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calculated using matrix elements computed from wave func-
tions including spin orbit coupling. Results were ob-
tained for both the diagonal and the off diagonal elements

of the conductivity tensor.



CHAPTER I

INTRODUCTION

Energy band computations for transition metals have
been of continuing interest in solid state physics. These
calculations are of fundamental importance in the con-
struction of the band theory of itinerant electron magne-
tism.1 It is assumed that the electrons responsible for
the magnetism are not localized, but instead occupy Bloch
states with wave functions extending throughout the
crystal. Four major items of evidence strongly support
the applicability of the general picture of itinerant
electron ferromagnetism to nickel. First, energy band
calculations have reproduced in reasonable detail the
Fermi surface determined by measurements of the de Haas-
Van Alphen effect and cyclotron resonance. Second, the
saturation moment for nickel is found to be 0.616 Bohr
magnetons/atom.2 The difference from an integral number
1s too large to be attributed to an orbital component of
the magnetic moment. Third, the high field Hall and
magnetoresistance measurements of Fawcett and Reed3
indicate that the 3d electrons responsible for the mag-
netism have a mobility comparable with those of pre-
dominent s-p character. Fourth, the electronic specific
heat meacurement for nickel, 7.028 md/ (mol OKz),3 shows

that at least some of the 3d electrons have acquired an




itinerant behavior and contributed to the Fermi surface.
A detailled comparison of itinerant versus localized-spin
models can be found in Herring's book.5
Some of the more i1important calculation on the band
structure of nickel used the LCAO (tight binding)

mcthod,6_ll the APW (Augmented Plane Wave) method,lz“15

the KKPR (Green function) method,8’16-17 and the combined

16,18-23 Both pr24—26 and KKR27,28

interpolation scheme.
methods, in their usual forms, employ the "muffin-tin"
approximation in which the crystal potential is assumed

to be spherically symmetric in spheres inscribed within a
polyhedral atomic cell about each lattice site and con-
stant between these spheres. In the case of a APW calcula-
tion, the electronic wave functions are expanded in terms
ot spherical waves (products of radial wave functions and
spherical harmonics) inside each sphere and plane waves
between them. The elgenvalue problem i1s solved by varying
the expansion coefficients 1n such a way that the log-
arithmic derivatives of wave functions are continuous
across the boundary of the spheres. The KKR method

employs a variational principle in which the Schrodinger

equation is transformed into a homogenous integral equa-

tion. he trial wave function is expanded in terms of
spherical waves,  The variational condition gives a set
of lincar homogeneous equations and the dispersion rela-

tion s obtained by solving the secular equation whose




matrix elements consists of two parts. The first part is
a geometrical structure constant arising from the lattice
Green function which needs to be calculated only once for
cach type of lattice. The second part involves the log-
arithmic derivatives of the trial radial wave functions
evaluated on the inscribed sphere.

One essential problem in the energy band calculation
1s to obtain a self-consistent potential. The effects of
different starting atomic configurations on the results of
non-self-consistent band calculations have been illus-

13

trated in the work of Mattheiss, Both methods described

here have been made self-consistent to the extent of the

15,17

muffin-tin approximation. For a transition metal,

the 3d states are moderately sensitive to the nonspherical

part of the potential (the c¢rystal field effects).29 The

non-muffin-tin corrections to the band structure of para-
magnetic nickel has been studied by Painter}oﬂl'The d

bandwidth is narrowed by 0.010 Ry. and the s-d separation
1s reduced by 0.003 Ry. The Lé* state which is important

in determining the Fermi surface neck at L is shifted by

and L states

+0.010 Ry. Although the order of the Lé* 1t

remains the same, this shift in energy is sufficiently
large to etfect detailed comparison with experiments.

Two calculations have been reported previcusly in which
some degroe of self-consistency was achieved., The first

ot thear, by deohl7 employed the KKR method and used the



Slater average free electron exchange potential.32 The

effect of reducing the parameter in the Xao exchange poten-

35

tial has been i1llustrated in two self-consistent APW

calculations by Connolly.15 The Kohn-Sham-Gaspar exchange

33,34 (0 = 2/3) was found to yield more realistic

potential
results than the full Slater exchange32 (. = 1). Spin
orbit interaction was neglected in both calculations.

The combined interpolation scheme is an interpolative
calculation which describes the energy bands in terms of a
minimal basis set and corresponding disposable parameﬁxsyyw
It combines a tight binding treatment for the d bands with
a pscudo potential appropriate for the s-p bands. The
basis functions consist of linear combianation of atomic
orbitals for d states and orthogonalized plane waves for
the s-p bands. The orthogonality condition between the
conduction s-p bands and the core states is simulated by
the inclusion of the pseudo potential. There are two major
interactions between the d bands and the conductions s-p
bands. The first, hybridization, is included through the
use of k dependent matrix elements. The second inter-
action, arising from the requirement of orthogonalization
of basis states, can he either described in terms of k
dependent form factorslq or included in the hybridization
pdramot(‘rs;.]8 The parameters appearing in the Hamiltonian
matrix elements are optimized to satisfy most experimental

data and tirst principle calculations. The energies and




wave ftunctions are obtained by diagonalizing the Hamil-
tonian matrix at a general point of the Brillouin zone.
The k-p perturbation theory has been proved to be very
useful to determine the energies in the vicinity of

. . . 20 , .
symmetric polnts, In ageneral, the combined interpola-
tion scheme provides a simple and economical way of cal-
culating energy bands, when enough experimental informa-
tion 1s available to determine the parameters.

The LCAO method employs the variational principle with
trial Bloch functions expanded in terms of localized
orbitals suitably formed at each lattice site. In its

o : 36 . . .
original form, this method is linited by severce problems
involiving calculation of three center lntegrals. Lin and

37,38 showed that thie difficulty can be avoided

co-workers
by expressing the crystal potential as Fourier series over
the reciprocal lattice vectors. PFurthermore, the Hamil-
tonitan and overlap matrix colements can be expressed 1n a
closed form 1t the basis set 1s chosen to consist of
sausslan type orbitals. This method has the advantage
that encrgies and oigonfunctions can be obtained directly
at a large number of points in the Brillouin zone without
resorting to an interpolation schene.

The self-consistent procedure within the tramework
of the tight binding approximation was tirst introduced by

1Y . .
Callaway and Fry. The present work 15 the tirst selfi-

. . : A b,
conslstent ti1ght binding calculation ever achreved. I'he

bramil ptontan and overlap matrix elements obtalned 1n Uhe




previous non-self-consistent tight binding calculation for
ferromagnetic nickel by Langlinais and CallawaylO were
used as 1input material for the first iteration of the
self-consistent procedure. Eighty-nine points in 1/48th
of the Brillouin zone were used to determine the charge
density in the final stages of an iterative procedure.

Exchange has been included according to the Xa method.35

3,34 value of the

It was found that the Kohn—Sham—Gaspar3
coefficient «(2/3) appeared to yield the most satisfactory
results for the Fermi surface and other properties.
Separate exchange potentials are obtained for electrons
of majority and minority (! and V) spins and energy bands
are computed separately for the two spin states. This
calculation 1s a test of the ability of such a procedure
(the spin-polarized method) to account for the magnetic
and electronic properties of a ferromagnetic metal. The
results obtained are in reasonable agreement with a
variety of different experiments and other self-consistent
calculations. This method was later applied to ferro-
magnetic iron,40 paramagnetic chromium,41 and potassium.
The results are found to be equally successful.

This calculation was subsequently extended to include
the effects of spin orbit coupling. Spin orbit coupling
1s of major significance in a description of the propertieec
of ferromagnetic transition metals, It leads to the

existoence of magnetic anisotropy, the anomalous Hall effect,



and magneto-optical effects. Substantial modifications of
the Fermi surface result from changes in the connectivity
of the energy bands. Attempts have been made to study
spin orbit effects in the band structure of nickel for

18,22,43-49 Much of this work, how-

more than 30 years.
ever, has been based on oversimplified tight binding
models of the d band structure. Other investigations have
employed 1nterpolation schemes designed to fit empirical
information concernina the band structure, magnetic

9]
18,22 We are not aware of

properties, and Fermi surface.
previous attempts to include spin orbit coupling into a
first principles band calculation for this metal.

The plan of this dissertation is as follows: 1In
Chapter II we outline the procedure of a self-consistent
tight binding calculation including the effects of both
exchange and spin-orbit coupling. Some emphasis has been
placed on the basic approximations reviewed in Section
A Moditications and improvements have been included
in the discussion of the tight binding method and the con-
struction of initial one clectron potential in Section
B, For an exact description of the procedure to con-
struct the non-self-consistent enerqgy bands for nickel,
one 1s referred to Langlinais's dissertation.lo Section
C contains a detailed discussion of the self-consistent
procedure.  The method employed to incorporate spin orbit

interaction is presented in Section b, The energy bands




obtained before and after including the effects of spin
orbit interaction are discussed at the end of Sections C
and D respectively.

Chapter IIT1 is designated to compare the energies and
wave functions obtalined with the results of different
experiments. In Section A the charge and spin density
are compared with the X-ray and neutron diffraction
measurements. The momentum distribution of electrons was
examined through the calculation of the Compton profile in
Section B. The Fermi surface effects on the structure
observed in the Compton profile is analyzed. Spin orbit
interaction is neglected in the above calculations. In-
cluding the effects of spin orbit interaction, energies,
wavefunctions, and momentum matrices were obtained at
1357 reqularly spaced points 1in 1/16th of the Brillouin
zone. The density of states discussed in Section C was
obtained by the Gilat-Raubenheimer method in combination
with an interpolation scheme, The Fermi surface properties
are shown in Section D and are compared with experiments.
Major emphasis has been placed on the calculation of the
optical conductivity tensor. The one electron theory of
the interband conductivity tensor is discussed in Section
Io.. A possible lifetime broadening effect has bhren con-
sidered through the inclusion of a phenomenological
constant relaxation time. Detailed analysis and compari-

son with the ordinary and magneto-optical measurements are




attempted. Our general conclusions are stated in Chapter
IV. A complete set of computer programs is included in
Appendix C. The first few programs concerning the con-
struction of the initial one electron potential and the
Hamiltonian matrices have been rewritten in order to
improve their accuracy and efficiency. They will be used

subsequently to calculate the band structure of vanadium.



CHAPTER I1I

THE TIGHT BINDING METHOD AND SELF-CONSISTENCY PROCEDURES

This chapter is divided into four sections. In
Section A, we shall briefly discuss the basic approxima-
tions. In Section B, we shall review the tight binding
method, the choice of a basis set, and the construction of
a one-electron potential, In Section C, we shall outline
the self-consistency procedure within the framework of
tight binding approximation. In Section D, we shall
describe the methods employed to incorporate the spin

orbit interaction.

A. The Basic Approximations

To calculate the energy levels of electrons in solids
one has to solve the Schrdodinger equation for a very large
number of nuclei and electrons. Numerous simplifying
approximations are necessary 1n order to solve this many
body problem. The basic apprcximations involved in the
framework of energy band theory are: first, the solid 1is
an infinite periodic array of atoms or ions; second, the
clectronic and nuclear motions are independent, the Born
Oppenheimer approximation; and third, the single electron
moves In a periodic potential due to the nuclei and other

electrons, the Hartree-Fock theory.
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It 1s usually not possible to sclve the Hartree-Fock
equation directly due to the non-local nature of the ex-
change potential. Several approximations have been
developed to construct an averaged local exchange poten-
tial. We shall briefly outline them here:

The first approximation was introduced by Slater32

and 1s based on the theory of the free electron gas. The

exchange potential in a gas of density p is given by

= -8 F(%I—Q—L) (- py1/3 (2.1)
F

X gas 8

where k is the wave vector of a plane wave state. Elec-
trons occupy states within a sphere centered on k=0 and

of radius kF for each spin, with

Atomic units are used throughout this paper unless other-
wlse specified. In the Hartree Fock theory the density

of states, which depends inversely on dE/dk, would wvanish
on the Fermi surface. This 1s one of the major diffi-
culties of Hartree—~Fock theory, which results from the
neglect of electron correlation. It can be avoided 1f one
considers an averaged local exchange potential. The
simplest approximation is to treat |, as the local charage

density and to replace Fy) by 1ts average value over all
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occupied states, 3/4. Thus we have an exchange potential

which we call sz,
_ 3 > . 1/3
Vyg = =6 [ 5% 0(r)] : (2.3)

An alternative approximation to the exchange poten-
tial was suggested by Kohn and Sham33 following an earlier
treatment by Gaspar.34 They applied the variational
method to an inhomogeneous system of interacting electrons.
In the limit of slowly varying density this procedure

leads to an exchange potential differing from VxS in that

the value of F(y) at the Fermi level, namely 1/2 is used.

- _ 2
Verse = 4 Lgg v 177 = 5 vg . (2.4)

Attempts have been made to use an exchange potential

now known as the Xa method. The parameter o is allowed
to vary between 1 and 2/3 or even slightly smaller than
2/3 to get the best result.

Tt may seem desirable to choose the value of « which
minimizes the total energy of the system since the theory
i1s bascd on the variational approximation. The objection

against this procedure is that the Hamiltonian instead of
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the wavefunctions is varied in the process. Our calcula-
tion employed this Xo exchange potential. The parameter

1+ 1s chosen to yield the best results in comparison with

experimental measurements. It will be discussed in more

detail in Section C.

A more elaborate suggestion was made by Liberman,50
independently of Sham and Kohn,Sl and later modified by
S5later, Wilson and WOod35 to retain the dependence of
F(y) on y with y=k/kF determined in the free electron gas
approximation as a function of energy and density. The
problem can be solved self-consistently but the cost in
computer time 1s very high. For a more detailed discussion
and comparison of exchange potentials one is referred to
the paper by Slater, Wilson and Wood.35 A generalization
of the Kohn-Sham theory of the inhomogeneous electron gas
with emphasis on spin cffects was later made by Rajagopal

and Callaway.52 For a ferromagnetic system the exchange

potential can be written as:

»

3p _(r)
Ty 2] 1/3
[§1 VX(’(r) = 6(1 [ —7?'———‘ ] (2.6)
where v=t,}+ and pj(;) is the density of electron with

spin .

We consider the following one-electron Hamiltonian

Hoo vl 4y (r) + « Vy, (£r) +V__(r) . (2.7)
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The first term is the kinetic energy. The second term is
the Coulomb potential which can be represented by the

superposition of atomic potential at each lattice sites.
) = & V_(r-r ) . (2.8)
X )

The atomic potential due to the nuclei and the electron

charge distribution oa(;) can be expressed as

d’r (2.9)

where 2 is the atomic number which is 28 for nickel. The
third term in Eq. (2.7) is the Xa exchange potential for a
spin polarized system as shown in Eq. (2.6) and the last

term is the spin-orbit interaction.
> h > > >
Vo () = —5— [0xVv(r)]1-F (2.10)

where 0 is the Pauli spin operator, V(ﬂ 1s the crystal po-
tential and P is the momentum operator. The last term was
neglected in this calculation until the self-consistent
procedure had been completed. It will be discussed in

detail in Section D.




B. The Tight Binding Method

The tight binding or LCAO (Linear Combination of
Atomic Orbitals) method was first proposed by Bloch (1928)36
and later modified by Lafon and Lin (1966).37 The three
center integrals which are normally encountered in the
tight binding calculations can be eliminated by expressing
the crystal potential as Fourier series over the reciprocal
lattice vectors. If the basis set is chosen to consist of
Gaussian type orbitals (GTO) all integrals can be done
analytically. The elements of the Hamiltonian and overlap
matrices are expressed analytically in terms of the inter-
atomic distance and Gaussian exponent parameters. A
drastic reduction in the computation can therefore be
effected.

In a LCAO calculation, one begins with a set of
localized functions uj(;) which for convenience will be
assumed to be normalized but need not be orthogonal.
Conventionally uj(f) are chosen to be the atomic orbitals
of the corresponding crystal. However, this 1is not
necessary and may even be too restrictive. In the present
calculation we used atomic wave functions (GTO) for all
states except 34 (e.g. ls, 2s, 3s, 4s, 2p, 3p, and 4p).
The Gaussian exponent parameters and expansion coefficients

) 53 . .
were determined by Wachters from a self-consistent field

calculation of free nickel atom. We helieve it 1is
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necessary *to give the d wave functions more freedom to
distort in the crystalline environment. A set of five
separate radial GTO were used for each type of angular
dependence. The orbital exponents used in defining these
d functions were the same as given by Wachters.53 The
basis set thus consisted of 38 functions for each spin:

4 for s-type symmetry (ls, 2s, 3s, and 4s), 9 for p-type
symmetry (2px' 2py' 2pz, 3px, 3py, 3pz, 4pX, 4py, and
4pz), and 25 for d-type symmetry (xy, vz, 2zX, xz—yz, and
322-r2).

The use of GTO has been criticized since these func-
tions have zero slope at the origin and decay too fast at
large distances. 1In a crystal t e second problem may not
be as serious as in the case of a free atom since its
long distance behavior is strongly modified by the overlap
of wave functions on the neighboring lattice sites. To
investigate the first problem we compared the Hartree-

Fock atomic wave functions based on GTO53 with those based

on STO (Slater-type orbitals).54 At the origin they dis-
agree by about 2%. Therefore our charge density at the
nuclei sites had an uncertainty of about 4% resulting from
the use of GTO.
The basis function ¢j(ﬁ,;) which satisfies Bloch's
theorem for wave vector k can be written as
ik« R

. Ly . b u L (E-R ) (2.11)
) N R J .
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where N 1s the total number of atoms in the crystal. The
localized orbitals uj(;—iu) are centered at lattice site
ﬁu' The crystal structure for nickel is face centered
cubic. Its lattice constant is 6.644 a.u. when extro-
polated to 0°K using the coefficient of thermal expansion.

The localized orbitals can be separated into radial and

angular parts

=

: nem () = Rni(lr‘) Ky (0,0) (2.12)

where KQm(u,¢) are the Kubic harmonics and the radial

wavefunction can be represented by GTO

Rii(r) = N . r’ e (2.13)

N o= T ] . (2.14)

In the cases where atomic wavefunctions were required the

Rny(f) were linearly expanded in GTO

R (r) = . C ,. N,. r~ e = (2.15)

where we have included the principle quantum number n.

53

The values C J and « . have been tabulated by Wachters.,
nvi ¥ 1

55
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In the modified LCAO calculation the crystal poten-

tial is expanded in Fourier series

vit) = 3 e Ty (k) (2.16)
K

which can be inverted to obtain
* 3
V{r) d7r (2.17)

with & being the volume of a primitive cell. For a
periodic potential, V(R) vanishes unless K is a reciprocal
lattice vector. The Coulomb part of the potential has
been discussed in Section A. It was assumed that for the
1nitial iterative stage of the self-consistent calculation
the crystal charge density can be represented by the super-
position of overlapping neutral atom charge density, the
atoms being in 3d94sl configuration. This is somewhat
different from the ground state configuration of a free
nickel atom (3d8452) because the effective occupation
number 1s expected to change in forming a crystal as the
sharp atomic energy levels broaden into overlapping bands.
The starting electronic configuration should in principle
be immaterial to a self-consistent calculation.

The magneton number which 1s the difference of
occupation number between up and down spin has been

2 .
measured to be 0.56 electrons per atom, We assume 1n
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the first iteration that this is due to d electrons only.
The spherically averaged atomic charge density in Eq.

(2.9) can be written as

wa(r) = oaf(r) + m(ﬂ(r) (2.18)
with
1. 2
S T niOlRi(r)I . (2.19)

We use the radial wavefunction obtained by Clementi (1965)
in a Hartree~-Fock self-consistent field calculation for

. . 8, 2 . .54 .
free nickel atom 1n 3d 4s” configuration in constructilng
the initial charge densities. The occupation numbers

assumed are as follows

i ls 2s 2p 3s Ip 4s 34

n. 1 1 3 1 3 0.5 4.78
it

n., 1 1 3 1 3 0.5 4,22

The Fourier coefficient of the Coulomb potential is

oo 1 ~iK-r ro .3
\/L(K) = m J Q Vc(r) d’r
1 [ —iK-r 3
- —1K-I >
C T s J e Va(r R“) d’r
R
¥ ,
1



Using the relation

&

> >
K,K

o)
Ry

S S

>
where Ks 1s a reciprocal lattice vector.

20

(2.21)

We obtain

. 1 'iﬁs'g 3
VC(KS) = = J Va(r) e d’r . (2.22)
Eq. (2.9) 1s substituted into Eg. (2.22). One obtains
) o0
-8z 32n " [ .
VC(KS) = 5 + = J pa(r) 51n(KSr) rdr .
<LK <K
S S o
{2.23)
With pa(r) given 1in E«q. (2.18) the integral can be easily

evaluated.

For the limit ﬁs=0

one has to expand the sine term

in the intearand before taking the limit ?q*O

2 o
v (0) = lim [ - 8”% + 32g J pg (1)
K +0 WK 0K )
S S S O
(xsr)3
(Kor = —7—— + ...) rdr
2 o
. 81z 812 16m 4
= klm [ - + - J i (r) r dr |}
K »0 ) 3 a
S S O
2 '
- l%l_ [ b (1) 4 oar (2.24)
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which can be readily evaluated analytically. The con-
struction of an averaged local exchange potential has been
discussed in Section A. The corresponding Fourier co-

efficients for spin ¢ are

3_ oo(r)]l/3

in 51n(Ksr) rd r

i
o
x| =
~
—
o
]
)]

(2.25)

where r, is the radius of the Wigner-Sitz sphere which has
a volume equal to that of a primitive cell. The spherical
averaged total charge density for electrons of spin 0 can

be written as

>

o tr) = <y o (e-R D> o (2.26)
where the atomic charge density pau(r) is defined in
Fg. (2.19). The summation from each lattice site was
carried out up t» the shell of neighbors where the desired
degree ot convergence has been reached. Although the
individual atomic charge densities were assumed to be

spherically symmetric, the superposed density has only cubic
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symmetry about any lattice site. The bracket <"~2V.stands
for the spherical average evaluated in the following way:
The total charge density is expanded in a series of Kubic
Harmonics up to the eighth order. The spherical average

p (r) is approximated as the zeroth order term in the
expansion, and can be obtained by solving a set of four
linear inhomogeneous equations along four inequivalent
directions. Finally, the 96 point Gaussian formula was
used to perform the numerical integration in the Wigner-
Sitz sphere for each given reciprocal lattice vectors.

The one-electron Schrddinger equation to be solved

takes the following form
~ > > > 5> >
H wn(k,r) = En(k)w (k,r) (2.27)

where H is the Hamiltonian described in Eq. (2.7). The

. > . .
crystal wavefunction § (k,r) were expanded as a series 1n

o}

the basls function ¢i(ﬁ,;)

+>

> + >
= 5 . ) .
wn(k,r) ’ anl(k)¢l(k,r) (2.28)
i
in which n is the band index and k is the wave vector of
the state. The set of basis functions consisting of only
atomic states does not form a complete set, so the

corresponding elgenfunctions are not the exact solution of

the Schrodinger equation.  However, inclusion of all the
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bound states and some of the excited states can be expected
to yield a fair approximation to the actual wavefunctions.
The expansion coefficient ani(i) and energy En(i) are to

be determined by solving the Secular equation

> >
Detlen(k)-g Smn(k)l = 0 (2.29)
where
> > > 47 > >
oo (k) = <o (k,x)|H[¢  (k,£)>
ik-R
-1 b A >
=%y e M J u*(r—ﬁ JH u_(r) d3r
X m u n
W
=T (k) +v_ (k) (2.30)
- mn ) mn . -
The kinetic energy matrix is given by
ik-R
] —iKe *
> . u —«»_+ _ 2 -»> 3
Tmn(k) =4y e J um(r RU)( v )un(r) d’r .

(2.31)

The matrix element of the crystal potential expanded 1in
Fourier series over the reciprocal lattice vectors can be

expressed as follows
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vn B = VoK) +av (KD s (KK .

(2.32)

The generalized overlap matrix is given by

(2.33)

. > -+
1Ks'r
term 1in

For a crystal with inversion symmetry the e
the above equation can be replaced by cos (KS';). The

overlap matrix element in Eq. (2.29) is
> >y
S (k) =8 (k,0) (2.34)

All these matrix elements can be evaluated analytically
provided one choose linear combinations of GTO as the
basis functions. No method has yet been found to express
them in a closed form when the atomic wave functions are
expanded in Slater-type orbitals. This was the reason
for choosing GTO in the expansion of the basis function.

We shall evaluate the integral <u (fA)Hcos R-fclu

£,m,n a,s,t

(;B)> following the procedure modified by Chaney and

[ . >
Dorman.)G The function u mn(r) are GTO of order (4,m,n)

9,
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(r) = xy 'z e . (2.35)

Appropriate normalization constants for both the orbital
and the angular parts of the wavefunctions have to be
included. The orbital on the left hand side has exponent
oy and is centered at lattice site A and that on the right
hand side has exponent a, and is centered at ﬁ, The co-
ordinates for various points are shown in Fig. 1. The

integral appearing in Eq. (2.33) can be obtained by

putting B and ¢ at the origin.

