tested to perform energy band structure calculations
on any crystal. The foundation of the approach lies in the LCAO
model and the Slater and Koster two-center integral approximation.
The only input requirements are the crystal geometry and a set of
parameters which characterize the interactions between pairs of

atomic orbitals.






DENSITY OF STATES CALCULATIONS

Since it is now possible to calculate the energy eigenvalues for
any crystal at an arbitrary wave-vector in the Brillouin zone as
shown above, the corresponding energy density of states may be ob-

tained by performing an integration over a constant energy surface in

the Brillouin zone:11

i dS

g(E) ~ T . (46)

Considerable effort has been put forth to increase the computational
efficiency of algorithms evaluating this type of integra1.12'14 But
if the calculation is done on a minicomputer, which is idle more than
50% of the time, simplification in programming is traded for maximum
efficiency of execution. Therefore, the statistical histogram or
root sampling method!® can be used to greatly simplify the density of
states calculation. This method involves generating the energy
eigenvalues at a large number of random wave-vectors in the Brillouin
zone and then sorting these eigenvalues into "buckets" that subdivide
the energy range. This procedure suggests that the shape of the
Brillouin zone must be known. Because different crystals possess
Brillouin zones of various shapes, the sought after generality of
applicability to all crystals, as exhibited by the energy band pro-
gram, would be lost. In order to retain this generality feature, the
following fact was recognized and employed: choosing a random wave-

41






42

vector in a single Brillouin zone is equivalent to choosing a random
wave-vector in any random Brillouin zone.

Consequently, in order to simplify the geometry, a wave-vector
that falls within an "arbitrarily large sphere" was selected. This
"sphere" must be large enough that the edge effects do not interfere
with randomizing. The edge effect problem can be readily understood
with an example. Consider a cubic Brillouin zone and let the
"sphere" circumscribe the cube. A wave-vector,'?, that falls outside
the cube is equivalent to the wave-vector, ?“, shown in Figure 19,
where ?" =K + a'and a'is a reciprocal lattice vector. Therefore,
for a random wave-vector inside the sphere, the probability that this
wave-vector (or its equivalent) falls between the dotted circular
arcs of Figure 19 and the Brillouin zone edge is enhanced by a factor
of two, due to the portion of the sphere outside the cube which is
folded back into the Brillouin zone. By choosing a sphere of suffi-
ciently large radius, the perturbation on the randomizing process,
from fractional Brillouin zones at the edge of the sphere is small
because: i) the probability that a random wave-vector falls within a
partial Brillouin zone is given by the ratio of the volume of all
fractional Brillouin zones to the volume of the sphere; and 1ii) the
fractional Brillouin zones, when combined, will form a number of
"complete" Brillouin zones which do not contribute to the edge

effect.
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Figure 19. Wave-vector, K, which falls outside a cubic Brillouin zone
is related to wave-vector, k{ within the Brillouin zone by
reciprocal lattice vector,
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RESULTS
The flowchart and listing for a Fortran program to compute the
density of states, using the above method, are given in Appendix D.
The density of states of various zincblende compounds -- Si, Ge, GaAs
and ZnSe -- are shown in Figures 20, 21, 22 and 23, respectively, for

1 and Harrison's para-

first nearest neighbors and both Chadi-Cohen
meters (Equations 15 through 21). The plots for Ge, GaAs, and ZnSe
can be compared with Figures 4, 7 (mislabeled), and 9 of Chadi-
Cohen,1 respectively. To carry out the density of states calcula-
tions on the chalcopyrites on T13AsSe3, the symmetries along the c-
axes are no longer useful. That is, the diagonalization of the full
64x64 or 84x84 matrix for each random wave-vector is required. These

calculations will be performed when the program is transferred onto a

CDC computer.

SUMMARY
In summary of the density of states calculation, a computer pro-
gram is available to determine the density of states for any crystal,
requiring only the specification of atomic numbers and atomic coordi-
nates of the atoms in the crystal, along with a set of parameters

which characterize the interactions between pairs of atomic orbitals.
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INDEX OF REFRACTION AND BIREFRINGENCE CALCULATIONS

A systematic method for numerically describing the interaction
between two atomic orbitals has been presented in the preceding
sections and appendices. Now this "chemical bond" approach will be
applied to the prediction of the electronic susceptibility in
semiconductors. An equivalent set of interaction parameters, as was
utilized in the band structure calculations, will enter into the
formularization. Harrison's Bond-Orbital Model (BOM),16517 wpich
provides the theoretical foundation, is reviewed below as an

introduction to the concepts and notation.

FORMULISM
Consider a linear combination of an anion sp3 hybrid orbital and

a‘cation sp3 hybrid orbital,

ly> = ualha> + “c'hc> (47)
where

u2 +u =1 (48)

a

for normalization. The coefficients, Uy and u., are determined by
minimizing the energy, E, of the hybrid orbital with respect to these

coefficients. That is,

49






— =0 and — =0 (49)

where

= <ylHly>
E = "¥ﬁﬂi§L' . (50)

By defining the following parameters:

Vo = =<hylHlh.> = =<h.|HIhy> (51)
ey = <h,lHIny> (52)
ec = <h.IHlh.> (53)

the energy can be written as

u_ e_ + U €c - Zuaucv2 (54)

E 2uaea - 2uCV2 ) E(2ua) o
Ju 2 2 2 2
a Uy~ *oug uy” + o
or
ua(sa-E) -uVp =0 . (55)

Similarly, from (3E/3u.) = O,
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uclec-E) - ugVy = 0 . (56)

If a nontrivial solution for Uy and Ucs in Equations 55 and 56, is to

exist, then the determinant of the coefficients must be zero. That

is,
(e -E) -V,
=0 (57)
-V, (e -E)
or
efc + E2 - Eleg +e0) - Vo2 = 0, (58)

The energy solution to this quadratic equation in E is

€

a * “c 1
E=z=—7%— ¢ 2 2 (59)
2 2 \/(Ea + ec) - 4eaec + 4V2 .
Now, defining
vV, = -l—(e -e ) (60)
3 2 c a
and
€ = 1 (e +€ ) (61)
2 c a
yields
= 2 2
E=¢ ¢t V, "+ V3 . (62)
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The "minus" sign corresponds to the bonding state and "plus" sign
gives the antibonding state. By substituting the bonding energy back
into Equations 48 and (55 or 56), solutions to Uy and uc are obtained

for the bonding orbital:

| =4
1]

‘/1 + a [1-a (63)
a ___p_2 and u. = —P—z

where

(Xp = = ——-u—-z———u—z— . (64)

Note that V,, V3 and o, are called the covalent energy, the polar

P
energy, and the polarity, respectively. Now, since the probability

of a bonding electron being "on" the anion or cation is ua2 or ucz,

the charge per bond (two electrons for each bond) associated with the

anion is

“2e u.2 = —e(1 + ap) (65)
and with the cation is

-2e u

2= el -ap) . (66)
The electronic dipole moment of the bond is therefore

p = % q;X; = -e(1 + ap) <xa> - e(1 - ap) <xc> (67)
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where <§5

> and <§C> represent the average vector positions of the
bonding electron distributions about the anion and cation, respec-
tively. If the origin is chosen to be at the center of the bond and

. ._> 3 3 03 . 3
if d is the internuclear vector distance from the cation to anion,

then

K> = +y d/2 (68)
and

K> = -y d/2 (69)

where y scales the "center of gravity" of the electron charge distri-
bution in both anion and cation hybrid orbitals. Therefore, the di-

pole moment per bond can be written
B = -e(l+a))yd/2 + e(1-ap)ﬁ/2

which reduces to

P = -ye ap d. (70)

A change in this dipole moment occurs in response to an external
electric field, E} Upon application of this external electric field,

there is an interaction energy of

- 'g = _Yeap _a'g (71)

16

which corresponds to a change in polar energy, V3,°° given by
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V3 > V3 -yed-£/2. (72)

The polarization per bond, when an external electric field is

present, is derivable from Equations 64, 70 and 72 as follows:

dv,-yed*£/2
P =—ye 3 (73)
‘/(sz + (V3-ye3'_§/2)2)
Using a binomial expansion,19
n x2
(1+X) = 1+nX + n(n-l) '2—|_+ e vy (74)

on the denominator for small electric field, and collecting terms

with similar powers of E yields

2 2V 2
7 G 102 d(d-g) +
P = -vea :
(75)
33,2
3y e V2 V3 o

Ny,
d(d*g)” + ....
8(V22 + v32)5/2

As an alternative, the first and second order terms of the polar-

ization per bond can also be separately obtained from

> - aV oa 8V
ap _ /9 3y _ > 3
3 - ‘35;’ (=g) = -ved (WE) ¢ (76)

and
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2> ov 2—>
2B _ 2 3)1 - ¥3,2
ST IF [(av3) (7] (;l—"—)( =5 (77)
3
respectively.

In order to compute the overall polarization, the contributions
from each bond in a unit cell are added together and normalized to

volume. That is,

P=z (P, + Py + Py + ooss) (78)
v bonds 0 1 2

where By, p; and p, are the zeroth, first and second order dipole
moments per bond as given in Equation 75 and V is the volume of the
unit cell. For non-ferroelectric materials, the zeroth order term
averages to zero. (This makes a nice consistency check to verify
that the appropriate bonds are all included in the sum.) And for
zincblende crystals, with a regular tetrahedral structure, the first
order geometric factor, d(d-e), averages to d2ecos?s = d%€/3 (see
Appendix I), as is found in the literature.l6,18

By evaluating Equation 78 for each of the three orthogonal elec-

tric fields, &, Ey and Ess the nine components of the susceptibility

tensor are obtained since

Px X11 X12 X13 Ex 0 0
P_Y = X21 X22 X23 0 or Ey or 0 (79)
P, X31 X32 X33 0 0 €2/«

Diagonalization of this 3x3 susceptibility matrix results in the

three principal susceptibilities which are denoted by xy, x5 and
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x3- Consequently, the principal indices of refraction can be

calculated from
n. = + TX; for i =1,2,3. (80)

For all three principal indices of refraction equal, the crystal is

20 ¢ only two of the principal indices of re-

optically isotropic.
fraction are equal (e.g., Ng =Ny =np #n3 = ne), then the crystal
is uniaxial with the birefringence given by

AN (81)

]
=
[}
3

where subscripts "e" and "o" denote extraordinary and ordinary.
Finally, when all three principal indices of refraction are unequal,

the crystal is biaxial.

IMPLEMENTATION
Therefore, the principal indices of refraction can be numerically
predicted by incorporating Equations 75, 78, 79 and 80 into a com-
puter program. The only requirements to perform this calculation are
the crystal geometry, a procedure for summing over bonds, and the set
of parameters V,, V3 and vy, which describe the interaction between

3 hybrid orbitals. A Fortran program (flowcharted and

each pair of sp
listed in Appendix E) was written utilizing the above formulari-

zation, specifically for the tetrahedrally coordinated chalcopyrites
(see Appendix F). The geometry was again handled separately by the

generation of a list of atoms and their coordinate positions. (In
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fact, both this calculation and the band structure calculations
utilized the same geometry file list.)

Two different sets of parameters describihg each hybrid bond were
tried. The first is a set of empirical parameters based on experi-
mental dielectric constants of the III-V and II-VI binary semiconduc-
tors. 17 Vo and y were found to correspond to the row of the periodic
table to which each atom involved belongs. And the set of V3 was
directly related to a set of hybrid energies via Equation 60. A
second set of parameters, based on atomic orbitals rather than sp3
hybrids, were also used. Since sp3 hybrid orbitals can be decomposed
into a linear combination of atomic orbitals, it is possible to ex-
press V, and V3 in terms of Harrison's "Solid State Interatomic
Matrix Elements" (Equations 15 through 21) and the Herman-Skillman
atomic term values.®:8 To be more explicit, the hybrid orbitals for

the anion and the cation are written

1 V3

and Iha> - ?4Sa> +73'((1x|pax> * dylpay> * dz'paz>) (82)
1 V3

lhc> " ISc> °'?H'(dx|pcx> * dylpc_y> * dzlpcz>) (83)

where d = dXQ and dy9 + sz is the vector distance from cation to

anion. [Notes: i) the minus sign in Equation 83 makes the cation
hybrid orbital point in the opposite direction of the anion orbital;
ii) the factors d;/d permit the directions of the hybrid orbitals to
deviate from the (1, tl1, tl1) directions of a "regular" tetrahedron
-- that is, these hybrid orbitals can reflect the distorted tetra-

hedral angles of the chalcopyrites; iii) the orthogonality of the
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hybrid orbitals is lost except, for the "regular" tetrahedron, when

dy = dy = d, = d/ v3]. Then, from Equation 51,

4 4

3
V. = ) ) d.d.<a_.lHla 2 (84)
Y I 5 B

where a.j and ayj are the cation and anion atomic orbitals (i and j =
1,2,3,4 denotes s, px,py,pz), d; and dj equal -d/ V3 and +d/ V3, dy,
dy, d, for i and j = 1,2,3,4 and <aci|H|aaj> is a "Solid State Inter-
atomic Matrix Element". Also, from Equations 52, 53, and 60,

v, =4

3 §'[(e§ + 333) - (eg + 38:)] (85)

and ¢. are "atomic term values" for the cation and

where €gs E€ps € p

anion.

RESULTS FOR CHALCOPYRITES

The calculations were performed on the chalcopyrites because:
i) the lattice parameters and optical properties have been experi-
mentally established and 1ii) the chalcopyrites, being closely re-
lated to the zincblende semiconductors, can be treated by simply
extending some well-developed empirical theories for zincblendes.
The indices of refraction as a function of wavelength for many chal-
copyrites were measured by Boyd et. al1.21-25 Tpe predicted static
(Tong wavelength 1imit) indices of refraction and birefringence,
using the above BOM theory with parameters from the binary semicon-
ductors and only the first order polarization, are compared to

experiment in Table 5. Also listed in Table 5 are the results of
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TABLE 5

INDICES OF REFRACTION AND BIREFRINGENCE FOR VARIOUS
CHALCOPYRITES--A COMPARISON OF THEORY AND EXPERIMENT

Experimental*

Theoretical

(Boyd et. al.) Lines & 1st Order Binary
Waszczak BOM Parameters

Compound no An n no N An
CuGaS2 2.4275 -.0154 2.51 2.525 2.484 -.0414
AgGasS, 2.3266 =-.0550 2.45 2.524 2.305 -.2186
Culns, 2.5166 =-.0179 2.53 2.519 2.522 +.0032
ZnGeP, 3,0552 +.0397 3.10 3.114 3.084 -.0302
CdGeAs, 3.5004 +.0868 3,36 3.414 3,277 -.1368
CdGeP, 3,1165 +.0167 3,08 3,123 2.990 -.1330
ZnSiAs, 3,1685 +.,0268 3,22 3.248 3,178 -.0704
CuAlSe, 2.4659 -.0126 2.64 2.667 2.605 -.0615
AgGaSe, 2.5731 =-.0327 2.61 2.684 2.485 -.1985
CuGaSe, 2.6872 +.0026 2.69 2.698 2.655 -.0430
AglinSe, 2.,6167 +.,0017 2.63 2.655 2.573 -.0822

* at longest measured wavelength

(generally ~12um)
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Lines and waszczak,18 who used an equivalent BOM theory, but treated
only the average index of refraction and did not attempt to include
the birefringence. As is evident from Table 5, the computer program
of Appendix E is capable of reproducing the number of Lines and
Waszczak for the average index of refraction which shows reasonable
agreement with the experimental values. However, the predicted
birefringence appears to have no correlation if compared to the
corresponding measured quantity. More particularly, even the sign of
the birefringence differs when contrasting theory and experiment for
all of the II-IV-V compounds and some of the I-III-VI compounds.

As an attempt to resolve the above conflict with regard to
birefringence, the same calculation was repeated using a different
set of parameters (Harrison's "Solid State Interatomic Matrix
Elements" and Herman-Skillman's atomic term values). The resultant
first order ordinary index of refraction and birefringence are given
in Table 6. For comparison, the first order predictions with the
binary compound BOM parameters and calculations including the second
order polarization term are also presented in Table 6. It is evident
from Table 6 that the relative qualitative arrangement of birefrin-
gence from compound to compound is, in general, unchanged by using a
different set of BOM parameters or including the second order
polarization.

In addition, slight variations in the assumed chalcopyrite geo-
metry were tried in order to account for the discrepency in bire-
fringence between experiment and theory. Specifically, the calcu-

lated birefringence is plotted as a function of lattice constant, x,
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TABLE 6

THEORETICAL ORDINARY INDEX OF REFRACTION AND
BIREFRINGENCE FOR VARIOUS CHALCOPYRITES

1st Order 1st Order 1st & 2nd
Polarization Polarization Order Polarization
Decomposed sp3 Binary BOM Binary BOM
Parameters Parameters Parameters
Compound ng An N, An no An
CuGaS2 1.620 -.0181 2.525 -.0414 3.307 -.0587
AgGaS2 1.603 -.0928 2.524 -+2186 3.374 -+3308
CuInS2 1.590 +.0014 2.519 +.0032 3.384 +.0045
ZnGeP2 1.823 -.0176 3.114 -.0302 3.862 -.0449
CdGeAs2 1.844 -.0666 3.414 -.1368 4,405 -e2271
CdGeP2 1.827 -.0736 3.123 -.1330 3.988 -.2125
ZnSiAs2 1.839 -.0349 3.248 -.0704 4,071 -.1077
CuAISe2 1.630 -.0245 2.667 -.0615 3.533 -.0902
AgGaSe2 1.621 -.0780 2.684 -.1985 3.682 -.3075
CuGaSe2 1.640 -.0173 2.698 -.0430 3.623 -.0622

AgInSe2 1.591 -.0330 2.655 -.0822 3.721 -.1242
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in Figure 24, using the first order polarization with binary semi-
conductor BOM parameters for CdGeAs,. As illustrated in this figure,
the dependence on lattice constant is not strong enough to accomodate

a change in sign of the birefringence.

Synopsis

The simplistic "chemical bond" approach to calculating the re-
fractive indices and birefringence is very attractive when contrasted
with the more common "oscillator strength" method. Consequently, a
computer program employing the former scheme has been written in
which, again, the crystal geometry and a set of parameters that de-
scribe the interactions between orbitals are supplied. Upon appli-
cation to the chalcopyrites, the indices of refraction are predicted
quite well (for the appropriate $et of BOM parameters) but the bire-
fringence is not. In trying to infer a qualitative aspect of the
birefringence calculation, it appears that the geometric factors
E(3~E)“ in Equation 75 are the dominant contributions to the sign of
the birefringence as calculated using the theory presented above.