> > >

-uk'm'n(rA)]cos K Icldq,s,t(lB))
~a 2 -, T
B 3 £ m n 1°A .2 q.s_t 2B 2. 36
= J d7r x,y,z, e cos K r. XpygZp € (2.36)
where

> y > »__-»B'd»_‘vcv
rA - r-=A , rB = r an rC = r

The product of two Gaussians situated at center A and B
1s proportional to a third Gausslan situated at a point D
r—
along the line AB
oy
2 2, 172 2 ; 2
exp(—ml rA—aer) = expl T FB4) exp [ (ul+u2)rD]

179

(2.37)

where
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- -
a,A+a B
g 1 2
D= —— (2.38)
al+a2
and
— > >
AB = B - A (2.39)
Writing
T =% +AD, 1t =1 + BD d - ¥ +Cp
rA = lD ’ rB = rD an rC = rC CD
(2.40)

and taking the binomial expansion, the integral can be

written as

: . L, ,my n, g, ,S t L-a
L0 ) () (D) (f) (AD)
abc
def

m-b n-c
(AD)y (AD)z

S—e

(BD)y

(q=-d
(BD) -
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where

a0
1 2 ABZ] (2.42)
2

bo=exp [ - ul+u
and (i) are binomial coefficients with 0<a<f. The re-
maining integrals are central cell integrals about lattice
site D. These can be evaluated analytically in Cartesian
coordinates. For a crystal with inversion symmetry only
those terms which are even functions of Kx’ Ky, and KZ

will contribute. The integral can te reduced to

cor O @O G E G @™ @ ™P a7
abc Y
def
qg-d s-e ..., t—-f
(BD)x (BD)Y (BD)Z
(—l)a+b+c+d+e+f Ga+d(Kx'CDx)Gb+e(KY'CDY)
Gc+f(xz’CDz) (2.43)

In the case that n 1s an even number

(_l)n/Z
n

2

AYK2

172 exp (- —z~) Hn(§, y) cos (KR)

G < = T
n(P\,R) (my)

(2.44)

whereoe
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—_ (2.45)
o ¥,

Hn(g’ vY) 1s a Hermite polynomial satisfying the following

recurrence relation

K K K
Iln+2(—2—, v) = Ky Hn+1(7' Y) —2(n+l)'YHn(—, Y) (2.46a)

with

(2.46b)

and

(2.46cC)

NS
¥

. _ n n
(,n(K,R) = Kf(z + 1)y F. (3 + 1,

(2.47)

. . 3
where F(B + 1) 1s the Gamma function and .F (r-l + 1, =;
2 1'1°2 2

:l§~0 1s a confluent hypergeometric function satisfying

the following relation
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n - n 3. 3 _ n 3
2151 (@b 37 0+ (5 onmx) Py (7 0 x)
n 3 n 3 _
t (5 f) lFl (5 -1, 57 x) =0 (2.48a)
with
3 3 _ X
lF1 (7, 33 X) = e (2.48b)
and
5 3 _ 2 X

The overlap matrix element can easily be obtained by
setting K=0. The gradiant and kinetic energy matrix
elements can be expressed as linear combinations of over-

lap matrix elements in the following way

and




30

2 (f.) >

N
< -V
u?,m,n(rA)] X uq,s,t B

- _q(q—l)(uz,m,n(rA)’uq-z,s,t(rB)
t 2,29+ iui,m,n(rA>|uq,s,t(rB))
- 44? <y (r.) lu (£.) > (2.50)
2 L,m,n""A g+2,s,t o) ’

Similar expression can be obtained for the y and z com-
ponents,

The Hamiltonian and overlap matrix elements are
either real or imaginary depending on the parity of the

wavefunction. We label them as follows

d s p
d 1 cos(é-ﬁu) Iy cos(i-§“> T sin("-fﬂJ
H=1§ s Isd cos(ﬁ'ﬁu) ISS cos(ﬁ-ﬁu) i IpS sin(ﬁil)
y
pl-iI g srui-ﬁu) —inssnﬂiiu) I, COS (K-ﬁu)
(2.51)
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T - <um(?-§u) lHlun(‘f)> . (2.52)

Consider the unitary transformation H'=UHU-1 with

1 00
U= (010) (2.53)
0 0 1
The result is
d
S p

> >
d I cos(k-Ru) I

(k-R I in(k*R )
ad sd cos (k- u) pd sin y

(%R it in (kR
cos R) I cos ( Ru) Ips sin(ke- U)

S Isd H Ss

1 L L I >
k. L] »
p PP sin( Ru) Ips sin (k RU) pp cos(k ﬁu)

(2.54)

Here H' is real and symmetry but the pd and ps block must
be evaluated with care to avoid a possible error of
negative sign. The eigenvectors of the transformed

secular equation are

U __ a_. (k) (2.55)

al; (k) = nm ml

I3

m

The momentum matrix elements between the cell periodic
. > 3 —ik.r > >

part of the wavefunctions wn(k,r) = e wn(k,r) {(the

crystal momentum representation) are defined as




an(k) -

M (k K 6
Mnm(k) + M nm
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(2.56)

in which the momentum matrix elements between the crystal

wavefunctions

c44

nm

where

>

The gradiant matrix elements

v

nm

('u
n

are given in E

Mnm(k) can be evaluated in a similar way
5 * > - > >
. ani(k) pij(k) amj(k)
1)
oW arn k) W™t ark))
s a ni pij a mj
1]
poal (%) (U py uTh v (k) (2.57)
.. ni ij mj )
1]
d s P
-V ., sin(k-R ) =V . sin(k-R ) iY . cos(k-R)
dd u sd pd u
E . > > s > - .- > >
—ﬁsd sin(k RU) -§ss sin (k Ru) lﬁps cos(qu)
% KR ) -il_cos(R-R ) ~U_ sin(bh)
-~ . - . - S
1 pdcos( u) i cos y pp in ﬁ
(2.58)
» » 4 nd
(r—RU) IVIum(r)> (2.49b)

Jg. (2.49a).
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In the next section we shall discuss the self-
consistency procedure and the choice of the exchange

parameter o,
C. Self-Consistent Procedure

In this section we shall outline the essential
feature of the self-consistency procedure.59 This is
accomplished by an iterative method. At any given itera-
tion a potential was constructed from the band wavefunctions
calculated in the previous iteration. The new potential
was again used to calculate a new set of wavefunctions.
The procedure was repeated until the desired degree of
convergence was achieved.

The fundamental problem is to determine a new (or
iterated) potential after a given stage of band structure
has been completed. Since the calculation requires mly the
Fourier coefficients of the potential it suffices to obtain
these. It was observed that only the Fourier coefficients
of the potential for a faw of the shortest reciprocal lattice
vectors need to be considered in the iterative pro-
cedure to achieve self-consistency. Higher coefficients
describe the charge density deep inside the core of an
atom and do not change appreciablyv. For RS#O the Fourier
coefficients of the Coulomb potential can be expressed

57
as
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R
VK ) = 2812 | g, P (Rs) (2.59)
S “Kz Ki *

A S S

The Fourier coefficients of the electron density are

given by

oK) = %ﬁ J o(r) e a3r (2.60)

in which the charge density can be written as

p(r) = L v (&, D)% . (2.61)
nk
occupiled

The Bloch function (ﬁ,f) are defined in Eg. (2.28). The

|
ln

summation includes that portion of the Brillouin zone in

which band n is occupied. Substituting Eg. (2.61) into

»

Eg. (2.60) and converting the sum on k into an integral one

obtains
2 _ 1 . . 3 * + > 5
p(KS) = —— ) ;} j d 'k ani(k) Sij(k’Kg)
(21) n 1]
occupied
a_ . (k) (2.62)
nj

»
The generalized overlap matrix Sij(k,ks) has been defined
in Eq. (2.33). In the case kszo the Fourier coefficient
of the Coulomb potential must be determined by a limiting

process
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V(o) =1
(2.63)
This limit exists and can be obtained by expanding the

exponential term in powers of |K| before taking the limit

ﬁ»O. The result 1s

V(0) = = J O(f) r- dr . (2.64)
cell

The integral is over the volume of a primitive cell. The

charge in V(0) at a given stage of iteration can be

evaluated analytically if we make the following assumption:

first, the integral over a primitive cell can be replaced
by that over the Wigner-Sitz sphere, and second, the
change in p(?) is spherically symmetric. Thus we can

write

e +
1K -r
s

ro(r) = 3 Ap(l'ﬁs]) e (2.65)

Substituting Egq. (2.65) into Eq. (2.64) and evaluating

the integral one obtains




2
2 3r
. _ —lém > o _ 6
o) = & bl D) L FRE ];()5)
s s s
R 6rO r3 N
sin((Kser) + T:_Tz._ TIQTI ) cos(lKS!ro)]
K K
s s

(2.66)

where r, is the radius of the Wigner-Sitz sphere.

The exchange potential presents more difficulty
because of the cube root dependence on the charge density.
It was evaluated in the following way: The change in the
Fourier coefficients of charge density was averaged over
directions of KS and the msul ting Fouriexr series was summed to
determine the change in charge density 1in an atomic cell
for each spin. This was added to the starting charge
density, the cube root was extracted, and a corrected
exchange potential was formed. The corresponding Fourier
coefficients are obtained by a numerical 96 point Gaussian
integration. The procedure just described has the dis-
advantage that the convergence in Ap(ﬁs) is slower than
that in AVC(KS) by an extra factor of Ki and more terms 1in
Avc(ﬁs) have to be considered than aecessary. An alter-
native procedure 1s to construct the iterated charge
density directly from Eq. (2.61) and (2.28). This
modification has been included in the self-consistency

program listed in Appendix C.
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The changesin the Coulomb and exchange potential were
added to the Hamiltonian matrix in the following way

> _ o) > R > > -+ -
H,.(k) = Hij(k) + % (AVC(KS) + aAVx(KS)] Si.(k,K ) .

1] Jj s
s

(2.67)

The (K) was the iterated Hamiltonian while Hij(i) was

Hij
the original Hamiltonian matrices defined in Eq. (2.30).
The new Hamiltonian was again diagonalized to obtain a new
set of eigenvalues and eigenfunctions. This procedure

was repeated until the desired degree of convergency has
been achieved. At first, our calculation employed a value
cf the exchange parameter o close to unity (a = 0.972),
which had been found to give the most satisfactory

results.lo

The charge density was sampled at 20 points 1in
1/48th of the Brillouin zone. Reasonably self-consistent
results were obtained after about eight iterations. The
resulting energy bands appeared to be unsatisfactory, both
in regard to the relation of the p and d bands, and in
regard to the magneton number. Estimates were made which
indicated that the exchange parameter a should be decreasad.
It appeared that uw = 2/3 should be employed and the self-
consistent calculations were repeated with this value.

The results obtained in this case appeared to be in sub-

stantially better agreement with experiment.
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Our experience with the effect of exchange on the
band structure is similar to that reported by Connolly.15
We found, in agreement with Connolly, that if the full
Slater exchange is used, the energy of the state L!, for
both spin directions, is above the Fermi energy. Hence
there would be no Fermi surface neck at L. The reduction
of the exchange potential produced by use of the Kohn-Sham-
Gaspar value of the parameter o raises the d levels sub-
stantially more than those of p symmetry. The Lé levels
are then below the Fermi surface, while the large spin
splitting of the L, states forces Ly, above the surface.
Another point of practical interest has to do with
the number of iterations necessary to achleve convergence.
In principle, when self-consistency has been reached, the

lterated potential V (KS) should be equal to the input

out

potential Vin(ﬁs) based on which VO (ﬁs) are evaluated.

ut
Therefore, one should be free to modify the input poten-

tial at the beginning of each iteration by using

where the unprimed V(RS) are the iterated and input
potentials tor the last iteration. 'The weighting factor
~ was allowed to vary between 0 and 1. We observed that
the change in the Fourier coefficients of the Coulomb

potent ial ﬁvc(ﬁs) oscillated rapidly about their final
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convergent values in the first few jiterations. This can
be avoided if we choose a value of B which will bring
Avc(ﬁs) closer to their convergent values. A value of R
close to 0.3 seemed to work very well for the first few
iterations for transition metals. It should be increased
when the oscillations settle down, especially the change
in %}K) becomes monotonic. The changes in the relative
position of energy levels L!, L3 and the Fermi energy
produced an additional problem. The change inr the Fourier
coefficients appareatly became divergent after a rough
degree of convergence sceemed to have been achieved. This
was caused by oscillations in the position of Lé with
respect to the Fermi energy and could only be solved by
introducing a very small value of f. The criterion
employed to define an adequate degree of self-consistency
was that the Fourier coefficients of Coulomb potential
should be stable to 0.002 Ry. For the case a = 2/3, eight
iterations were made using 20 points in 1/48th of the
Brillouin zone, followed by three iterations using 89
points. It was sufficient to consider only Fourier co-
efficients of potential for the 50 shortest reciprocal-
lattice vectors in the iterative procedure to achieve self-
consistency. The convergence of the exchange potential

1s somewhat more rapid than that for the Coulomb potential
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Numerical values are presented for some Fourier coeffi-
cients 1in Table I. The calculated band structure is shown
in Figs. II and III1 for electrons of majority (1) and
minority spins (+) along some symmetry directions. The
bands have the expected shape, showing hybridization
between the relatively narrow d band complex and a broad
s-p band. Certain characteristic energy differences are
listed in Table II. There is a substantial degree of
agreement between our values for some of these separations
and the corresponding results obtained by Connolly.15
These energy differences are also in fair agreement with
the results of Wakoh,l7 however, this author uses the full
Slater exchange (u = 1).

Exchange splittings of certain states are given in
Table II1. Results from the non-self-consistent calcula-
tion (a = 0.972), together with other self-consistent

15,17 are shown for comparison. It 1s seen

calculations,
that the splitting of states of predominately d symmetry
has decreased slightly but not by as much as would have
been expected in view of the decrease in a. There 1is
significant variation in the amount of splitting from band
to band. A striking result is that the splitting of
states of predominately s-p symmetry is nearly zero.

These results can be qualitatively explained in terms of
the redistribution of spin density which will be discussed

in section A of Chapter III. The spin polarization
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becomes negative (minority spin predominates) in the outer
portions of the atomic cell. Highly extended states

(s-p) experience cancellation of positive and negative
exchange potentials. The more extended d states near the
bottom of the band are also located on the average in a
region of weaker exchange potential.

The self-consistent energy bands and wave functions
were used to calculate the spin density, X-ray form factor
and Compton profile. In the next section we discuss the
inclusion of the spin orbit interaction to the self-

consistent potential.
D. Spin Orbit Coupling

The calculation previously described was extended by
the inclusion of spin orbit coupling. Other relativistic
effects were neglected. Introduction of spin orbit
coupling into a band calculation for a ferromagnet causes
substantial complications. First, since spin orbit
coupling connects states of t+ and + spin, the size of the
Hamiltonian matrix 1is increased (in our case 76x76), and
the elements become complex. This causes a considerable
increase in computing time. Second, the symmetry group
1s reduced. The appropriate group theory has been pre-
sented by Falicov and Ruvaldssgzni ftradmell?olnaﬂditimtmband

structure depends on the direction of spin alignment.

separate band structures must be computed for each
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direction spin alignment investigated. However, because
of limitations of computer time, we have restricted our
calculations to a single direction of spin alignment:
the [001) axis.

Falicov and Ruva1d558 considered for inclusion in the
space group: (1) the ordinary lattice translation, (2)
rotation about the direction of spin alignment, i, (3) the
product of these rotations with the inversion, and (4)
combinations of these rotation and rotation-inversion with
translation. Wigner pointed out that there may be an

>9 Although time

additional symmetry to be considered.
reversal, by itself, is not a symmetry operation, the pro-
duct of time reversal and either a two-fold rotation about
an axis perpendicular to the field direction fi or a
reflection in a plane containing the fi axis is a candidate
for a symmetry operation of the crystal. A detailed
discussion of the additional symmetry operations has been
presented by Cracknell.60

The computation of the matrix elements of the spin

orbit interaction was performed as follows. The additional

term in the Hamiltonlan has the form

1 A .V _xD) (2.69)
560 C .
4m~ ¢

The potential Vvusud 1in (2.69) was that obtained from the

self-consistent band calculation, expressed as a Fouriler
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series

(2.70)

Use of Gaussian orbitals is advantageous, as all matrix
elements of the HS. _ can be reduced to sums of simple
analytic functions of the reciprocal lattice vectors. We
found in several tests that the only non-negligible matrix
elements of Hs. _ are those in the p-p and d-d blocks, with
orbitals centered on the same atomic site ("central cell").

The central cell matrix elements of HS o have the

following form

t v
f Vi V2
S.0. -
* * (2.71
i v, vy .71)

in which the spin states considered are indicated by

arrows. The forms of the sub-matrices v1 and v2 are as

follows for the p-p block:

X4 yr ozt
X 4 0 1A 0
p}wlip A -1A 0 0

Z4 0 0 0 ' (2.72)
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The symmetries of the basis states are indicated above

and to the left of the matrix.

X4 Yy zZy
xt| O 0 -A
apIVZ]p» = yit| O 0 iA
z4| A -1iA 0 (2.73)
In these eqguations,
A = (3 . 2
= ()N o V(K)K® F(K) (2.74)
I 5
K
in which
2 .2
F(k) = —H 0372 572 e (I (2.75)
24m ¢
and
= - iu . (2.76)
172
The sums include all reciprocal lattice vectors; ‘ and u,

are the exponents of the Gaussian orbitals, and N is the
product of the appropriate normalization constants. The

: 6
corresponding formulas for the d-d block are



“div

-d[v

where

\d -

ld-

Xyt

yz?t

i

zxt

xz—y +

2 2

3z7~r

Xyt
yz!

= zxt
x2—y2¢

3z7-r

xyt vzt zx+t x2~y2¢
0 0 0 iB
0 0 iC 0
0 -1C 0 0
-1B 0 0 0
* 0 0 0 0
2 2
Xy+ Yz Zx+ X =y ¥
0 C -1C 0
-c 0 0 - 5
ic o0 0 -3
0 = 3 0
2,4 4 4
V (K) F(K)[uzy (KX+Ky+hz)
2 (k2k2+K%K%+k%k2) - ak?)
y Y 2 2 X

2
. ), - .
t (“‘1 tz)w (KXK
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3z —r2+

(2.77)

322-r }

o

45

M3

o

(2.78)

(2.79)
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H

5 Ny . 2222 22 _ 2
C = —L AV -
T 3 % (K) F(K) [Y(KXKY+KYKZ+KZKX) 2K7])

f-N

(2.80)

All of the basis functions are assumed to be normalized
with respect to the angular integrations so that N depends
on the orbital exponents only. Spherical symmetry of the
potential has not been assumed in writing these formulas.
There are in this case, two independent constants involved
in the d-d spin orbit Hamiltonian. 1In fact, spherical
symmetry is a good approximation, since it is the poten-
tial close to a nucleus which is important. For a

spherically symmetric potential, we have simply

B = 2C = ¢ (2.81)

where { 1s the usual spin orbit coupling parameter if
atomic wave functions are employed in the usual form,
Hs.o. = LS.

In our calculation, the spin orbit parameters, A, B,
C, depend on the indices of the pair of orbital functions
used 1in calculating the matrix elements. In order to
compare calculations of properties of nickel which are
dependent on spin orbit coupling, it is useful to compute

an equivalent atomic spin orbit coupling parameter. This

calculation was performed with the wavefunctions of
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Wachters53 and our self-consistent potential. We found
£=0.0067 Ry. This result is somewhat larger than the
atomic value £=0.0055 Ry.62 The difference between B and
2C was found to be zero within the accuracy of our cal-
culation.

The Hamiltonian including exchange and spin orbit
coupling was diagonalized at 1357 points in 1/16'th of the
Brillouin zone. The calculated band structure is shown
along certain symmetry lines in Fig. IV. Some calculated
energy levels at symmetry points are listed in Table 1IV.
Since the actual symmetry group for this problem does not
permit a particularly informative classification of
states, we have labelled states at symmetry points in Fig.
IV in terms of the predominant component; that 1is,
neglecting the mixing of states of majority and minority
spin components. This labelling is possible since spin
orbit coupling is small compared to the exchange splitting.

It will be noticed that the band structure shown in
Fig. IV is guite similar to that formed by superposing the
majority and minority spin bands shown in Fig. II and III.
However, spin orbit coupling removes many of the accidental
degeneracies present in such a picture. The interplay of
spin orbit and exchange effects can be illustrated by
considering the points X. In the present case, there are
two inequivalent points of this type which are not

connected by an operation of the symmetry group: these
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are denoted X(001) and X(100). Since the exchange
splitting is large compared to spin orbit coupling, we

can qualitatively consider the latter as a perturbation.
Specifically, let us consider the states XS* near the top
of the d band. For X(100), the basis functions are of the
symmetry xy+t, xz¥. Spin orbit coupling does not connect
these states, instead there is coupling between these and
other majority and minority spin states. Since these
states are separated from X5+, the splitting of XS* is
small (0.0012 Ry). On the other hand, for X(00l), the
basis function are 2y, zx. There is a non-zero spin orbit
matrix element between these states, leading to a con-
siderably larger splitting (0.0078 Ry.).

In the following chapter, results are presented for
the charge density, the spin density, the Compton Profile,
the density of states, the Fermi surface, and the optical
conductivity tensor. A detailed comparison of theory and

experiment 1s attempted.



CHAPTER IIT

APPLICATIONS AND RESULTS

In this chapter the energy and wavefunctions obtained
in our calculation are compared with experiment. We
present in Section A the spin and charge density. Section
B contains a discussion of the method employed to cal-
culate the momentum distribution of electrons in solids.
The procedure used to calculate the density of states is
described in Section C. Our results for Fermi surface
properties are presented in Section D and are compared
with experiment. Finally, the calculation of the optical

conductivity is summarized in Section E.
Section A. Spin and Charge Density

The Kohn-Sham-Gaspar exchange prescription is based
on a variational calculation of the total energy, regarded
as a functional of the charge density. It is therefore
particularly interesting to examine the results of our
calculation with respect to the charge density. Some
calculated charge densities along three main crystallo-
graphic directions are listed in Table V. Contribution
from the band electrons has been separated in the table.
Figure V shows the band electron charge densities ub(f)
along (100}, (110], and (111} directions. The spherical

average Hartree-~Fock atomic charge densities based on

49
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G’I‘O53 are also included for comparison. The ground state
atomic configuration (3d8,452) was employed. There is

considerable asymmetry in the charge distribution as ob(;)
is spread out along the [100] direction relative to the
[110] and [111] directions.

The contact charge density pb(O) in the solid differs
from that in the atom as a result of two principal
effects.63 First, the s wave functions are normalized
within an atomic cell. This tends to increase pb(O)
relative to a free atom. Second, hybridization mixes d
and p components into a s band. This tends to reduce
ub(O). There is some partially compensating increase due

to inclusion of s charcter into primarily d-like bands.

The final result for (0) 1s not greatly different

b
from the free atom value.

The theoretical results for the Fourier coefficients
of the charge density can be compared with experimental
observations of the X-ray atomic scattering factor by
Diana, Mazzone, and De Marco.64 The results are presented
in Table VI. The small differences between the theoretical
values for ﬁ~[333] and ﬁW[SLl] and between i~[6001 and
K~ 1442) indicate slight departures of the charge distribu-
tion from spherical symmetry. Although there are devia-
tions between theory and experiment which are outside the
quoted experimental error, we feel that the agreement is

fairly qood, In the casce of the [111], [200] vectors, our
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results are significantly closer to experiment than are
values calculated from free atom Hartree-Fock charge
densities for either d852 or d10 configurations and
reported by Diana et al.

The distribution of spin density in nickel has been
investigated by Mook through neutron diffraction.65 This
experiment determines a magnetic form factor, f(ﬁ), which
is the ratio of the magnetic scattering amplitude for a
scattering vector ﬁ, to that for K=0. This function has
been computed by Hodges, Ehrenreich, and Lang using their
combined tight-binding and pseudopotential interpolation

18

-
method. It is customary to express f(K) as the sum of

three terms

(3.1)

in which g is the spectroscopic splitting factor and has

been determined to be 2.18 for Ni.66 The quantity fspin is the

form factor for the unpaired (mainly d) electrons, and is

normalized so that fspin(o) = 1:

(K) = (Nv) ™! [ T i) - arB)] ar

£ .
spin

(3.2)
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in which v is the magneton number. Although the core has
a net spin of zero, exchange effects produce a slight
difference in the radial distributions of + and + spin
core electrons, and so, lead to a small contribution
fcore' Finally, there is a contribution, forb from the
possible unquenched orbital angular momentum of the d
electrons. This term has been studied by Blume.67 How-
ever, the assumptions of this calculation are not in
accord with the band picture described here.

We have calculated the spin and core contributions
to f(?), using the wavefunctions obtained from our band
calculation. The formulas are obtained immediately from
Eg. (2.62) and the results are tabulated in Table VII.
The magnetic form factors are shown in Fig. VI
where they are compared with the experimental values
of Mook. A satisfactory, although not perfect degree of
agreement 1is obtained. It will be noted that there can
be considerable departures from spherical symmetry: £ (K)
1s not simply a function of [Rl, in agreement with experi-
ment.

It is also of interest to examine the position
dependence of the spin density p;(;)—p¢(;). Results are
shown in Fig. VI1 and Table VIII. Contribution from the
core and band electrons are separated in the table. In

contrary to the results of the charge distribution, the

magnetic moment densities in {111] and [110) directions
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are larger than that in [100] direction. This result is
in agreement with Mook's analysis. The contribution to
the contact charge density from electrons of minority spin
is slightly larger than that from electrons of majority
spin.

It will be noted that the spin density is negative
at large values of ;, indicating that there is a net
negative spin polarization in the outer portion of the
atomic cell. This result is also in agreement with the

measurement of positron annihilation.68

B. Momentum Distribution of Electrons

Recently, there has been a renewed interest in the
Compton scattering experiments in solids. Unlike X-ray
scattering factors,which are insensitive to the outer
electron charge density, the Compton measurements are
sensitive to the momentum distribution of outer electrons.
Thus the Compton scattering experiments can provide a
critical test for the wavefunctions from energy band
calculation.

Platzman and Tzoar, by considering time dependent
scattering theory, justified the use of the 1impulse

69 The

approximation in the theory of Compton line shape.
result can be summarized as follows: The impulse

approximation is valid if (1) the wavelcength of the

incident photon is so short that it interacts with only
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a single electron and ejects it instaneously from the
Fermi sea, (2) the encergy transferred to the electron is
large enough that the collision time is much shorter than
the time reguired for any rearrangement of the remaining
electrons. The net effect is that the photon exchanges
energy and momentum with a single electron in a constant
potential field. The differential scattering cross
section of photons from a system of electrons in solid can

be shown to be

2 4 ] w

do 2

e 2 > >
Ioar © ‘;C‘Z) (£1065)

1
g Jglay . (3.3)

The Compton profile is given by

Y 3> " >
Jﬁ(q) = — [ d’p p(p) 6(g-p-k) (3.4)
(21)
with
R= X (3.5)
K|
and
q = rﬂ&f__ - l_g_l_ . (3.6)
| K|
Hereo By kl, kz, and Wyr wy are the polarization,

momentum and frequency of the incident and the scattered
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photons respectively, K=Kl—§2 and w=w,-w, are the momentum
and energy transferred to the electrons, and i is the
volume of a primitive cell. The delta function appearing

in Eq. (3.4) is deduced from the energy conservation

> 2 > >
_ |k ke
o = - kp (3.7)

The scattered photon is shifted in energy both by the
momentum transfer k2/2m and the doppler shift component
(E-E/m). The momentum distribution function which also
appears 1n Eq. (3.4) gives the probability of finding the

initial electron with a given momentum E.

B = v, le @B 7. (3.8)
ng

The summation in Eq. (3.8) includes occupied states
: . -> - - .
specified by band index n and wavevector g and wn(q,p) is

>

the Fourier transform of the Bloch wavefunction wn(é,r)

+ —iney > > 3
vy (g.p) = ——l—J e TPTE v,(g,r) d7r
/NG
= va (@) L dr r 2y (D) (3.9)
i ni Ks ' P KS 1

where the second summation runs over all reciprocal

> » - . .
lattice vectors KS, ani(q) is the expansion coefficients

of the crystal wavefunctions, and (p) is the Fourier

"1
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transform of the atomic wavefunctions ui(;)

Xi(g) =1 j e'if"—lt u. (¥) a3r . (3.10)
/ﬁ 1
The expressions for Xi(g) are given in Appendix A. The
integral in Eq. (3.4) implies that the Compton profile
measures the number of electrons having a fixed value of
momentum in the direction of the photon's scattering
vector ﬁ.

Nealecting spin—-orbit interaction, the expansion co-
efficients ani(g) have been tabulated for 89 independent
points in 1/48th of the Brillouin zone. The summation
over all 6 in the Brillouin zone may be expressed in
terms of a sum over 5 in the primitive 1/48th of the zone
and a sum over group operations which generate the star
of 5. The symmetry properties of the Bloch function can
then be used to transform the variables of integration.

The final form of the expression for the Compton profile

is

_ §¢ : 3 e > > 2
Jﬁ(q) = 3 2 J d g % M ani(g) xi(g+KS)|
(271) n *C 1 KS]
occ 9% 7§
) 6[q—(é+ﬁs)-8k] . (3.11)

B3

The sum over 8 includes all operators in the cubic point

group.
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If a GTO involves the factor e its Fourier
. . —p2/4u

transform will be proportional to e . These factors
govern the convergence of the sum over reciprocal lattice
vectors in Eg. (3.11). For band states, the effective u's
are not large and good convergence is obtained. However,
convergence 1s much slower for core functions where large
a's are encountered. A check on convergence can be ob-

tained from the normalization condition on Jk(q):

J Jﬁ(q)dq = n (3.12)

—(X)

in which ng 1s the number of electrons per atom. In our
calculation, the sums over is were carried out over
approximately 3000 permuted reciprocal lattice vectors.
No contribution was included from the 1ls wavefunctions
(the impulse approximation is probably not valid for 1s
electrons in X-ray Compton scattering measurements). The
convergence of the reciprocal lattice sum for the band
(3d and 4s) electrons is quite good; however, it is not
complete for the core electrons. There remain small
contributions, mostly from the 2s and 2p electrons, that
have been neglected. Consequently, the theoretical curves
are probably slightly too low. This effect will be
important mainly for larger values of ( than are studied

here. The contribution from the 1s electrons was deter-

mined using atomlice wavefunctions. This was i1tncluded 1n
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our calculation in order to compare with the experimental
results using high energy vy rays.

The Compton profile in [100], [110], and [111)
directions are shown in Fig. VIII. The contribution from
core electrons (2s, 2p, 3s, 3p) has been separated from
the total in the figures. The difference in Compton pro-
files along different directions is illustrated in Figqg.
IX. The experimental measurements of Eisbergen and Reed71
are also included for comparison. Considerable structure
i1s evident in the curves. Much of this structure can be
attributed to Fermi surface effects.70 The momentum
density p(g) suffers some discontinuity whenever 5 touches
a piece of Fermi surface. For a fixed direction of
momentum transfer i, the Compton profile Jﬁ(q) measures the
amount of the momentum density, contained in a plane per-
pendicular to Q, sweeping through the momentum space. The
profile will have a cusplike behavior when the plane per-
pendicular to i happens to be tangent to a piece of flat
Fermi surface. A thorough measurement on the Compton line
shape can, therefore, provide information on the shape of
the Fermi surface. Similar structures corresponding to
Fermi surfaces in the higher order of the Br.llouin zone
should exist for largyer values of (. The sharpness of
the breaks 1in Ji(q) indicates the amount of discontinuity
presented i1n w(é). The periodicities 1n the anisotropy

ot the Compton profile along different directions retlect
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the position of the reciprocal lattice vectors and hence
the size and structure of the primitive cell. Of course,
many body effects would be expected to reduce the
vigibility of these structures through the introduction of
additional high momentum components into the band wave-
functions.

The Compton profile along the [1,0,0] direction is
relatively smooth since most of the Fermi surfaces parallel
to this direction are moderately spherical. (See Figs.
XIV and XV). The structures presented in J[l,l,O](q)
—J[l,O,O](q) can be understood based on the Fermi surface
effects along the [1,1,0] direction. The fine structure
near the origin reflects the anisotropy in the dimensions
of the X hole pockets. The structures near 0.45 and 0.58
a.u. correspond to the two square pieces of the Fermi
surface centered at ['(0,0,0). Similarly, structures near
0.76, 0.89, 1.79, and 1.92 a.u. correspond to those
centered at 27/a(l,1,1) and 2n/a(2,0,0). Fine structures
near the |' points displaced by a reciprocal lattice vector
to locations of magnitude 1.34, and 2.68 a.u. when pro-
jected onto the [1,1,0] direction, can be attributed to

the effects of X hole pockets. The rapid raise near the

origin in J (q)-=J (q) reflects the diiference
d [1,1,1 Y7 1,0,0)

in the cross scectional area of the |' centered electron

Fermi sur faces.  The contributions frowm the L! necks are

2t

resolved in this plcture into two small bumpe near 0027
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a.u.. Fine structures near 0.82 and 1.36 a.u. correspond
to Lé¢ centered at 2v/a(2,0,0). The minima near 0.55 and
1.64 a.u. can b2 attributed to the cross sections of the
X hole pockets in the plane perpendicular to the [1,1,1]
direction., Finally, the structures in J (q)

[1,1,0]
_J[l,l,l](q) can be interpreted as the combination of the
Fermi surface effects described above.

The spherical average Compton profile was obtained
using a sixth order Kubic harmonics expansion. The
spherical average Jav(q) was approximated as the zeroth
order term in the expansion. The results are compared

71,72 in Fig. X.

with y ray Compton scattering measurements
The contributions from occupied band states are also
included for detailed comparison. The contribution from
the atomic core states that we used to subtract from the
experimental measurements has been tabulated in Ref. 71.
The agreement 1s reasonably good except for large values
of g 1n the total Jav(q). This discrepancy may be
attributed to many body effects. Numerical values for

the Compton profile and the contribution from band

e¢lectrons can be found in Tables IX and X respectively.
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C. The Density of States

Gilat has reviewed different methods of calculating
the density of states.73 We employ here the Gilat-
Raubenheimer74 method in combination with an interpolation
scheme. The method is similar to that used by Cooke and
WOOd,75 except that our interpolation procedure is based
on second order ﬁ-ﬁ perturbation theory. The band calcula-
tion with spin orbit coupling included 1357 points in
1/16'th of the Brillouin zone. Energies, wave functions,
and momentum matrix element:s were obtained at these
points. A finer mesh was constructed by dividing the
original step size by three -- this represents 26 addi-
tional points around each previous general point. The
1-5 calculation was performed as follows. If a given band
at the "original" point (io) was separated by 0.005 Ry or
more from all other bands ordinary perturbation theory
was employed to determine the energy at the additional

>

points (k). Thus

> _ ,{ ’*_"" .* M ’2_"’2
En(k) B En(ko) t e (k ko) "an T T (k ko)
. M2 . [(k—ko)'ﬂnj][(k—k yem. ]
m¢ §(i#n) En(io)”Ej(ﬁo)

(3.13)
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The matrix element 1is

3
‘“* B (2'”) * > » > M > > ¥ -> 3
n3 = J wn(ko,r) (p + 5 <1x6V(r))Wj(ko,r) d’r
4mc
(3.14)
in which , 1s the volume of the cell and W is the cell
periodic part of the Bloch function.
W (K,r) = e’i}z°; v (K,T) (3.15)
n ' n ' - T

Numerical tests showed that the spin orbit contribution to
the matrix element (the term in (3.14) proportional to
(SxVV) was negligible; hence in practice %nj was always
replaced by énj' Only 12 bands were included in the sum
in (3.13). Thus, the second order term is not computed
exactly, but since the other enerqgy denominators are much
larger, the accuracy should be sufficient. When two or

more bands at KO were separated by less than 0.005 Ry, an

effective Hamiltonian was diagonalized. The elements of
this Hamiltonian are
M‘ S 2 M [ >
i - LA - ‘ + - oy
n(}) [I”(ko) i m (k ko) ] Ln m (k ku) "n
’ Mj{ ' }(k—ko)'n, [ (k=K U in O
2 E -1, (k ’
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in which EA is the average energy of the nearly degenerate
levels at ﬁo. The prime on the sum indicates that the
nearly degenerate levels are excluded. As before, only
twelve bands were included in the sum in Eq. (3.16), so
that second order term is not exact.

The linear analytic integration scheme was then
applied to each minicell constructed around each mesh
point.74 Projection operators were used to separate the
contributions from majority and minority spins to the
density of states. Our results for the majority and
minority spin state densities and for the total are shown
in Figs. XI-XIII. The total density of states at the
Fermi energy was found to be 23.56 electrons/atom-Ry. The

electronic specific heat coefficient y=n2/3 N (E )k2, whera

P
k is the Boltzman's constant, was found to be 4.08 mJ/

(mol OK2). Measurements of the low temperature specific

0,2, 76

heat yield a value of 7.028 mJ/(mol “K7) Part of the

discrepancy may be attributed to neglect of the electron-

phonon interaction. The magneton number was found to be

. 2
0.62, somewhat higher than the experimental value of 0.56.

Our calculation predicts that a minority spin hole pocket

associated with the X5, level should exist. This has not

been observed experimentally, although it has also been

: . . 15 :
predicted by other self-consistent calculations. > This

hole pocket 1s probably responsible for the disagrecement

wsutween theoretical and experimental values of the
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magneton number.
D. The Fermi Surface

The Fermi surface of nickel has been carefully studied
through measurements of the de Haas-van Alphen effect77_8l
and cyclotron resonance.82 These observations are of
great importance in that they confirm the general picture
of itinerant electron ferromagnetism in nickel, in which
the electrons responsible for magnetic order are not
localized, but instead have wave functions extending
throughout the crystal and contribute to the formatidn of
a Fermi surface.

The major features of the Fermi surface of nickel can
be understood on the basis of a calculation in which spin
orbit coupling 1is neglected, but this interaction must be
included 1n a detailed comparison of theory and experi-

20

ment As was noted above, the spin orbit splitting of

the states X5¢ (001) and X5¢

This leads to a significant difference in the sizes of the

(100) is quite different.

hole pockets around these points and to large anisotropy
of de Haas-van Alphen frequencies.79 A rapid variation
of the de¢ Haas-van Alphen amplitude when the applied mag-
netic field is tilted a few degrees from the [110] direc-
tion in a (110) plane has been interpreted as resulting
trom magnet 1c breakdown across a small gap resulting from

the removal of an accidental degeneracy between spin
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orbit split bands.20

In our calculation, spins are quantized along the
[001] axis. We are therefore limited in principle to an
investigation of the Fermi surface hldtz%;&:ﬁﬁﬂt plares.
However, the dependence of the band structure on the field
direction is probably not large except for the small hole
pockets at X, and we will discuss cross sections in a
(110) plane as well. Our Fermi surface cross sections
shown in Figs. XIV and XV, where they are compared with
recent results of Stark8l for the large portions of the
surface and of TsuiBO concerning the hole pocket at X.
Stark has derived Fermi surface radii from his measurements
using the Kubic Harmonic expansion method of Mueller and
Priestly.83 His inversion program included seven Kubic
Harmonics. We have plotted the Fermi surface radii ob-
tained in this manner on the figures. An empirical formula
given by Tsui has been used to outline an experimentally
determined cross section for the small hole pocket at X.
Some numerical results for dimensions of the X5¢ hole

pocket are given in Table XI and extremal areas are listed

. : . 79,80,81
in Table XII. Comparisons are made with experlment.% 0,

. . 22
and with the calculations of Zornberg.

There is a substantial degree of aagreement between
the theoretical and experimental results. It is apparent

that the band calculation 1s able to describe the major

pleces of Fermi surface correctly. The most significant
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disagreement concerns the X2+ hole pocket, which is not
observed experimentally, but is predicted by our calcula-
tions. Since this pocket is predicted by other band
calculations using a local exchange potential, it is
possible that this prediction indicates a basic inade-
quacy of the local exchange approximation.

The majority-spin portion of the Fermi surface lies
entirely in the upper s-p band. The surface is in contact
with the Brillouin zone near the points L. A neck of
roughly circular cross section is formed at each such
point. We obtained a value of 0.0035 a.u. for the cross
sectional area of this neck in the hexagonal face of the
zone. This is smaller than the experimental measurement
of 0.0072 a.u. obtained by Tsu1.80 It 1s probable that
the Lé? level 1s too close below the Fermi level due to
insufficient variational freedom in the s-p type basis
functions which are expanded in atomi~ orbitals. The wave
function associated with the Léf state has pure p-type
symmetry. Only the p-p block needs to be considered to
investigate this problem. The Lé level calculated by
expanding the basis functions in ten individual GTO for
each type of p symmetry (x, y, and z) lies 0.008 Ry.
below that of atomic GTO. The Gaussian exponents used
were the same as the one for atomic GTO. But the smallest

exponent was not included because 1t gave rise to a

negative elgenvalue 1n the ovevlap matrix. A rough
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estimate of the new cross sectional area was made after

raising the Fermi energy with respect to the A level by

1t
0.008 Ry.. The result is 0.0068 a.u., in good agreement
with the measurements of Tsui.

Goy and Grime582 have observed cyclotron resonance
associated with the majority spin Fermi surface neck at

L, the hole pocket X and, according to our interpreta-

5v
tion, the two large pieces of Fermi surface around I'. The
wave functions associated with the smaller piece have pre-

dominately e symmetry near the I'-X line, but mixed com-

g¥
ponents of s-p+v and tZg¢ near I'-K. The states associated
with the larger, nearly square section, are of predom-
inately majority spin but have the same spatial symmetry
as those on the smaller square, except near the [100] axis
where there 1s a strong, spin orbit induced mixing with
minority spin d band states.

The experimentally observed cyclotron effective mass
*

has been compared with the effective mass m. obtained from

the band structure according to the formula
m
m_e; .o da, (3.17)

in which m 1s the free electron mass, and A 1s the arca
of the cyclotron orbit. Our results and the experimental
findings are presented in Table XITI. The results of

A o 4 22
the semi-empirical calculation of Zornberg are also
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shown. 1t will be seen that the agreement is fairly good
for the X5 pocket, with the deviation between theory and
experiment being of the amount and direction expected to
allow for a reasonable enhancement through the electron-
phonon and the electron-magnon interactions. However, our
result for the minority spin square is larger than the ex-

perimental value, while that for the majority spin square

is much smaller than that observed.

E. Optical Conductivity

The optical properties of nickel have been the sub-
ject of intensive studies for a long time. As a result
of difficulties in sample preparation, accuracy of the
measurements, and data analyses the agreement among
different experiments has frequently been poor. There-
fore, a first principles calculation of optical con-
ductivity 1s desired to settle some of the controversies
as well as to i1mprove our understanding of the electronic
structure.

We have calculated the interband optical conductivity

of nickel. We will present results 1n two cases: {1)
including o phenomenological constant relaxation time 1,
and (2) 1n the limit (-0 so that the band states are
sharp. The general expression can be obtained from the

Kubho forﬂn11484:
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> Ne 1 © >
‘7“;;((’11“)) = - Imor 6(18 + m J dt “ [J{'l(q’O) ’
> -1 t
J (a1 e (3.18)

where é, », and N are the wave vector, frequency and the
electron density respectively. Ju(é,t)are the Cartesian
components of the Fourier transform of the current operator
of the system 1n the interaction picture.

. Mt , ,  -iH_t
j(q,t) = e J(q) e (3.19)

in which &o is the Hamiltonian of the system in the ab-
sence of the external field. The ensemble average
“"‘O 1s to be computed with the eqguivalent density

. —BHO —BHO .
matrix po = 1/2 e where Z2=Tr (e ) 1s the usual
partition function. We are concerned with energy in the
optical and infrared region. The corresponding photon
wavelength 1s large compared to the lattice constant. Con-
sequently, the spatilal variation of the electric ficld
over the unit cell can be neglected and it is sufficient

to consider the limit g0 only. Denoting j(t):j(é,t), it

can easily be verified that
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in which |i-, !9~ are elgenstates of HO with eigenvalue ;iﬂj

and Muif&i‘hj. At zero temperature, further simplification
1s possible within the Hartree Fock approximation. 1In

this case the wave function of the system is considered to
be Slater determent of single particle Bloch functions
wn(ﬁ,g). Since the current operator J for the system 1is
the sum of one particle operators 55, the possible matrix
elements ~j}j)i- involve the excitation of a single

particle from a state wg(é,;) which 1s occupied in the

ground state of the system to some unoccupied state

(3.22)

where H(R) is the matrix element defined in Eq. (3.4).
n
We can rewrite lig. (3.21) in the following form:

2 ,
X o
(J (0),J,(t)) =< ol (k)
1 © m2 ;: nk n n
N (@] u R
e (k)t ' L - o
e W B ety e ] (3.23)

For convenlence we employ discrete normalization.,

N (k) 15 the enerqgy difference between band noand 1
.



71
(K)) (3.24)

The sum over %, k include occupied states (0) only while that
over n, k inchdde unoccupied states (u) only. Eg. (3.23) 1is
inserted into Eg. (3.18). We considered the frequency w

to have a positive imaginary part i/t so that the integral
in Eq. (3.18) will converge at the lower limit. The

result is

~Ne ¢ 1e . .
O'(XH ((A)) = T " + p) T N }47’
im{w + T) Km™ (w + =) £k nk
o u
oyt (k) TRy n® (k)
in nd “n nf
[ i - f Y ] . (3.25)
W+ - = wny (k) v+ =+ w_ (k)

Further simplification is possible if one introduces the

optical effective mass:

(—T)wﬁ - (= )tﬁ (3.20)
m ‘koom, (k) 7
o .
where
i uii'
, ( 2 . i ni
( *m,_)’“ SR Re: .‘_(.\D__“._N (3.27)
In' (]() ' L) Il .A,nl

and the sum 1in (3.26) 1ncludes all n# . The final ex-

pression for the conductivity tensor is
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i NeZ? .
i (L«)) = § © (}T) — 2162 5 < 1
oy 4 B Cy
& (w + 3 m P mf oak ng(k)—(m + 1y2
n
O u
N o %— . \ 0
L o h 81 S
[ T Re(%Qn”n,) + 1 Im(‘ﬂn m‘)] (3.28)

The ordinary optical properties of ferromagnetic
nickel are determined by the diagonal components of
(we have Jxngyy#Ozz’ z being the direction of spin align-
ment). The result of setting a=g in (3.28) is

5 (w) = i Ne2 (l _ 2ie2 (0 + i,
T B i AT 2 h ’T) A
(w + T) m m~H .k nk
O u
il ? )
W -3 ‘ 17 (3.29a)
ne W - (‘ud + —)
nk 1

Tt can be directly verified that this expression satisfies

the sum rule

2
( - _ 7Ne
| Lo 2m (3.30)

where m is the free electron mass. The first term in

BEg. (3.29a) is the usual Drude formula with relaxation time

i In the limit in which the band states are sharp (1+>v),

we obtain the familiar expression for the real part of the

conductivity for positive frequencices
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. _ T Ne nez S, o 2
Rel: ()] = ———— §{w) + —— & [y 15 8 (=)
2 (m )“” m“Hw 2k nk n n
O u
(3.29h)

The off diagonal components of the conductivity vanish

except for ny = _ny' In this case, we have
X Yy
2 Im(n? 7 )
Oy = 3%— R in “% 5 . (3.31a)
Y m“Hd ¢k nk mnw"(w+ =)
o u 9 T

The sharp limit of this formula is, for positive fre-
quencier:,
rez
(e ()] = o

X y . A‘r
¥ m“Me 1k nk
O u

{(3.31h)

It the matrix elements in these expressions areo
treated as constants, the conductivity 1s proportional to
the joint density of states. We have computed this
quantity by the same method described in Section C in
connection with the ordinary density of states. The joint
density of states shown in Fig. XVI is dominated by an
cnormous; splke, resulting ftrom the nearly parallel upper
d bands, cespectially in the region X-W-1,. However, the

approximat ron in which the matrix elements are treated as
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constant 1s a bad one since in particular the transition
assocliated with this spike has a very weak matrix element.
(The states involved in the spike are predominately of
opposite spin, and the matrix element would vanish except
for the mixing of opposite spin components in the wave
function).

We have calculated the optical conductivity including
the k dependence of all matrix elements both in the sharp
limit, Egs. (3.29b) and (3.31b) and with the inclusion of

a relaxation time. The integration was performed by the

method described in Section C in which the k-p method was
used to calculate the energy for i corresponding to a sub-
divided mesh in the Brillouin zone. The momentum matrix
elements at the additional mesh points were found by linear
interpolation between the values calculated at the basic
1357 point grid. Numerical tests showed that the contribu-
tion of the spin orbit coupling term to the matrix element
:ny [Eq. (3.14)]) was negligible for the determination of
both the diagonal and off diagonal elements of the con-
ductivity. We therefore replaced ﬁn% by ﬁnv throughout

the calculation. This implies that the off diagonal con-
ductivity should be regarded as being produced by the
modlfication of the band wave functions produced by the
spin—-orbit interaction,

Uur results for the real part of ex between 0 and

F.2 oV are shown in Fig, XVII, The solitd line represent:s
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the contribution from the interband conductivity in the
sharp limit (r*=) to which has been added an empirical

Drude term,

o () = o ., (3.32)
1+w™ 1

in which the constants have been taken to be 00:18.6x1015

sec ~ and t=ll.3x10_15 sec. as determined by Lenham and
Treherne.85 The dashed curve is the sum of the same
empirical Drude term plus an interband contribution com-
puted assuming essentially the same T. We have

also computed Re(wzz), which 1is not the same as Re(oxx)
in the present case. However, the differences are quite
small and are not significant on the scale of this qraph.
The conductivity in the energy region 1.0-6.0 eV is shown
in Fig. XV111. The experimental results of several
authors86_g1 are also shown in these fiqures. Althoudgh
there 1s a large amount of scatter in the experimental
data, there 1s a reasonable degree of general agreement
between many of the measurements, particularly in regard
to the magnitude and the general trend. There 1s less
agreement 1n regard to detaiied structure. We believe
that 1t 1s significant that our calculations are 1in qgood
agreement with the general magnitude ot the observed con-

ductaivity 10 the low energy roegion. In particular, the

departure trom the Drude term seems to be giver
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satisfactorily. There is little agreement between theory
and experiment in regard to specific structures at low
energies except, possibly in the 0.2-0.5 eV region where
structure in our calculated conductivity appears in some
of the observations and is confirmed by thermoreflectance

92
measurements.