The fact that the calculations do not agree with experiment implies
that something in the theory is missing. Speculation as to possible
origins is currently in progress and has led to reformulation and
generalization of the BOM in terms of coupled states between valence
and conduction bands which yields a susceptibility related to, in
part, the energy difference between the states.7

In addition tc not being able to account for the birefringence,

the Bond-Orbital Model theory, as it now stands, assumes a static
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electric field. Since the interest is actually in the optical pro-
perties of semiconductors, a more applicable theory should yield the
frequency dependencies of the indices of refraction. Also Equations
75, 78 and 79 yield a susceptibility tensor with real components, but
in optically active materials, for example, some components of the
susceptibility tensor are comp]ex20 and therefore these materials
cannot be correctly characterized within the framework of the preseﬁt

theory.






CONCLUSION

As a continuation of the band structure calculations performed in
this work, similar calculations will be carried out on the more com-
plex, ternary semiconductors once the energy band and density of
states programs have been successfully transferred to a CDC com-
puter. Specifically, the density of states for the chalcopyrites and
T13AsSe3 are scheduled for completion. In addition, the band struc-
tures for such ternary compounds as Hg,Cd;_,Te and In,As;_,Sb are of
interest since these materials are being utilized as intrinsic semi-
conducting quantum detectors of infrared radiation.

A second area of activity relating to band structure calculations
is apparent--the determination of a more realistic set of parameters
which quantify the interaction between pairs of atomic orbitals.
These parameters need to be consistent with the formulism of in-
cluding higher order neighbors into the calculation as indicated
above. To this end, the incorporation of a "least squares" fitting
routine or a "self-consistent" LCAO method’ (or equivalent) into the
band calculation may be necessary to resolve a "best" set of
parameters for each crystal.

Except for changing crystal structures and modifying the inter-
action parameters, the energy band structure problem has been solved
in general. The only remaining step is the execution of the computer
program for each material of interest.

With regard to the principal indices of refraction calculation,

the conflict between theoretical and experimental birefringence

65
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demands resolution. This may be accomplished with a refinement of
the BOM theory as indicated above, or it might require the implemen-
tation of another formulation (e.g., Lindhard's or "Oscillator
Strength").

If a reasonable solution to the birefringence problem (one that
depends on crystal geometry) can be found, then a handle on two
additional material properties might be procured. The stress induced
birefringence gives information about the elasto-optic or piezo-optic
tensors. 20 Stressing the crystal results in a strain or change in
the geometric positions of atoms (quantified by the elastic stiffness
tensor). The application of a large electric field also results in a
variation in the refractive indices which is characterized by the
electro-optic tensor. Generally, the electric field will cause a
strain in the crystal (given by the piezoelectric tensor) in addition
to the "primary" effect of the electric field interacting directly
with the bonding electronic orbitals. Consequently, by simply con-
sidering a change in crystal geometry due to either an applied stress
or electric field, the corresponding change in the principal indices
of refraction should relate to the elasto-optical or electro-optical

coefficients.
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APPENDIX A
ATOMIC ORBITALS

The time dependent Schrodinger's equation is

Hly> = Ely> (A1)
or 2

-h 2 _

o Vy+ Vy = Ey (A2)

where y is the wavefunction for a single electron in the crystai. In

spherical coordinates, with vector components written as

X = rcos¢sing
y = rsingsing (A3)
Z = rcose ,
Equation A2 becomes
2 2
-h" 1 d 2 3 1 3 . ) 1 3
[~ (r ) + — (sine —= ) + 9—F— —1 ¢
2m r2 ar ar rzsine 36 30 rzsinze ae2
+Vy = Ep . (A4)

Assume that all interactions between the electron and the rest of the
crystal are described by the potential, V(¥) and, furthermore, assume
that this potential is a central potential; i.e.,

Vir,e,¢) = V(r) . (A5)
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Then, in order to solve the differential equation, Equation A4,27

separate angular and radial coordinates,
p(r,6,¢) = R(r)Y(e,q) . (A6)

Consider only the resultant angular differential equation, where g is

a separation constant,

1 ) . ) 1 )
[— — (sing —= ) + —5— —= 1Y = -pY (A7)
sino 20 FY) Sin2e a‘1)2

and perform another separation of variables, 6 and ¢,

Y(e,9) = ole)e(e) (A8)
which yields
d_zg - (A9)
d¢
and
[sine ag-(sine Hg') + ssinze] 0= o0 (A10)
where o2 is the second separation constant.

The normalized solutions to this last pair of differential equa-

tions are the set of spherical harmonics,

Mio,e) = (-n){ mInt)/2 JELLIC NI phicose) &'™  (a11)
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where g = 1(1+41) for 1 = 0,1,2,e¢., o =m for m = 0, +1,#2,..., and

P](cose) = P4 (cose) are the associated Legendre functions given by28

m
KO L (x) (AL2)

m _
Pn(x) = (1 "

for m>0 and

n,6 2 n
P (x) = —_ dlx-l) i (A13)

2Mn1 dxn

A few of these angular solutions are written out in Table AL.3 By
taking the appropriate linear combinations of these solutions, the
"standard" atomic orbitals, which are real, of elementary chemistry
are obtained, as shown in Table A2. Note that the subscript notation
in Table A2 utilizes the spherical to rectangular coordinate con-
version of Equations A3. The directional characteristics of some of
the atomic orbitals, as shown in Figure Al, are determined by making
three dimensional polar plots of each orbital in Table A2 against the
angular direction specified by 6 and ¢. The sign associated with
each "lobe" of an atomic orbital is also indicated.

The primary purpose of this appendix was to present a review of
atomic orbitals while specifying the notation. In addition, the
assumption of a central potential seen by any electron in an atomic

orbital is again explicitly emphasized.
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Table Al

Spherical Harmonics

m Symbo1 Y2(6,9¢)
0 s ‘/%EF
1 Py - B sing ei¢

[3
0 Po z;—cose

3 cing o1
g sine e

]

—
o

]
—
«wl

sinze e2“‘>

N
(o
+
N
Wl +—
o

2n

—f . i¢
1 d+l @;—51ne coso e

5 2
0 TE}(3C°S o - 1)

/15 . -j
-1 d_1 -—§;-51ne cosh e

15 . 2 -2i¢
-2 d_, ‘/32" sin’6 e

—
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Table A2

Atomic Orbital Functions

1
S = Ty

1 3 .
Py = 7 [p_l-p+1] =VT1r sinocos¢

1 3.
py =7 [p_1+p+1] =¥z sinecos¢

I
Pz = Po "V gy €OSO

21 _4 15 . 2 2, .2
dxz-yz = > [d_2 + d+2] -\/—16“ sin“e(cos " ¢-sin"¢)
P | _e 15 . 2 .
dy =1 7 [d_, - d,,] -\/T“ sin"6cos¢sing
PR | _q 15 . .
dyz =i Zld;+d,] -‘/—4“ sinecosesing

1 15 _. .
d, = 7 [d; - dy] =\IT{ sinecosesing

2

B _ 5
d ) = d = T6n (3cos™6-1)

(¢
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e D
S S
/

Figure Al. Directional nature of atomic orbitals






APPENDIX B
SLATER AND KOSTER 2-CENTER INTEGRALS

OF ATOMIC ORBITALS

Slater and Koster2

have provided a reasonable approach toward
handling the geometrical considerations of a tight-binding calcu-
lation; that is, a convenient and concise way of separating the

"interaction parameters" from the orientation or geometry of the

atomic orbitals involved in a "chemical bond".

MEANING OF 2-CENTER INTEGRALS
From Equation 14, the matrix element of the Hamiltonian between
two atomic orbitals is written
(—>

<o, (F-R2) HIg (FRE)> = o, (F-R%)Hg, (F-RT)aV (B1)

where the Hamiltonian, H, is

_ﬁz 2 > >q > =8 > >
H=20 75+ V(r-RD) + V(r-Ry) + )V (r-RY). (B2)

2m
(m’Y) # (n:a) or (138)
and the summation over (m,y) includes all atoms in the crystal except
the two at ﬁg and ﬁf. Therefore, the matrix element in Equation Bl
can be broken up into separate terms. The "Three-Center Integrals"

are
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Yo (F-RP)dv (B3)

where (m,y) # (n,a) or (1,8); that is, the matrix element involves
two atomic orbitals on two distinct atoms interacting via a potential
on yet a third atom. These are assumed to be negligible. The "Two-
Center Integral", on the other hand, is a matrix element of atomic

orbitals and potentials on only two atoms.

COMPONENT NATURE OF ATOMIC ORBITALS
Before proceeding with the discussion of the interaction (trans-
fer integral) between two atomic orbitals, the transformation prop-
erties of an atomic orbital will be explored. First consider a two-
dimensional transformation of coordinates for a p orbital, as illus-
trated in Figure Bl. The p orbital is written in primed coordinates

(see Table A2) as,

'_ s o v - _C
P, = € siné’cosy T X . (B4)
A transformation from the unprimed to the primed coordinates, corres-
ponding to a rotation of angle 6, about the z-axis, is represented in

matrix notation by

x' Ccos8,. sine,. 0 X
y' = | -sino, coso,. 0 y (B5)
z' 0 0 1 z/ .

By expressing px' in terms of the unprimed coordinates,
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Figure B1. Two dimensional transformation of a p orbital.
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]
Py = ;éi (xcoser + ysiner). (B6)

And since r' is equal to r for a pure rotation,

p,' = p, cose, + Py sine ., . (B7)

In other words, a p orbital oriented in some arbitrary direction in
the x-y plane can be written as a linear combination of p, and Py
orbitals.

Now generalize the above result to three dimensions; that is,
consider the transformation of coordinates for a p orbital in three
dimensions, shown in Figure B2. Writing the p orbital in primed

coordinates (again see Table A2),

p,' =c cosg' = -F$ z'. (B8)

Also, by transforming coordinates with a rotation or ¢, about the z-

axis followed by a rotation of e, about the y'-axis,

x' cose, 0 -sine, cos¢,. sing. O X
y'|= 0 1 0 -sing,. cos¢,. O y (B9)
z' sine,. O oSO, 0 0 1 z

or
x' COS$,. COSO,. sing, cose, -sine,. X
y'|= -sing,. COSéy 0 y (B10)
z! C0S¢,.51N6 . sing,.sine,. cosé,. z/.






Figure B2.
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Three dimensional transformation of a p orbital
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Finally, as was done in the two-dimensional case, expressing pz‘ in

terms of the unprimed coordinates with r'=r yields,

_ C . . .
P, = — (xcos¢rs1ner + ysing sine , + zcoser) (B11)

or

P'z = Py COSopsing. + pysing.sine, + p,cose, . (B12)

Consequently, any randomly oriented p orbital can be written as a
linear combination of three mutually orthogonal p orbitals, as in
Equation B1l2. Furthermore, the coefficients of this linear combi-
nation are seen to be identical to the spherical coordinate compon-
ents of a unit vector (see Figure B2) oriented in the direction of

the positive lobe of the p orbital:

A A . A . A
P = X COS¢,.sinb,. + y sin¢g,.sind,. + z cose, . (B13)

INTERACTION BETWEEN TWO ATOMIC ORBITALS
Define the Slater and Koster symbo]s2 (sso), (spo), (pso) and
(ppn) as indicated in Figure B3. For certain orientations of s and p
orbitals, the matrix element of the Hamiltonian is zero, as shown in
Figure B4. Now specify the interaction between two atomic orbitals,
oriented in arbitrary directions, in terms of these symbols. In
other words, express the two arbitrary atomic orbitals as a linear

combination of atomic orbitals, where the coefficients of each linear






Figure B3.
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v )
N

(sso) = <52|HISI>
Bonding

! AN A

©®

(pso) = <s,|H|p;> (spo) = <p,[H|s >
Bonding Antibonding
X
4 Y4
P2
P2 Py

(ppa) = <p,|H[p;>
Antibonding

(ppm) = <p,|H[py>
Bonding

Slater and Koster's matrix element symbols
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<s,|H|p;> =0

P2

<py|Hlpy> =0

z
P2
P, y
<p,|H|p;> = 0
X

Figure B4. Transfer integrals between atomic orbitals which are zero
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combination is determined by a rotation into a coordinate system with
the orbitals oriented as in Figures B3 and B4.

Consider first a p orbital interacting with an s orbital, a shown
in Figure B5a. By expressing the p orbital as a linear combination

of py, Py and p,, as done in Equation Bl12,

<syIHIp> = <splHIpy,>cos¢,sine,. +
<52|H|ply>sin¢rsiner + (B14)

<sy|H|py,>cos6 .

This is illustrated in Figures B5b, ¢, and d. Comparing Figures 3, 4
and 5 suggests that only the last term of Equation B1l4 is nonzero and

consequently Equation Bl14 becomes

<spIHIpy> = (pso)cose, . (B15)

Next, consider the interaction of two randomly oriented p orbi-
tals, shown in Figure Bba. As before, both p orbitals can be written
as linear combinations of p,, Py and p, in the same manner as

Equation B12. Therefore,

<pyIHIpy> = <(pyyCOSgysine, + PaySingpsine, + P2,€086,) |
HI(pyycOs9ysingy + P1ysingysine; + P1,€0S01)>. (B16)

Upon comparison of Figures 3, 4 and 6, it is evident that only three

matrix elements are nonzero, as illustrated in Figures 6b, ¢ and d.






<s,|H|py,> = (pso)

Figure B5. Interaction between an s orbital and a randomly oriented

p orbital






Figure B6.

Interaction between two randomly oriented p orbitals
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In terms of the Slater and Koster symbols, Equation B16 can be

written

<pylHlpy> = (ppm)cosgosine,cosgysingy +
(ppm)sing,sine,sing sine; +

(ppo)cose,cosey .

(B17)

Now introduce the "direction cosines" to put Equations B15 and

B17 in the notation of Slater and Koster. Note that Slater and

Koster required that the z; and z, axes of Figure B6a be parallel or

perpendicular. The parallel case implies ¢; = ¢, and 61 = 65.

the direction cosines can be defined as

1 = cosa = cOS¢ysing;
m = cosg = sing;sing;
n = cosy = cose; .

Hence, Equation B15 becomes
<syIHIpy> = n(pso)
and Equation B17 becomes (using 12+ m? + n=1)

<pylHIpy> = n? (ppo) + (1-n?) (ppr).

Both Equations B19 and B20 appear in Table 1 of Slater and Koster.

Then

(B18)

(B19)

(B20)

2
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It is also possible to express the interaction between two atomic
orbitals in vector notation.’ Define 8 as the unit vector from orbi-
tal #1 to orbital #2. In addition, for a p orbital, define 6 as the
unit vector in the direction of the positive lobe of the orbital.
These vectors are indicated in Figures B5a and B6a. From Equations

B15 and B17, it is evident that

<sylHlpp> = (py.d) (pso) (B21)
and
<pplHIpy> = [Py°Pp - (By°d) (P d)] (ppr)
+ (81°Q) (py°d) (ppo) (B22)
since 6i-8 = €0S87, 65‘3 = cos6,, and 6106} = C0S¢15i1n61COSppsineG, +
sing;sing sing,sine, + cosg cosé,. Equations B2l and B22 are similar
to those of Harrison's listed in Equations 16 and 17. The corre-
lation between Harrison's parameters (Equations 18 through 21) and
Slater and Koster's symbols (Figure B3) is given in Table Bl.
To conclude this appendix, the Slater and Koster method permits
the numerical evaluation of the matrix element of the Hamiltonian
between two atomic orbitals with the specification of a set of well-

defined parameters.
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Table Bl

Correlation of Harrison and Slater-Koster Notation

Harrison Slater and Koster
VSS +(ssg)
VSp +(psa) = -(spo)
Vppo -(ppo)
v +(ppm)

ppm







APPENDIX C
ENERGY BAND COMPUTER PROGRAM

An overall flowchart for the energy band program is shown in
Figure Cl. The three software functions performed in this energy
band computer program -- interactive input, calculation, and graphic
output -- are handled by separate, stand-alone routines. The list-
ings for these three programs, including non-library subroutines, are
given in Figure C2. This division was made in an attempt to minimize
the memory requirements of the calculation portion. The program is
designed to run both on 16-bit minicomputers (e.g., DEC, DG, etc.)
and the large number crunchers (e.g., IBM, CDC, etc.). The sub-
routines listed here which evaluate the matrix elements of the
Hamiltonian between two atomic orbitals utilize Harrison's formulas
(Equations 15-21) and Herman-Skillman's atomic term values.

Replacing these subroutines with the subroutine in Appendix H yields

the Chadi and Cohen calculations.
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Iterate Determine each

wave-vector matrix element

T— from zero —3——1 in Equation 7
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EUDD:ELBQNK:EBRND:DIR:EBINPUT.FR

OO0OO0OO0O0O000O00000000O00O000000000O000n

OO0

158
160

n OO000

Figure C2.

EBINPUT.FR

ROUTINE TO ALLOW INPUTTING OF CONTROL PARAMETERS USED BY
PROGRAM *EBAND.FR” FROM CONSOLE AND GENERATES THE
CONTROL PARAMETER FILE.