A most important feature of our calculated results 1is
the peak at 0.80 eV which results from transitions between
the nearly parallel upper d bands near the zone face.

This transition is a direct measure of the exchange
splitting responsible for ferromagnetism. This peak is
quite pronounced when the band states are considered to be
sharp; however, it 1s much reduced if reasonable allowance
is made for finite lifetimes of the states. We do not
notice any comparable structure in the experimental data
in this energy region, and we infer from this discrepancy
that our calculation has probably overestimated the ex-
change splitting. It is not obvious from the data avail-
able to us whether or not this transition has actually
been observed; however, we tentatively suggest that the
broad rise beginning at 0.5 eV in the results of Lynch

et a].87 may be associated with this transition, If thi;
interpretation i1s correct, the d band exchange splitting
s about 0.5 eV, 1in falr agreement with other ostimates,22

and signitilcantly smaller than our calculated value.
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Some structure 1is present in our calculated conduc-
tivity in the 2-3 eV rangzs, but this is much reduced when
lifetime broadening is included. Failure to observe
structure in this energy range93 suggests that lifetime
cffects are indeed appreciable. At higher eneraies, the
experimental conductivity shows a large increase, be-
ginning near 4 eV. A corresponding feature is present in
our results, but it is displaced to higher energies by
about 1 eV. 1In our calculations, this peak results from
transitions between the lower s-d bands and the s-p bands
above the Fermi energy. The bands involved are in the
outer part of the Brillouin zone, along the i axis, and in
the vicinity of the syrmmetry points X and L. The dis-
crepancy 1n enerdy between theory and experiment is
probably an indication of the inadequacy of our use of
atomic wave functions rather than separated orbitals to
represent s- and p-like states.

The absorptive part of the off diagonal elements of
the conductivity tensor can be determined from measurements
of the ferromagnetic Kerr cffoct94: plane-polarized 1ight
reflected from a magnetized ferromagnetic metal hecomes
elliptically polarized with its major axis rotated from
the original direction of polarization. Macroscopically,
the rotation angle can be related to the absorptive part
ol the otf diragonal elements of the conductivity tensor

94,95

through Maxwell's ti1eld equations. The detarled
1
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derivation is presented in Appendix B. This effect in-
volves spin orbit coupling in an essential way. Previous
calculations have been based on perturbation theory and

simple models of the band structure.96 A major conflict

developed between the results of different measurements?7’98
99-103 . .
However, more recent work has tended to confirm, 1in

a general way, the results of Krinchik and collaborators.
We have calculated the off diagonal element S of

the conductivity tensor. Our results for wIm(oxy) are

shown in Fig. XIX, where they are compared with results of

Yoshino and Tanaka,99 Krinchik and Artemjevlol and Erskine

103 Our calculated results do not include any

and Stern.
: . . 104 . . ’
intraband contribution since the experimental data do
not extend to low enough energies to permit determination
ot this quantity. Such a term would simply shift the cal-
culated curves by a constant. The theoretical curves have
the same general shape and order of magnitude as the ex-
perimental ones. However, the agrecement in detail is not
particularly good. The negative portion of hxy at low
energy can be interpreted as indicating the dominance of
S . . . 103 . .
transitions of minority spin electrons. The experi-
mental curves become positive at a lower energy than the
theoretical results. This 1s presumably a consequence oFf
our overestimation of the exchange splitting. The negative
peak at high encergies 1s found, in our calculation to be

displaced by about 1 eV with respect to the corresponding
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experimental feature. A similar result was found for the
diagonal elements of the conductivity and the explanation
is probably the same. The smooth behavior of the experi-
mental curves probably indicates the presence of substan-

tial 1lifetime broadening.




CHAPTER IV

CONCLUSION

A self-consistent band structure for ferromagnetic
nickel has been investigated using the tight binding
method. The effects of exchange and spin-orbit inter-
action have been included. We believe that the comparison
of the results of this calculation with experiment indi-
cates that simple energy band theory employing a local
exchange potential can successfully predict the essential
features of the charge and magnetic moment distributions,
momentum density, the Fermli surface, and of the optical
properties of nickel. Although numerous discrepancies in
detail exist, there is a large degree of general agreement
between theory and experiment. There is no evidence for
unexpectedly large many body effects, although some of the
disagreement between theory and experiment may be due to
our use of a simple, single particle approach. 1In view of

11,105,106 and of our

the success of these calculations,
. . . . 7.

recent application to ferromagnetic 1ron,10 it seems that

band theory should provide a basically satisfactory ac-

count of the properties of ferromagnetic nickel. The

principal obstacles to such a conclusion concers observa-

tions of tunneling,lo8 and of spin polarized photo-

Co 10v,110 . ) ] . . .
Ccmission which revealed that the spin polarization
of electrons at enerqgy 10_3 and 0.4-0.8 ¢V. below the

80
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Fermi level is +11% and +15% respectively. The direction
of the electron magnetic moments was found to be parallel
to the magnetization. Based on oversimplified theories,

it was interpreted as a measure of the spin polarization
of the density of states. This indicated a contradiction
with the results of band theory. It is possible, however,
that detailed calculations of such phenomena based on band
theory may remove much of the apparent disagreement.lll'112
We hope to undertake this investigation,

This calculation can be improved in several ways.
First, the variational freedom in the trial wave functions
would be increased and the accuracy of the results im-
proved if all the basis functions were chosen to be
individual GTO. Some discrepancies 1in the Fermi surface
and the optical properties have been shown in Chapter III
as an indication of the inadequancy of our use of atomic
wave functions rather than independent Gaussian orbitals
to represent s and p-like states. Recently, the band
structures of Li,113 Na,114 and Alll5 have been investi-
gated using basis functions consisting of individual GTO.
Successful results were obtained after repeating the whole
calculation several times with different sets of GTO. 1In
principle, a basis set consists of 1ndividual Gaussian
orbitals with large exponents that are capable of re-

producing the atomic core states and one or two small

cxponents to allow sufficient variational freedom in the
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conduction s and p-like states is more likely to give a
satisfactory result. Of course those small exponents are
subject to the restriction that the eigenvalues of the
corresponding overlap matrices cannot be negative or un-
reasonably small.

A second modification which would be helpful is to
include more conduction states, such as 4f for transition
metals. The eigenfunctions are expected to be a better
approximation to the exact solutions of the Schrddinger
equation. The hybridization between the 4f and band
states will undoubtly improve our results of energy bands
and conductivity tensor. 1In the conventional LCAO cal-~
culation,38 where the expressions for integrals between
higher states are obtained by successive differentiations,
the problem may seem to be too complicated to be considered.
The modification, made by Chaney a.rxiDorman?6 to separate the
variables in Cartesian coordinate and to take binomial
expansions in the integrand drastically reduce the com-
plexity of the problem. As a matter of fact, the integral
program included in Appendix C is written in general that
it can be used to calculate integrals between any pair of
Gaussian orbitals.

Another possible improvement is to retain the angular
dependence of the charge distribution when calculating
the Xoo exchange potential. This may effect the relative

positions between the Fermi level and the X2¢ state of Og
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symmetry as well as the unobserved X2¢ hole pocket. The
procedure involves three dimensional numerical integra-
tions over rapidly oscillating functions which must be
calculated with care. The cost in computer time, in this

case, will be fairly high.
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0.0002
c.CCCO
Ce.0001
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TABLE I

Vo4 (K)

-1.4091
— 02630
-0.1328
-0.035¢0
~0.0626
-C. 0666
-0.0501
-C.0228
-0.014S

C. 0062
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-C.0033
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Fourier Coefficients of the Coulomb and Exchange Potential and the

(in a.u.)
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0.018¢
0.0261
0.0082
-0.0058
-0.0079
-0.0067
~0.,0017
-0.0001
0.003S
0.0034
0.00 34
0.0005
~0.,0013
-0.0017
-0.0017
-0.0025
~-0.0022
-0.0020
~0.00006
0.0004
0.0004
0.0007

£6
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TABLE ITI

Energy Difference for Selected States

Majority Spin

Connolly15 Present Langlinaislo Wakoh17
(t=2/3) (a=2/3) and (n=1)
Callaway
(x=0.972)
0.478 0.483 0.506 0.488
0.091 0.084 0.079
0.330 0.300 0.324 0.347
0.009 0.016 0.019
0.177 0.144 0.226
0.625 0.639 0.663 0.639
0.841 0.816 0.807 0.865
0.036 0.016 -0.011
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TABLE II

Enerqgy Difference for Selected States

Minority Spin

17

ConnollylS Present Lanqlinaislo Wakoh
(x=2/3) (x=2/3) and (a=1)
Callaway
(0=0.972)
' T
57 1 0.542 0.534 0.544 0.535
N — ]
112 F25 0.095 0.087 0.083
XS-Xl 0.362 0.323 0.324 0.372
XS—X2 0.010 0.017 0.020
'—
X4 X5 0.118 0.101 0.171
Xs—rl 0.698 0.698 0.707 0.695
XA—FI 0.842 0.816 0.808 0.866
L!-L -0.024 -0.029 -0.047



Present
(a=2/3)

0.001
0.052
0.057
0.038
0.044
0.060
0.060
0.001
0.030
0.052
0.060

0.000

TABLE III

97

Exchange Splitting of Certain States

at Symmetry Point

Langlinais10
and
Callaway
(x=0.972)

0.022
0.060
0.063
0.049
0.054
0.065
0.066
0.023
0.044
0.060
0.065

0.020

s (in Ry)

Wakohl7

(a=1)

0.018
0.067
0.071
0.049
0.058
0.073
0.074
0.019
0.048
0.066
0.074

0.016

Connolly
(a=2/3)

-0.004

0.060

15
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TABLE IV

Energy Levels at Symmetry Points (Ry)

r(000) X (100) X(001) LT
=0.2850(F ,¥) -0.0983 (X} ) ~0.0983 (X, +) ~0.2264 (L)
-0.2851 (', +) -0.0993 (X, 1) ~0.0993(X, 1) =0.2300(Ly4)
-0.3408(') ;1) -0.2149 (X ) -0.2124 (X ) -0.2520 (L4 )
-0.3413(I' . 1) -0.2160 (X ) =0.2203 (X +) -0.2521 (L3 )
—0.3778(r£5¢) =0.2272(X,¥) =0.2255(X,+) =0.2860 (L, +)
-0.3808(F£5¢) -0.2758 (Xgt) ~0.2736 (Xgt) ~0.2898 (L4t)
~0.3854 (') +) -0.2773 (Xgt) ~0.2805 (X 1) ~0.3736(L,4)
—0.4304(r551) ~0.2869 (X, 1) ~0.2859 (X,1) -0.3803 (L)
~0.4338(I' ). *) -0.5179 (X44) ~0.5178 (X44) ~0.4263(L4)
-0.4365(1 1) -0.5398 (X, +) -0.5398 (X +) ~0.4330(Lyt)
~0.9144 (1" +) ~0.5619 (X,1t) -0.5619(X,1) -0.5873(Ly+)

—0.9155(Tlf) —O.5775(X11) ~0.5774(X11) —0.6178(L1¢)



Table IV (cont'd)

Enerqgy Levels at Symmetry Points (Ry)

W(l,1,,0) W(l,0,%) K(3 2 0) K(Z 0 3)
0.2978 (W, 1) 0.3057 (W, 1) 0.1709 (K, ) 0.1709 (K4 +)
0.2978 (W, 1) 0.2937 (W, 1) 0.1519 (K, 1) 0.1519 (k1)

0.2164(W}4)  -0.2164(Wj4)  -0.2368(K,4)  -0.2367(K,)
-0.2766 (W) 1) —-0.2766 (W} 1) -0.2703(K,4)  -0.2707(K,*)
~0.2881 (W, ) -0.288L(W,4)  -0.2967(K,1)  -0.2962(K,")
-0.3429 (W, 1) -0.4328(W 1) -0.3272(K, 1) -0.3273(K,*)
-0.4387 (W) -0.4357(Wy) ~0.3670 (K4) ~0.3669 (K, ")
=0.4389 (W44) -0.4428(W44) -0.4090(K44) —0.409L(K3*)
~0.4766 (Wy+)  -0.4736(Wy4)  -0.4837(K;4)  -0.4836(K;*)
~0.4815 (W ) -0.4823(Wys)  -0.4929(K;4)  -0.4929 (K ¥)
-0.4833(W,t)  -0.4848(W,t)  -=0.5219(K;4)  -0.5219(K 1)

-0.5183(Wét) —0.5182(Wé1) —0.5359(Kl¢) —0.5359(K1*)



0.0

O0.042
0.083
0.125
0166
0e.249
0.332
0,415
0.498
0.664
C.831
0997
1.163
1329
1.495
1 .661
1.827
1.993
2¢159
2+325
2.491
2.658
2.824
2990
3. 156
3.322

TABLE V

Charge Density in Three Principle Directions (in a.u.)

Total

(1,0,0]

13618.5000
1551.1533
306.4941
1678367
109.8645
37.8764
13.4470
Te6750
6.0684
3.9026
21085
10764
05794
0+.340a
0.2211
O.1611
0.1304
Cellay
O0.1047
0,0990
0.09S5a
0.0932
0.0920
0.0913
0.0910
0.0909

(1,1,0]

13618,.,5000
1551.1521
306.,4775
167.,7840
109.7699
37.7264
13.2772
TeS5167
S.9375
3.822S
2.0637
1.0521
0.5659
03331
0.2179
0.1605
0.1320
Cel1177
0.1108
0.1084
0.1097
0.1152
0.1269
0.1503
0.1973
0.2918

(1,1,1]

13618.,5000
1551.1516
306.4719
167.7663
109.7383
37.6764
13.2206
7.4639
S.8938
3.7998
2.0487
1.0438
0.5609
0.3300
0.2157
0.1587
0.1299
0.1149
0.1065
O.1017
0.0989
0.097s
0.0970
0.0971
0.097a
0.0979

[1,0,0]

741773
0.8591
0.6035
1¢1779
1.8276
2.7304
3.1473
3.0128
2e5477
1.6061
0.9272
0.5367
0.3376
0.2281
0.1638
01269
0.1061
0.0940
0.0866
0.0817
0.0786
0.0766
0.0754
0.0748
0.0745
0.0744

(1,1,0]

T«1773
0.8577
0.5868
11251
1.7330
2.5804
2.9775
2.8544
2.4168
1.5260
0.882a
0.512%
0.3241
0.2208
0.1605
0.1263
0.1075
0.097s
0.0923
0.090%
0.0915
0.0956
0.1040
0.1198
0.1487
0.2002

Occupied Band States

71773
0.8572
0.5813
11075
1.7014
25304
29209
2.8016
23731
1.24993
0.8674
0.5041
0.3191
0.2176
0.1583
O.1244
0.105%
0.0947
0.0882
0.08a2
0.0818
C.0806
0.0801
0.0802
0.0805
0.0810

Atomic

73732
Ce.4326
02974
1.00a0
16909
25369
2.8997
2.7698
2.3408
144679
0.8287
0.4566
0.2647
0.1582
0.0961
0.0610
0.0414
0.0299
0.0224
0.,0171
0.0131
0.0102
0.0080
0.0064
0.0051
0.0042

00T




(1e1,1)
(2,0.0)
(2+42,0)
(3,1,1)
(2.2.2)
(4,0,0)
(363,1)
(4,2,0)
(44242)
(3,3.,3)
(Selsl)
(4,4,0)
(S5¢3.1)
(6,040)
(4,4,2)
(64240)
(Se 3, 3)
(6242
(4,4,4)
(SeSe 1)
(7¢141)
(6,4,0)
(6,4,2)
(743,1)
(S5:5:+3)
(8,0,+0)
(8s2,0)
(6.444)
(Bes242)
(6,64,0)
‘7.5")
(5¢5:¢5)
(6,6:2)

TABLE VI

Atomic Scattering Form Factors

. o
siln g

=

-1

A7) pyana®
0.2463 4.7865
De.28448 4.0977
0.4022 2.5201
0.4717 1.8478
0.4926 l1.6683
0.5689 L.1514
0.6199 0.8324
0.6360 0.7690
0.6967 0.5123
0.7390 0¢3659
0.7390 04030
0.8045 0.2143
0.8414 0.1497
0.8533 D.i616
0.8533 O.1173
0.8994 0.0807
0.9326 0.0129
0.9433 0.0207
0.9853 -0.0417
1.0156 -0.0527
1.0156 -0.0211
1.0255 -0.0522
1.0642 -0.0770
1.0924 -0.0958
1.4377 -0.0675
1.1641 -0.1003
1.1727 -0.0812
10727 -0.1129
1 .2067 =-0.0907
1.2067 -0.1091
1.2316 -0.1077
l1.2316 -0.1200
1 .2398 -0e.1130

>

(K)

pcore

155905
14.9348
12.8435
11.6908
11.3655
102906
9.6686
9.4885
B8.8753
8.5054
85055
8.0121
77713
7.6982
7.6982
7.435%
7.2640
T«2108
70146
6.,8821
6.8822
6.8403
668246
65727
6.5727
64026
60 3068
62757
62757
61553
61553
6.0685
6.0684
6.0401

-+

‘)total(K)

20.3769
19. 0325
15. 36 36
13,5386
13.0338
11.4420
10.5010
10.257S
9.3875
8.8713
8.9084
8.2264
7.9210
7. 8598
7T.8155
7.5161
7.2769
7.2315
6.97 30
6.8294
6.8610
6. 7881
6.6054
6.4992
6.4769
6. 3351
6.2065
6.1945
6.1629
6. 06496
6.0461
S. 9608
5.9484
Se G272

101

(in a.u.)

>

IK)

Pexp '

20.10%*0.16
18.55+0.16
15.34+0.12

11.18%0.11

8.74+0.09
8.73+0.09
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TABLE VII

Magnetic Scattering Form Factors

a sin 6,p0-1 3 2 >
7= R (R fspin®) deore ® £ (K)
(1e1,1) 0.2463 0.4779 0. 0023 0.7598
(2.04,0) 0.284s 0.4241 0.0028% 0.6752
(2+42+0) 0.4022 0.2644 0.0026 0.4226
(3,1,1) 0.4717 0.1871 0. 0022 0.2998
(2+2,2) 04926 Oel1 724 0.0021 0.2763
(4,0,0) 0.5689 0.1038 0.0015 0.1668
(3:.3,1) 06199 0.0882 0.0011 0.1414
(8,2,0) 06360 0.0750 0.0010 0.1204
(4,242) 0.6967 0.0543 0.0006 0.0869
(3:3.,3) 0.7390 0+«0448 0.0004 0.0716
(Selsel) 07390 0.03123 0.0004 0.0502
(4,4,0) 0.8045 0.0248 0.0002 0.0395
(S¢3,1) Oe.84a14 0.01i%8 0. 0001 0.0250
(6+40,0) 0.8533 0.0024 00000 0.0039
(4:4,2) 08533 0.0182 0.0000 0.0288
(662,0) 08994 0.0008 -0.0001 0.0011
(53,3) 09326 0,007 -0.0001 0.0113
(6:4242) 0.943) ~-0.0009 -0. 0001 -0.0011
(4:,4,4) 09853 00047 ~060001 0.0072
(5:541) 10156 -0.0011 -0.0002 -0.0020
(7el101) 10156 -0.0122 - 0. 0002 -0.0195
(6+4,0) 10255 ~00040 -0.0002 -0.00606
(6:4,2) 10642 -0.0043 -0.0001 ~-0.0070
(73,1) 1.0924 -060105 -0.0002 -0.0169
(5¢5+3) 10924 -0.0027 -0.0002 -0.0045
{84040) 11377 -0.0183 -0.0001 -0.0291
(7¢3.3) lel6Al -0.0090 -0.0001 -0.0145
(802.0) 1e1727 -0.0162 -0.0001 -0.0259
(6:0,4) 11727 -0.00%52 -00001 -0.008a
(8,2,2) 12067 ~0.01 44 -0.0001 -0.0230
(6:66,0) 1.2067 ~-0.0081 -0.,0001 -0,0129
(7.5,1) 12316 ~-0.0091 -0.0001) -0.0145
(5¢5¢5) 1.2316 -0.0048 ~-0.0001 -0.0077
(6:642) 12398 ~-0.0073 -0.0001 -0.0117




0.0
0.042
0.083
0.125
0.166
0.249
0.332
0O.415
0.498
0.664
0.831
0e997
t.163
1.329
1.495
1.661
1.827
1993
24159
24325
2.491
2.658
2.82‘
2990
3.156
3.322

TABLE VIII

Spin Density in Three Principle Direction

Total
(1,0,0] (1,1,0)
-0.0455 -0.0455
-0.0045 -0.0040
C.0225 c.0282
0.0760 0.0940
O0.1378 0.1700
0.2197 0.2706
0.2489 00,3066
0.2318 0.2857
0«.1910 0.2356
01150 OCela2a
0. 0€20 0.0772
C.0314 0. 0396
0.0157 0.0202
0.0070 0.0094s
0.0021 0.0032
~0.0006 -00002
~-0.,0019 ~0.0021
-0.0026 -0.0030
-0.0030 -0,003s
-0.0032 ~0.,0036
-0.0033 -0.0035
-0.0033 -0.0032
~-0.003a -0.0024
-0.0034 -0.,0009
-0.003s 0.0020
-0.003a 0.0073

Occupied Band States

(1,1,1)

~0.0455
-0.0038
0.0301
0.1000
0.1807
0.2876
C.3258
0.3037
0.250S
0.1516
0.082a
0.0425
0.0219
0.0105
0.0040
00,0004
-0.0018
-0.0025
-0.0031
-0.003s
-0.0035
-0.0036
~0.0036
-0.0036
~-0.0036
-0.0036

(1,0,0]

—0.104!
-0.0174
0.007a
0.0639
0.1312
0.2192
0.2488
0.2310
0.1900
O.1149
0.0625
0.0322
O.0164
0.0076
0.0026
-0.0002
-0.0016
-0.0024
~-0.0028
-0.0030
-0.0031
-0.0032
—0.0032
-0.0032
-0.0032
~0.0032

(1,1,0]

—0«1041
-0.0169
0.0130
0.0819
O.1633
0.2701
0.3065
0.2849
0e2347
0.1422
0.0778
0.0404
0.0209
0.0100
0.0036
0.0001
-0.0018
-0.0027
-0.0032
-0.0034
-0.0033
-0.0029
-0.0021
-0.000S5
0.0024
0.0078

(1,1,1]

-0.1041
~0.0167
0.0149
0.0879
0.1741
0.2871
0+3257
0.3029
0.2496
0.1514
¢.0829
0.0432
0.0226
O.0111
0.0044¢
C.0007
-0.0012
-0.0023
-0.0028
-0.0031
-0.0033
"0.003‘
-0.0034
—0.0034
-0.0034
‘00003‘

€01




q

0.0

C.084
0.167
0.251
0.33a
0.418
0.502
0.585%
0669
0,752
0.83¢
0.919
1.002
1.087
let?7C
1.254
1337
1.505
1.€72
1.839
1923
2.006
24090
2+ 340
2675
3.009
3. 344
3.678
4.012
4.514
Se.01%
Se517
6.018

J11,0,0(@
5.1 3¢
Sell 7
5086
S5+043
4,974
4,827
4,73€
4,553
4,379
4,211
4,053
3.90%
3. 742
3.572
o1l
3.269
3.132
2870
2641
2eQ2F%
2320
2207
2.077
1e7€5
1e@36€
lel 78
0.375
Q0.823
0.550
Qe4Q4S
0s375
0298

TABLE IX
Compton Profiles

1,09

S.169
Se.151
5,094
S.017
4,93%
4,633
4,685
A.844
4.283
4.119
4.028
3. 892
3.751
J.631
3.510
3,382
3.231
2946
2.664
2389
2191
2061
1956
1e762
1487
1.209
0.927
0.812
Ce710
0556
O.4841
0,298

J1,1,3@

S.075
5.097
5. 061
5.017
4,952
4.834
4.683
4.527
4,366
4.207
4.036
3.895
J.749
3.579
3.435
3.3006
3.164
2.896
2.618
2. ‘68
20289
2156
2.049
1.769
1.4 34
1.185
0. 967
c.818
Ce 696
0.553
0.445
0.3745
0.298

104

Jav (q)

Se135
5.128
5.084
5.025
4.950
4.846
4.699
4.496
4,332
4.168
4,037
3.896
3.748
3.601
3.464
3.330
3.185
2.912
2.646
2.420
2.253
2.127
2.015
1.765
1.459
1.194
0.951
0.817
0.702
0+554
0.a84
0.375
0.298
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TABLE X
Occupied Band States Compton Profiles

q Jno,0 @ Ji,09 Iaap9 Jav (D)
0.0 2e73% 2.770 eeb6T79I 2e 738
0.084 el 22 2.795 2705 2e732
O.167 2700 2705 2e67S5 26695
0251 2 .EE€ES 2.€40 2e 640 2eH647
QOQe234 2e612 2574 2589 2eH5R9
De4le 2eH 4B 2434 2691 249506
0502 2e 428 2« 372 2e¢ 367 2e 387
0585 2215 2elES 2e2 44 2217
Ce €6 2e128 2.C43 2.121 2090
Oe 752 2011 le922 2004 1 « 969
Qe 83¢ 1.89¢% 1879 1.883 1.885
0.6G19 1803 1793 1e 799 1796
1CO: le6GE 1.7C6 1705 1.703
1.087 lea582 leb642 1e596 1613
1170 1 +8F€ 1.582 1915 1537
1254 1 e40€¢ 1190 1449 1468

« 227 1336 1.437 1372 1+ 391

« £0 < 1.209 16290 1238 1 253
le672 1ella 1144 1098 lel 24
1 .834 1.0213 1.001 1« 081 1031
le9de 2 D692 C.867 DeI966 Q06928
2.00¢ 0e941l Ce 798 OQeP0V Q867
2090 De8B72 Qe 752 C.847 OesH10
2e34C 0Oe72¢% Q.722 0.721 Ce722
2e67¢ D.5081 Q.6 31 06577 Oe 603
3.004% 0.4€¢ Ced94 Qe.a173 0«.480
3. 344 06373 Oe 325 Ce 366 O« 349
J.67EH 0.30¢% 0.295 e 301 Os 300
4,012 OQe244 Ce?29506 O.202 02409
Q.14 Qel 72 Cesl74 Q0.170 Oel 72
S«01% O«.l123 0120 O« 118 0120
Se9517 ODs0tG 0e 093 0093 Qe 091

6.018 0.0%4 0.C54a C.0954 0.054




Present
Calculation

ZornberglO

(Parameter
set IV)

Hodges et ¢17q

Tsui80

Table XI.

atomic units.

plane normal to the applied magnetic field.

Location
of
Pocket

(00+1)

(+100)

(00+1)

(+1,0,0)

(00+1)

(+100)

Numbers underlined are

TABLE XI

Xr

0.179

0.195

0.201

0.218

0.184

0.208

0.207

106

XW XU
0.077 0.076
W(10%)0.080  0.076
W(1%0)0.077
0.092 0.095
W(10%)0.096 0.104
W(1%0)0.104
0.095 0.089
0.106 0.102
0.099 0.087

Comparison of X_  hole pocket dimensions in
2

dimensions 1in the

These

dimensions contribute to the observed dHVA areas.




Band

Large sguare (sp?)
Centered d- sheet

(100)
(001)

X. (d~) pocket

¥, {d+) pocket (100)
(001)

Table XNII,

Present

C.84

1.24

2.20

0.038
0.018

0.144
0.089

TABLE XII

Zornberg

0.86

1.18

2.05

0.0665
0.0270

Refer to Fic. XIV for desicnations,.

10

Hodaoes et al

79

Tsu180 Stark8l
0.90
1.15
0.0665
0.0270
Not
observed

Extremal areas of Fermi surface cross sections in atomic units.

LOT




Band

I' Centered d¢ sheet
Large square (spt?)
Small square (spt)
X5 pocket (d+})

X2 pocket (d})

Table XI1i. Effective

portions.

Refer to Fig.

TABLE XIII

Goy
and Present
Grimes Results
8.84
5.09 2.22
4.33 4.75
0.75 0.66
Not
Observed 1.97

XIV for designations.

108

10

Zornberg
Parameter
Set 1V

mass associlated with Ferml surface
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TABLE XIV
Interband Optical Conductivity Tensor (r=w)

and the Joint Density of States

T . < 4 - ons
Hw (eV) oxx(lolssec]) on(l&Ssecl) oxy(lolsecl) J@)%)
0.0408 262537 19899 ~-2:3711 O.3414
0.0816 4,7354 Se1174 -11.1349 12429
0.1224 3.9798 A, T546 -~9,6446 L7012
0.1633 4.,6289 4.8414 ~8.5351 2.6104
02041 4.2559 4,4975 -6.3714 3.0738
0.2449 4.,0836 4,1380 -7.3101 4,0153
0. 2857 4.5829 44,6463 ~7¢3332 6.0053
043265 3.9790 3.9935 ~-8.,4532 6.8389
0.3673 3.5278 3.5156 ~6+,4196 7.2788
0.4081 3.314°2 3.2513 -5.8522 T.8564
0.4490 3.1276 3.1673 ~-4,9153 8.5088
0.4898 3.3000 3.2881 -8.5063 9.3547
0.5306 3. 1265 J.1415 —3.2335 10.1667
0.5714 3.2011 J.1181 ~3.4648 11.2430
0.6122 3.4887 3.3870 ~3.7514 14,1012
06530 3.7059 3.6539 -3.4448 179035
0.6938 3.8296 3.8454s ~2.8521 222797
Q0.7347 4,2822 4,317S ~2¢2969 32.5283
07755 S.3013 S¢3783 0.6616 36,7087
0.8163 76532 77952 1.9108 18l1.4664
0.8571 4,.,3829 4,4612 0.0539 21.4999
0.8979 35683 3.5660 -0.4021 16.5715
0.9387 3.464A7 3.4196 -0.1400 16,0072
069796 J.4643 3.4322 -0.0041 162677
1.0204 3.5312 35528 0.1203 17.4664
1.0612 3. 8740 3.8372 ~0.0625 179405
l.lOE.‘O 4.]‘8‘ ‘ollsl ‘001571 l80‘901
lel4a28 44,2504 84,2150 03799 193762
1.1836 4.1631 4.,1280 0.5193 20,0248
1.2244 4.,0752 4,1056 0.5948 21.1490
1.2653 4.1265 4,0986 0.0886 21,7379
13061 4,0708 44,0771 0.5278 224225
t.3469 3.9955 3.9815 0.3871 22.8702
1.3877 4,0162 44,0175 0.2342 24,1176
1.4285 4,0641 44,0428 0.0907 25,0759
1.4693 4,0633 44,0259 -0.1182 26,4830
1.5101 4,.3316 4.2770 O.1363 28,4940
1.5510 4.1438 4,1066 -0.0739 28.4150
15918 4.2070 a.,1614 -0.2074 29.943R8
1.6326 4.0669 4.1345 0.2721 27.8842
1.67 34 4.0662 4.2404 0.5568 27.458?2
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Table XIV (cont'd)

S - ) 15 - 4 - lectrors
Hw (eV) nmél&’&x.% uzﬂﬂ sec% wxyﬂd'sf ) J@»Qtom Ry)
1.7142 4,3716 4.3729 0.9243 27.2723
1.7550 4.2671 4,.,2802 0.7948 27.719%
1.7954 4,2589 4.239a 0.9393 28.9409
1.8367 4.4599 4.4263 0.6959 30.7563
1.8775 4.5780 4.5947 0.6151 31.7540
1.9183 4,6536 4.6571 0.6177 33.0074
1.9591 4,.7252 4,8259 0.5865 33.4380
1.9999 4.7430 4.6773 0.6460 33,9664
2.0407 4.3871 4,2097 0.3761 32.8843
2.0815% 4,4274 4.2739 0.5209 34,9897
2.1224 4,9052 4.9245 0.71135 36.1732
2.1632 4.8601 4,8450 0.9064 37.5786
2.2040 8.7364 4.8265 t.0126 38.4460
2.2448 4,2913% 4,3039 0.6593 34,7219
2.2856 4.1560 4,1778 0.6456 33.8604
2.3264 3.8819 33,9011 0.3808 32.1304
2.3673 3.8071 3.8180 0.3738 32.7620
2.4081 3.8241 3.7689 0.2038 34,3767
2.4489 3.7167 33,7243 0.3939 35.4507
2.4897 37892 J.7862 05515 36,7933
2.5305 3.6329 3.6449 0.4G35 36.6607
25713 36539 33,6535 O«+84566 38.389°2
2.6121 3.7284 3,7166 0.6078 40,1800
26530 3.7383 3.7476 D.7072 41.5117
2.69138 3.6769 3,6813 0.6340 41.8614
2.7346 3.61480 3.6094 0.6092 41,9760
2.7754 3.5857 3.5917 0.6008 43.2199
248162 3.4096 3.4063 0.5960 40,1607
2.8570 3.3197 3, 2999 0.5480 38.8336
2.8974 31,2505 3.2251 0.5724 37.6377
2.9387 3. 2441 3.,2970 0.3463 37.4590
2.979% 3.2860 3,2892 0.4203 37.5396
3.0203 3.2150 3.2425 0.0470 37.4480
3.0611 3.2139 1,.2178 -0.1060 37.1560
3.1019 3.1868 3.1586 0.003% 37.5572
3e1827 31.2137 3.1990 0.0478 38,7696
31,1835 3. 1511 3.0957 0.3136 38.4639
3.2244 3,1206 3,0705 0.3797 38.8837
1.2652 3.118% 31,0907 0.2971 4a0.0209
3, 1060 33,0679 3,0792 0.8024 40.096%
1, 34064 3,021R 3.0149 Ne3709 40.7901
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Table XIV (cont'd)

= 4 -~ electrans
Hw (eV) O)O(G.OLSS&I]) OZZCD]'Sﬂ-l) Oxya.olai‘]) Jw) m)
3.38706 2.9113 29180 03937 40.5959
3.4284 248614 28650 Oe4l11a 40.8686
3e4692 267936 2047931 0.3971 40.5713
J.5101 27559 27610 0.4289 41,7064
345509 27085 27045 0.8407 42,2081
3.5917 2.6358% 246355 0.4483 41.7068
3.6325 2.6152 26126 0.4430 42,5698
3.6733 205958 2¢5962 0.4369 44,0135
J.7141 25301 2.5281 0.4286 43,1315
3.7550 24593 24621 0.4308 43.3902
3.7958 2.4327 244350 O.4263 43.6496
3.8366 263722 2.3711 O.4201 43,0997
3.8774 23250 23271 0.4316 42,3829
3.9182 263122 23123 0«4493 43.5909
349590 22692 2.2681 0.4503 42,5486
3.9998 22506 22506 0.4588 42.6453
4.0407 22311 202299 0O.4782 43,1461
4.0815 201933 21916 0.4789 42,6006
4.1223 241584 2. 1568 0.48AS5 41,3906
4.1631 21266 21297 0.4876 40,4671
4.2039 2.1142 2¢1169 0.5182 41.5194
4,2447 2.0830 2.0886 0.5350 41.5038
4,.2855 20252 2+ 0351 0.5055 39,9411}
4.3264 1.9856 19992 0.5122 39,1976
4.3672 l1.9384 19427 0.4552 39,0465
4.4080 19154 19120 O«4417 38.4534
4,4488 1.8764 1.8754 0.4329 36.6313
4.4896 L8833 1.8722 0.4070 37.2382
45304 1.8818 18770 0.3909 37.2621
4.5712 1.8530 1.8575 0.3682 35.8148
4.6121 1.9026 1.9058 03336 35%5.3211
4,6529 1.9340 169264 0+.3366 35.5382
4.6937 2.,0211 20652 0.3080 34,6421
4.7345 2.1293 2. 1480 0.2882 34,0283
4.7753 2. 1940 2e1399 0.2751 33.8213
4.8161 22768 23095 0.3035 34,2403
4.8569 2.8612 204485 0.3240 33,7910
4.H978 26167 2+6337 02697 34,2334
409386 2e6H72 26747 0.2653 33.3648
Q4,974 3,.0350 33,0562 Ne2605 34,5350
50202 3.1548 3.1505 0.2006 33.2610




Table XIV

Hw (eV)

5.0610
S.1018
Se1427
51835
S5.2243
5. 2651
S5¢ 3059
Se3467
503875
54284
S5.4692
55100
55508
S5.95916
56324
S¢6732
57141
S5:7549
S5e 7957
58365
58773
Se9181
Se 9589
S5.9998
6.0406
6.0814
6.1222
6.1630
6.2038
6.2446
662855
663263
6Ge 3671
6.4079
AG.a487
Hed4895

(cont'd)

I'Jm(lﬂls Sec )

3.3770
44,0941
44,6287
4, 7559
44,2909
4.6827
4,5734
4,5101
4,6082
4,7765
4.8602
4,9812
S.181%
S.5112
S.7101
6.4058
S5.1021
4.6284
4,2889
4,0348
3.8348
3.6534%
3.5053
3.3589
3.2486
3.1255
3.0222
2.9224
2.8265%
207269
2.6453
2.5589
2e4611
263926
2+13223
242515

OZZ(IOE%xI;B

33605
4,.0864a
445910
447905
4,3012
4,56745
4,5838
4.5151
4,5948
4.,7782
4, 8496
4.9776
S5.1828
S«5119
5.7182
6.4050
5.1020
4.6270
4,2885
a4a,0341
3.8348
3.6533
3.505%S
33593
3.2487
3.1260
3.0228
29217
2.8168
2e7181
26438
2e5642
24611
23937
203205
2e¢2489
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lectrans

oxyadmsa;% J@néi——~——

O.1460
0.1825
O0.1345
“00079‘
~-0.2217
-0,7261
~0.6189
-0.5517
-0.6026
-0.,6014
~0.6127
-0.5968
-0.6189
~0.6544
-0.6424
-0.7145
-0.4581
-0.3532
~0.2839
-042362
-0e1966
-0.1638
-0.,1329
~0.1039
"000823
-0.0682
~0.0556
"000‘76
~-0.0401
-0,0273
~0.0149
-0.0049
0.0062
0.0095
0.0148
0.07201

atom—-R

32.5243
33.4321

34,3460
34,3935
33.7726
34.4385
33.9670
33.4005
33.3439
33.8064
JA.6154
353434
35.7380
36,5002
36.9517
38.3271

36.2511

35.8680
35.9324
36.1857
35.3147
33.2858
32.285S
31.5007
30.7950
30.0848
29.5603
28.,9820
28.4784
27.8997
27.4429
27.0529
26.4954
26.0890
25.6627
2542986
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Figure

Figure

Figure
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Figure V
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FIGURE CAPTIONS

Coordinates for the evaluation of three-
center integrals.

Band structure for majority-spin states along
certain symmetry directions.

Band structure for minority-spin states
along certain symmetric directions.

Band structure of nickel along some symmetry
lines in the Brillouin zone. The effects of
spin orbit couplinag are included. States
are labelled according to the symmetry of
the largest spin component. The solid

lines indicate states of minority spin, the
dashed lines of majority spin. The hori-
zontal line at -0.239 Ry. indicates the
position of the Fermi energy.

Band electrons (3d, 4s-p) charge density
along three principle directions. Solid
lines indicates the {[100] direction, long
dashes, the [110] direction, and dotted
line, the [111] direction. The spherical
average atomic charge density in 3d8452
configuration is shown as short dashes.
Comparison ot calculated and observed maa-

netic scattering form factor:s.

113



Figure VII

Figure VIII

Figure IX

Fiqure X

114

Spin density in three principle directions.
Notation is the same as in Figure V.

Compton profile Ji(q) for nickel. The
[ ) line is the core (2s°,3s2,2p?,3p%)
contribution. The other curves include the
occuplied band electrons and pertain to the
following directions: long dashes, [100];
short dashes [111); and solid curve, [110].
Comparison of calculated and observed aniso-
tropy in Compton profile. The solid curves
are the present results and the long dashes
are the experimental measurements of
Eisenberger and Reed.71

Comparison of the spherical averaged Compton
profile with y-rays Compton scattering
measurements. The solid curves are the
present results. The contribution from
atomic 1s wave function has been included.
Experimental results of Eisenberger and
Reed71 and Manninen and Paakkari72 are

shown as closed and open circles respect-
ively. The dashed curve is the contribution
from occupied (3d, 4s-p) band states.

Corresponding experimental results are

shown as A, Ref. 71 and A Ref. 72. Tvpical



Figure XI

Figure XII

Figure XIII

Figure XIV

Figure XV
Flgure XVI
Figure NVI1I

115

72
experimental uncertainties are indicated by

the error bars.

Projected density of states for majority
spin.

Projected density of states for minority
spin.

Total density of states.

Fermi surface cross sections in the (100)
plane. The solid and short dashed curves
are our results. A solid line indicates
that states are predominately (+) minority
spin, the short dashed line indicates
majority (t) spin. The open circles,
triangles, and squares are the experimental

1

results of R. W. Stark.8 The long dashed

lines are obtained from an empirical formula
given by Tsui.80 The sheet (a) is the XS#
pocket, (b) 1is the X2$ pocket, (c) 1is the
I'~centered d+ sheet, (d) is the large (spt)
square, (e) is the small (sp+) square.

Fermi surface cross sections in the (110)
plane. The notation is the same as in
Figure XIV. Note that the s-pt neck at L
merges in to the large di sheet.

Joint density of states.

The real part of the xx component of the




Figure XVJ11

Figure XIX

116

conductivity tensor from 0 to 1.2 eV. Long
dashes indicate the empirical Drude term
(Ecq. (3.32); solid curve, the interband con-
tribution in "sharp" limit, plus the Drude
contribution, dashed curve, the interband
contribution with ({/7t=0.06 eV) plus the
Drude contribution. Experimental results

are shown as follows: [ , St01186; 0

Shiga and Pellsgs; A, Lynch et al.87; A
Johnson and Christygl; 0, Sasovskaya and
Naskovgo; o, Kirillora.89

The real part of O from 1.0 to 6.0 eV.
Notation is the same as in Figure VII.

The imaginary part of mxy from 0 to 6 ev.
The solid curve is the interband conducti-
vity in the "sharp" limit; the short dashed

curve is the conductivity calculated with

K/1=0.06 eV. Experimental results are shown

as follows: lonyg dashed line, Erskine and
Stern103; ®, Yoshino and Tanakagg; O,
101

Krinchik and Artemijev,
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Figure X1V
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r(o,0,0) X (0,0,1)

Figure XV
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APPENDIX A

The Fourier Transform of Gaussian Orbitals

In the calculation of Compton profile, it is necessary

to evaluate the Fouriler transforms of atomic functions

Xi(g) - J e tP°L ui(E) a’r (3.10)

A"

where {{ is the volume of a unit cell and the atomic func-

tions are expanded in terms of Gaussian orbitals of the

type

—qrz ;3 -arz / 1 -0Y
[3) ;VT

1
Vo

according to different atomic symmetry, s, p,d. Additional
normalization constants from the radial part of the wave
functions must be included (see E¢qs. (2.13) and (2.15)).

The Fourier transforms of these functions are tabulated

below

S~-functions

P2

LD A= (2 et

5 VIt G

(A.1la)
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P-functions

D-functions
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APPENDIX B

Ferromagnetic Kerr Effect

In Chapter III, Section E we compared the absorptive
part of the off-diagonal elements of the conductivity

tensor Im[uxv(m)] with the results obtained from the mag-
neto-cptical measurements. In this appendix we shall

A

examine the formal relationship between o(w) and the Kerr

rotation angle.94’95 Consider a time dependent electric
field
Sey - 2 {é(m) e Mt gy (A.2)
P

v h

In the optical and infrared region the wave vector is

etfectively zero. The induced current takes the following

form
~ >
f(t) o4 f (e, t') e(t') dt’ (A.3)
=
v2in
For a homogenious medium the conductivity is invariant
under displacement of time, L(t,t') = {t-t'), The Fourier
transform of Fqg. (A.3) can be written as
J(n) = 0 (w)E () (A.4)
s the case of g cubloe crystal with electron spin




139

quantized alonyg the z-axls the conductivity tensor can be

shown to be

’ OXX ny O
~ !
() = 1 Uxy  Yxx 0
0 0 Y22 {({A.5)

As a result of broken symmetry by the spin orbit inter-
action the off diagonal elements Oxy are nonzero. For
convenience we shall consider the incident plane wave as
superposition ot equal amplitude right and left circularly

polarized light.

B_o= B(w) (x+iy) e *@F (A.6)

~ ~

where x and y are unit vectors along x and y directions
respectively. In a similar manner, we define the RCP and

LCP currents as

S ) (xxiy) o7Vt (A.7)

The corresponding conductivity which satisfies the relation
Joo= B (A.8)

15 a4 sinple scalar
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vo= 0 + 1 0 . (A.9)

Maxwell's field ejquations then relate the complex index
of refracition (n+ik) for RCP and LCP electric fields to

the complex conductivity

(n 41w )2 = 1 + 1 4n or/m (A.10)
g

=

In the case of light normally incident from vacuum

reflected . .
b _ CLU _ (n+ig) -1 (A.11)
' (n+ie) +1 -

Yincident

where ' 1s the phase change of the reflected light and the
sign convension 1s that tor polarization along the plane of

1ncidence. Denoting

, An = n_-n, AK=Kr—K% (A.12)

it can be shown that to the first order in these changes

21 (An+1Ay)

= : (A.13)
[ (ntiv)“=1]
similarly from Egs. {(A.10) and (A.9) one obtains
. -4
N L0 Oo XX (A.14)

(n+1s )0 (—n'*ikf)tu
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Eqg. (A.14) was substituted into Eq. (A.13)

-1 8™ OX
At = 1—2 {(A.15)
w(n+ik) ((n+ix)"=1)

The major axis of the elliptially polarized reflected
light 1s rotated from the plane of polarization by an
angle

hy -1 47 (IX
2 s Re | J ] (A.16)

]

w({n+irk) ({(n+ik) 2—1)

Egq. (A.16) 1s the constant for the Magneto Kerr effect
which is positive for rotation from x- to y-axis but it
must be kept in mind that the reflected beam is traveling
along the -2 direction and Eg. (A.16) 18 valid for small

A

values ot o, Sn, and v only.
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PROGRAM 1., FOURIER COEFFICIENTS OF THE COULOMB AND EXCHANGE POTENT AL
XXX A KR AR ESEX KR EXK R KR KRR A AL RS E K E SRR RS AR KRR R KRR KRR R KK KA R R AR KK KR KK KK
CALCULATION OF THE FOURIER COEFFICIENY OF POTENTIALS
SLATER TYPE WAVE FUNCTIONS ARE USED IN THIS PROGRAM
SC 1D0CuB=1l, BCC IDCUR=2, FCC I[DCuURB=a
A=LATTICE CONSTANY (IN A, U, )
IGRLV=0, V(K) IS GENERATED IN ORDER OF [NCREASING KX *%2
IGRLV=1, FOURIER COEFFICIENTS OF THE CHARGE DENSITY FOR 8NTH SOINS ARE
GENERATED IN ORDER OF K VECTORS
IF{ISORT.NF.0) KX IS SORTED IN ORDER OF [NCREASING MAGNITUDE
NKPT 1S THE DIMENSION OF THE RECIPROCAL LATTICE VFCYDRS XKkX{I) ECT.
MAXK2=THE SQUARE OF THE MAXIMUN MAGNITUDE OF THE RECIPROCAL (ATT{CF
VECTORS GENERATED
IDIM IS THE DIMENSION OF THE DIRECT LATTICE VECTORS
MAXR2=THE SQUARE OF THE MAXIMUN MAGNITUDE OF THE DIRECTY LATTICE VECTORS
KPTPRT IS THE NO OF LINES OF RESULTS TO BE PRINTED
NSTA IS THE NUMBER OF ATOMIC STATES CONSIDERED. MAXIMUN=7
C(i1,J) 1S THE J*S COEFFICIENT OF THE I°'S WAVE FUNCTION
Ex(1 IS THE J*'S EXPONENTS OF THE 1°*S WAVE FUNCTION

v J)
NORB(I) IS THE NUMBER OF ORBITALS IN THE [*S wWAVE FUNCTYION
IB(1,J) IS THE ORBITAL IDENTYIFICATION OF THE [*'S WAVE FUNCTION
CHARGE(I) 1S THE NUMBER OF ELECTRONS IN THE 'S STATE

EXCH(I) IS DENSITY®#%0.333 AT POINT R(I)
SXE SRR KB I RS R B RN SRS KRR EE R RS XL RS E S SRR KRS SRR XK A RN RN R AR R KRR R R AR &
IMPLICIT REAL*8(A-F,H,0-2)
INTEGER®2 KKX s KKY KKZ NBKX,,KY ,KZNNB
DIMENSION AX{A400C) ,AY(A00),AZ(a00),Y(100)
DIMENSION KSQ(500)
COMMON/CHARGE/CHARGE (7)) ,CHARUP(7) s CHARDNI(7)
COMMON/VKO/ZC{T7e11)4EX(To11)FACTO(10)+IB(7,411),NORB(7)+NSTA
COMMON/EXCH/RI96) 4 W{(95) JEXCHI(98) ,EXUP(96) ,EXDN(96)
COMMON/CONST /A RO +PI ,ONETHD
COMMON/ZLCS/KKX(S00) KKY{(S00) +KKZ(S0C) NB(S00)
PI=3.,141592653589793D0
ONETHD=1.00/3.D0
FACTO(1)=1.00
DO 11 1=2,10
11 FACTO(ILI)=FACTO(I-1)*DFLOAT(I1)
READ(Ss3) ALJIDCUBNKPT  MAXK2 ¢ IDIM MAXR2 4 KPTPRTNSTAL,IGRLV,ISORT,
£ IPUN
3 FORMAT(F10.5,1C15)
AAA=ZASAXA
AKR=2,D00%P1/A
OMEGA=AAA/DFLOAT(IDCUB)
AHALF=A/2.D0

[a¥a¥alolalelakakalalalaYaRaNath NaFaRa Fa R Ra RA NG Na)

A AN

S



NN ON

BEals]

a¥ala!