INPUT PARAMETERS:
FROM CONSOLE
BUTPUT PARAMETERS:
1) CONTROL PARAMETER FILE ~--- CONTARINING:
A NAPUC --- # ATOMS PER “UNIT CELL”
B) NATMNUM --- ATOMIC NUMBER OF EACH ATOM IN
“UNIT EELL*. (ORDERED ACCORDING
TO “ENUMERATION" (SEE BELOW))
€) WVKMAX —--- 3D K-VECTOR (KX.KY.KZ) REPRESENTING
MAXIMUM K-VECTOR
D) KPTS --- # PTS IN K-SPACE AT WHICH TO
CALCULATE THE ENERGY BANDS
E) DMAX2 --- MAXIMUM “NEAR NEIGHBOR” DISTANCE
SQUARRED FOR ATOMS TO BE INCLUDED
IN BLOCH FCN
F) IFILE --- FILENAME OF INPUT DATA FILE (BELOW
FORMAT --- BINARY
EXTERNAL REFERENCES: NONE

PARAMETER IN=11, I0UT=18.NPAGE=27%480K+12

PARAMETER KKPTS=188 sMAXIMUM # KPTS ALLOWED
PARAMETER MAXAPUC=18 sMAXIMUM # ATOMS PER UNIT CELL
DIMENSION NATMNUM(MAXAPUC) . WWKMAX(3).KXYZ(3) ., IFILE(31)

DATA KXYZ/"KX", KY”,"K2"7

ENTER # ATOMS PER “UNIT CELL”’

WRITE (I0OUT) NPAGE

WRITE - (IOUT.168)

FORMAT (~." ENTER # ATOMS PER UNIT CELL: ".2)
READ FREE (IN.ERR=158) NAPUC

IF (NAPUC.LT.! .0OR. NAPUC.GT.MAXAPUC) GOTO 158

ENTER ATOMIC NUMBERS ASSOCIATED WITH EACH ATOM IN
UNIT CELL. (ORDER MUST REFLECT *ENUMERATION® OF
DATA FILE TO BE INPUT)

WRITE . (10UT-218)

FORMAT (~." ENTER ATOMIC NUMBER OF EACH ATOM IN UNIT CELL".
/.0 (ORDER MUST CORRESFOND TO ".1H”,"ENUMERATION".2H"))

DO 228 I=1.NRPUC

WRITE . (IOUT,248) I

FORMAT (8X, "ATOM #",12,4X.2)

READ FREE (IN.ERR=238) NATMNUM(I)

IF (NATMNUMCI).LT.! .OR. NATMNUMCI).GT.89) GOTO 238

Computer listings for energy band program
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:UDD:EWBANK:EBAND.DIR:EBINPUT.FR

c.
c
c.
25
260

280
290

279

o000

100
118

cC.
35
368

370

O0O0OCO0O0O0

OO0

Figure C2.

ENTER 3D K-VECTOR

WRITE - (IOUT-268)

FORMAT (/." ENTER MAXIMUM K-VECTOR : ™)

DO 279 I=1.3

WRITE (IOUT.298) KXYZ(I)

FORMAT (8X.R2." = ",2)

READ FREE (IN.ERR=288) WVKMAX(I)

IF (WWKMAX(D).LT.B8.8 .0R. WVKMAX(I}.GT.18.8) GOTO 288

ENTER # KPTS

WRITE - (I0UT-68)

FORMAT (/." ENTER # PTS IN K-SPACE AT WHICH TO CALC E-BANDS: *.2)
READ FREE (IN.ERR=58) KPTS

IF (KPTS.LT.2 .BR. KPTS.GT.KKPTS) G0TO 58

ENTER “NEAR NEIGHBOR® MAXIMUM DISTANCE FOR INCLUSION
IN BLOCH FUNCTION SUM

WRITE - (IOUT.118)

FORMAT(~/.," ENTER ".1H’,"NEAR NEIGHBOR".!H’.," MAXIMUM DISTANCE *.
/," (ANGSTROMS) FOR INCLUSION IN BLOCH FCN: *.,2)

READ FREE (IN.ERR=188) DMAX

{F (DMAX.LT.8.9 .0R. DMAX.GT.48.8) GOTO 1@0

DMAX2 =DMAXKDMAX :DISTANCE SQUARED

ENTER FILENAME OF INPUT DARTAR FILE

WRITE - (I0UT.360)

FORMAT(/, " ENTER FILENAME OF FILE CONTAINING ATOM POSITIONS: ".2)
READ (IN,378.ERR=358) IFILE(1)

FORMAT (S68)

OPEN 6. IFILE.ERR=350

€LOSE .6

WRITE INPUT EONTROL PARAMETERS TO FILE.

(TO SAYE CORE. READ IN CONTROL PARAMETERS FROM
CONSOLE IN THIS STAND-ALONE PROGRAM. THEREBY AVOIDING
ASSOCIATED FORMAT STATEMENTS IN EBAND.FR)

OPEN 6. "?EBeINPUT"
WRITE BINARY (6) KPTS.DMAX2.NAPUC. (NARTMNUMC(I). I=1.NAPUC),
(WVKMAX(D) . I=1.3), (IFILECI), I=1,31)
ELOSE .6
NOW CHAIN TO EBAND --- CALCULATE BANDS

€ALL FCHANC"EBAND.PR™")
END

(Continued)
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:UDD:EWBANK :EBAND.DIR:EBAND.FR
EBAND.FR

PROGRAM DOES THE FOLLOWING:
1) GENERATES A SLATER-KOSTER MATRIX CONTAINING ELEMENTS
BETWEEN BLOCH FUNCTIONS & ATOMIC ORBITALS
I1) DIRGONALIZES EACH MATRIX TO OBTAIN THE ENERGY
EIGENVALUES AT A GIVEN WAVEVECTOR., (KX.KY.K2)
III) PLOTS THE ENERGIES VS WAVEVECTOR TO CONSTRUCT THE
THE ENERGY BANDS.

INPUT PARAMETERS:
1) EONTROL PARAMETER FILE --- CONTARINING:

Q) NAPUC --- # ATOMS PER *UNIT CELL®

B> NATMNUM --- ATOMIC NUMBER OF EACH ATOM IN
"UNIT €ELL’. (ORDERED ACCORDING
TO *ENUMERATION” (SEE BELOW)

£) WVKMAX --- 3D K-VECTOR (KX.KY.KZ) REPRESENTING

MAXIMUM K-~VECTOR

D) KPTS --- # PTS IN K-SPACE AT WHICH TO
CALCULATE THE ENERGY BANDS

E) DMAX2 --- MAXIMUM “NEAR NEIGHBOR” DISTANCE
SQUARED FOR ATOMS TO BE INCLUDED
IN BLOCH FCN

F) IFILE --- FILENAME OF INPUT DATA FILE (BELOW)

FORMAT --- BINARY
11) DATA FILE ("IFILE®) --- EACH RECORD OF FILE CONTAINS:

A) ATOMIC NUMBER

B) ATOM ENUMERATION IN *UNIT CELL~”
"ENUMERATION® IMPLIES THAT ERCH
ATOM IN “UNIT CELL” IS ASSIGN A
UNIQUE NUMBER. 1 TO NAPUC (WHERE NAPUC
IS THE # ATOMS PER “UNIT CELL")

€) ATOM POSITION (X.Y.2) IN RECTANGULAR

COORDINATES
FORMATTED AS FOLLOWS: (12X.12.3X,12,3(3X.E14.7))

OUTPUT PARAMETERS:
I) DATA FILE --- "?EB¢DATA" --- CONTAINING CALCULATED
EIGENVALUES. ETC BEING PASSED TO PLOTTING PROGRAM

EXTERNAL REFERENCES:

1) INPUT EONTROL PARAMETER FILE --- "?EB¢INPUT"
GENERATED BY STAND-ALOME PROGRAM "EBINPUT.FR"
II) INPUT DATR FILE --- ATOM POSITIONS & TYPES

AYSUBROUTINE ATOMIN
1) EOMMON/ATMPOS/....
III) GENERATE MATRIX ELEMENTS
A) SUBROUTINE BLOCH
1) SUBROUTINE SSIAME
R) SUBR SSIME
13 FCN ATTMV

OO0OO0OO0OOO0O00000O000O000000O0000000000000OCO000000O0000O000000

Figure C2. (Continued)
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:UDD:EWBANK:EBAND ., DIR:ZERND.FR

OO0OOOO0OOCO0O0O000O00000O00

OO0O0O0O0

(e N e Ne]

aQOO0O0O0

c

Figure C2.

2) SUBR -UVECT
3) FEN DOTPD
2) COMMOM/ATMPOS/. ...
IV) DIAGONALIZE
A) SUBROUTINE EIGCH (IMSL LIBRARY)
1) EHBKH
2) EHOUHS ..
3) EBART2S.
4) UERTST
V) PLOT EMERGY BANDS --- STAND-ALONE PROGRAM --- EBPLOT
A) SUBROUTINE GRIDR
B) SUBROUTINE EURVE
€) SUBROUTINE TPOT
D) SUBOUTINE aQPLOT
£) PLOT18 LIBRARY (TEKTRONIX)
F) RGII LIBRARY (TEKTRONIX)

PARAMETER MAXAPUC=10 sMRXIMUM # ATOMS PER UMIT CELLS
PARAMETER NOPA=4 :# ORBITALS PER ATOM
PRRAMETER NDIM=NOPR¥MAXAPUC :MAXIMUM # BANDS

PARAMETER NNDIM=NDIMK(NDIM+1) 2. NMNNDIM=3:kNDIM

DOUBLE PRECISION COMPLEX HA(NNDIM) ., VALUE

DOUBLE PRECISION WORKSP(NNNDIM). E(NDIM)

DIMENSION EE(HDIM) . WVK(3) . WVKMAX(3) ., IFILE(31) ., NATMNUMIMAXAPUC)
EQUIVALENCE (EE(1),EC(1))

READ INPUT CONTROL PARAMETER FILE.
(TO SAVE CORE. READ IN CONTROL PARAMETERS ~ROM
CONSOLE IN STAMD-ALONE PROGRAM. THEREBY AVOIDIHG
ASSOCIATED FORMAT STATEMENTS HERED

OPEN 6. "7EB<INPUT"

READ BIMARY (6) KPTS.DMAX2.NAPUC. (MATMNUMCI) . I=1,NAPUC) .
(WVKMAXCI) . 1=1,3), CIFILECI) . 1=1,31)

ELOSE .6

REARD ATOMIC POSITIONS FROM DATA FILE
CALL ATOMINCIFILE.DMAX2.NAPUC., NATMNUM)

TO SAVE CORE., DO PLOTTING IN SEPARATE STAND-ALONE
PROGRAM. THEREFCRE. NEED TO WRITE EIGENVALUES TO A
DISK FILE.

€ALL FDELETE ("?EB¢DATA™)

OPSN 6. "?EB¢DATA"

NBANDS = NRPUC x NOPA

URITE BIMARY (6) NBAMNDS.KPTES, (WVKMAX(I) . [=1,3)

(Continued)
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Figure C2.

ITERATE WAYENUMBER

DB 338 KINCR=1,KPTS
VARY K-VECTOR FROM (8.8.8) TO (KxMaX.KYMAX,KZMAX)
DO 358 I=1.3
WVK (T) =VKMAX ()% (KINCR-1) 7 (KPTS-1)
WRITE (12,378) (WVK(I},I=1,3)
FORMAT (/. 18X, " (KX.KY.KZ)=(",2(F5.3, 1H.,).F5.3. 1H))

FIND EACH MATRIX ELEMENT ACI.J) --- ON & BELOW DIAGONAL

DO 408 IALPHR=1.NAPUC ;WHICH ATOM (COL)

D6 488 IMU=1.MOPA SWHICH ORSITAL (COL)

DD 428 JBETA=IALPHA.NAFLC ;WHICH ATOM (ROW)
JNUMIN=1
IF (JBETR.EQ.IARLPHA) JNUMIN=IMU

DO 468 JNU=JNUMIN.NOPA SWHICH ORBITAL (RGW)
IATOM=NATMNUMCIALPHA) 3ASSIGN ATOMIC NUMBER
JATOM=NARTMNUM(JIBETR) $RSSIGN ATOMIC NUMBER

CALL BLOCH (IALPHA. IMU. IATOM.JBETA.JIMU.JATOM. LVK. VALUE)
IT=C(IALPHA-1) NOPA+IMU ;1 & J TAKE ON VALUES
J=(JBETA-1)*NCPA+JNU sFRCM 1-NBANDS (I.LE.J)

A(I.J)=VALUE
CONVERT 2-D ARRAY INTO 1-D ARRAY USED BY EIGCH
(REFERENCE PAEE INTRO-13 OF iMSL MANUAL)
L=(Ix(J-1)2) + 1
HALY=A(I. )
WRITE (12.398) I.J.L.VALUE
FORMAT(SH A(.12,1H..,I2.5H}=HA(, 12.2H)=,2(Di4.7.4%))
HA (L) =VALUE

HOW DIRGONALIZE
CALL EIGCH ¢HA,NBANDS.@,E.,DUMMY.DUIMMY. LICRKSP, IER)
CONVERT LOUBLE PRECISICN REAL TO SINGLE PRECISION REAL
DO 588 I=1.NBANDS
WRITE (12.,458) 1.ECD)
FORMAT(SX, 2HE(, 12.2H3=,D14.7)
EECDY=E(D
WRITE EIGEN VALUES 70 DISK FILE

WRITE BIMARY (6) (EE(I),I=1,NBAND3)
CLOCE .6

NOW PLOT

EALL FCHRH("EBPLOT.PR™ i
END

=
]
(07

SAYE CORELCHAIN

(Continued)
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EBPLOT.FR

ROUTINE TO MAKE THE GRAPHICS CALLS FOR EBAND.FR
IE. PLOT ENERGY BANDS VS WAVENUMBER (K-VECTOR)

INPUT PARAMETERS:
DATA FILE --- CONTAINING THE FOLLOWING:
1) RECORD | --- #BANDS.#PTS/BAND.MAX K-VECTOR(3D)
2) RECORDS 2 THRU N ~-- EIGENVALUES FOR ERCH BAND
AT PARTICULAR K-VECTOR.
(N = # PTS/BAND + 1)
FORMAT --- BINARY
OUTPUT PARAMETERS:
RLOTFILE . "?EB¢PLOT"
EXTERNAL REFERENCES:
FCN DOTPD
SUBR GRIDR
SUBR CURVE
SUBR TPOT
SUBR GPLOT .
AGIT LIBRARY
PLOT18 LIBRARY

OOO0O0O00O00O0O0O00O00O0O00O0O000O000000

PARARMETER I0UT=18. NPAGE=27%480K+12
PARAMETER NDIM=58.KKPTS=1080
DIMENSION WWK(KKPTS) . WVKMAX(3) , WWKXYZ(3).,EE (KKPTS.NDIM)

c.
c.
c READ IN DATA FOR BANDS FROM FILE
c.
OPEN 6. "?EB€¢DATAR"
READ BINARY (6) NBANDS.KPTS. (WVKMAX(I).I=1,3)
c. A
c GENERATE WAVENUMBERS AND INPUT ENERGY EIGENVALUES
C.
DO 388 KINCR=1.KPTS
READ BINARY (6) (EE(KINCR.J).,J=1,NBANDS)
C VARY K FROM (8.8.8) TO (KXMAX.KYMAX.KZMAX)
DO 358 I[=1.3
358 WVKXYZ (1) =WWKMAX (T % (KINCR-13 Z(KPTS-1)
C NOW FIND MAGNITUDE OF WAVEVECTOR K
WVK (KINCR) =SQRT(DOTPD (WVKXYZ. WVKXYZ.3))
388 CONTINUE
CLOSE .6
c.
c EONSTRUCT GRID
c.
CALL AMNMX (KPTS. WVK. XMIN. IDUMMY., XMAX, IDUMMY)
YMIN=+1E12
YMAX=-1E12

DO 488 J=1,NBANDS
Figure C2. (Continued)
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€ALL AMNMX (KPTS.EE(1.J).EMIN, IDUMMY,EMAX. [DUMMY)
IF (EMIN.LT.YMIN) YMIN=EMIN
409 IF (EMAX.GT.YMAX) YMAX=EMAX
EALL GRIDR ($999.XMIN.XMAX, YMIN. YMAX, "?EB¢PLOT".37.
"ENERGY BANDS -~- ENERGY VS WAVEVECTOR".20.
"ABSLK] (1/ANGSTROMS) ". 11, "ENERGY -EV-".
KN XMX, YMN, YMX. 8)
OPEN 7."?EB¢PLOT".ATT="R0"
WRITE (7 .458) (WVKMAX(I) . I=1,3)
458 FORMAT(33(/) .9X, " K~-VECTOR VARIES FROM ( .88, .00, .88 TO (°,
& 2(F4.2.%,°).F4.2.°3")
CLOSE .7

0 ©

NOW PLOT BANDS

0Oo0O0

DO 588 J=1,NBANDS
500 CALL CURVE (%999.KPTS,WVK,EE(1,J). "7EB€PLOT". XMN, XMX.
& YMN.YMX.8.06.08.8)

C.
WRITE BINARY (IOUT) NPAGE :CLEAR CONSOLE SCREEN
EALL TPOT (6.°7EB¢PLOT".I0UT) :COPY TO CONSOLE
CALL QPLOT ("7EB€PLOT".IER) ;COPY TO VERSATEC
IF (IER.NE.1)> GOTO 999

cC.
8TOP. .

c.

c.

939 WRITE . (18.998)

998 FORMAT (" PLOTTING ERROR"
STOP . .

C.
END

Figure C2. (Continued)
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Figure C2.

SUBROUTINE ATOMIN(FILENAME, DMAX2., NAUC. NRTMNUM)

ROUTINE TO INPUT ATOM POSITIONS., ATOMIC NUMBER. AND
ENUMERATION OF ATOMS IN UNIT CELL FOR BLOCH FCN SUM. ALSO.
ASSIGN "MEAR NEIGHBOR” ATOMS TO EACH ATOM IN "UNIT CELL’.

INPUT PARAMETERS:
1) FILENAME --- DATA FILE CONTAINING ATOM POSITICNS.ETC

ERCH RECORD OF FILE EONTAINS:

A)Y ATOMIC NUMBER
B) ATOM ENUMERATION IN “UNIT CELL®
€) ATCM POSITION (X.Y.2) IN RECTANGULAR
COORDIMATES
FORMATTED AS --- (12X, I2.3X.12.3(3X.E14.7))
NATOM --- ATOMIC NUMBER OF EACH ATCOM
NEMUM --- ENUMERATION OF EACH ATOM IN
“UNIT CELL” FOR BLOCH FCN SUM.
IE. RASSIGN EACH ATOM IN “UNIT CELL”
A UNIQUE NUMBER. ! THRU N. WHERE
THERE ARE N ATOMS IN “UNIT EELL’
R --- 3-D ARRAY FOR ATOM POSITION (X.Y.2)
ASSUMPTIONS MADE ABOUT INFUT DATA FILE:

1) HEED TO INCLUDE AT LEAST AS MANY UNIT
CELLS AS BLOCH SUM “MERR NEIGHBOR’
DISTANCE NECESSITARTES

2) ALL ATOMS IN THE UNIT CELL AT THE "ORIGIN”
MUST .BE .LISTED -FIRST.

2) DMARX2 --- DISTANCE SQUARED WITHIN WHICH "NEAR
HEIGHBORS” WILL BT INCLUDED Id 2LOCH FCN

3) NRUC =--- NUMBZR OF ATOMS PER “UMIT CELL”

4) NATMNUM --- ARRAY OF ATOMIC NUMBERS CORRSSPONDING TO

EACH ATCOM IN "UMHIT CELL’
(ORDER GIVEN BY EMUMERATION)
OUTPUT PARAMETERS:

COMMON/RTMPOS/PR (. . ). JENUMC. L) . NMAKC(, )
ARCIXYZ.,J,K) --- GIVES ATOMIC COORDINATES (IXYZ=1.,2,3)
OF JTH ATOM IM “UNIT CELL® (ENUMERATION=J & K=1)
ALONG WITH POSITIGNS OF ALL ITS °“MNEAR MEIGHBORS”

(K=2,....8MAR(IID

JENUM(J,LK) --- GIVES ENUMERATIOH ASSCCIATED WITH
EACH ATOM RBOVE
NMAX(J) --- NUMBER OF “NEZAR NEIGHBORS® + 1 RROUND THE

JTH ATCM IN THE "UNIT CELL”
EXTERNAL REFERENCES:
FUNCTION DOTPD

DIMENSION FILENAME(1).R(32).D(3).NATHMNUMC 1)

PARAMETER ICUT=10

PARAMETER MAIXAUC=1 SMAXIMUM # ATOMS/UNIT CELL
PARAMETER  NiMAX=<0 SHANIFUHM # MERR MEIGHELRS
COMMSN/RTMPIS/RR (3. FIAXKAUC - HNFAXY L JEHLITCIRARUC . NHMAKS L M S MANAST)

(Continued)
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c. :
Do 1 I=1.NAUC
1 NMAX(I3 =0
c..
OPEN 6., FILENAME.ATT="I".ERR=988
DB 5 IENUM=1,KAUC
NFLARG=1
10 READ (6.20.EMND=38) NATOM.NENUM. (R(I).I=1.33
20 FORMAT (12X.12.,3X.12,3(3X.E14.7))
G0TO (48.58) NFLAG
49 IF C(IENUM.ME.NEMUM) GOTO 18
REWIND 6
NFLAG=2
GO0TO 60
c..
58 DO 55 1=1.3
55 D(I)=R(I)-ARCI. IEHUM. 1)
D2=DOTPD(D.D.,3)
IF (D2.6T.DMAX2 .OR. D2.LT.8.81) GOTO 18
68 IF (NATGM.NE.NATMHUMI{NENUM)) GOTO S20
NMAXCIENUM) =NMAXCTENUMD +1
DO 65 I=1.3
65 AR (1., JENUM.NMAXCIENUM ) =R (D)
JENUMCIENUM. NMAX CIENUM) > =NENUM
G070 108
39 IF (NMAXC(IENUM) .EQ.B) GOTD S48
IF (NMAXCIENUM) .GT.HNMAX) GOTO 968
REWIND 6
5 EONTINUE
CLOSE .6
C.
RETURN
C..
C. ERRORS -
C..
998 WRITE . ¢I0UT.918)
913 FORMAT (" ERROR ON GEOMETRY FILE SPEN".Z2)
60TO 989
G20 WRITE . (I10UT.938)
930 FORMAT (" ERROR 9N ATOMIC NUMBER".Z)
€070 983 '
948 LRITE (JOUT.S9S®)
958 FORMAT (" ERROR ON ENUMERARTION".Z)
G0TO S99
969 WRITE . (I0UT.-S7&)
svY FORMAT (" ERROR --- TOO MANY NEAR NEIGHBORS".Z2)
933 WRITE . (10UT. 1838)
1980 FORMAT (" --- SUBR ATOMIN")
STOP . ..
EMND

Figure C2. (Continued)
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Figure C2.

SUBROUTINE BLOCH C(IALPHA.IMU.IATOM.JBETA.JNU.JATOM. WVK.VALUE)

ROUTINE TO EVALUARTE A MATRIX ELEMENT OF THE HAMILTONIAN
BETWEEN 2 BLOCH FUNCTIONS OR (WITH NORMALIZATION) BETWEEN
A BLOCH FUNCTION ORBITAL (LCAO) AMD A SINGLE ATOMIC
ORBITAL --- IE., EVALUATE
<BLOCH FCHN (STRTES 2) EH] BLOCH FCN (STATES 1)>
N:k<BLOCH FCN (STATES 2) [H] ATOMIC ORB (STRTE 1)>
Mx<{BLOCH FCN (JBETA.JNU) [H1 ATOMIC ORB (IALPHA, IMU)>

INPUT PARAMETERS:

IALPHA --- ENUMERATION FOR ATOM # | --- IE, WHICH
ATOM IN “UNIT EELL” TO USE FOR STATE 1
IMU --- ENUMERATION FOR ATOMIC ORBITAL # | --- IE.
WHICH ATOMIC ORBITAL ON ATOM # 1 TJ USE AS
STATE 1 (5,PX,PY,P2) --> (1.2.3.4)

NOTE: IALFHA & IMJU TOGETHER SPECIFY WHICH ATOMIC
ORBITAL IN “UNIT CELL” IS STATE 1

IATOM ~--- ATOMIC NUMBER FOR ATOM # 1|
JBETA --- ENUMERATION FOR ATOM # 2 --- IE. WHICH
QT0OM IN "UNIT E€ELL"” TO USE FOR STATE 2
JNU --- EMUMERATION FOR ATOMIC CRBITAL # 2 --- [E.
WHICH ATOMIC ORBITAL ON ATOM # 2 TO USE AS
STATE 2 (S5,PX,PY.P2) --> (1.2.3.4)

NOTE: JBETA & JNU TOGETHER SPECIFY WHICK ATOMIC
ORBITAL IN "UNIT CELL® IS STATE 2
JATOM === ATOMIC NUMBER FOR ATOM # 2
WVK --- WAVEVECTOR AT WHICH TO EVALUATE THE BLCCH FCN
(3-D ARRAY)
OUTPUT PARAMETERS:
VALUE --- EVALUATED BLOCH FUNCTION MATRIX ELEMENTS
EXTERNAL REFEREMCES:
1) SUBROUTINE SESIAME
A) SUBR SSIME
13 SUBR ATTMV
2) SUBR UVECT
3) FCN DOTPD
II) FUNCTION DOTPD
III1) COMMON/ATMPIS/. ...

PARAMETER MAKXARUC=10 sMAXIMUM % ATOMS- UNIT CELL
PAREMETER HhNMAX=40 sMAKTIMUM # MEAR MEIGHBORS
EEMMON/ATMPOS /AR (2., MAKAUC , NMMAXY L JENUMIMAXEUC . NNMAX) L HMAK(MAXAUC)
DIMENSION DD(2),WVK(3)

COMPLEX CEXP.BLHEXP

DOUBLE PRECISIGN COMPLEX  VALUE

VALUE = (8.2.2.0)

5UM OVER "NEAR NEIGHBOR® ATCMS

(Continued)
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DO 18 J=1,NMAXC(IALPHRA)
INCLUDE OMLY ATOMS WITH CORRZCT EMUMERATION

OO0

IF (JENUMCIALPHA. J) .NE.JBETR) GOTO 1@
FIND *SOLID STATE MATRIX ELEMENT” OR “ATOMIC TERM VALUE’
EALL SSIAMEC(ARC(1. IALPHA, 1).ARC(1. IALPHA. J) ., IMU, JNU. IATOM. SATOM. SSME)
. VECTOR DISTANCE BEZTWEEN ATOMS

DO 28 I=1.3
DD(I)=AR(I. IALPHA. ) -ARC(I. IALFHA. 1)

CALCULATE ARGUMENT OF EXPONENTIAL IN BLOCH FCN
BLHEXP = (8.8.1.8) *x DOTPD(WVK.DD.3) :DOT PRODUCT

DETERMINE ONE TERM OF BLOCH FCN & ACCUMULRTE TERMS

OO0 l‘)(‘)ﬂ% OO0 Oo0o0

VALUE = VALUE + SSMEkCEXP (BLHEXP) :COMPLEX EXPONENT
CONTINUE

O —
-

RETURN
END

Figure C2. (Continued)
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SUBROUTINE SSIAME(R1.R2.NOR1.NOR2.NATOM1.,NATOMZ2.SSME)

ROUTINE 7O EVALUATE A “SOLID STATE INTERATOMIC MATRIX ELEMENT’ OF
THE HAMILTONIAN BETWEEN TWO ATOMIC ORBITALS OF *STANDARD”
ORIENTATION---IE. S.PX.PY, OR PZ.
1F ATOMIC ORBITALS ARE ON DIFFERENT ATOMS. USE THE
SLATER-KOSTER 2-CENTER INTEGRAL APPROXIMATION ALONG WITH
HARRISON’S PARAMETERS.
IF ATOMIC ORBITALS ARE ON SAME ATOM. THEN MATRIX ELEMENT IS:

1) ZERD FOR DIFFERENT (ORTHOGONAL) ORBITALS

2) HERMAN-SKILLMAN ATOMIC TERM VALUE FOR SAME ORBITAL

INPUT PARAMETERS:
R1--VECTOR POSITION IN RECTANGULAR COORDINATES OF
ATOM #1 (ANGSTROMS) (3 ELEMENT ARRAY)
R2--VECTOR POSITION IN RECTANGULAR COORDINATES OF
ATOM #2 (ANGSTROMS) (3 ELEMENT ARRAY)
NOR1---SPECIFIES ATOMIC ORBITAL #1
=1 IMPLIES S ORBITAL
=2 IMPLIES PX ORBITAL
=3 IMPLIES PY ORBITAL
=4 IMPLIES PZ ORBITAL
NOR2---SPECIFIES ATOMIC ORBITAL #2
=] IMPLIES S ORBITAL
=2 [MPLIES PX ORBITAL
=3 IMPLIES PY ORBITAL
=4 [MPLIES PZ ORBITAL
NATOM1-~--ATOMIC NUMBER OF ATOM # 1
NATOM2--~ATOMIC NUMBER OF ATOM # 2

BUTPUT PARAMETERS:
SSME--EVALUATED SOLID STATE MATRIX ELEMENT

EXTERNAL REFERENCES:
SUBROUTINE SSIME

DIMENSION R1(3).R2¢3).0R1(4).0R2(4)

[ N OO0O0O00O0O0OO0000000O000O000000000000000OC0O0000

CHECK INPUTTED ORBITALS
IF (NORI1.LT.1 .OR. NOR1.GT.4) GOTO 29
IF (NOR2.LT.1 .BR. NOR2.6T.4) GOTO 260

C.
C EENERATE 4-D ORBITAL VECTORS REQUIRED BY SSIME
DO 18 I=1.4
OR1(1)=8.8
10 OR2(I)=0.0
c.
OR1(NOR1)=1.0
OR2(NOR2)=1.0
c. .

Figure C2. (Continued)
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EVALUATE SOLID STATE MATRIX ELEMENT
CALL SSIME (R1.R2.0R1.0R2.NATOMI1.NATOM2,SSME)

RETURN

ERROR
WRITE (18.38) NOR1.NOR2
FORMAT (* ERROR---ILLEGAL ORBITAL SPECIFICATION---"*.
& "SUBROUTINE SSIAME"./,18X."NOR1=",[3,5X, "NOR2=",I3)
PAUSE
STOP ..
END

LNOOO () (@}
0®- . . .

Figure C2. (Continued)
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OOO0O0OO0O00000O00O0000000000000O000OC000000

OO0 —

Figure C2.

SUBROUTINE SSIME(R1.R2.0R1,0R2.NARTOM1.NATOM2.SSME)

ROUTINE TO EVALURTE A “SOLID STATE INTERATOMIC MATRIX ELEMENT” OF
THE HAMILTONIAN BETWEEN TWO ATOMIC ORBITALS OF ANY ORIENTATION.
IF ATOMIC ORBITALS ARE ON DIFFERENT ATOMS. USE THE
SLATER-KOSTER 2-CENTER INTEGRAL APPROXIMATION ALONG WITH
HARRISON’S PARAMETERS.
IF ATOMIC ORBITALS ARE ON SAME ATOM. THEN MATRIX ELEMENT IS:

1) ZERO FOR DIFFERENT (ORTHOGONAL) ORBITALS

2) HERMAN-SKILLMAN ATOMIC TERM VALUE FOR SAME ORBITAL

INPUT PARAMETERS:
R1--VECTOR POSITION IN RECTANGULAR COORDINATES OF
ATOM #1 (ANGSTROMS) (3 ELEMENT ARRAY)
R2--VECTOR POSITION IN RECTANGULAR COCRDINATES OF
ATOM #2 (ANGSTROMS) (3 ELEMENT ARRAY)
OR1--4 ELEMENT ARRAY TO SPECIFY ATOMIC ORBITAL #*1 AND
ITS DIRECTION (S1.,PX1.PY1.PZ1)
(DON"T WORRY ABOUT NORMAL IZATION)
EG., °S” ORBITAL ==> (1.0.0.8)
EG, °P” ORBITAL DIRECTED IN X-Y PLANE. 38
DEGREES ABOVE ¥~AXIS ==)> (8.C0538.SIN38.8)
OR2--4 ELEMENT ARRAY TO SPECIFY ATOMIC ORBITAL #2 AND
ITS DIRECTION (S2.PX2,PY2.PZ22)
(DON’T WORRY ABOUT NORMAL IZATION)
NATOM1--ATOMIC NUMBER OF ATOM #1
NATOM2--ATOMIC NUMBER OF ARTOM #2
QUTPUT PARAMETERS:
SSME--EVALUATED SOLID STATE MATRIX ELEMENT
OR ATOMIC TERM VALUE
EXTERNAL REFERENCES:
SUBROUTINE UVECT
FUNCTION DOTPD
FUNCTION ATTMV

DIMENSION R1(3),R2(3).0R1(4),0R2(4

DIMENSION D(3).P1(3),P2(3)

DIMENSION UD(3),UP1(3).UP2(3)

PARAMETER H2M=7.62. Cl1=-1.48. C2=-1.84., C3=-8.81. C4=+4.85

SEPARATE “S* AND "P” ORBITALS
S1=0R1(1)
6§2=0R2(1)
Do 1 I=1.3
P1CI)=0RL1(I+1)
P2(I)=0R2(I+1)

CHECK INPUT PARAMETERS OR! & OR2 TO VERIFY THAT ONLY
AN *S* OR °P’ TYPE ORBITAL IS SPECIFIED (NOT BOTH!!!}

NS1=08
(Continued)
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Figure C2.

NE2=8

NP1=0

NP2=8

IF (S1.NE.B.8) NS1=1

IF (82.NE.B.8) NS2=1

DO 5 I=1.3

IF (P1(I).NE.B.8) NP1=1

IF (P2(I).NE.B.8) NP2=1

IF ( (NS1I+NP1).NE.1 .OR. (NS2+NP2).NE.1 ) GOTO 28

CALCULATE VECTOR D
DO 18 I=1.3
D(I)=R2(I)-RI(D)

CALCULATE MAGNITUDE OF VECTOR D SQUARED (=VECTOR DOT
RRODUCT .OF D WITH ITSELF)
D2=DOTPD(D,D.3)

FIND UNIT VECTORS CORRESPONDING TO D.P1,P2.S1.& S2
UNIT VECTOR OF R “NULL® VECTOR IS DEFINED TO BE R
NULL VECTOR.

€ALL UVECT(D.3.UD)

CALL UVECT(P1.3.UPD)

CALL UVECT(P2.3.UP2)

CALL UVECT(S1.1.,USD

CALL UVECT(S2.1.,US2)

DO R1 & R2 SPECIFY 2 DIFFERENT ATOMS (IE. D>.1 ANGSTROM?
IF 2 DIFFERENT ATOMS., CALCULATE "SOLID STATE MATRIX ELEM"
I[F SAME ATOM. ASSIGN *ATOMIC TERM VALUE®

IF (D2.GT.(.081)) GOTO 18

FOR D<.!1 ANGSTROM, MAKE SURE ATOMIC NUMBERS SAME
IF (NATOMIL.NE.NATOM2) GOTO 49

ARE ORBITALS ORTHOGONAL? IF SO, RETURN ZERO.
IF NOT. €HOOSE TYPE OF BRBITAL (°S* OR “"P*)

6S5ME=8.0

SCALE=1.0

NORB=8

IF (NS1.EQ.1 .AND. NS2.EQ.1) NORB=1 ;S ORBITAL
IF (NP1.EQ.! .AND. NP2.EQ.1) NORB=2 :P ORBITAL

G0TO (19,12.11) (NORB+1)
FOR P-ORBITALS., INCLUDE POSSIBILITY THART ORB1 & ORB2
ARE NOT STRICTLY ORTHONORMAL.

SCALE=DOTPD(UP1.,UP2. 3)

ASSIGN ATOMIC TERM VALUE
SSME=SCALEXATTMV(NATOM!1.NORB)
GOTO 19

(Continued)
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Figure C2.
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CALCULATE SOLID STATE MATRIX ELEMENT
SSME=(H2M/D2)*( CIkUS1%US2 +
C2%(US2%DOTPD(UP1,UD.3)~-US1%DOTPD(UP2.UD,3)) +
C3x%DOTPD(UP1.UP2.3) +
C4xDOTPD (UP1.,UD,3)*xDOTPD(UP2.UD,3) )

RETURN

ERROR ON INPUT PARAMETERS
WRITE (18.38) (OR1(I).I=1.4),(0R2(I).,I=1,4)
FORMAT (/./." ONE AND ONLY ONE TYPE OF ARTOMIC ORBITAL MUST BE".
" NON-Z2ERO"./.," S1=".F7.3." PX1=",F?7.3.°" PY1=",
F7.3." PZ1=",F7.3.7.
v 82=",F7.3.," PX2=",F7.3." PY2=",F7.3." PZ22=",F7.3)
G0TO 68
WRITE (18.58)
FORMAT (/,/," FOR ATOM POSITIONS IDENTICAL. ATOMIC NUMBERS *.
*MUST BE SAME"./," ATOM | :".2)
WRITE (18.54) NATOM1. (R1(I).I=1.3)
FORMAT (" ATOMIC NUMBER=",I3." X=",F7.3." Y=",F7.3." Z2=".
F7.3)
WRITE . (18,562
FORMAT (" ATOM 2: ".2)
WRITE (18.54) NATOMZ2. (R2(I1).I=1.3)
PAUSE " scick ERROR ON INPUT PARAMETERS ok SUBROUTINE SSIME okck®
STOP ..
END

(Continued)
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Figure C2.

FUNCTION ATTMV(NATOM.NORB)

ROUTINE TO ASSIGN AN ENERGY FOR THE DIAGONAL MATRIX ELEMENTS
OF THE HAMILTONIAN (ATOMIC TERM VALUES) FROM F. HERMAN &

. SKILLMAN., "ATOMIC STRUCTURE CALCULATIONS®" (1963) USING THE
HARTREE-FOCH-SLATER SELF-CONSISTENT ATOMIC FIELD APPROXIMATION.