54

2
1

[IFIDCUBLEQ«1) AHALF =A

DEFINE R AND WEIGHT FACTOR FOR 96 POINTS GAUSSIAN INTEGOATION IN
WIGNER SEITZ CELL

RO3=3,00/(4.00%P1)*0OMEGA
RO=RO3*«*x0ONETHD

CALL GWTGAS(96sYsR.W)

DD 5S4 [=1,96
R(I)=RO*(R(1)+1.,00)/2.00

RENORMAL IZATION OF THE wAVF FUNCTION

FORMAT(1IS5,2F10.5)
FORMAT(3AA,8BX,[5,2F10.5)
ELECT=0.D0

FMAG=0,.,D0

12 FORMAT(1IXs//¢1Xs3A8,5X,*"NO OF ORBITALS="',14,SX*ELECTRONS UP=",

— gt
ouw

EFBe3sSXe "ELECTRONS DOWN=?® FB8.3,5X,*TOTAL ELECTRONS=',F8,.1,/)

ELEUP=0,00

ELEDN=0,D0

DO 10 [=1eNSTA

READ(Ss1) Z1eZ2¢Z3+NORB(I1),CHARUP(I),CHARDNI(I)
ELEUP=ELEUP+CHARUP(I])

ELEDN=ELEDN¢CHARDNI(1)

CHARGE{ ]I )=CHARUP(I)+CHARDNI(I)

WRITE(6+12) Z1422¢2Z3NORB(I)CHARUP(T ) ,CHARDNI(I)  CHARGE(T)
NN =NOR

( J)«CHt
b § EXPONE P eFlOeSsSXy'"COEFFICIENT=',F10.5)
X «J),»C

o~ T -
mZe

J)
TS=
vJ)

(1:J))%%(AJ+0.5)
*TWOZ/DSQRTIFACTO(11))
CONT INUE

ELECT=ELEUP+ELEDN

EMAG=ELEUP-ELEDN

GENERATE PERMUTED DIRECTY LATTICE VECTORS

I10C=8/710CUB

IF(IDCUB.EQ.1) IDC=1

CALL GPERMK{KKX,KKY KKZ,KSQ,IDIM,IDC,MAXR2,0)
DO 31 II=1,IDIM

THF

Sl



AX(TIT)=AHALF*KKX(IT)
AY(IT)=AHALFEeKKY(I1)
31 AZ(II)=AHALF*KKZ{(1I1)

CALL SvKO(VKO)

CO1=ELECT*PI%8,D0

CEXCH=-9.,DO/RO3*%(3,D0/P1 ) «*ONETHDO®R0O/2.D0
CEXFE=-9,D0/R0O3*%(6,D0/P1) *xONETHD*RO/2.D2

WRITE(6450) AJROELECTEMAG, IDCUBNKPT ,MAXK2 , IDIM,MAXRZ,NSTA, IGRLV
£+ ISORT

PRINT SI

INDIPENDENT DIRECTIONS USED TO CALCULATE THE SPHERJCALLY AVERAGED CHARGE
DENSITY ARE READ IN SUBROUTINE SEXCH

CALL SEXCH(AX.sAY,AZ,IDIM)
PUNCH THE DENSITY AS INPUT TO THE SELF-CONSISTECE PROGRAM

NN NNON

34 FORMAT(SD15.8)
D0 33 KR=1,96
IFCIPUNGOGNE ¢ 0) WRITE(7,34) R(KR) s W(KR) JEXCH(KR) JEXUP(KR)EXDN(KR)
EXCH{KR)=EXCH{XR) *xONETHD
EXUP(KR)I=EXUP({KR) *ONETHD
EXON(KR)=EXDN(KR ) #*ONE THD
33 CONTINUE
PRINT S1
S1 FORMAT(1HL)
IFCIGRLV.EQ.0) PRINT 55
55 FORMAT(3X4*°K2® 45Xy *"COULOUMBI(K)® s 7X s 'EXCHANGE(K)? ¢7X,*FXCH UP(K)*,
17X *EXCH DOWN{K )'-/)
[FCIGRLV.NE.QO) PRINT 56
56 FORMAT(3X,'K2',5X, 'COULOUMB(K)?® Xe*EXCHANGE(K)®* 47X, 'EXCH UP(K)
17X+ *EXCH DOWN(K)®*,8X,°DEN UP(K) BXe*DEN DOWNI(K)®* ,AX 3 KX?® ¢3X,*KY
23X ¢ "KZ 42X, *'NO*,/)

GENERATE INDEPENDENT RECIPROCAL LATTICE VECTORS.

[a¥alal

{(FUIGRLVeNE D) CALL GINDPK I(KKX KKY s KKZ¢KSQeNKPT, IDCUB+MAXK2 N8, 1,
€ ISORT)

KINCM=]

IF{IGRLV.EQesOcAND,IDCUB.EQ.2) KINCM=?2

K2=1

DO 999 NP T=] NKPT ,KINCM

IF{IGRLV.FQ.0) GO TO 21

KX=KKX{NPT)

KY=KKY{NPT)

91

S



KZ=KKZ({NPT)
NNB=NB(NPT)
IF{K2.EQ.KSQI(NPT)) GO TO 99
K2=KSQINPT)

GO T0O 22

K2=NPT=-1

CONT INUE
RK2=DFLOAT(K2)
RS=RK2*AKR*AKR
RK=DSQORT(RS)
[FIK2.NE ,0) GO TO 69

NN
) b=

CALCULATE THE FOURIER COEFFICIENT Vv(K=0)

aXaXe!

VK X=0+DO
VKUD:OQDO
VKON=0,00
NO 42 1=1,96
VKUP=VKUP+EXUP (I ) *sw(1)*R({
VKDON=VKON+EXDN(I )xw( 1) %xR¢(

42 VYKX=VKX+EXCH(IL)*W{(Il)%®R(1)
VEXCH=CEXCH®VKX
VEXUP=CEXFE*VKUP
VEXDN=CEXFE®VKDN
GEXCH=VEXCH
GE XUP =VE XUP
GEXDN=VE XDN
VCOUL=-4,D0*PI*VYKO/3.DO/DOMEGA
SCOUL =VCOW
IF{IGRLV.EQ.0) GO TO 25
GUMUP=ELEUP/OMEGA
GUMDN=ELLEDN/DMEGA
[FINPT LE cKPYPRT)IWRITE (64 7IK2,GCOUL+GEXCH GEXUP 4 GEXDNy GUMUP, GUMDN,

EXKX sKY o KZ o NNB

WRITE(1) K2,GCOUL ¢ GEXCHGEXUP 4 GEXDNosGUMUP s GUMDN KX s KY 4 KZ  NNB
GO TO 999

25 CONTINUE
IF (NPT LE KPTPRT)IWRITE(6+s 7IK2,GCOUL s GEXCHGEXUP ¢ GEXDN
WRITE(Ll) GCOUL +GEXCH+GEXUP s GEXDN ¢4K?2
GO 7O 999

*2
*2

B o=t e
* o -

*
*
2

A AN

CALCULATE THE FOURIER COEFFICIENTS OF THF EXCHANGE POTENTIAL BY 96 2NINTS
GAUSS AN INTEGRATION

[aXaEata!

69 CONTINUE
VKX=0,.,D00

e



VKUP=0,D0
VKON=0.00
41 DO 44 [=1,96

VKUP=VKUP+EXUP (T )*R(I)*w(1)*DSIN(RKE®R(1))
VKDON=VKDN+EXON( T J*R( IV *w ([ )XDSIN(RK®R(1))
44 VKX=VKX+EXCHUI)I*R(I)®Ww(I)I*DSIN(RK*R(I]))

VEXCH=CEXCH®VKX/RK
VEXURP=CEXFE® VKUP /RK
VEXDN=CEXFE*VKDN/RK
GEXCH=VEXCH

GEXUP=VE XUP

GE XDON=VE XDN
IF(IGRLV.NE.O) GO YO 101

CALCULATE THE FQOURIER COEFFICIENTS OF THFE COULOMR POTENTIAL

[aRaXal

FACT=8,00%PI/RS/DMEGA
SUM=-C0O1 /RS
CALL COULOM({(CHARGE  SUMJRS.FACT)
GCOWL =SUM
23 IF(NPTLE KPTPRTIWRITE(6+7)IK2,,GCOUL +GEXCH,GEXUP, GEXDN
WRITE(!l) GCOUL +GEXCHGEXUP 4 GEXDN K2
GO TO 999
101 CONTINUE

CALCULATE THE FOURIER COEFFICIENTS OF THE CHARGE DENSITIES FOR BOTH SPINS
AS INPUT TO THE SELF-CONSISTENCY PROGRAM

alaRala!

FACT=1.00/70MEGA
SUMUP=0.D0
SUMDN=0,D0
CALL COULOM(CHARUPR ,SUMUP RS ,FACT)
CALL COULOM{CHARDN, SUMDN,RS,FACT)
GUMUP=SUMUP
GUMDN=SUMDN
GCOUL =( SUMUP +SUMDN)*8,D ¥1*P I /RS
99 CONTINUE
IFINPTLEKPTPRT)IWRITE(E47IK2,GCOUL +GEXCHGEXUP , GEXDN, GUMUP , GUMDN ,
EXKX s KY o KZ s NNB
MRITE(1) X2,GCOUL sGE XCH ¢ GEXUP , GE XDN  GUMUP 3 GUMDN KX +KY, KZ s NNSB
999 CONTINUE
7T FORMAT(IS,6E18.8,515)
WRITE(6.50) AJROLELECT,EMAG, IDCUB,NKPT MAXK2,IDIM,MAXR2,NST A, IGRLV
£+ [SORT
SO FORMAT({ I Xe//s 1 Xe*LATTICE CONST=/ 3F10eSs3Xe'R=*,F10.5+3Xs*ELECT ND=
1P 9F76203Xe*MAG NOT* F7484:43X4s'NO ATOMS/LATTICE=*,15,//,1X%,

8vT1

e



2K NO=*,18e3X,*K2 MAX=¢*,15,3X,*'R NO="',1
FALS NO=® IS ¢3X¢*"GEN RLV=',12,3X,°S0ORT="?
STOP
FND

8
L

3
12

Xy*'R2 MAX=%,[5,3X,*0RBIT
)

6vT



PROGRAM 2. THE COULOMB, EXCHANGE, KINETIC, DVERLAP, £ MOMENTUM INTEGRALS

C
C
C#tttttttt#ttttttttttttttttttt#tt#t?t‘#tﬂttttt#tttttt##ttttttttttt EEXEXER KRR KK X
C CALCULATE INTFGRALS <G(I+R-A)  V(R) [G(J,R)>
C GAUSSTAN TYPE WAVE FUNCTIONS ARE USED
C A= ATTICE CONSYANT (IN A, Us)
< SCO IDCuUB=1, BCCO IDCUB=2, FCCO INCUB=4
- EXPCVG= CONVERGENT CRITERIAL DEXP(-FEXPCVG)I=0,D0C
< MXIOBND=NDO OF SYMMETRIES CONSIDERED =3 FDQ S.P,AND D FJUNCTIJINS
C K2MAX=THE SQUARE OF THFE MAXIMUN MAGNITUDF OF THE RECIPROCAL LATTYICFE
C VECTARS USED
C MAXA2=THE SQUARE QOF THE MAXIMUN MAGNITUDE OF THF DIRFCY LATTICF VECTAORS
z NKDT=MAXIMUN NQ OF RECIPROCAL LATTICE VECTORS,DIMENSION KKX{NKPT)
C KREAO=NO OF FOURIER COEFFICIENTS READ IN (1)
C DIMENSJON FCS(I(NORDIMNKDIMNRDIM) FCSILINORDIM,NKDIM)
C {OBNO(L)=ORBITAL NUMBER INCLUDED FOR L*TH SYMMFETRY
C ALPHA=GAUSSIAN FXPONENTIAL PARAMETERS
2L R RIS RIS RS2 22 2 22 R 2 2R R SR8 R R 2R RN R R R R R R R RS ER R RN E R R RN E R SR E NS
IMPLICIT REAL *8 (A-F,H,0-2)
INTEGER®2 KKX{B184),KKY(8184),KKZ{8184) ,NB(81848),IX(10n),IY(100),
£1Z€(100)

DIMENSION SCOWUL (125) «SEXCH(125) «SEXUP(125) +SEXDN(125)+SOVLP(7474+7)
DIMENSION ALP(3,14).CN(3,14),C13(8,8)

DIMENSION FCS1(74100)FCS2(7,4100)FCS3(7,100)+FCS(7,100,11)
DIMENSION SCO(4,14).PCO(3,11).0C0O(1,5)

DIMENSION OV(5+545):6GC(27)+GX(27),GU(2T7),GD(2T7)

DIMENSION GWTSPD(3),10BNO(3).KSQU(B184),1SQU(10C)
COMMON/GFUC/AKR W ,DELTY W04 DSTEP MAXK s MAXR
COMMON/ZLCS/GCOWUL (48C1) +GEXCH(4801) +GEXUP(4801) .GEXDN(4831)

DATA GWTSPD/*'S*,*'Pt, D/

1 FORMAT(AB,F10.5:F7.2,1015)

READ{Ss1) CRYSTL yALEXPCVG,IDCUB, MXOBNOMAXAZ s TADIM,K2MAXM,
ENORDIM NKDIMJNRDIMNKPTKREAD

PI=3.,14159265358979300

AKR=2.,D0%P I /A

AKR2Z2=AKR®AKR

AHALF=A/2.D0

IF(IDCUB.EQel) AHALF=A

OMEGA=A*x3/DFLOAT(IDCUB)

06T

DFF INE GAUSSIAN FXPONENTS AND NORMALIZATION CONSTANTS

[aXaka!

4 FORMAT(915)
READ(S44) (10BNO(I)s1=1,.,MXOBN3)
DO 10 NOB=1.,MX0OBNDO
I10=108NO(NOB)

S



DO 10 J=1.1D
READ(S.15) ALPHA
ALP(NOB,J)=ALPHA
A2=-ALPHAX2,D0
AAA=(B,DO0%ALPHA/PI)%%],25D0/DSJRT(4.,DN%P])
AQ=-0.500
DO 11 L=1.,NOB
A0O=A0+1.D0
Al=OFLOAT(2%L~-1)

11 AAASAAA*DSQRY( A1%®A2/AC)
CN(NOB.,J)=AAA

10 WRITE(6412) CRYSTL+J+sGWTSPDINCB), ALPHA,AAA
12 FORMAT( IXeABe[4,A2,'FXPONENTZ! (5 16.3¢2X,*'NIRM=*,£16,8)
15 FORMAT(FB8.5,4D16.8)
C
C DEF INE BIAONOMI AL EXPANSION COEFFICIENTS
Cc
CiIy{l,1)=1.0D00
Cly(2,1)=1,D0
ClJy(2,2)=1.D0
Do 70 1=3,8
ClJ(l,1)=1.D0
ClJo(l.1)=1.00
IMi=1-1
DO 70 J=2,.,1M]
7C ClLUC(14U)=CTI(IML,U~1)+CTLU(IML,J)
C
C GENERATE [INDEPENDENT DIRECT LATTICE VECTORS
C
IDC=1
IF(IDCUB.NEL1) IDC=8r10CUB
CALL GINDPK{IXa1Y4I1Z,ISQU,TADIM,IDC,MAXA2,NBsO,1)
DO 60 I=1.1ADIM
WRITE(6,4) T4IX(I)sIY(I)eT2Z(1),1S5QU(I)
60 CONTINUE
C
C READ IN FOURIOR COEFFICIENTS 0OF THE COULIME3 AND EXCHANGE POTENTIAL
C
DO 23 JU=1.KREAD G
23 READ(1+END=22) GCOW (J)+GEXCH(J) ,GEXUP( J) (GEXDN{J) K2 =
22 CONTINUE
c
C GENERATE ([NDEPENDENT RFCIPROCAL LATTICE VFCTORS AND THE PERMUYTATION NUMBFR
c

CALL GINDPK(KKX¢KKY KKZ KSQUNKPT,,IDCUB,K2MAXM NB,1,1)
WRITE(642) AJEXPCVG.IDCUR, MXDBNDMAXA2 ,TADIM, K2MAXM ,KREAD,

S



ENORDIM NKDIM NRDIMNKPT, (GWTSPD(I),I0BNO{I)sI=1,MXORND)
2 FORMAT(1X,*LATTICE CONST=* ,F10.5¢3X,*'CONVERGENT EXPO=*,
lF\l.Q.3X"ATOMS/LATTICE:'.12.3X.'NAX N=? 3 [Se3IXe"MAX A2=',15, IX,
2% DIM=*, [AL// 41Xy "™MAX K2=*,16:2X4'V(K) NO=*,16,2X,*DIM FCS("*,
dIS e s ' e lSe e s ISe?))'e2Xs'NKPT=* ,18,//,1Xs4(A2,*' DRBITAL NO=*,14,
QX )y /7))
CALCULATE INTEGERS BETWEEN ORBITALS OF ORNER NORDA AND NORDI wl[TH DIRFCT

LATYTICE VECTDORS FROM NRST TO NREND
NORDA OR NORDB=t1 FOR S, 2 FOR P, AND 3 FOR D

[a¥aRalake)

999 READ(S«4.END=1000) NORDANORDB  NRST NREND
31 FORMAT(1IXs//731Xs2A2:¢3Xe*'R=(*4215,°%),//)
dRITE(6,31) GWTSPD(NORDA) +GW TSP (NORDB) « NRST ¢ NREND
NORD=NORDANORDB~}
NORDO2=NORD+2
NOR3=NORD%®%3
1AOBNO=10BNO(NQORDA)
IBOBNO=10BNO(NORDB)
M2MAX=IB808BNO
DO 101 M1=1,1A08NO
IF{TIAOBNO.EQ.iBOBND) M2MAX=M1]
DO 101 M2z 1 ,M2MAX
ALP1=ALP(NORDA ,M1)
ALPZ2=ALP(NORD3I M2)
W=1.D0/(ALPL+ALP2)
AL AMDA=ALP 1 *ALP2%*W
DELT=DSQRT(PI*W)
Ul=ALP 1YW
U2=ALLP2%Ww
DSTERP=U1 *AHALF
woa=w/4,00
G=EXPCVG/( AKR2*W0D &)
[IF(GeGTK2MAXM) G=K2MAXM
MAXK2=G
MAXK=SQRT(G)#+2.0
MAXR=DSQRT(EXPCVG/ALAMDA}/AHALF ¢2,0
MR=SQRT(FLOAT(ISQUI(NREND)) ) +1
IF(MAXR.GT sMR) MAXR=MR
CALL GINTFC(FCSsNORDNORDIM NKDIMGNRDIM)
DO 100 NRC=NRSTNREND
AX=AHALF*I X{NRC)
AY=AHALF*IY(NRC)
AZ=AHALF %1 Z(NRC)
RABZ2=AX®AX+AYXAY+AZ*A?Z
EXPA=ALAMDAXRAB?2

AR
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124

121

IF{EXPA.GT EXPCVG) GO D 1C1
RAB=DSQRT{(RAB2)
AZETA=DEXP(-EXPA)

ADX=-U2%AX

ADY=-U2%AY

ADZ=-U2%AZ

BDX=Ul*AX

BOY=Ul%AY

BDZ=U1%AZ
CONST=AZETASCN(NORDA ,M]I )*xCN(NCRDB,M2)
DO 124 [=1,NOR3
SCOUL(T1)=0.D0

SEXCH(1)=0.D0

SEXUP(1)=0.D0

SEXDN(I1)=0.D0

CONT INUE

DO 121 11=1,NORD2

DO 121 12=1,NORD2

DO 121 13=1,NQORD2
SOVLp(Illeol3) 0.00
CONY INUE

NRX=IX(NRC)+1
NRY=IY(NRC)+1
NRZ=TZ(NRC)+1

DO 127 I=1.N0ORD2

DO 127 K=1 MAXK
FCSI(I+K)=FCS(I,KsNRX)
FCS2( 1 +K)I=FCS{1,KNRY)
FCS33(I+KIZFCS(1+KeNRZ)
CONT INUE

SUM OVER RECIPROCAL LATYICE VECTORS

DO 109 X=1,NKPT

KS=KSQU(K)
GK2=(EXPCYG-EXPA)/7(AKR2%wD4a)

IF(KS +GT MAXK2,O0ReKSeGT,GK2) GO TO 1CH
KI=kKKX{(K)+1

K2=KKY(K)+1

K3=XKZ{K)+1

£GT
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IF(IT.G
S7=FCS3(13,
S8=FCS3(13.,K2)
S9=FCS3{ 13.,K3)

S={S]1%S5%SI+S54+SBESI+S2%SH6S7+SIASSASTH+I2%54%SF3+S1*¥S6€S3) «CONST(C )

IFUU1IT/2)%2.NE.IT) =9
IJ={(11-1)%NORD+I2-1)NORD+13
SCOUL(1J)=SCOUL(T1J)+S*GCOULIKK)
SEXCHITJ)=SEXCH{IJ)+S*GE XCH(KK)
SEXUP(TJ)I=SEXUP(1J)+SxGE XUP(KK)
SEXDN(I1J)=SEXDN(]IJ)+S*GE XDN(KK)
CONT INUE
CONT INUE
CONT INUE
KTOL=K
DO 161 1 .
S1=FCS1{( 1)
DO 161 1 +NORD?2
S2=FCs2( 1)
DO 161 [3=1.NORD2
IT=11¢+12¢13-3
IF(IT 4GE «NORD2) GO YO 161
S=S1#S2*FCS3(13,1)®CONST
IFL(IT/2)82.NE.1IT) ==9S
SOVLP(I1,12+,13)=S
CONT INUE
Cl=2.,00%ALP2
C2=C1=*C1|
NORDB2=NORDB+2

1=1,NORD2
Il,
2=1
12,

SUM OVER BINOMIAL EXPANSIONS IN EQ(2

1JAB=0

DO 201 1A3=1,NORDA

DO 201 1TA2=1,NORDA

DO 201 TA1=1,NORDA
IAT=TA1+1A2+41A3-2
[FUTAT .NE J.NDRDA) GO TO 201
{81J=0

«43)
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{B3=1,NORDB2
DO 202 1B2=1,NORDB?
DQ 202 181=1,N0ORDAB2

IBT=181+18B2+[83-2

IF(IBT oL TeNORDB=2.0RIBT.GT.NORDR2) CJ TN 2102
TC=2.D0

TX=0.,00

TU=0.00

TO=0.,0D00

TO=0.D0

JAZ2=1A2-NA
CA3=ClJ(IA2
DO 213 NA3=1
JA3=TA3-NA3+]
CB1=C1lJ(1A3,UA
DO 221 NBl=1,1
JB1=1I81-NBl+1]
NABl1=JAl+JBl~-1
cB2=Cluy(iB1,48B1)
DO 222 NB2=1,182
JB2=18B2~NB2+1
NAB2=JA2+J8B2-1
C83=Cl1y(1B82,JB2)
DO 223 NB3=1.183
JB3I=IB3-NB3+1
NAB3=-JA3+JB3-1
CO=C1J(IB3,JB3)%CA1XCA2*xCA3*CBI1*(CB2%CR3
IF(IBTY JNE.NORDB8)Y GO TO 225
NI J=((NAB1-1)ENORDNABZ2-1)xNORD+NAB3
TC=TC+CO®SCOUL(NT)
TX=TX+COSSEXCHINIJ)
TU=TU+COE®SEXUP (NI J)
TO=TD+CO*SEXDNI(NITIJ)