INPUT PARAMETERS:
NATOM --~ ATOMIC NUMBER OF ATOM UNDER CONSIDERATION
NORB =~~~ 1==>S ORBITAL:2==>P ORBITAL
OUTPUT PARAMETERS:
ATTMV --- ATOMIC TERM VALUE
EXTERNAL REFERENCES:
NONE

DIMENSION ATV(2.89)
DOUBLE DIMENSIONED ARRAY STORED BY INCREMENTING LEFT
MOST INDEX FARSTER
DATA ATV/13.60,.0..8.,.8.5.48,.0.8.17.4.14,12.54,6.64,
817.52.8.97.23.84.11.47.259.14.14,13.35.808.16.99. .0, .0.
&5.13..8,6.86,2.99.,18.11,4.86,13.55.6.52,17.108.8.33.208.80.18.27,
824.63.12.31,2%.08.4.19..8.5.41,.8.5.85,.8,14%.8,6.92,1.83.8.4,3.38.
811.37.4.90.14.38.6.36,17.33.7.91.20.32,9.53.23.35.11.20. .9, .8,
83.94..8.5.00,.0,5.53..0.14%.8.6.41,2.085.7.70.3.38.18.12.4.683.
812.58,5.94,14.88.7.24.17.11.8.59,19.42,9.97. .8, .8.3.56..0,4.45., .0,
24.86..0,42%.8,6.48.2.38,7.68,3.48.9.92,4.61.12.87.5.77.14.15.6.97.
816.21.8.19.18.24.9.44. .90, .0.3.408. .8.4.24,.8.4.63, .87

IF (NORB.LT.1.0R.NORB.GT.2) GOTO S

IF (NATOM.LT.B.0R.NATOM.GT.83) GOTO 1@
IF (ATV(NORB.NATOM) .EQ.8.8) GOTO 10
ATTMV=-ATV(NORB.,NATOM)

RETURN

WRITE (18.6) NORB

FORMAT (/.,-7." ONLY S ORBITAL (NORB=1) OR P ORBITAL (NORB=2)",
&  "ALLOWED --- NORB=".,I1)

GOTO 58

WRITE (18.28) NATOM

FORMAT (/,/," ATOMIC TERM VALUE NOT AVAILABLE FOR:".
& " ATOMIC NUMBER=",I13.5X,2)

GO0TO (30.48) NORB

WRITE . (18, 35)

FORMAT ('S ORBITAL™)

GOTO S8

WRITE (18.45)

FORMAT ("P ORBITAL™

PAUSE " ok ERROR ON INPUT PARAMETERS ok FUNCTION ATTMY olok”

STOP ..

END

(Continued)
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SUBROUTINE UVECT(X.N,XUNIT)

ROUTINE TC GENERATE A N-DIMENSIONAL °UNIT" VECTOR FROM
A GIVEN VECTOR. [IF INPUT VECTOR IS A “NULL® VECTOR. THEN
THE “UNIT* VECTOR IS ALSO NULLED.

INPUT PARAMETERS:
X--VECTOR TO BE "NORMALIZED": A N-DIMENSIONAL ARRAY
N--DIMENSIONALITY OF VECTOR
OUTPUT PARAMETERS:
XUNIT--UNIT VECTOR: A M-DIMENSIONAL ARRAY
EXTERNAL REFERNCES:
FUNCTION DOTPD

DIMENSION X(1).XUNITC1)

(] OO0OO0CO0OO00O00O0O0O00

DO 18 I=1.N
XUNIT(I1)=06.8

-

MAGNITUDE OF VECTOR SQUARED IS EQUAL TO THE DOT PRODUCT OF
VECTOR WITH ITSELF
D=SQRT(DOTPD (X, X.N))

OO0

NULL VECTOR FOR D=0
iIF (D.EQ.8.8) GOTO 38

DO 208 I=1.N
RUNITCI)=X(I)~D

wWON (g} 00
[\] . .

@ .

RETURN
END

:UDD:EWBANK:UTILITY.DIR:DOTPD.FR
FUNCTION DOTPD(X1.,X2.N)

ROUTINE TO EVALUATE A N-DIMENSIONAL VECTOR DOT PRODUCT
BETWEEN 2 VECTORS

INPUT PARAMETERS:
X1--VECTOR #1: A N-DIMENSIONAL ARRAY
X2--VECTOR #2: A N-DIMENSIONAL ARRAY
N--DIMENSIONALITY OF VECTORS X1 & X2
OUTPUT PARAMETERS:
DOTPD--EVALUATED DOT PRCDUCT
EXTERNAL REFERENCES: NONE

DIMENSICN X1(1),X2(1)

(w} O0O0O0O0OO0O00O00O0O0n

DOTPD=8.9
DO 18 I=L.N
DOTPD=DOTPD+X1(I):kX2(I)

O —
- ®

RETURN
END

Figure C2. (Continued)






APPENDIX D
DENSITY OF STATES COMPUTER PROGRAM

An overall flowchart for the density of states program is shown
in Figure Dl1. The basic structure of this density of states computer
program is identical to the energy band program in Appendix C. The
listings for this program, excluding subroutines which appear in

Appendix C, are given in Figure D2.
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Figure D1. Flowchart for density of states program
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DSINPUT.FR --- DENSITY OF STATES

ROUTINE TO ALLOW INPUTTING OF CONTROL PARAMETERS USED BY
PROGRAM °DSTATE.FR* FROM CONSOLE AND GENERATES THE
CONTROL PARAMETER FILE.

INPUT PARAMETERS:
FROM CONSOLE
OUTPUT PARAMETERS:
1) CONTROL PARAMETER FILE --- CONTAINING:
A) NAPUC --- # ATOMS PER “UNIT CELL”’
B) NATMNUM --- ATOMIC NUMBER OF EARCH ATOM IN
UNIT €ELL®. (ORDERED ACCORDING
TO “ENUMERATION” (SEE BELOW)
€3 EMIN & EMAX —--- ENERGY MIN & MAX FOR “WINDOW”
OF HISTOGRAM
D) KPTS --- # PTS IN K-SPACE AT WHICH TO
CALCULATE THE ENERGY EIGENVALUES
E) DMAX2 --- MAXIMUM °“NERR NEIGHBOR” DISTANCE
SQUARED FOR ATOMS TO BE INCLUDED
IN BLOCH FCN
F) IFILE --- FILENAME OF INPUT DATA FILE (BELOW)
FORMAT --- BINARY
EXTERNAL REFERENCES:
NONE

PARAMETER IN=11,I0UT=18.NPARGE=27*488K+12

PARAMETER KKPTS=1ES sMAXIMUM # KPTS ALLOWED
PARAMETER MAXAPUC=18 :MAXIMUM # ATOMS PER UNIT CELL
DIMENSION NATMNUM(MAXAPUC) . IFILE(31)

WRITE (IOUT) NPAGE
ENTER # ATOMS PER “UNIT CELL”

WRITE - (I0UT.-168)

FORMAT (~/." ENTER # ATOMS PER UNIT CELL: *,2)
READ FREE (IN.ERR=158) NAPUC

IF (NAPUC.LT.! .0OR. NAPUC.GT.MARXAPUC) GOTO 15@

ENTER ATOMIC NUMBERS ASSOCIATED WITH EACH ATOM IN
UNIT CELL. (BRDER MUST REFLECT "ENUMERATION” OF
DATA FILE TO BE INPUT)

WRITE - (I0UT.218)

FORMAT (~/." ENTER ATOMIC NUMBER OF EACH ATOM IN UNIT CELL".
/" (ORDER MUST CORRESPOND TO “, 1H”."ENUMERATION".2H*))

DO 228 I=1.NAPUC

WRITE - (I0UT.248) 1

FORMAT (8X,"ATOM #",12.4X.2)

Computer Tlistings for density of states program
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2208
250
260

270
288

OO0
oc. .

O0O0O00

188
118

c.
35
368

3r8

OoOO0O0O0O000

Figure D2.

&

READ FREE (IN.ERR=238) NATMNUMCI)
IF (NATMNUMCD) .LT.1 .OR. NATMNUMC(I).GT.89) GOTO 230
CONTINUE

ENTER ENERGY MIN & MAX

WRITE . (I0UT.268)

FORMAT (/." ENTER ENERGY MINIMUM: *,2)
READ FREE (IN,ERR=258) EMIN
WRITE - (I0UT.288)

FORMAT (" ENTER ENERGY MAXIMUM: ".2)
READ FREE (IN.ERR=278) EMAX

IF (EMIN.GE.EMAX) GOTO 258

ENTER # KPTS

WRITE . (I0UT.60)

FORMAT (/." ENTER # PTS IN K-SPACE AT WHICH TO CALCULATE®./.
" THE ENERGY EIGENVALUES: ".2)

READ FREE (IN.ERR=58) KPTS

IF (KPTS.LT.2 .OR. KPTS.GT.KKPTS) &O0TO 5@

ENTER *NEAR NEIGHBOR” MAXIMUM DISTANCE FOR INCLUSIGON
IN BLOCH FUNCTION SUM

WRITE . (IOUT,118)

FORMAT(/." ENTER ".1H’."NERR NEIGHBOR",1H"."® MAXIMUM DISTANCE °.
/.," (ANGSTROMS) FOR INCLUSION IN BLOCH FCN: *,2)

READ FREE (IN.ERR=188) DMAX

IF (DMAX.LT.8.9 .OR. DMAX.GT.48.8) GOTO 168

DMAXZ2 =DMAXKDMAX sDISTANCE SGUARED

ENTER FILENAME OF INPUT DARTA FILE

WRITE - (IOUT-368)

FORMAT(/." ENTER FILENAME OF FILE CONTARINING ATOM POSITIONS: ®.2)
REARD (IN.378,ERR=358) IFILE(1)

FORMAT (S68)

OPEN 6. IFILE.ERR=358

CLOSE .6

WRITE INPUT EONTROL PARAMETERS TO FILE.

(TO SAVE CORE. READ IN CONTROL PARAMETERS FROM
CONSOLE IN THIS STAND-AQLONE PROGRAM. THEREBY AVOIDING
ASSOCIATED FORMAT STATEMENTS IM EBAND.FR)

OPEN 6. "?DS<INPUT"

WRITE BINARY (6) KPTS.DMAX2.NAPUC. (NATMNUMCI) . I=1,NAPUC),
EMINLEMARX. (IFILECI) . I=1.31)

CLOSE .6

(Continued)
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C.

c.

c NOW CHRIN TO DSTATE --- CALCULATE DENSITY OF STATES
c TO ALLOW FOR THE OPTION OF EXECUTING DSTATE.PR IN

c BRTCH AT OFF-HOURS. MAKE CHAINING OPTIONAL.

c.

499 WRITE (IOUT.418)

418 FORMAT (/." CHAIN? (YES/NOD): ",2)
RERD (IN.428.ERR=488) NANS
420 FORMAT (R2)
IF (NANS.EG@.”NO°> STOP
IF (NANS.NE.”YE’) GOTO 488
CALL FCHAN(C"DSTATE.PR")

END

Figure D2. (Continued)
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DS

PROGRAM DOES THE F
I) SELECTS

11) GENERA

BETWEE

111} DIAGO

EIGEN
i1V) SORTS
V) NORMALI
VI) PLOTS

INPUT PARAMETERS:

QUTPUT PARAMETERS:
1> DATA FI

EXTERNAL REFERENCE
1) INPUT C

GE

11> INPUT

A)

OO0O00OO0O0000OO000000000000000O0000000000000O000000000000000

Figure D2. (Continued)

TATE.FR --- DENSITY OF STATES

OLLOWING:

RANDOM K-VECTORS
TES A SLATER-KOSTER MATRIX CONTAINING ELEMENTS
N BLOCH FUNCTIONS & ATOMIC ORBITALS FOR EACH

K-VECTOR

NALIZES EACH MATRIX TO OBTAIN THE ENERGY
VALUES AT A GIVEN WAVEVECTOR. (KX.KY.K2)
EIGENVALUES INTO ENERGY RANGE BUCKETS

ZE DENSITY OF STARTES

THE DENSITY OF STATES VS ENERGY

1) CONTROL PARAMETER FILE --- CONTAINING:
A) NAPUC --- # ATOMS PER “UNIT CELL”
B) NATMNUM --- ATOMIC NUMBER OF EACH ATOM IN
UNIT CELL”. (ORDERED ACCORDING
T0 “ENUMERATION" (SEE BELOW))
€) EMIN & EMAX --- ENERGY MIN & MAX FOR *WINDOW’
OF HISTOGRAM
D) KPTS --- # PTS IN K-SPRCE AT WHICH TO
CALCULATE THE ENERGY EIGENVALUES
E) DMAX2 --- MAXIMUM “NEAR NEIGHBOR” DISTANCE
SQUARED FOR ATOMS TO BE INCLUDED
IN BLOCH FCN
F) IFILE --- FILENAME OF INPUT DATA FILE (BELOW
FORMAT --- BINARY
11) DATA FILE ("IFILE") --- EACH RECORD OF FILE CONTAINS:

A) ATOMIC NUMBER

B) ATOM ENUMERATION IN “UNIT CELL
*ENUMERATION" IMPLIES THAT EACH
ATOM IN “UNIT CELL” IS ASSIGN A
UNIGQUE NUMBER. 1 TO NAPUC (WHERE NAPUC
15 THE # ATOMS PER “UNIT CELL")

€) ATOM POSITION (X.Y.2> IN RECTANGULAR

COORDINATES

FORMATTED AS FOLLOWS: (12X,12,3X.12,3(3X.E14.7))

LE --- "?DS¢DATA" --- CONTAINING CALCULATED
DENSITY OF STARTES, ETC BEING PARSSED TO
PLOTTING PROGRAM

S:
ONTROL PARAMETER FILE --- "?EB€¢INPUT"
NERATED BY STAND-ALONE PROGRAM “EBINPUT.FR"
DATA FILE --- ATOM POSITIONS & TYPES
SUBROUTINE ATOMIN

1) EOMMON/ARTMPOS/. ...
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OO0O0OO0O0O0O0O0O0O000000000000O00O0000000O0

OO0O0O0O00O0O0

Figure D2.

111) GENERATE RANDOM K-VECTOR
A) SUBR TIME (SYSTEM ROUTINE)
B) SUBR IRANDOM (SYSTEM ROUTINE)
€) SUBR RANDOM (SYSTEM ROUTINE)
IV) GENERATE MATRIX ELEMENTS
A) SUBROUTINE BLOCH
1) SUBROUTINE SSIAME
A) SUBR SSIME
1) FEN ATTMV
2) SUBR UVECT
3) FCN DOTPD
2) COMMON/ATMPOS/....
V) DIAGONALIZE
A) SUBROUTINE EIGCH (IMSL LIBRARY)
1) EHBKH
2) EHOUHS .
3) EQRT2S
4) UERTST
VI) NORMALIZE ~-- INTEGRATED DENSITY OF STARTES = # BANDS
A) SUBROUTINE TRAPINT --- TRAPEZOIDAL INTEGRATION
VII) PLOT DENSITY OF STRTES VS ENERGY ---
STAND-ALONE PROGRAM --- DSPLOT
A) SUBROUTINE GRIDR
B) SUBROUTINE CURVE
€) SUBROUTINE TPOT
D) SUBOUTINE QPLOT
E) PLOT1@ LIBRARY (TEKTRONIX)
F) AGII LIBRARY (TEKTRONIX)

PARAMETER MAXAPUC=t@ :MAXIMUM # ATOMS PER UNIT CELLS
PARAMETER NOPA=4 ;% ORBITALS PER ATOM
PARAMETER ND IM=NOPAX*MAXAPUC sMAXIMUM # BANDS
PARAMETER NNDIM=NDIMk(NDIM+1) 72, NNNDIM=3xNDIM

PARAMETER NEPTS=2080 : % BUCKETS FOR HISTOGRAM
PARAMETER CONV=1008 :CONVERT RANDOM K-VECTOR FROM

:8 THRU 1 TO 8 THRU 18@@ (1-/ANGST)

DIMENSION IFILE(3D)

DIMENSION NATMNUM(MAXAPUC)

DOUBLE PRECISION COMPLEX HA(NNDIM

DOUBLE PRECISION COMPLEX  VALUE

DOUBLE PRECISION WORKSP(NNNDIM). E(NDIM)
DIMENSION G(NEPTS).WVK(3),KSEED(3), IHMS(3)

READ INPUT CONTROL PARAMETER FILE.
(TO SAVE CORE. READ IN CONTROL PARAMETERS FROM
CONSOLE IN STAND-ALONE PROGRAM. THEREBY AYOIDING
ASSOCIATED FORMAT STATEMENTS HERE)

(Continued)
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OPEN 6, "?DS<INPUT"
READ BIMNARY (6) KPTS.,DMAX2.NAPUC. (NATMMUM{I), I=1,HARUC) .
& EMIN.EMAX, (IFILECD), [=1.31)

CLOSE .6
cC.
C.
C READ ATOMIC POSITIONS FROM DATA FILE
C.
CALL ATOMINCIFILE.DMAX2.NAPUC. NATMNUM)
c.
c INITIALIZE DENSITY OF STRTES ARRAY
c.
DO 188 J=i.NEPTS
188 6(J)=0.08
cC..
c.
C GENERATE RANDOM “SEEDS” FOR K-VECTOR
c.
CALL TIME (IHMS.IER)
DO 288 I=1.3
299 CALL IRANDOMCKSEEDC(I). IHMSC(I))
cC..
c GENERATE RANDOM WAVENUMBERS (KPTS) TIMES
c..
DO 298 KINCR=1.KPTS
DO 358 1=1.3
EALL RANDOMCWVK (I ,KSEED(I))
KSIGN=KSEED (1} /3-+LVK (1) *CONV SIFIX
EALL RANLGA(SIGH,KSIGN)
IF (SIGN.ET.B8.5) SIGH=+1.0
iF (SIGN.LE.B.5) SIGN=-1.8
350 WVK (1) =S IGN*CONVWVK (1)
c.
c.
c FIND EACH MATRIX ELEMENT AC(I.J) --- ON & BELOW DIAGONSL
c.
DO 428 IALPHA=1.NAPUC sLHICH ATOM (COL)
DO 488 IMU=1,NOPA ;WHICH ORBITAL (COL)
DO 468 JBETA=IALPHA.NAFUC sWHICH ATOM (ROW
JNUMIN=1
If (JBETR.EQ.IALPHAY JNUMIN=IMU
DO 423 SMU=JNUMIM.,MOPQ sWHICH ORBITAL (ROWD
TATOM=HATHHUMUIALPHRA) 3ASSIGN ATOMIC MUMBER
JATOM=NATMNUMC(IBETR) :ASSIGN ATCMIC HUMBER
EALL BLOCH C(IALPHA. IMU. IARTOM. JBETA. INU. JATCM, W, VAL UE)
I=CIALPHA-1) KHNCPA+IMU ;I & J TREE ON VALUCS
J=(IBETA- 1) MOFa+IMU ;FROM 1-NBANDS (I.LE.D)
C ACT.J) =VALUE
C CONVERT 2-D ARRAY INTC 1-D ARRAY U3ZD 2vy EIGCH
c (REFEREMCE PAGE IMTRO-10 GF Ii15L MANUAL)

= (I{J=-1)72) + 1

Figure D2. (Continued)
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c HACLY=ACI. D)
408 HA (L) =VALUE
c.
c.
c NOW DIAGONALIZE
C.
NBANDS = NAPUC % NOPA
CALL EIGCH (HR.NBANDS,@.E.DUMMY.DUMMY.WORKSP, IER)
c.
cC.
c ACCUMULATE EACH EIGENVALUE IN APPROPRIATE BUCKET
c.