229 TO=TO+CO*sSOVLP(NABI1
cCB3=CB83*BD?Z

223 CONTINUE
cB82=CB82*8BDY

222 CONTINUE
C31=CB1*8BDX

221 CONT INUE
CA3=CA3IxADZ

+NAB2,NAB3)

SGT
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213
212

211

226
222

CONT INUE

CA2=CA2*ADY

CONT INUE

CA1=CAl*ADX

CONTYINUE

IF(IBT «NE .NORDB)Y GO TO 226

CONT INUE

CALCULATE KINETIC ENFRGY AND MOMENTUM MATRICES FQS.e (2.49A)

I81J=0

00 301 IB3=1,NORDB

183M1=183-1

IB3mM2=18B3-2

DO 301 182=1,NORDB

IB2M1=1B2-1

182M2=1B2-2

DO 301 IB81=1,NORDB

IBY=[Bl1¢1IB2+1IB3-2

IF(IBT «NE.NORDB) GO YO 301

IBIMI=181-1

IBIM2=1B1-2

Px=-Cl®0ov(IBl+1,1IB2,1B3)

PY=-C1%20V(1B1,182+1,183)

PZ=-C1%0V(IB1.IB2,1IB83+1)

IF(IB1IM].GT.0) PX=PX+DFLOAT(

IF(1IB2M] «GT.0) PY=PY+DFLOAT(

IF(1B83M1 .GT,0) PZ=PZ+DFLOAT(

AK=C1&DFLOAT(2%1IB1-1)%0V(IBI
+CI*DFLOAT(25182~-1)%0V(181}
+C1sDFLOAT{2*1IB3-1)*0V(IB1

IF(IBIM2,GT,0) AK=AK-DFLOAT(

T(
T{

XD

IF{(IB2M2.GT.0) AK=AK~-DFLOA
IF(IB3M2.GT.0) AK=AK-DFLOA
IBIJ=IBIJ+1
GO=0v(IBl1,1B82,1R3)

GK =AK

GPX=PX

GRY=PY

GPZ=PZ
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WRITE(2) NRCoMI M2, 1JABGCLIBIJ) «GX(IRTI IV GUIIBLJ)+GD(IBI1JYIsGK«GD,
LEGPX,GPY.GPZ

WRITE(6,300) M1 M2, NRC KTOL1JAB,1A] ,143,1A3,1IB1,I182.,183,G6C(1IBIJ),
1GX(IBIJ)+GUIIRTJUIGDIIRIJ) eGKSDGPXGPYGPZ

CONTINUE

FORMAT (313,151 3¢1Xe31143311+9(1X4E1145))

CONT INUE

CONT INVUE

CONTY INUE

GO YO 999

sSTOP

END

LST
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q PROGRAM 3, THE INTEGRALS OF . COS( : Kx*R) WHERE 21 GENERATES THE STAR F K
¢ &
(t‘*#t‘t‘#tt#t‘“‘#t*“*‘tf"“ttttt‘!tt#‘#ttt‘**#t*##‘#tt*ttt#*ttt*‘t*‘*tt‘tt*tt
C CALCULATE <G(I+R-A) | COS(KR) ;| G{JR)>
C A=ULATTICE CONSTANT (IN A, U.)
C SCO IDCUB=1, 8CCC 1D0CUB=2, FCCO IDCuUR=4
C EXPCVYG= CONVERGENTY CRITFRI AL DEXP({-EXPCVG)=0.00
C MXOBNO=NO OF SYMMETRIES CONSIDERED =3 FOR S,P,AND D FUNCTIONS
C MAXKZ2=THE SQUARE OF THE MAXIMUN MAGNITUDE OF THE QECIPROCAL LAYYICE
Cc VECTORS USED
C MAXAZ2=THE SQUARE OF THE MAXIMUN MAGNITUDE OF THE DIRECT LATYTICE VECTORS
C NXPT=MAXTIMUN NO OF RECIPROCAL LATTICE VECTORS.DIMENSION KKX{NKPT)
C DIMENSION FCSI1(NORDIM/,NRDIM) ECT,
Cxx 2428 X XX RE KR E X R XX EE KRR R EEE A LA EERXSE XS AR BE N KRS R EERE RO KK IR XK R R KKK R K EE R K R AR K K&

IMPLICIT REAL *8 (A-F H,0-2)

INTEGER®2 NRC,M]1 , M2, 1JAB

INTEGER®2 IX(200),1Y(200),12(200)

)

INTEGER®2 KKX{300),.KKY{(300),.KKZ(300) NB(300)
DIMENSION SIJ(125)

DIMENSION ALP(3,14),CN(3,14),C10(8,8)
DIMENSION FCS1(7420)«FCS2(T7+20).FCS3(7,20)
DIMENSION SCO(4,14),PCO0(3+11).DCO(1,5)
DIMENSION GWTSPD(3).,10BNO(3)

DIMENSION KSQUU{S00).,15QU(200)
COMMON/GSTIJUF /W DELT s WOA& sDSTEP, MAXR

DATA GUTSPD/t*Se,tpr ey
1 FORMAT(AB:F10.5,F7.2,1015)
READ(Ss1) CRYSTLJAEXPCVG.IDCUB  MXOBNOMAXAZ2 s TADIM,K2MAXM,
ENORDIM NKPTNRDIM
P1=3,141592653589793D0
AXR=2.,DO*PI/A
AKRZ2=AKR*®*AKR
AHALF=A/2.,D0
IF(IDCUBCEQel) AHALF =A
OMEGA=A**3/DFLOAT(IDCUB)
4 FORMAT(91S5)

DEF INE GAUSSIAN EXPONENTS AND NORMALIZATION CONSTANTS

nno
BGT

READ(S5,4) (IOBNO(TI)I=1,MXOBND)
DO 10 NOB=1,MX0OBNO
ID=10BNO(NOB)

DO 10 JU=1,1D

READ(S,15) ALPHA
ALP(NQOB, J) =ALPHA

A2=ALPHA%2,.DO

S
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70

annN

AAA=( B8.00%ALPHA/P[)*%0.,2500/DS5QRT(4.D0*P1)
A0=-0.9D0

DO 11 L=1+NOB

A0=A0+1.,D0

Al =DFLOAT(2%L-1)

11 AAA=AAARDSQRTY{A1%A2/A0)

CN(NOB.J)=AAA

0O WRITE(6,12) CRYSTL JsGWTSPD(NUB) sALPHAL,AAA
2 FORMAT( IX o AB, [QA2,'EXPONFNT=! ;F16,93,2X,'NORM=? ,F16,8)
S FORMAT(FB8.5.,4D16.8)

DEF INE BIONOMIAL EXPANSION COEFFICIENTS

Cluyu(l,1)=1.D0

CI1J(2,1)=1.D0

ClJ(2,2¥=1.00

DO 70 1=3,8

ClIJ(1l.1)=1.D0

Clotls1)=1.D0

M1=1-1

DO 70 J=2,IM1}

CIJUT4J)=CTIUCIMLIU~-1)¢CTU(IM1,0)

GENERATE [INDEPENDENTY DIRFCT LATTICE VECTORS

IDC=1

IF(IDCUB.NE.1) IDC=8/10CUB

CALL GINDPK(IXelYeIZsISQUTIADIM,IDC.MAXAZ2,NBsC,o1)
DN 60 1=1,1ADIM

WRITE(6+s4) T«IX(I)WoIY(TI),IZ(T),ISQU(CT)

60 CONTINUE

AN

[alelalale!

GENERATE [INDEPENDENTY RECIPROCAL LATTICE VFECTORS AND THE PFRMUTATION NUMBER

CALL GINDPKIKKX ¢ KKY ¢ KKZ ¢ KSQUNKPT,,IDCUBsK2MAXM,NB,s1,1)
WRITE(6+2) AJEXPCVYVG:s IDCUB MXOBNO JMAXAZ2 , ] ADIMK2MAXM,

ENORDIM NRODIMNKP T, (GWTSPD(I1) ,10RNO(I 1, MXOBNO)

2 FORMAT(1X, "LATTICE CONSTANT=?,F10.5, EXP CONVERGENTY=® ,F10,5,
13X "ATOMS/LATTICE=,2+3X,*MAX N=*,1 v " MAX AZ2=°,[5,3X,

PYA DIM=? , [A,//7+1Xs*"MAX K2=*,1642X,*'D CcsS(*,

31542 4%, 154%)",2Xe*NKPT=?,18.//+1X.4( . ORBITAL NO=*,14,5X)477)

CALCULATE INTEGERS BETWEEN ORBITALS OF ORDER NORDA AND NORDR wlTH DIRECT
LATTICE VECYORS FROM NRST TN NREND
NORDA QR NORDB=] FOR S, 2 FOR P, AND 3 FOR D

65T



399 READ(S,4,END=1000) NORDA NORDB +NRST,NREND

31 FORMAT(IXs /701X e2A2:3Xe'R=(*421I54')* ,/7)
WRITE(6+31) GWTSPDINORDA) GWTSPD(NGCRDB) yNRST  NRFND
NORD=NORDA+NORDB-1
NORD2=NORD+2
TAOBNO=10BNO(NORDA)
[30BNO=108BNO(NORDS)
MZMAX=]1B0BNO

122 CONTINUE
DO 10S K=1.,NKPT
KS=KSQU(K)
K1=KKX{K)
K2=KKY(K)
K3=KKZ({K)
RKX=AKR*DFLOAT(K
RXKY=-AKR&DFLOAT (K
RKZ=AKREDFLOAT (K
RK2=AKR2*DFLOAT{
KK=KS+1
N=NB(K)
COK=DFLOAT(N)/6.D0
00 101 Mi=1,1A08NO
IF{IAOBNOJEQ.IBOBNO) M2MAX=M]
DO 101 M2, M2MAX
IF(M] <NE ,ITADOBNO,OR M2, NE M2MAX) GO TO 101
ALPI=ALP(NORDA,M1)
ALP2=ALP(NORDB+M2)
W=1.D0/(ALP1+ALP2)
wOa=w/4,00
EXPA=-RK 22w A
IF(DABS(EXPA) GT.EXPZVG) GO TO 101
ALAMDA=ALP IXALP2*W
DELT=DSQART(PI%xw)
Ul=ALP Il *Y
UZ2=ALP 2% W
OSTEP=UL *AHALF
MAXR=DSQRT(EXPCVG/ALAMDA ) /AHALF +2,0
MR=SQRTY(FLOAT{ISQUINREND)) )+1
IF{(MAXR GT «MR) MAXR=MR
CALL GSIUFC(FCS1 sRKXJNORD NORDIM{NRDIM)
CALL GSIJUFC(FCLS2+sRKY (NORDNORDIMSNRDIM)
CALL GSIJFC(FCS3+RKZ «NORD NORDIM NRDIM)
DO 100 NRC=NRST,NREND
AX=AHALF$IX{NRC)
AY=AHALFSIY{(NRC)
AZ=AHALF*[Z(NRC)

1)
2)
3)
KS)

09T



RAB2=AXEAX+AYSAY+AZERAZ
EXPA-ALAMDA%XRAB?2

IF(EXPALGT LEXPCVG)Y GO 1D 101
RAB=0SQRT(RAB2)
AZETA=DEXP(-EXPA)

ADX=~U2%AX

ADY=-U2%AY

ANZ=-U2%A2

BOX=U1®AX

BOY=U1%AY

RDZ=U1%*AZ
CONST=AZETASCNI(NORDA M1 )*CN(NGRDB,M2) $COX
NRX=IX{NRC)+1

NRY=TY(NRC)+1

NRZ=IZ(NRC)+1

DO 111 I1=1,NORD

S1=FCS1({I11+NRX)
S2=FCS2(11.NRX)
S3=FCS3(I1+NRX)
DO 111 [2=1+NORD
S4=FCS1([2:NRY)
SS=FCS2( I12«NRY)
S6=FCS3(12.NRY)
DO 111 [3=1.NORD
IT=11+12+13-3
IF(IT.GENORD) GO 7O 111
S7T=FCS1(13,NR2Z)
SA8=FCS2(13,NR2)

SI9=FCS3({13,NRZ)
S=(S1*SSESP+S4ESBESI+S2%SH6%S7+4STESSEST74S2%S54%5S9O+S1%S6%S58 ) xCOANST

IF((IT/2)1%2.NE.IT) S=-5
IJ=((11-1)*NORD+12-1)&NORD+13
St13(14)=S

111 CONTINUF

SUM OVER BINDOMIAL EXPANSIONS IN FQ(2.43)

[aXaXe]

1JAB=0.D0

DO 201 1A3=1,NORDA

DO 201 1AZ2=1,NORDA

DO 201 1A1=1.NORDA
[AT=TAL14+]IA2+[A3-2
IF(CTATJNE «NOQRDA) GO TO 201
NO 202 183=1,NORDR

DO 202 1B2=1,NORDB

DO 202 1IB81=1,NORDS

191

e



[3T=181+182+183-2
IF(IBT.NE .NORDB) GO YO 22
TI1J=0.00

CAl1=1].D0

07 211 NAL1=1,1A1
JAI=TAL-NAL1+1]
CA2=ClJ(IAl,JA])
DO 212 NA2=1,1A2
JAZ2=TA2~-NA2+]
CA3=CIJ(1A2,JA2)
DO 213 NA3=1,[A3
JA3Z=]A3~-NA3+1
CRI=CIJ(IA3,JA3)
DO 221 NBi=1,1B1

JBI=I81-NB1+1
NABL1=JAl+JB1-1
CB2=C1l1J(IB1,J8B1)
DO 222 NB2=1,1I8B2
JB2=182-NB2+1
NAB2=JA2+482~1
c83=Clu(1IB2,4B82)
DO 223 NB3=1,183
JB3=1B3-NB3+1
NAB3=JA3+483~-1
CO=CIJ(IB3+UB3)%CA1*CA2*CA3%CR1I*CB2*CHT
NIJ=((NAB1-1)&NORD+NAB2-1)*NORD+NAR?Y
TIJU=TT1J4+COESTI(NTI D)
CB83=CB3*BDZ
223 CONTINUE
CR2=CB2*8B0DY
222 CONTINUE
(B81=CB1%BDX
221 CONTINUE
CA3=CA3*ADZ
213 CONTINUE
CA2=CAZ®ADY
212 CONTINUE
CAt=CA1*ADX
211 CONTINUE
1JAB=14AB+ 1
GlJu=T1UJ
WRIVE(1) NRC«M]I . M2,1UAB,GIJ
IF(K.FQs1)
WRITE(6e300) NRCeMIsM2,1UAB,IA1,1A2,1A3,IB1,IR82,1B3,71J
202 CONTINUE
370 FORMAT(IX IS+ 314,3X311,'-°,311,5X,F16,8)

291



CONT INUE
CONT INUE
CONT INUE
CONT INUE
GC TN 999G
STOP

END

£91



PROGRAM 4, SUM OVER DIRECT LATTICE VECTORS FOR He Sy AND P MATRICES

XX KK R R R EEERBEEL AR EEREREEEE RS SR AR R RS R ARG KRR G E T R R R R R AR R K KR &
PERFORM THE SUM EXP(] K.R) H(R) OVER R
H IS STOREDD FOR INDEPENDENT R OMNL Y, THE GROUP OPFRATIONS WHICH GENERATE
THE STAR OF R IS DONE IN THIS PROGRAM
A=LATTICE CONSTANTY
ALPHA=THE FXCHANGE PARAMETER
MXOBNO=NO OF SYMMETRIES CONSIDERED =3 FOR S+P+AND D FUNCTIONS
MAXAZ2=THE SQUARE OF THE MAXIMUN MAGNITUDE OF THE DIRFCY LATYTICE VFCTORS
IBZDIV=DIVISION BETWEEN K=(0,0+0) AND K=(14,0.0)%2%P[/A
SC 10CUB=1, 8CC [oCcugs=2., FCC IDCUB=4
DIMENSION IX{IADIM),SINE(NRDIM,IBZOIV¢1) sCOSNI(NRDIM, IBZDIV+1)
{E0BNO=GTO NUMBER E=Se, Py D
ICATOM=ATOMIC BASIS NO. T1EATOM=C IF INDEPENDENTYT GTO ARE USFD
[AEE=NO OF DIRECT LATTYICE VECTORS USEND FOR £-t INTEGRALS
NK IND=NO OF DIFFERENT TYPE OF MATRICES STORED
NTOL=NO OF TYPE OfF MATRICES TO BE CALCULATED
NCHO( 1) DETERMINES THE TYYPE OF MATRICES 70O BE CALCULATED
IFI(NDIAGeNE«QC s AND NCHO(1 ) e GTJNKIND) HAMILTONAIN IS DIAGONAL I AED
IPRIT=NO OF K POINTS TO BE PRINTED
THE WAVE VECTORS ARE ARRANGED IN THE FOLLOWING ORDER OF SYMMFEFTRY
(XYCL) oIl o LDMAX) o {YZ(I)oeI=1oLDMAX) (ZX(I)sI=1oLDMAX) o (X2(T)sI=1,L0DMAX),
(Z2(1) e I=14LOMAX) o {(SCI D)o I=1LSMAX) ¢(PX(ID)sPY(I)ePZ(I)sI=1,LPMAX)
XXX RE XX R R SRR EEE SR B R EREEEEEEEE SRR RSN R E R R R LR AR TR &
IMPLICIT REAL *8 (A-F,H,0-Z)
REAL %4 SSA,SSB.PSAPSB,SDA,SDB.PPA,PPB.PDA,PDB,DDA,DDB
INTEGER%2 IX(100)+sIY(100)+1Z(100)+INB(I00D) XKBX{(89).KBY(89),XxBZ2(89)
INTEGER®2 NPUMPS(3:6) +NPUMSDU(6+6) ;NPUMPP (9 46) s NPUMPD(18,6),
ENPUMDD(36:6) s NTYPS{3) e NTYSD(6) e NTYPP(I) . NTYPD(18) NTYDD(36)
£ sNDUM( 3, 3:3+3,3,3)

a¥akala¥elaXaXaXelalalalelnlalalaRakalaYalaRaNake!

OIMENSION SICO(6¢8)SINE(12:5)COSN(12:5)sH{741),S(741),¥T(89)
DIMENSION X{38+38),GE(741),G6x{(38,38),GS(741)

DIMENSION DASIGN(S,:6),CS(A4,14)CP(3,11),CD(5:+5) +.GIDEN(12)
DIMENSION 1SQU(100)

DIMENSION ALS{14),ALP(11).,ALD(5),C0OS(14),C0OP(14),CO0D(14)

DIMENSION GWTSPD(3)

COMMON/GTO/CRYSTL +P1 ¢ ISATOM, IPATOM,TIDATOM
COMMON/LCA/SSA(A0+10) +PSA(40+36) +SDA(40,120) :PPA(40,54),PDA(30,270

£)+ODA(6,540)
C COMMONLCB/SSB(L,
COMMON/LCB/SSB( 40
t)esDDB(64+540)
COMMONZOBNO/ZALPHA JNK IND JNTOL s NCHO(S) NSYMP
DATA GIDEN/°COUL s *EXCHY ,*EXURP® , *EXDN* 4 *KINE®,*OVLP® ,*PX* ,'DY"*?,
EVP70,'H PAY,, ' UP*,' DN/

Y oPSB(1,1).S0B(1,1).PPB(141),PDB{1,1),0DB(1.,1)
10),PSB(40,+36),50B(40,120) .PPB(40,54),PDB(30,270

¢ o

o1




DATA GWTYSPD/'S*,tpPe D/
1 FORMAT(ABF12.5,F10.8,1015)
RFEFAD(S541) CRYSTLJALALPHALIDCUBsMXOBND ,MAXA2,TADIM,[B7ZDIV NRDIM
PI=3.,14159265358979300
AKRBZ=2.D0%2P1/(AXDFLOAT( IBZDIV))
KBZPT=IBZDIV+]
AHALF=A/Z2.D0
[F(IDCUB.EQ.1) AHALF =2
OMEGA=A®**3/DFLOAT(IDCUB)
4 FORMAT(1615)
READ(Se8) TASS,IAPS,[ASDIAPP,I1APD,1ADD
READ(Se+A) NKINDJNTOL ,(NCHO(J)J=1NTOL)
WRITE(6¢3) ALPHA JNKIND(GIODEN(NCHO(I)) 1=1,NTOL)
3 FORMAT( /1 X, "EXCH PARAMETER=® F1l0.0,10Xs*NDO READ=' 155X ,:5(3X, A4))
NSYMP =0
[F(NCHO( 1) GT . NKIND=—3ANDNCHO(1)LF.NKIND) NSYMP=]

READ IN THE EXPANSION COEFFICIENTS IN THE ATOMIC RASIS FUNCTIONS

NN

READ(S,:4) ISOBNDISATOM,IPOBNDL,IPATNOMLIDOBNNL,IDATOM
LSMAX=1S0BNO

LDMAX=1D08BNO

LPMAX=I[POBNO

[FUISATOMNE «0) LSMAX=ISATOM

IF(IDATOM NE.O) LDOMAX=IDATOM

IF{IPATOMNE .0) LPMAX=IPATOM

CALL RDGTO(ALSALP JALD +COS+COPCODsCS+CPCNLISOBNN,LSMAX, 1POBNQO,
CLPMAX , IDOBNOLDMAX,0)

ISSODIM=_ SMAXEX(LSMAX+1)/2

IPPDIM=9%_ PMAXE(LPMAX+1)/2

IDDDIM=36%_ DMAX* (LDMAX#+1) /2

[IPSOIM=3¢L SMAXE®L_PMAX

ISDDIM=6%L SMAX®LDMAX

IPODIM=]18%LPMAXE®L DMAX

LDST=1

LDEND=LDMAX®S

LSST=_LDEND®1

LSEND=LDEND+L SMA X

LPST=ULSFND+1

LPEND=LSEND+LPMAXSE]3

NB=LPEND

NBTRI=NB*x(NB+1)/2

WRITE(6,S) IASS, ISSDIM,TAPS,IPSDIMIASDISODIM, TAPP, IPPDIM,
1T1APO,IPDDIM, JADD, IDDDIM

S FORMAT(/41Xe?SS=( 242154 ) ' 42Xe*'PS=(* 4215 ¢ )" 42X 4+'SD=(*,215,*)*,2X,

19PP=(? 42154 ) 42X o 'PD=("42[5:4%) " e2X'0D=("421S,')" /)

S9T

S
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akaXa)

[a¥aXa!

5210

60

2

90

71

IDC=1
IF(IDCUB.NELY) IDC=8/1DCUB

SENFRATE INDEPENDENT DIRFCT LLAYYICE VECTORS

CALL GINDPK{IXsIY4IZeISQU.TADIM,INC,MAXAZ2,INB,1,1)
FORMAT(6IS)

DO 60 I=1.1A0DIM

WRITE(645310) ToIX(I)oIY(I)IZ(I)oINB(I)

CONT INUF

GENERATE EQUALLY SPACED POINTS IN THE 1/748TH OF THE INDEPENDENT B, 7.

CALL GBZPT(KBXKBY KBZ WT NKPT,IDCUB.KBZPT ,5UMW)

WRITE(6,2) CRYSTL+A,IDCUB,MXOBNO MAXA2 ,TADIM,NKPT,NRDIM,KRZPT,
1GWTYSPD( 1), ISOBNO, ISATOM,GWTSPD(2), IPOBNND,IPATOM,GWTSPD(3), IDOBNO,
2IDATOM

FORMAT(IX s ABs2X s *LATTICE CONST=?4F10 Se3X,*ATOMS/LATTICE=? ,15,3X,
T'MAX N=® g ISe3Xe"MAX A= ,31S5¢3Xe"A DIM=?,148,//+1Xe"'NKPT=?,15, 3IX,
2*DIMENSION SINE(*42]IS5e%)*e3Xe//e1Xs3(A2,
3'ORBITAL NO=* , 14,2X, *ATOMIC NO=' 414 ,2X) 4/7)

OEFINF THE EXPANSION COEFFICIENTS FOR THF D FUNCTION wWITH CUSIC SYMETRY

00O 90 1=1,95

D0 90 J=1,6

DASIGN(I,J)=0.D0

DASIGN(1,2)=1.D0

DASIGN(2,5)=1.D0

DASIGN{(3,4)=1,00

DASIGN(4,1)=0.5D0

ODASIGN(4,3)=-0,5D0

C3=0.5D0/DSQRT(3,D0)

CASIGN(S,1)=-C3

DASIGN(S,3)=-C3

DASIGN(S+6)=2.D00%C3

MAXR=SQRT(FLOAT(MAXA2))+2

RD=0.D0

DO 70 NR=1 .,MAXR
Rx3Z2=0.00

DO 71 KB=1,KBZPTY
RK=RD*RKBZ

SINE(NR +KB)}=DSIN(RK)
COSN(NR ., KR ¥=DCOS(RK)
RKBZ=RKBZ+AKRB?Z
RO=RD+AHALF

991



70 CONTINUE

DEF INE THE GROUP OPERATIONS THAY GENERATE THF STAR OF R
FINDS THE TERM IN THE EXPANSION OF EXP(l K.R) H(R) WHICH IS AN FVEN
FUNCTION OF RXe RY. AND RZ.