DO 588 I=1.NBANDS
IF (EC(I).6T.EMAX .OR. ECI).LT.EMIN) GOTO 588
J=IFIX( (EC(I)-EMIN) %(NEPTS-1) Z7(EMAX-EMIN) + 1 )
6(J) = G(J) + 1

See CONTINUE

3008 CONTINUE

NORMAL IZE

(N Ne Ny

EALL TRAPINT (G.NEPTS.EMIN,EMAX.GI)
DO 688 J=1.NEPTS
2)7] G (J) =G (J)*NBANDS/GI

TO SAVE CORE. DO PLOTTING IN SEPARATE STAND-ALONE
PROGRAM. THEREFORE. NEED TO WRITE DENSITY OF STARTES
TO A DISK FILE.

O0OO0000M

CALL FDELETE ("?DS<DATA")

OPEN 6, "?DS<¢DATA"

WRITE BINARY (6) NEPTS.EMIN.EMAX. (G(J).J=1,.NEPTS)
€LOSE .6

NOW PLOT

OO0

€ALL FCHAN(®DSPLOT.PR") :TO SAVE CORE.CHAIN
END

Figure D2. (Continued)
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DSPLOT.FR --— DENSITY OF STATES

ROUTINE T0 MARKE THE GRAPHICS CALLS FOR DSTATE.FR
{E. PLOT DENSITY OF STARTES VS ENERGY

INPUT PARAMETERS:
DATA FILE --- CONTAINING THE FOLLOWING:
# ENERGY PTS., ENERGY MIN & MAX, DENSITY OF STARTES
ARRAY
FORMAT --- BINARY
OUTPUT PARAMETERS:
RLOTFILE ."?DS€PLOT"
EXTERNAL REFERENCES:
FCN DOTPD
SUBR AMNMX
SUBR GRIDR
SUBR CURVE
SUBR TPOT
SUBR GPLOT.
AGII LIBRARY
PLOT10 LIBRARY

OOO0O0O0O00O00O0000000000O0000O00

PARAMETER I0UT=18. NPAGE=27%400K+12
PARAMETER NNEPTS=288
DIMENSION E(NNEPTS).,G(NNEPTS)

c.
cC.
C READ IN DATA FOR DENSITY OF STATES FROM FILE
c.
OPEN 6, "7?DS¢DATA"
READ BINARY (6) NEPTS.EMIN.EMAX, (G(J),J=1,NEPTS)
CLOSE .6
c.
c GENERATE ENERGY DATAR ARRAY
c.
DO 18@ J=1.NEPTS
109 E(J)=((J-1)/FLORT(NEPTS) ) x{(EMAX-EMIN) +EMIN
c.
C EONSTRUCT GRID
c.
CALL AMNMX (NEPTS.G.GMIN. IDUMMY.GMAX, IDUMMY)
€ALL GRIDR ($99S.EMIN.EMAX.GMIN.GMAX. "?DS¢PLOT",38.,
& "ENERGY BAND DENSITY OF STATES".1!l., "ENERGY (EV)".
& 17, "DENSITY OF STATES".,XMN.,XMX.,YMN.YMX, )
C.
c NOW PLOT BANDS
c.
€ALL CURYE ($999.NEPTS.E.G.,"?DS€PLOT", XMN, XMX.
& YMN,.YMX.8.8.8.8)
C.
X WRITE BINARY (IBUT) NPAGE ;CLEAR CONSOLE SCREEN

Figure D2. (Continued)
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X CALL TPOT (6, "?DS¢PLOT", IOUT) :COPY TO CONSOLE
CALL QPLOT ("?DS¢PLOT".IER) :COPY TO VERSATEC
IF (IER.NE.1) 60TO 999

c.
STOP. .

c.

c.

Ss WRITE .(18.,998)

998 FORMAT (“ PLOTTING ERROR"™)
STOP . .

C.
END

” (UDD:EWBANK:DSTATE.DIR: TRAPINT.FR
SUBROUTINE TRAPINT (FX.NPTS.,XMIN.XMAX, FXINT)

ROUTINE TO DO TRAPIZOIDAL RULE INTEGRATION OF FUNCTION FX
BETWEEN XMIN & XMAX GIVEN FX AT NPTS EQUALLY SPACED (IN X) POINTS

INPUT PARAMETERS:
FX --- ARRAY OF DEPENDENT VARIABLE VALUES AT EQUALLY
SPACED INTERVALS OF INDEPENDENT VARIABLE VALUES
NPTS --- NUMBER OF POINTS IN ARRAY FX
XMIN & XMAX --- DEFINITE INTEGRAL ==> EVALUATE BETWEEN
XMIN AND XMAX
BUTPUT PARAMETERS:
FXINT --- EVALURTED INTEGRAL
EXTERNAL REFERENCES:
NONE

DIMENSION FX(1)

(] OO0OO0OO0OOCO0O00O00O00O0O000O0

FXINT=(FX(1)+FX(NPTS)) 2
DO 18 I=2.(NPTS-1)

10 FXINT=FXINT+HX(I)
XDELTA=(XMAX-XMIN) #(NPTS-1)
FXINT=XDELTAXFXINT

RETURN
END

Figure D2. (Continued)






APPENDIX E
PRINCIPAL INDICES OF REFRACTION COMPUTER PROGRAM

The flowchart for the principal indices of refraction computer
program is shown in Figure El, and the listings are given in Figure
E2. Unlike the general applicability to any crystal exhibited by the
energy band and density of states programs, portions of this program
were specifically written for the chalcopyrite crystals. In partic-
ular, the summation of polarization over each bond in the unit cell
assumed a chalcopyrite structure. However, only two routines reflect
this assumption. The first is the subroutine to input the crystal
geometry (CPATMIN) and the second is the subroutine that computes the
net polarization (POLARIZ). Also listed are two different routines
(HBOMHYB and HBOMATM) for calculating Bond Orbital Model parameters
Vz, V3 and y. Some lower level subroutines, which were also used by
the band structure programs, are not listed here but appear in

Appendix C.
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Specify

—— crystal — ( Start )
geometry

Select 3 Calculate
orthogonal BOM
= electric - dipole moment
fields for each bond
Calculate 3 Sum to
‘ components of obtain net
susceptability [~ polarization
tensor

Diagonalize
No Final tensor giving
‘ electric | 3 principal
field? principal
susceptibilities

Calculate
principal
indices of
refraction

Qutput -~

Figure E1. Flowchart for principal indices of refraction program
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FRINDEX.FR

MAIN PROGRAM TC DETERMINE THE PRINCIPAL IMDICES OF
REFRACTION FCR A CRYSTAL USING HARRISON'S BOND QORSITAL
MODEL (BOM} APFROACH. THIS METHGOD INVOLYES CALCULATING
THE POLARICZATICN FOR EACH BOND AND SUMMING UP THE
COHTRIBUTIONS FROM ALL BONDS. BY CTALCZULATING THE NET
POLARIZATICH AT 3 ORTHOGONAL ORIZHTATIONS OF THE
EXTERNAL ELECTRIC FIELD. THE NINZ COMPOMENTS OF THE
SUSCEPTARBILITY TENSOR ARS OBTAINED. DIAGONSLIZATION

EF THIS 3X3 HMATRIX YIELDS THE PRIMCIPAL SUSCEPTASILITIES
AiD. CONSEQUENHTLY. THE PRINCIPAL TMDICES OF REFRACTIOM.

INPUT PARAMETERS (FRCH CONSOLE) :
IFILE --- FILEMmMZ GF FILE EONTAIMING ATOM PO3:TION
AND ATOMIC NUMEERS 2ESCRIBING CRYSTAL
A.E -—= LATTICE PRRAMETERS
QUTPUT PARAMETERS (TO CONSOLED:
PRINCIPAR. INDICES OF REFRACTIGN
EXTERNAL REFERENCES:
SUBROUTINE PIINHFIY
SUBRCUTINE #ICUTRUT
SUBRJUTINZ EPATMIN
COMMON/RTMPOS /.
SUDROUTIHE POLGRIZ
SUER HB0M-YB OR HEIMATM
SUER .2OTPD -
€0rMMOH/RTIHRPOS /. . .
SUBROUTINE EIGRF  (IMSL Li2RARY)
SU3R ESALAF
5UBR -EHESSF .
SUGR -EQRH3F .
SUBF .EHBCKE -
SUJR -EEBCKF .

OQOOO0OOOOO0OO00O0O0O00O0000O0COoO0O00OO0OO0O00O00O0000000

PRARAMEZTER PI=3.14158927. N3Z=3

DIMENSION JATOMID) . I F‘"E(x”

DIMENSICN E(HZY.POL(H3:. L ‘HV(“:,wB) PIRIN3D
DOUEBLE PRECISION CHI(NILN3Y, N3

DOUELE PREC:SION COMPLZIN HRCHILH?)

g' INPUT CONTROL INFCRMATICH FRCM COMIOLE
- NFi.AG=-1

1 CALL PIIMPUT(NFLAG, IFILE, L. CLJATOM

E. INPUT ATOM POSITICON ~ROM DATA FILE

- IF (NFLRG.EQ. ! £ALL CRATAIMCIFILILALCLIRTIIL 3D
E' SFECITY 3 OLRTHICNM L ZLELTAIC FUIELLS

Figure E2. Computer listings for principal indices of refraction
program
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C.
DO 18 I=1,N3
8 28 J=1.M3
29 E(J)=8.0
E(I)=1.0
c.
c EALCULATE PCLARIZATICON FIR EARCH ELECTRIC FIELD VECTCR
r\ .
€ALL POLARIZ(A.C.E.JATOM.PCL)
c.
C CRLCULATE SUSCEPTABILITY TENSGR COMFONENTS
c.
DO 18 J=1.3
CHISAV(J., 1) =POL (D>
10 EHICI,1)=POL(D)
C..
C DIAGONALIZE SUSCEPTABILITY MATRIX TO GET
c PRINCIPAL SUSCEPTABILITIES
c.
CALL ETGRF(EHI.N3.H3.8,PRCHI.DUMMY. DUMMY., Wi, IER)
c.
c CRLCULATE PRINCIPAL IMDICES OF REFRGCTICON
c.
DO 328 I=1.N2
PRC=PRCHI (I)
30 PIRCI)=SQART(1.@+4:xP [5PRC)
c..
c. QUTPUT . .
c.
CALL PICUTPUTC(EHISAY,PRCHILPIRL IFILE(4))
c.
G070 1
cC.
END

Figure E2. (Continued)
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SUBROUTINE PIINPUT(KFLAG. IFILE.A,C,JATOM

ROUTINE T3 INPUT PARAIZTERS FROM COHSOLE FCR PRINDEX.FR

INPUT PARAMETERS:
NFLAG ---

BUTPUT PARAMETERS:

HFLAG ---

LEQ.-1

==> FIRST TIMZ THRU

.EQ.8 => DON"T NEED TO READ ATOM POSITION FILE

.EQ.1 => NEED TO READ ATOM POSITION FILE

IFILE --- FILENAME OF FILE EONTAINING ATOM POSITIONS
fi & C --- LATTICE COHSTANTS
JATOM --- ARRAY OF ATCMIC NUIMBERS FOR EACH 3° THE 3

TYPES OF RTOMS

IN UNIT £2LL OF CHQLCOPYRITE

EXTERNAL REFERENCES:
NONE

DIMENSICN
PARAMETER

IFILEC18) . JATCM(3D
=11,

IF (NFLAG.NE.-1) G3ITO 2
LRITE CIGUT) NPAREE
WRITE - ¢I6UT. 1D
FORMAT (/,25:1, "CHRLCOFPYRITE INDEX OF REFR
GOTC SS
WRITE - ¢I0UT,3)
FORMAT ¢/," DOME? (YES/NOY:
REAL (IN.4.ERR=2) IANS
FORMAT (R2)
IF (IANS.EQ."YE”") STOF
IF (IANS.NE.”NO”) GOTO 2

", 2)

HFLAG=B
WRITE (ICUTY HPAGE
WRITE - ¢i0UT.2O)
FOGRMAT /.7, " CHAN
REMRD (IM.30.EZRR=183
FORIIAT (A2
IF (iIRHS.ED.
IF {InbSLHE.

GE CRYSTAL CGzC

AT

Mt

*NO*Y 50T
"WE’) G600

253
i

IhPUT LATTICE CONSTARTS

NFLRG=1
WRITE . ¢ICUT. 118
FORMAT (7. " ENTER
READ FREE (Ih.ERF=
IF (A.LT.4.9 .OR.
KRITE ¢I0U7,130)

LATTICEZ CCNSTR
169y R
A.GT.7.8) GGTI 163

FORMRT ZM, "0 = ", 25
READ FREE (IN,ERR=:g%
IF (€.L7.59.2 .CR. C.GT.135.8 &0°C 138

(Continued)

10UT=18, NPAGE=27%480K+ 2

HTIS: "./L8

TION™

n
» AQ

METRY? (YES/HNO):

A
L

»2)
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OO0

i5
169

150
195

IO e

3598
368

370

c..
25

Figure E2.

INPUT ATOMIC NUMSERS

WRITE - ¢I0UT-160)

FGRMAT (~s." SPECIFY 3 TVPES OF ATCMS IN UNIT CELL IN ORDER™
DD 178 I=1.3

LRITE - ¢I0UT-195) §.

FORMAT (" ENTER ATOMIC NUMBER FCR ATOM #£t,I1.,': ", 2)

READ FREE (IN.ERR=189) JATOM(I:

IF (JATOMCIY.LT.S .GR. JATOMCI).GT.89) GOTO 1S2

CONTINUE

ENTER FILENAME GF INPUT DATA FILE
WRITE . ¢I0UT.369)
FORMATC/, " ENTER FILENAME OF FILE CONTAIWHING ATOM POSITIONS: ".2)
READ (IN.3¢8.ERR=358> IFILEC1)
FORMAT (Se@)

RETURN
END

(Continued)
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SUBROUTINE EPATMINCIFILE.A.C.JATOM.$)
ROUTINE TO INPUT ATOM POSITIONS AND ATOMIC NUMBERS

INPUT PARAMETERS:
1) IFILE --- DATA FILE CONTAINING ATOM POSITIONMS,ETC
EARCH RECORD OF FILE CONTRINS:
A) ATOMIC NUMBER
B) ATOM POSITION (X.Y.2) IN RECTANGULAR
COORDINATES
FORMATTED AS --- (12X, 12.5X.3(3X.E14.7))
NATOM --- ATOMIC NUMBER OF EACH ATOM
R === 3-D ARRAY FOR ATOM POSITION (X.Y.2
2) A & C --- LATTICE CONSTANTS
3) JATOM --- 3D ARRAY OF ATOMIC NUMBERS
OUTPUT PARAMETERS:
ERROR RETURN
EXTERNAL REFERENCES:
COMMON/ATMPOS/R.NRTOM

OO0O0O0O000OOOCO00O0000000

PARAMETER GTONE=1.81
COMMONATMPOS/R (3., NAUC) » NATOM(NAUC)
DIMENSICN IFILECI).RR(3),JATOM(3)
PARAMETER NAUC=31 :# ATOMS IN UNIT CELL CINCLUDE
c sFULL ATOM AT EDGES)
J=0
OPEN 6. IFILE.ATT="I",ERR=968
19 READ (6.28.END=48) IATOM. (RR(I).,I=1.3)
20 FORMAT (12X.12.5X,3(3X.E14.7))
IF (ABS(RR(1)).GT.(R724%GTONE)) GOTO 18
IF (ABS(RR(2)).GT.(A/2%GTONE)) GOTO 18
IF (ABS(RR(3)).GT.(C/2%GTONE)>) GOTO 10
DO 25 I=1.3
25 IF (IATOM.EQ.JATOMCI)) GOTO 27
G0TO cSe0
27 J=J+1
IF (J.GT.NAUC) GOTO Se©8
NATOM(J) =IATOM
DO 38 I=1.3
30 RCI,JI=RRC(D)
E0TO 10
49 CLOSE 6
c.
RETURN
c..
cC. ERRORS .

c..
908 RETURN 5
END

Figure E2. (Continued)
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Figure E2.

SUBROUTINE POLARIZ(A.C.E.JATOM.POL)

PROGRAM TO CALCULATE THE POLARIZATION FOR A GIVEN
ELECTRIC FIELD DIRECTION FOR A CHALCOPYRITE CRYSTAL USING
HARRISON"S BOND ORBITAL MODEL (BOM)

INPUT PARAMETERS:

A & C --- LATTICE CONSTANTS

E --- 3D ARRAY FOR THE ELECTRIC FIELD VECTOR

JATOM --- ARRAY OF ATOMIC NUMBERS FOR EACH OF THE 3

TYPES OF ATOMS IN UNIT EELL

OUTPUT PARAMETERS:

POL --- 3D ARRAY FOR THE POLARIZATION VECTOR
EXTERNAL REFERENCES:

FCN DOTPD

SUBR HBOMHYB OR HBOMATM

COMMON/ATMPOS”. ..

PARAMETER EE=3.79439. N3=3

DIMENSION PB(N3).P1(N3).,P2(N3)

DIMENSION JATOMC1).EC1).D(N3).POL(1)

PARAMETER NAUC=31 s;# ATOMS IN UNIT CELL C(INCLUDE
sFULL ATOM AT EDGES)

EOMMON/ATMPOS /R (3., HAUCS , NRTOM(NARUC)

ANION DISPLACED FROM CENTER OF TETRAHEDRAL BY DELX
DELX=(.25-SQRT(CxC/32/0/A-1./16.))%A
NEAREST MEIGHBOR DISTANCE SQUARED
DNN2 = (A*A/B+CkC/64+DELA¥DEL X+AKDELX/2) k1 .3
INITIALIZE POLARIZATION VECTOR
DO S K=1.N3
PB(K)=0.0
P1(K)=8.0
P2(K)=8.8

€HOOSE ANION --- 8 PER UNIT CELL

IANEXT=1

DB 18 IIR=1.8

DO 28 I=IANEXT.NAUC

IA=1

IF (NATOMC(IA) .EQ.JATOM(N3)) GOTO 30
PAUSE " CANNOT FIND ANION"

STOP ...

TANEXT=IR+1

€HCOSE CATION --- 4 PER EARCH ANION

ICNEXT=1
DO 48 IIC=1.4

(Continued)
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DO 5@ I=ICNEXT.NAUC

1€=1

DO 45 K=1.N3

D (K> =R(K., IC)-R(K. IR)

D2=DOTPD(D,D.N3)

IF ((D2.LT.DNN2) .AND. (D2.GT.8.81)) GOTO 68
PAUSE " EANNOT FIND CARTION"

STOP .. ..

ICNEXT=IC+1

CALCULATE BOM PARAMETERS V2.V3 & GAMMA FOR BOND BETWEEN
ANION SP3 HYBRID AND CATION SP3 HYBRID

USE DECOMPOSED SP3 HYBRIDS AND HARRISON*S SOLID STATE
MATRIX ELEMENTS FOR ATOMIC ORBITALS ALONG WITH HERMAN-
SKILLMAN®S ATOMIC TERM VALUES

CALL HBOMATM(R(1.IAR).R(1.,IC).NATOMCIA),NATOMCIC) . V2. V3,GAMMA)

USE HARRISON"S EMPIRICAL BOM PARAMETERS FOR BINARY CMPDS
CALL HBOMHYB(NATOMCIC).NATOMCIAY . V2, V3, GAMMA)

VECTOR SUM OF POLRRIZATION FROM EACH BOND IN UNITCELL
SV23=50RT (V2kV2+V3*V3)
DO 78 K=1.N3
P8 (K) =P8 (K) *x (-GAMMA*EEXV3) %D (K> /SV23
P1(K)=P1(K)+((GAMMAKEExY2) %%2) DO TPD (E. D, N3) %D (K) 72/ (5V23:#%3)
P2 (K) =P2 (K) +3:k (GAMMAXEE ) %k 3%V25%Y2:kv3xD (K) kDOTPD (E. D. N3) /8/(SV23%%3)
CONTINUE
CONTINUE

CALCULATE & NORMALIZE POLARIZATION

DO 88 K=1.N3

IF (RBS(PB(K)).GT.1E-5) WRITE FREE (12) " FERROELECTRIC? <NL>"
POL (K> =(PB(K)+P 1 (K)+P2(K)) / (A%AXC) : INCLUDE 2ND ORDER TERM
POL (K) =(PB(K)+P1(K)) /7 (A%AXC) sFIRST ORDER ONLY

WRITE FREE (12) " PB = ", (PB(I),I=1.N3)
WRITE FREE (12) " P1 = ", (P1(I),I=1.N3)
WRITE FREE (12) " P2 = ", (P2(1),I=1,N3)
WRITE FREE (12) " POLARIZATION VECTOR = ", (POL(I).,I=1,N3)

RETURN
END

(Continued)
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SUBROUTINE HBOMATM(R1.,R2.NATOML.NATOM2.V2.V3.GAMMA)

ROUTINE T0 €ALCULATE HARRISON®S BOND ORBITAL MODEL (BOM)

PARAMETERS FOR THE DIELECTRIC FUNCTION FROM ATOMIC ORBITALS USING
HIS *80LID STATE INTERATOMIC MATRIX ELEMENTS* AND HERMAN-SKILLMAN’S
ATOMIC TERM VALUES.

INPUT PARAMETERS:
R1~-VECTOR POSITION IN RECTANGULAR COORDINATES OF
ANION (ANGSTROMS) (3 ELEMENT ARRAY)
R2-~VECTOR POSITION IN RECTANGULAR COORDINATES OF
EATION (ANGSTROMS) (3 ELEMENT ARRAY)
NATOM1---ATOMIC NUMBER OF ANION
NATOM2---ATOMIC NUMBEZR OF CATION

BUTFUT PARAMETERS:
V2.V3.6AMMA --- BOM PARAMETERS NEEDED FOR DIELECTRIC FCN

EXTERNAL REFERENCES:
SUBROUTINE SSIAME
SUBROUTINE SSIME
SUBROUTINE ATTMV
SUBROUTINE UVECT
SUBROUTINE DOTPD

NOTES:
NORB1---SPECIFIES ARTOMIC SRBITAL OF ANION
=1 IMPLIES § ORBITAL
=2 IMPLIES PX ORBITAL
=3 IMPLIES PY ORBITAL
=4 IMPLIES PZ ORBITAL
NORB2---SPECIFIES ATOMIC SRBITAL OF CATION
=] IMPLIES S ORBITAL
=2 IMPLIES PX OR3ITAL
=3 IMPLIES PY 2RBITAL
=4 IMPLIES P2 ORBITAL

OCOOOQOO0O0O0O000000O0OOOO000000000000O0000000

PARAMETER SAR3=1.73205!
DIMENSION R1{3).R2(3).D(3),SA(4),SC(D

GAMMA=1.0

DETERMINE V2 FROM HRRRISCN’S5 "SOLID STATE INTERATOMIC
MATRIX ELEMENTS" FOR ATOMIC ORBITALS.
DECOMPOSE SP3 HYBRID CRBITALS OF ANION & CATION INTO

RESPECTIVE LINEAR EOMBINQTIONS OF STC0MIC ORBITALS

OOO0O000 (]

DISTANCE BETWZEN ANICM % £ATION
DO i8 I=1,3
D(I3)=R2C(II-R1(D)
DD=SQRT(DOTPD(D.D.3))

—
(s}

Figure E2. (Continued)
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Figure E2.

S8ET SCALE FACTORS & SIGNS OF ANION & CATION ATOMIC
ORBITAL TERMS THAT MAKE UP HYBRID

SA(1)=DD/SAR3
§€(1)=-DD/SAR3
DB 29 [=2.4
SA(I) =D(I-1)
SC(I)=SA(D

ITERATE OVER ANION 2 CATION ATCMIC ORBITALS
AND ACCUMULATE MATRIX ELEMENTS

V2=0.8

DO 40 NORB1=1.4

D6 48 NORB2=1.4

CALL SSIAME(R1.R2.NORB1.NORB2.NATOMIL.NATOM2.SSME)
V2=VY2+5A (NGRB 1) *SC (NORB2) *SSME

CONTINUE

V2=3%V2/4/DD-/DD

CALCULATE V3 FROM ATOMIC TERM VALUES FOR ATOMIC ORBITALS.
DECOMPOSE SP3 HYBRIDS INTO ATOMIC CRBITALS

ATOMIC TERM VALUE FOR ANION S-ORBITAL
€ALL SSIAME(R1.R1.1.,1.NATOM!.NATOML.ERS)

ATOMIC TERM VALUE FOR ANION P-ORBITAL
€ALL SSIAME(R1.R1.2.2.NATOM1.NATOMI,EAP)

ATOMIC TERM VALUE FOR CATION S-ORBITAL
CALL SSIAME(R2.R2.1.1.NATOM2.NATOM2.ECS)

ATOMIC TERM VALUE FOR CATION P-ORBITAL
€ALL SSIAME(R2.R2.2.2.NATOM2.NATOM2.ECP)

V3= (ECS+3%ECP-EAS-3%EAP) /8

RETURN
END

(Continued)
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SUBROUTINE HBOMHYB (NRTOMC.NATOMA.VZ2.V3,GAMMA)

ROUTINE TO OBTAIN HARRISON’S BOND ORBITAL MODEL (BOM) PARAMETERS
FOR A GIVEN CATION AND ANION FROM BINARY CMPDS EMPIRICAL NUMBERS

INPUT PARAMETERS:

NATOMC --- ATOMIC NUMBER OF CATION

NATOMA --- ATOMIC NUMBER OF ANION
QUTPUT PARAMETERS:

V2 --- COVALENT ENERGY

V3 --- POLAR ENERGY

EAMMA --- OVERLAP INTEGRAL.INTERNAL FIELD. ETC
EXTERNAL REFERENCES:

NONE

o000 0000000

DIMENSION EH(42)

DATA EH/3.88.4.74.5.78.7.108.8.12.8.708.11x8.9.
] 3.76.3.48.4.44,5.80.6.86.8.00.9.30.11%0.8.
& 3.34.3.30.4.28.5.38,6.47.7.46.8.64~

IF (NRTOMC.LT.12 .BR. NARTOMC.GT.52) GOTO 988
IF (NATOMA.LT.12 .OR. NATOMA.GT.52) GOTO 999

DETERMINE V2

OO

V2C=v2a=2.2 3ROW 3
IF (NATOMC.GE.19) V2€=2.15 :ROW 4
IF (NATOMA.GE.19) VZ2R=2.15

IF (NATOMC.GE.37) V2C=1.76 3ROW S
IF (NATOMA.GE.37) V2AR=1.76

V2=SART(V2CkV2A)

DETERMINE GAMMA

QOO0

6C=GA=1.2 3ROW 3
IF (NATOMC.BE.19) GC=1.42 ;ROU 4
IF (NATOMA.GE.18) GR=1.42

IF (NATOMC.BE.37) GC=1.68 :ROW 5
IF (NATOMA.GE.37) GR=1.69

GAMMA=SART (GC*GRA)

DETERMINE V3

OO0

V3=~ (EH(NATOMC-1 1) -EH(NATOMA-11)) 2
RETURN

ERRORS -

VOO0

Sé PARUSE " ERROR --- SUBROUTINE HBOMP ...."
STOP .. ..
END

Figure E2. (Continued)






130

:UDD:EWBANK:DIELECTRIC.DIR:PIOUTPUT.FR

OOCOQOO0O00O0O00000000

H

(1)}

OQOOOXXXOOOXXXOO00

8
C‘u

18
15

Figure E2.

&

SUBROUTINE PIOUTPUT(EHI.PRCHI.PIR. IXSTAL)

ROUTINE T8 BUTPUT THE FRINCIPAL INDICES OF REFRACTION.

ALSO. SPECIFIES ISOTROPIC.UNIAXIAL. OR BIAXIAL AND OPTIONALLY
€AN BUTPUT THE COMPLETE SUSCEPTABILITY TENSOR AND THE
PRINCIPAL SUSCEPTABILITIES.

INPUT PARAMETERS:

CHI --- 3X3 MATRIX FOR THE SUSCEPTABILITY TENSOR

PRCHI --- 3D ARRAY FOR THE PRINCIPAL SUSCEPTABILITIES
PIR --- 3D ARRAY FOR THE PRINCIPAL INDICES OF REFRACTION
IXSTAL --- ASCII CHARACTER STRING DESCRIBING CRYSTAL

OUTPUT PRARAMETERS:

ANY OR ALL OF THE INPUT PRARAMETERS
EXTERNAL REFERENCES:

NONE

PARAMETER N3=3, SN=1E-3., I0UT=12

DOUBLE PRECISION €OMPLEX PRCHI(N3)

DIMENSION EHI(N3.N3), PIR(N3). IXSTAL(1)
OUTPUT SYUSCEPTARBILITY TENSOR

WRITE (I0UT.4) ((EHIC(I.J),JI=1,N3),1=1,N3)
FORMAT (/.7. 18X, "SUSCEPTABILITY TENSOR".

3(/.5%, 1H(,3(E12.5.3X), 1H)).
OUTPUT PRINCIPAL SUSCEPTABILITIES

WRITE (IOUT.6) C(I1.PRCHICI).I=1.N3)
FORMART (/./,18X."PRINCIPAL SUSCEPTABILITIES".

3(/, 11K, "CHI#",[1.5X,E12.5." + Ix",E12.5))

OQUTPUT PRINCIPAL INDICES OF REFRACTION

X21=ABS(PIR(2}~-PIR(1))
X31=RABS(PIR(I)-PIRCLIYM)
X32=ABS{(PIR(3>-PIR(2))
NTYPE=5 sBIAXIAL
IF (X21.LT.8N) NTYPE=2 SUNIAXIAL
IF (X31.LT.SN) NTYPE=3 SUNIAXIAL
IF (X32.LT.SN) NTYPE=4 SUMTIAXIAL
IF ((X21.LT.SNY .AND. (X31.LT7.SN) .AND. (X32.LT.SN))

NTYPE=1 ; ISOTROPIC
WRITE (IQUT.8) IXSTAL(D)
FORMAT (/./.22X.824.7)
GO0TO (18.298.,22.24.38) NTYPE
WRITE .¢ICUT,15) RIRCL)
FORMAT (Za¥%."ISOTRORIC CRYSTAL", /., 15X, "INDEX OF REFRAC".

"TION = ",F6.3.7
(Continued)

e
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GOTO 48
cC..
20 NO=1
NE=3
E0TO 26
22 NO=1
NE=2
60TO 26
24 Ng=2
NE=1
26 BIREF=PIR(NE)-PIR(NO)
WRITE (I0UT.28) PIR(ND).PIR(NE).BIREF
28 FORMAT (28X, "UNIAXIAL CRYSTAL"., /. 12X."ORDINARY INDEX OF REF",
& "RACTION = ".F6.3.7,12X, "EXTRAORDINARY INDEX OF REFRACTION = °,
& F6.3.7,17X, "BIREFRINGENCE = ".F6.4./
GOTO 48
c..
30 WRITE (I0UT.35) (I.PIRCI).I=1,N3)
35 FORMAT (28X, "BIAXIAL CRYSTAL",/,15X."THE THREE PRINCIPAL ",
& "INDICES OF REFRACTION ARE:",3(/, 18X, "%#",11.5X.F6.3)./)
c..
40 RETURN

END

Figure E2. (Continued)






APPENDIX F
CHALCOPYRITE CRYSTAL STRUCTURE

The tetragonal structure of the chalcopyrites closely resembles
the cubic zincblende structure. For example, by replacing the Ga
atoms in the binary compound, GaAs, with Cd and Ge atoms, the ternary
chalcopyrite, CdGeAs,, is obtained (see Figure 1 of Lines and
waszazakls). The space group is 142d and the point group is 42m.29

The lattice parameters a and c determine the distortion of the
tetrahedron; that is, ¢ = 2a implies a "regular" tetrahedron and c>2a
means that the tetrahedron is stretched along the z axis or com-
pressed along the x and y axes. Lattice parameter x describes the
displacement in the x-y plane of an anion from the center of a tetra-
hedron, formed by four cations, one at each corner. Specifically,
the anion is displaced by an amount, alx-.25|, towards the smaller of
the cations; for example, in CdGeAs,, the As anion is closer to the
two Ge cations. The lattice constants for many of the chalcopyrites
have been measured and/or predicted by Abrahams and

Bernstein.29,30,31 Also, they obtained an empirical equation for

lattice parameter x which is given by,

2
1 1\/c 1
X = A — - (F1)
Fa 32a2 16

To generate the crystal structure in crystal coordinates (which
are also rectangular), the following formulas32 could be used (with

CdGeAs, again as the example):

132
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111
*2°2°2

11

cd: [(0,0,0;5y55) + (0,0,0;0,5

1.,13

Ge: [(0,0’0;%a%'9'1?) + (anaf;osf,f)].(a9a’c) + (]a,ma,nC)

. . <313 _ 7.1
As: [(0,0,0,7,——,7) + (X,T,g,X,TET 8 4,X,8)] (a a C)

+ (la,ma,nc)

o 4)] (a,a,c) + (la,ma,nc)

(F2)

(F3)

(F4)

where x = 1-x and 1,m and n are integers. These formulas result in

four Cd atoms, four Ge atoms, and eight As atoms per unit cell; in

other words, there are four formula units of CdGeAsz per unit cell.

However, an equivalent structure can be generated by considering only

two formula units. The corresponding relations are

Cd: (0,0,0; 0,2,4) (a,a,c) + ([21-nJa/2,[2m+n]a/2,nc/2)

-1l
272

1

Ge: ( 0

, 11,.-1 3..31-3 (1 3,.
AS. (-X,4 8, [2 +X] § T’@’T’ [2—‘)(],@) (asa,C) +

([21-nJa/2,[2m+n]a/2,nc/2)
This translation vector between 'unit cells',

aHQ+W)+nF7Q+%9+%Q)

corresponds to a twofold screw axis.

;1730;%)°(a,a,c) + ([21-nJa/2,[2m+n]a/2,nc/2)

(F5)

(F6)

(F7)

(F8)
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A Fortran program was written (listed in Figure F1) to generate a
list of atom positions, compatible with the 1ist required by the
energy band program, by using Equations F1, F5, F6, and F7. As an
example, a portion of the list of atoms for CdGeAs, is given in Table
F1 for a = 5.94A and ¢ = 11.22A. From this list, it is easy to
verify the interatomic distances of 2.629& for Cd-As and 2.429A& for

Ge-AS .







135

:UDD:EWBANK:GECMETRY.DIR:CPGEOM.FR
CPGEOM.FR

ROUTINE 70 GENERATE CHALCOPYRITE ATOM POSITIONS.ATOMIC NUMBERS.
ENUMERATION OF ATOMS IN UNIT CELL. ETC IN DATA FILE
T0 BE INPUT FOR EBAND.FR

CHALCOPYRITES HAVE A TETRAHEDRAL STRUCTURE:
ACIDBCIVIC2(Y) CLIKE A ITI-V COMPOUND]
OR ACDB(IIIC2(VI) [LIKE A II-VI COMPOUND]
USE THE FOLLOWING TO GENERATE THE CRYSTAL STRUCTURE:
CONSIDER 2 FORMULA UNITS (AN “A* ATOM AT THE ORIGIN.
1 COMPLETE TETRAHEDRAL ABCUT R “C” ATOM. AND 3 OTHER
ADJACENT *C® ATOMS) AND THE TRANSLATION VECTOR:
C(L#AHNKRAZ2) , (MKA-NXA/2) . (NXC/2))
WHERE L.M.N ARE INTEGERS AND A & C ARE THE LATTICE CONSTANTS
NOTE: THE “C” ATOM IS DISPLACED FROM CENTER OF TETRAHEDRAL
BY DISTANCE DELX TOWARD THE SMALLER TWO °B” ATOMS
X=FCN(A.C) FORMULA FROM ABRAHAMS & BERNSTEIN.J CHEM PHYS.
VOL 55.N0 2,(?715/71).P796

INPUT PARAMETERS: (FROM CONSOLE)
1) LATTICE CONSTANTS (R & C)
2) ATOMIC SYMBOL & ATOMIC NUMBER FOR- 3 TYPES OF ATOMS
IN UNIT EELL
3) NCELL --- DETERMINES NUMBER OF UNIT CELLS TO CONSTRUCT
4) DMAX --- MAXIMUM DISTANCE FOR ATOMS TO BE STORED ON FILE
OUTPUT PARAMETERS:
DATA FILE --- "?GEOM¢GAAS" --- CONTAINS THE FOLLOWING
INFORMATION ON EACH RECORD:
1) RUNNING INDEX OF NUMBER OF ATOMS IN FILE
2) ATOMIC SYMBOL
3) ATOMIC NUMBER
4) ENUMERATION
5) ATOMIC POSITION IN RECTANGULAR CGORDINATES
6) DISTANCE FROM ORIGIN
FORMAT IS (1X,13,3X.A2,2(3X,12).3(3X.E14.7).6X,.E14.7)
EXTERNAL REFERENCES:
SUBROUTINE €PUC
FUNCTICON DCTPD
SUBROUTINE CPSORT

OO0O0COO0OO0OO00OOO000000O0O0000000O0000000000000000O000

COMMON/ARTMPOS/NENUM(888) ,RR(4,888) , INDEX
DIMENSION IATOM(3).,JATOM(3)
PARAMETER IN=11, [0UT=18.NPAGE=27%488K+12

c.
WRITE (IOUT) NPAGE
WRITE - (IQUT. 1)
1 FORMAT (25X." CHALCOPYRITE GEOMETRY")
108 WRITE . (IOUT.118)
118 FORMAT (. " ENTER LATTICE CONSTAMTS: "./,5X,"R = ".2)

Figure F1. Computer listings for chalcopyrite crystal structure program
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130

140
145

c.
15
168

130
i85

187
19@
195

179
10
15

20
25

(] OO0 W OO0

Figure F1.

READ FREE (IN.ERR=188) A

IF (A.LT.4.8 .0R. A.GT.7.8) GOTCO 180
WRITE - (10UT-130)

FORMAT (SX,"C = ",2)

READ FREE (IN.ERR=188) C

IF (€.LT.S.8 .0R. C.GT.13.8) GOTO @@
WRITE (IOUT.145)

FORMAT (5X."X (ENTER 8 IF UNKNOWN) = *,2)
READ FREE (IN.ERR=148) X

IF (X.NE.B.8 .AND. (X.LT.B.15 .OR. X.GT.8.35)) GOTO i48
IF (X.EQ.0.8) X=.5-SQRT(CxC/R/A/32-1./16)
DELX=(X-.25)%A

WRITE . (I0UT-168)

FORMAT (s." SPECIFY 3 TYPES OF ATOMS IN UNIT CELL IN ORDER")
DO 178 I=1.3

WRITE . CIOUT-185) I.

FORMAT (" ENTER ATOMIC SYMBOL FOR ATOM #".Il.": ".2)
READ (IN.187,ERR=188) IATOMCI)

FORMAT (A2)

WRITE . (IOUT-195) I.

FORMAT (" ENTER ATOMIC NUMBER FOR ATOM #",Il.": ".2)
READ FREE C(IN.ERR=198) JATOMCI)

IF (JATOMCI).LT.S .OR. JATOM(I).GT.89) GOTO 150
CONTINUE

WRITE . (IOUT-15)

FORMAT (/. " ENTER NCELL: ".2)

READ FREE (IN.ERR=18) NCELL

IF (NEELL.LT.® .OR. NCELL.GT.18) GOTO 1@

WRITE . CIOUT.25)

FORMAT (s, " ENTER MAXIMUM DISTANCE FOR INCLUDING ATOMS: ".2)
READ FREE (IN.ERR=28) DMAX

IF (DMAX.LE.B.8 .0R. DMAX.GT.108.8) GOTO 20

INDEX=0

DO 38 L=-MCELL.+NCELL
DO 38 M=-NCELL.+NCELL
DO 38 N=-NCELL.-+NCELL

FIND COORDINARTES OF ERCH ATOM IM UNIT CELL SPECIFIED
BY L.M. & N

€4aLL CPUCC(L.M,N,DMAX,A.C.DELX)

CONTINUE
SORT & WRITE-TO FILE

EALL CPSORT(IATOM, JATOM)

STOP. ..
END

(Continues)

3
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SUBROUTINE EPSORT(IATOM.JATOM)

C.
C ROUTINE TO SORT ATOM POSITIONS
C ACCORDING TO DISTANCE FROM ORIGIN
C.
c INPUT PARAMETERS:
C IATOM --- ATOMIC SYMBOL FOR EACH OF 3 TYPES OF
C ATOMS IN UNIT CELL
C JATOM --- ATOMIC NUMBER FOR EACH OF 3 TYPES OF
C ATOMS IN UNIT CELL
C OUTPUT PARAMETERS:
c DATA FILE---EG.---"7?GEOMe¢CDGEAS"-~-SORTED ATOM POSITIONS
c EXTERNAL REFERENCES:
C COMMON/ATMPOS/. ...
C.
COMMON/ATMPOS/NENUM(888) . RD (4. 8883 . IMAX
DIMENSION IATOM(3).R(4),JATOM(3). IFILE(?)
DRATA IFILE/*?G*,”EQ".,"Me”,3%"XX" .8/
PARAMETER IN=11, I0UT=18
c.
c SORT IN INCREASING DISTANCE FROM ORIGIN
DO 118 J=2.JMAX
IF (RD(4.J).GE.RD(4.(J-1))) GO TO 1@
DO 58 K=1.J
58 IF (RD(4.J).LE.RD(4,K)) GN TO 68
60 NE=NENUM(J)
DO 79 I=1.4
79 R(I)=RDC(I. 1)
M=J
DO 98 L=K.J
NENUM(M) =NENUM(M-1)
DO 890 I=1.4
t=]7] RDCI.M)=RD(I,{(M-1))
99 M=M-1
NENUM(K) =NE
DO 160 [=1.4
100 RDCILKY=R(D)
118 CONTINUE
C.
C NOW WRITE OUT SORTED ATOM POSITIONS
DO 115 I=1,3
J=1+3
115 IFILE(3) =IATOMCI)
CALL FDELETE (IFILE)
OPEN 7. IFILE
J=1
1209 K=2
IF (MNENUM(J).LT.3) K=1
IF (NENUMC(J) .BT.4) K=3
WRITE (7.,133) J, IATOMCK) ., JATOMC(K) .NENUM(I), (RDC(I,. I}, 1=1,4)
1308 FORMAT (1X.13.3X.AR2,2(3X.12).3(3%.E14.7).6X.E14.7)

Figure F1. (Continued)
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J=J+1
IF (J.LE.JMAX) GO TO 128
CLOSE .7

RETURN
END

:YDD:EWBANK :GECMETRY.DIR:CPUC.FR
SUBROUTINE EPUC(L.M.N.DMAX.A.C.DELX)

c.
c ROUTINE TO GENERATE COORDINATES OF ALL 8 ATOMS IN °UNIT CELL’
c SPECIFIED BY L.M. & N FOR CHALCOPYRITE COMPOUND.
C.
(o INPUT PARAMETERS:
C L.M.N --- DETERMINES WHICH "UNIT CELL®
c DMAX --- MAXIMUM DISTANCE FOR ATOM TO BE FROM ORIGIN
c AND STILL GET STORED IN COMMON BLOCK
C A.C.DELX --- LATTICE PARAMETERS
C BUTPUT PARAMETERS:
C NONE
c EXTERNAL REFERENCES:
c FUCNCTION DOTPD
c COMMON/ATMPOS/. ...
DIMENSION R(3).X(4).¥(4).2(4)
DRTQ XaYJZ/-GA .@,-.5".5‘ .8,+.5.+.5, .B. .Bp+,50 .Bn+.5/
E0OMMON/ATMPOS/NENUM(888) ., RR(4,888) ., INDEX
c.
DO 68 J=1.2
K=8
58 K=K+1
R(1)=L#A~NkA/2-(J-1) %R/4+X(K) *A
IF (J.E@.2 .AND. (K.EQ@.1 .OR. K.EQ.33)

& RC1)=R(1)=-((-1,)%x(Kr/2))XDELX
R (23} =MkA+NkA/2+(J-1):#A/4+Y (K) %A
IF (J.EQ@.2 .AND. (K.EQ@.2 .OR. K.EQ@.4)

& R(2)=R(2)+((-1.)%k((K~-1)/2))KkDELX
R(3)=N*C/2+(J-1)%C/B+2(K)*C/2
D=SQGRT(DOTPD(R.R.3))

IF (D.GT.DMAX) GOTO 3@
INDEX=INDEX+1
DO 55 I=1.3
55 RRCI. INDEX)=R(I)
RR (4. INDEX) =D
NENUMCINDEX) = (J-1) kad+K
IF (K.LT.4) GOTO 5@
69 CONTINUE
c.
38 RETURN

END

Figure F1. (Continued)
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APPENDIX G
T1,AsSeq CRYSTAL STRUCTURE

The trigonal sulfosalt, T13AsSe; or TAS, has a point group of 3m
and a space group of R3m. The lattice parameters, a, ¢, x and z,
which are needed to specify the atomic positions, are given in Table

61.33 The generation of the structure in hexagonal crystal coordi-

nates was accomplished with the following formulas:3%
T1 & Se: [(0,0, 0,3-,-3—,%%,%%) + (X,X,2Z3X,2X,2;2X,X,2)]*(a,a,c)
+ (la,ma,nc) (G1)
. 12221
As: [(0,0, 05§5§;§y§y§;§) + (0,0,z)]1*(a,a,c) + (la,ma,nc) (G2)

where x = 1-x and 1, m and n are integers. Also implicit in the
above formulas are the number of each kind of atom in a unit cell.
There are nine T1 and Se atoms along with three As atoms per unit
cell. In other words, the unit cell is composed of three formula
units of T13AsSe3z. To obtain the atom positions in rectangular co-
ordinates (xr, Yoo Zr)’ a transformation from the hexagonal crystal

coordinates (xc, Yoo zc), was also necessary;

Xp = Xo + Y .COS8

r
Yp = ¥csine (G3)
Zp T Z¢

where 6 = 2u/3.
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Table G1

Lattice Parameters for T13AsSe3

a = 9.,8974

c = 7.094A
T Se As
.2052 .2052 0

0 .4480 .745
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The above formulas and lattice parameters were incorporated into
a Fortran program to generate a list of atom positions representing
the crystal geometry. A portion of this list is shown in Table G2.
The interatomic distances associated with this list are 2.206A for
As-Se, 3.178R and 3.439& for Se-T1, and 3.651& for As-Tl. The re-
sulting crystal structure is shown in Figure Gl, where a slight pro-
jection of the z-axis into the x-y plane has been used. Each formula
unit consists of an equilateral triangle of three Se atoms in the x-y
plane with an As atom approximately in the center of this triangle,
only slightly displaced in the z direction toward an equilateral é
triangle of T1 atoms. The two triangles, Se and T1, are parallel and |
have the same orientation, lying one on top of the other as illus-
trated. The unit cell is comprised of three such formula units
arranged in a helix whose axis runs parallel to the z axis, which is

a threefold screw axis described by the translation vector,

aHQ+W)+Mz%—Q-%9+%QL (G4)
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APPENDIX H
SUBROUTINE FOR CHADI AND COHEN'S FIRST NEAREST

NEIGHBOR PARAMETERS

Listed in Figure Hl is the subroutine used to assign numerical
values to the various Slater-Koster type matrix elements of the
Hamiltonian between pairs of atomic orbitals for Si, Ge, GaAs and
ZnSe. The first nearest neighbor parameters were obtained from
Tables 3 and 5 of Chadi and Cohen.l Recall that a set of these
parameters and the crystal geometry are the only inputs required to
solve the band structure (energy bands and density of states)

problem.
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SUDD:ERBQNK:EBRND.DIR:CCSSHE.FR

(] OO0O0O0O0O0

Figure HI.

SUBROUTINE SSIAME(R1,R8.JNU, IMU.JATOM. IATOM. SSME)

ROUTINE TO EVALUATE THE SOLID STATE MATRIX ELEMENTS FOR NEAREST
NEIGHBOR SI.GE.GAAS OR ZNSE USING THE CHADI-COHEN PARAMETERS.
CHOOSE SI.GE..GAAS OR ZNSE BY ATOMIC NUMBER.

REFERENCE: CHADI & COHEN. PHYS.STAT.SOL.(B).68.P485.(1975).

DIMENSION R1(3).R8(3).,D(3)

IF (IATOM.EQ.38 .OR. IATOM.EQ.34) GOTO 1
IF (1IATOM.EG.14) GOTO 2
IF (IATOM.EQ.32) GOTO 3

GRAS (TABLE 5)
NATOM@=33
NATOM1=31
ESA=-6.81

ES1=-4.79
EPB=+8.19
EP1=+4.59
VXY=+4,72
VKXX=+0.93
VeS=-7.08
VSBP=+7 .28
VS1P=+43.78
GOTO 4

ZNSE (TABLE 5)
NATOMB=34
NATOM1=30
ESB=-8.92

ES1=-0.28
EPB=+8.12
EP1=+7.42
VXY=+4.38
VXX=+8 .96
VES=-6.14
VSBP=45.47
VS1P=+4.73
GOTO 4

81 (TABLE 3
NATOMB=NARTOM1=14
ESA=ES1=-4.83
EPB=EP1=+7.2B+ESO
VXY=+7.51
VXX=+3,17
V85=-8.13
VSaP=VS1P=45,.88
G0OTO 4

GE (TARBLE 3
NATOMZ=NATOM1=32
ESB=ES1=-5.79

Computer 1istings of subroutine for Chadi and Cohen's
first iiearest neighbor parameters
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:UDD:EWBANK:EBAND.DIR:CCSSME.FR

25

30

28
180

208

Figure HI.

EPB=EP1=+8.41+ES8

VXY=+6.82

VXX=42.,62

¥6S5=-6.78

VSBP=VS1P=+5.31

IF (IATOM.NE.NATOM1 .AND. IATOM.NE.NATOMA) GOTO 18@
IF (JATOM.NE.NARTOM1 .AND. JATOM.NE.NATOM@) GOTO 108
SSME=0.8

SIGN=1.0

DO 25 I=1.3

D(I)=RB(D-RI1(D

IF (DOTPD(D.D.3).GT.8.1) GOTU 18 :SAME ATOM?
IF (IMU.NE.JNU) GOTO 200 :ORTHOGONAL u
IF (IRTOM.EQ.NATOMB .AND. IMU.EQ.1) SSME=ES@ sESO :
IF (IATOM.EQ.NATOM! .AND. IMU.EQ.1} SSME=ES! JESI
IF (IATOM.EQ.NATOMB .AND. IMU.GE.2) SSME=EP® ;EPO
IF (IATOM.EQ.NATOM! .AND. IMU.GE.2) SSME=EP! SEPL
6070 20

IF (IMU.GE.2 .AND. JNU.GE.2) SSME=VYXY/4 2 VXY
IF (IMU.EQ.JNU) SSME=VXX/4 VXX
IF (IMY.EA.1 .AND. JNU.EQ@.1) SSME=VSS/4 :¥SS

IF (SSME.NE.B.8 .AND. SSME.NE.(VXYs/4)) GOTO 208

NEED TO DETERMINE SIGN FOR VXY.VS8BP & VSIP

IF ((DCIMU~1>%D(JNU-1)).LT.B.8) SIGN=~1.8
IF (SSME.NE.8.8) GOTO 288

SIGN=1

IF (IHU EQ.1) SSME=VS1P/4

IF (IMU.NE.1> GOTO 38

IF (D(JNU-1).LT.8.8) SIGN=-1.

IF (JNU.EQ.1) SSME=VSBP-/4

IF (JNU.NE.1> GOTO 28

IF (D(IMU-1).GT.B.8) SIGN=-1,

IF (SSME.NE.8.8) GOTO 208
PAUSE " ERROR --- CHADI-COHEN PARAMETERS"
STOP . .

SSME =5 IGN*SSME

RETURN
END

(Continued)

3SIGN FOR VXY

sVSIP

3SIGN FOR VSIP
s VSeP

:SIGN FOR VsS@P






APPENDIX I
SIMPLIFICATION OF THE 1ST ORDER BOND

POLARIZATION FORMULA

Equation 75 implies that the first order polarization per sp3

hybrid bond is

P = 2 AdF) = Ad(ED) (11)

where 3 is the electric field vector and d is the vector distance
from cation to anion. By evaluating the geometric factor when summed
over all bonds in the unit cell for one specific direction of elec-

tric field (choose £ = €, Z) which gives a principal susceptability,

g

t~

ay

Ci‘-ir

™y
[}

. A A 2A
Lo (ddx+ ddy +d,"2) (12)

z bonds

Now, when considering tetrahedrally coordinated crystals, for each
term of the form (+|d,ld, X) or (+|dy|dz ¥), there will be corres-
ponding terms of (-1d,ld, Xx) and (-ldyldz ?) which cancel the former
terms. However, similar pairs of the z component terms do not

cancel; that is,
(+1d,1)2 2 + (-14,1)% 2 = 24,2 2. (13)
Therefore, the summation in Equation I2 can neglect components

perpendicular to the electric field or
' 148






149

) d(deE) = £, ) dz2 2 (14)
bonds bonds
which can be written as
1d| (d°2) = ) dzﬁ cosze (15)
bonds bonds

where 0 is the angle between € and d. It is this form that appears
in the Hterature,lﬁ’l8 but the result is used before the summation
over bonds is performed.

Further simplification is realized by considering a "regular"
tetrahedral structure. Then 3 = (£ X ¢ 9 + 2)/ V3 and, again letting

£ = &, Q, the geometric factor from Equation I4 reduces to
. A .
I CCA TN N OO S L) (16)
bonds bonds

Consequently, there is a geometric factor of one-third associated

with each bond in a "regular" tetrahedron.
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