[aXaXakaXe!

CALL GNOPUM(NPUMPS NTYPS,NDUM,MXOBN ¢34+2,41 4NSYMP)
CALL GNOPUM(INPUMSD NTYSDsNDUM MXOBNT 4641 s34 NSYMP)
CALL GNOPUMINPUMPR NTYPP ,NDUMMXOBND ¢F 42 +2 + NSYMP)
CALL GNOPUMINPUMPD,NTYPD NDUM MXOABNO,18:24+3:NSYMP)
CALL GNOPUM(INPUMDD NTYDD s NDUM MXOBNO 43643, 3,NSYMP)

SUHRIUTINE (READ) READS IN THF INTFGRALS GENERATED IN PROGRAM 2 09 3

a¥e¥e!

CALL READ(SSA.PSA,SDAPPA,PDA,DDA,SSB,PSB,SDB,PPR.,POR,DDA,
1TASS, [APS, TASDIAPP,TAPD,1ADD+ISSDIM,IPSDIM, ISDDIM, IPPNDIM,
2IPDDIM, IDDDIM,CS+sCP+CDLSMAX,ISOBNOLPMAX ,TPOBNO.LDOMAX, IDORBND)

399 RFEFAD(SAL+END=10000) KPTST,KPTEND NDIAG. IPRINT , IPUNCH

PRINT 915

DO 1000 KPT=KPTST,KPTEND

DD 80 I=14NBTRI

H(I1)=0.D0

8C S{1)=0.D0

KX=KBX(KPT)

KY=KBY(KPT)

KZ=KBZ(KPT)

Kl=KX+1

K2=KY +1

K3=KZ+1

20 900 NRC=1,I1ADIM

[1I=IX{(NRC)+}

I2=1IY(NRC) +1

I3=1Z(NRC)+1

CALL GSICO(SICOWSINESCOSNNRDIMKBZPT +K]l oK24K3,11,1[2,13)

N=INB(NRC)

CONST=DFLOAT(N)Y/6,D0

S-S

~AAO
971

IF(NRC.GYT.IASS) GD TO 15¢C
SCSS=(SICO(141)+STICO(2,1)4SICO(3,1)+STCO(AL,1I+SICNISH1)I+SICA{6,1))
& *CONST

MI=0

DO 100 M1=LSST,,LSEND

DO 100 M2=LSST M1

MI=MT+]

[



[J=M1E(M]1-1)/72+M2
H(TJ)I=H(IJ)+SSA(NRCMI)%S5CSS
[IF(NTOL «GTel) S(IJ)=S{1J)+SSB(NRC,M[)=%x5CSS
10C CONTINUE
150 CONTINUE
c
q P-S
-
[IFI(NRC.GY .IAPS) GO TO 25¢C
Mi=0
DO 200 MI=1,LPMAX
[P=(M1-1)%3+L SEND
DO 200 M2=LSST,,LSEND
MI=MI+1
IL=(MI-1)%3
DO 210 NM=1,3
MP =1 P +NM
[J=MPE(MP=-1)/2¢M?2
NT=NTYPS(NM)
DO 211 L=1,6
NL=IL+NPUMPS(NM,L)
H(T1J)=H(IJ)+PSA(NR
IF(NTOL.GT 1) S(1J
CONT INUE
CONT INUE
CONT INUE
CAONT INUE

NT)*CONST
QCJNL)I XS ICO(L,NT ) ®CONST

NN NN

N QO e o=

200~
-
Ze

S-0

NOO

[FINRC.GTL.IASD) GO 7O 35¢C

MI=0

DO 300 MI=LSST,LLSEND

NO 320 M2=1,LDMAX

[I=MI®(MLI~-1)/24+4M2

MI=M14+1

IL=(MI-1)*6

DO 310 NM=1,6

NT=NTYSD(NM)

CA=0.D0

CB=0.D0

DO 311 L=1,6

NL =ITL4#NPUMSD (NM,L)

CA=CA+SDA(INRC,NL)*SICOlLNT)®CONST

[IF(NTOL«GTel) CB=CB+SOBINRCNL).SICO(L NT)®CONST
311 CONTINUE

891

-



LDOMAX
CAXDASIGN(I (NM)
}) SCI1J)=S(1J)+CBEDASIGN(] ,NM)

H+N

DO 31 1
Tu=114(1
HOTJ)=H(
[F(NTOL .
CONT INUE
CONT [NUE
CONT [NUE

CONT INUE

- %N

FYRW RV OS]
N D =
QOON

D-p

[ WO NI

IF(NRC.GT.IAPP) GO TO 450
MI=0

DO 400 Ml=]1,LPMAX
IP1=(M1-1)%3+LSEND

DO a4N0 M2=]1,M]
IP2=(M2-1)&3+L SFEND
MI=M]+1

fIL=(MI-1)%9

NM=0

DO 410 Ni1=1,3

MPI=IPLI+NI

DO 410 N2=1,3

MP2=IP2¢N2

NM=NM+!

IF(MP1.LT.MP2) GO YO 410
[J=MP1E(MP1-1)/2¢MP2
NT=NTYPP(NM)

DO a411 L=1,6
NL=IL+NPUMPP (NM,L )
HETJ)I=H{TJI+PPA(NRC s NL)*SICO(LNT)=CONST
IF(NTOL.GTel) S(T1U)=S{(TJ)+PPB(NRC NL)EXSICO(L,NT)*®CONST
CONTINVUE

CONT INUE

CONT INUE

CONT INVUE

LR R AR
N O
[oXeReRog

P-D

nAN
691

[FI(NRC .GT ,IAPD) GO TO S50
MI=0

DO S00 MI1=1,LPMAX
IP=(M1-1)%3+LSEND

DO 500 M2=1,LDMAX

MI=MI+1

fL=(MI-1)%18

S



[alaka)

St

nwann
N O v e
OOON

NM =0

D0 S10 Ni1=1,3

NP=IP+NI

LI=NPE(NP-1)/2+M2

DO S10 N2=1,6

NM=NM+ 1

NT=NTYPD(NM)

CA=0.00

CB=0.,D0

DO S11 L=1,6

NL=IL +NPUMPD (NM,L)

CA=CA+PDA(NRC NLIESICO(L NT)ECONST

IF(NTOL «GT el ) CB=CB+PDBINRC NL)IXSTICO(L+NT)*CONST
CONT INUE

DO 512 I=1,5
1d=11+#(1-1)*LDMAX
H{TJI)=H{T1J)+CA®DASIG
[FI(NTOL «GTel) S(1U)=
CONT INUE

CONT INUF

CONT INVUE

CONT INVUE

N{T+N2)
S(IJ)Y+CB2DASIGN{T.N2)

D-D

IF(NRC.GT,L,IADD) GO TO 650

DO 600 M1l=1,LDMAX

DO 600 M2=]1,LDMAX

IF(M] ,GE.M2) MI=M]1s(M]~-1)/2+M2
[FIM1 LT M2) MI=M2&{M2-1)/2+M]
fL=(M[-1)%236

DO 610 N1=1,6

DO 610 N2=1,6

[IF(M]lsGE +M2) NM=(N1-]1)26+N2
[IF(M]1.LT,M2) NM=(N2~1)%6+N]
NT=NTYDD(NMN)
CA=0.D0
CB8=0,00

DO 611 L=1.6
NL =L +NPUMDD
CA=CA+DDA(NR
IFINTOL .GTe.1
CONT INVE
CONT INUE
DO 612 11=
NDI=M1+¢(11

(NM,L)
CoNL)EXSICO(L+NT)*®CONST
) CB=CB+DDB(NRC NL)E®SICO(LNT)®CONST

1.5
-1)*LDMAX

S

0LT
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DO 612 [12=1+5
ND2=M2+( 12-1)*L.DMAX
IF(ND1 L T,ND2) GO TO 612
TJ=ND1*(ND1-1)/724+ND2
HOTJY=H(TJI)+CASDASIGN(TIL NL)EDASIGN(TI2,N2)
IFINTOL «GT el) ST JI=S(II)+CBeDASIGN(I 1 +N1)®DASIGN(I2,N2)
612 CONTINUE
610 CONTINUE
600 CONTINUE
650 CONT INUE
Q00 CONTINUE
GY=wT(XKPT)
B20 FORMAT( (20X 3 ISe *=(*42(14,',')s[8,") " ,SXe"WT=*,FI1C.S)
WRITE(6,820) KPT KX sKY¢KZ,,GT
NOPRPT=0
810 CONTINUE
NOPT=NOPT#+ 1
DO 950 [=1.,NBTRI
GE(I)=H(I)
IFI(NTOL«GTL1) GS(IY¥=S( 1)
950 CONTINUE
WRITE(2) KXsKY K2 ,,GT,GF
IFI(NTOL «eGT el ) WRITE(3) KX KY o KZ4GT,GS

10=0

0O 800 [=1,.,N8

DO 800 J=1,1

1J=1J+1

IF(NOPT.EQe.2) GO TO 801
X(LeJ)=H(T1J)

XCJds 1Y¥=H(TLI)

GO TO0 800

801 CONTINUE
X(Ied)=SC1)
X(Jel1)=S(1Y)
800 CONTINUE
IF(NDIAG.EQ.0) GO TO 1001
IF(NCHD(NOPT) JLEJNKIND) GO TO 1002

CALCULATE THE ENERGY EIGENVALUES (GE) AND EIGENVECTORS (GX)
H X =5 X E
THE OVERLAP MATRIX (S) IS EXPRESSED AS THE PRODUCT OF A UPPFR TRIANGUL AR
MATRIX (R) AND ITS TRANSPOSE (R*%T)
H* X* = x* E , WHERF H*=((R**T)%x%x-1) H (R%*%x~]1) AND X'= R X

SUBROUTINES DMTDS AND DMFSD ARE IN [BM SCIENITFIC SUBROUTINE PACKAGE .
DIGEN IS THE DOUBLE PRECISION VERSION OF SUBROUTINE EIGEN IN IBM S,S,.P,

TL1



A-10.%%(—-9)
CALL DMFSD(S.M,A,I1E1)
CALL DMTDSIX«NBNB+Ss~-1,1F2)
CALL DMTDS(X NRBNB,S,2,1F3)
DO 7150 1=1,NB
DO 7150 J=1,1
[J=1x(I-1)/24)
7150 H(TJYI=X(T1,4)
CALL ODIGEN(H, X NB,40O)
CALL DMTDS(XsNB.NB.S»1,1F4)
B44 FORMAT(1HO+2X4*'IER=*,41S)
IF(IF 1 eNE ¢OeORGIF2NEO+ORJIFI NFE0sORJIEG,NFELO) WRITE(6,8448) 1F1y,
E1E2,1E3, IES&

DO 3561 =]1.NB
[J=I*(1~-1)/72+1
GE(l)=H(T1J)
DO 3561 J=1,.NA
3561 GX(1,4)=X(1,J)
918 FORMAT(1IXe /701X 10F13454/7)
916 FORMAT(I10,9113)
WRITE{(20) KXsKYeKZoGT 4 (GF (1) (GX(Jsl)sJ=1,NB)sI=14NB)
235 FORMAT(1X,10F13.6)
WRITE(6+,235) (GE(J)eJI=1.NB)
PRINY B11
152 FORMAT(6F11.7,.,3 1%)

13,
NSPIN=NCHO(1)=-NKIND
IF( IPUNCHNE O)WRITE(T7,152) (GE(1),I=NBST  NBFND) KX ¢KY 4KZNSOIN
GO TO 1001
1032 CONTINUE
CALL DIGEN(H,XNB,0O)
D0 2561 1I=1,N8

2561 Gx(1,J)=
1001 IF(KPT.G
PRINT 81
811 FORMAT(1HO)
12=0
912 CNONTINUE

J
RINT) GO YO 1000

¢LT

I1,12)
811
ITAG.NE.O) WRITE(6+918) (GE(I)sI=11,12)

N



913

J14
1000

10000

PRINT 81
DO 913 [=1,
WRITE(6,914
PRINT 915

IF(I2.L.TeNB) GO YO 912
IF(NOPT«LE «.NTOL.ANDJ.NNDIAG.EQ.C)
FORMAT(1X,10F13.5)

FORMAT (1M1}

CONTY INUE

GO YO 999

CONTINUE

STOP

END

1
=1,.NB
Y (X(1oaJ)eu=11,12)

GO YO 810

tLT



PFOGRAM S, BLOCH BASIS FUNCTION ALONG THREE PRINCIPLE DIRECTIONS,

C

C

CHER AR AR R ARE R RN R AR R R AR R KRR R F R R R R A R AR R R A R R KRR R AR A AR KRR KA R A KA Rk k&

C ACONST=LATTICE CONSTANT (IN A. U.)

C EXPCVG=CONVERGENY CRITERIAL EXP(-EXPCVG)=0.0

C TOCUB=NUMBER OF ATOMS PER LATTICF

C MAXA2=THE SQUARE OF THE MAXIMUN MAGNITUDE OF THE DIRECT LATTICF VFCTORS

C DIMENSION [AX(IADIM) ECT,

q IBZOIV=DIVISION BETWEFN K={0+04+0) AND K=(1,0,C)%*2sPI/A

C T£0BNO=GT0O NUMBER £=S, P, D

< IEATOM=ATOMIC BASIS NO. IEATOM=0 IF [INDEPENDENTY GTO ARE USED

C NPGAUS=NO OF POINTYS USED IN THE GAUSSTIAN INTEGRATION OVER THF WIGNFR-SEIY?

C SPHERE (CALCULATING THE FOURIER COEFFICIENTS OF THE FXCHANGF POTENTIAL)

CHERERRXEX SRR RE RS SR KA BE RS AR R R AR R AR R AR R AR SN AR R RN R R AR A R A KRR R R KR AR AKX AR KK K&
IMPLICIT REAL *8 (A-F,H,0-2)
COMPLEX%16 BASF(38), SC.COSC
COMPLEX*8 GBASF(38)
INTEGER®2 JAX(S00),IAY(500).

TAZ(S00) .ISQU(500)
9).KBZ(89

INTEGER*2 KBX{(89) «KBY(8B 89)

OIMENSION wWT(89)

DIMENSION R(96),wW(96),Y(100)

DIMENSION AX(S500)+AY(500),AZ(S00).PRMX(48) ,PRMY(48),PRMZ(48)
DIMENSTION ALS(14),ALP(11),ALD(S),COS(14).COP(11),COD(S),CS(a,1a),

ECP(3411)+CD(5,5)
COMMON/GTQOQ/CRYSTL +PL, I[SATOM, IPATOM,IDATOM

PI=3,141592653589793

S1 FORMAT(2XAB8:s2F105,1015)

READ(S5¢51) CRYSTLJACONSTLEXPCVG,IDCUBIBZDIV.IADIM,MAXA2 ,NPGAUS
DOMEGA=ACONST**3/DFLOAT(IDCURB)

DIV=DFLOAT({1BZDIV)

WGSZRD=(0+ 7TSDOSOMEGA/PI ) *%x0, 33533333300

DEF INE GAUSSIAN EXPONENTS AND EXPANSION CNEFFICIFNTS

anon

4 FORMAT(8IS)

READ(S+4) ISOBNO,ISATOM, IPOBND.IPATOM,IDOBNO, IDATOM

LSMAX=]S0OBNO

LDMAX=1IDORBNDO

LPMAX=TIP0OBNOD

IF{ISATOMNE.O) LSMAX=1ISATOM

[FCIDATOMNE +0) LDMAX=IDATOM

IF(IPATOMNE ,0) LPMAX=IPATOM

CALL ROGTO(ALSJALP JALDsCOSCOPJCOD 4y CS+CPCDLWISORNDLLSMAX, IPOBNO,
CELPMAX, IDOBNO JLDMAX 1)

LDOST=1

LDEND=LOMAXXS

vLl

S



LSST=LDEND+1
LSEND=LDEND+LSMAX
LPST=L SEND+]
LPEND=LSEND+LPMAXX]
PRINT 59

59 FORMAT(1H])

GENERATE EQUALLY SPACED POINTS IN THE [ /48TH NF THE INDEPENDFNT R, 2.

AON

[RZPT=1B820(V+1
CALL GBZPT(KBXKBY KBZ WT NKPT,IDCUB,IBZPT ,SUMNW)
IDC=8/1D0CUB
IF(IDCUB.EQ.
CALL GPERMK({
IFCIDCUB.EQ.

1) IDC=1
IA
1)
IF(IDCUBNE.1)
D1
A
A

Xe TAYSIAZ+ISQUTADIM,L,IDC . MAXAZ,1)
AHALF=ACONSTY
AHALF=ACONST/2,D0C
DO 70 1=1,1A
AX({I)=AHALF=®]
AY{ I )=AHALF=x1
AZ(1)=AHALF*IA
70 CONTINUE
WRITE(6+452) ACONST,,IDCUB,IRZDIV,IADIM MAXAZ ,NPGAUS,L SMAX,
£ ISOBNOWLPMAX, IPOBNO,LOMAX, IDOBNO,EXPCVG
S2 FORMAT(1Xe "LATTICE CONST=? Fl0e5¢2X4*ATOMS/LATTICE=",
11S502Xe%°BeZe DIV IS5e2Xe 'R NO=® , [7 42X *MAX RE%2=19 5,
22X e *GAUS NO='3IS54//s1Xe?S=(* 321540 ) 42X o?P={" 4215, )9,2X,*D=(",215
34V )V SXL'EXP MAX=',F10e2,77)

M

x(1)
Y1)
(1)

DEFINE R AND WEIGHT FACTOR FOR GAUSSIAN INTEGRATION OVER THE WIGNER-SFITZ
SPHERE

[aXaXaXal

CALL GWTGAS(NPGAUS,Y ,R,Ww)
DO Sa&a [=1.NPGAUS
54 RI)=wGSZROS(R(1)+1.D0)/2.D0

READ IN PERMUTED VECTORS ALONG YHREE PRINCIPLE DIRECTIONS
NPTDL=PERMUTATION NUMBER FOR EACH DIRFCTION

a¥alala)

30 FORMAT(3F10,.,4)
=9

91 READ(5.,4,END=999) NPTOL
DO 92 J=1.NPTOL
[=1+1
READ{(S5,90) PRMX(1),PRMY(1) PRMZ (1)
RNORM=DSQRT(PRMX (I )*&2+PRPMY (I )Ex2+4PRMZ (1) %%x2)
PRMX{ 1 )=PRMX{( I )/RNORM

G T

S



PRMY (I )=PRMY( 1) /RNORM
PRMZ (I I=PRMZ(!])/RNORM

92 CONT INUE
GO O 91

999 CCNTINUE
ITOL=1

62 FORMAT(IS,3F10.1)
CK=2.00«P [ /ACONST /01 YV
DO 120 KPT=] NKPT
RKX=CK*KBX(KPT)
RKY=CK*KBY(KPT)
RKZ=CK®¥KBZ (KPT)
DO 200 1Q=1.NPGAUS
DO 300 NPNO=1,1TO0L
RARX=R( [QI*PRMX (NPNG)
RY=R{TIQ)*PRMY(NPNQO)
RZ=R((IQ)=PRMZ {NPNQ)
DO S10 I=1.LPEND

S10 BASF(I)=(2.,00,0.D0)

SUM OVER PERMUTED DIRECT LATTICE VECTORS

nnn

DO S00 NRC=1,.NRTOL

PX=RX+AX {(NRC)

PY=RY+AY(NRC)

PZ=RZ+AZ (NRC)

PP=PX*PX4+PYSPY+PZ &P 7
RK=RKXESAX{NRC)+RKYEAY(NRC)I+RKZ*AZ(NRC)
SINE=DSIN(RK)

COSINE=DCOS(RK)

SC=DCMPLX(COSINE +SINE)

S-wWAVE FUNCTIONS

[aRalal

DO S20 NS=1,1SOBNO
DEL=PPEALSINS)
IF(OEL .GT.EXPCVG) GO TO S20
CONST=DEXP (~DEL)
DO 21 IS=1.LSMAX
[1=1S+LDEND
CO=CONST*CS(IS,NS
BASF(II)=BASF(I1)
21 CONTINUE
520 CONTVINUF

9LT

)
+SC*CO

C P-WAVE FUNCTIONS

s



DO 530 NP=1,1POBNO
DEL=PP®ALP(NP)
IF(DELL.GTLEXPCYG) GO YO S30
CONST=DEXP(~DEL)

DO 31 IP=]1.LPMAX
[I=3%(1P~-1)

[IX=T1+LSEND+1

IY=11+LSEND+2

IZ=1T14+LSEND+3

CO=CONSTSCP(IP NP}
COSC=CO*SC*(0.D0,-1.D0)
BASF( IX)=BASF(IX)+COSC*PX
BASF{1Y)=BASF(IY)+COSC*PY
BASF(IZ)=BASF(I1Z2)+C0OSC*P?7

31 CONTINUE
530 CONTINUE

D-wAVE FUNCTIONS

[aTalal

PXY=PX$PY
PYZ=PY®P2
PZX=PZ*PX
PX2=(PX®PX-PY®PY ) /2.D0
P22=(3.D0%PZ%P7-PP)/(2.00%DSART(3.D2))
DO S40 ND=1, IDOBNO
DEL=PP®ALD(ND)
IF(DEL «GT.EXPCVG) GO TQ 340
CONST=DEXP(-DEL))
DO 41 ID=1,LDMAX
NOXY=1ID
NDYZ=NDXY+LDMAX
NDZX=NDYZ+LDMAX
NOX2=NDZX+LOMAX
NDZ2=NDX2+LDMAX
CO=CONST*CD{ID(ND)
COSC=SC=*CQO
BASF(NDXY)=BASF(NOXY)+COSC*P XY
BASF (NDYZ )=BASF(NDYZ)+COSC*PYZ
BASF(NDZX)=BASF{NDZX)+COSC*PZX
BASF(NDOX2)=BASF (NDX2)+COSC*P X2
BASF{NDZ2)=RASF(NDZ2)+C0OSC*PZ2
41 CONTINUE
54C CONTINUF
50C CONTINUE
DO 700 I=1.LPEND

LLT

[



750
751
200
100
400
1090

GRBASF{1)1=BASF (1}
wRITE(1) GBASF
CONT INUE
WRITE(H6,750) RXRYRZ,(BASF(I),yI=1.LPFND)
PRINT 751
FORMAT(QE14.6)
FORMAT(1HO)
CONTINUE

CONT INUE

CONT INUE

CONT INUF

sSYQe

END

8L1
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PROGRAM 6, SELF-CONSISTENCY

Cttttt“#tttt#t#“#““"“t‘.ttttt‘t‘tt*#tt#tttt““#t##*t#ttt#tt##‘#*#ttttt**#

c

C
c
c
c
C
C
C
C
C
C
C
C
C

ACINST=LATTICE CONSTANT (IN A, U.)

ALPHA=THE EXCHANGE PARAMETER

FACT=PARAMETER USFED TO SPEED UP THE SELF-CONSISTENT PROCEDURE
ELECT=NUMBER OF ELECTRONS PFR ATOM

NDEN=ENERGY GRIDE SIZE USED IN CALCULATING THE DFNSITY OF STATFS,
{DCUB=NUMBER QF ATOMS PER LATTYTICE

KNMAX=NOes OF RECIPROCAL LATYTICE VECTYORS CONSIDERED,

NEN=NQ OF POINTS USED IN CALCULATING THE DENSITY OF STATES
IBZDIV=DIVISION BETWEEN K=(040+0) AND K={1,0,0)%2%P[/A

NB8=NO. OF BASIS FUNCTIONS.

NPGAUS=NO OF POINTS USED IN THE NUMERICAL GAUSSIAN INTEGRATION OVER
THE WIGNER-SEITZ SPHERE. (THE EXCHANGE POTENTIAL)

IF{IPUNJNE.O) PUNCH THE CHARGE DENSITY AND THEIR FOURIER COFEFFICIENTS

EXX XL R REXBEE R RSB EERE R EREEEE N R K R A EE RS R AR R R R R AR SR AR R R KRR kK kR &k & KK

COMPLEX®8 BAS(38),SS,7TY
REAL ®*8 XUP ¢ XDN o X1 ¢ X2 e T o0V HUP HDNe TN, QN AA BB sCCsSsWeR(AC,DDWT
£ s ROK o, SUMYW
INTEGER®2 KX(89) +KY(B9)¢yKZ(89)+IX(S51)+1Y(S1)+1Z(51) 4NN
DIMENSION W(96) +R(96) ,DUP(96) yDDON(I96) DENUP(96) DFENDN(3IE) RK(51)
DIMENSION STJ(741)
DIMENSION COUP(288) .CODN(288),VvAUP(288) ,VADNI(288)
DIMENSICN VUPR(96)VDNR{96) s VMSUP(51)  VMSDN(S
OIMENSION XUP(38) «XDN(38),X1(38,38).x2(38,138) (741),0V(741),
. 741),
( ) o VKO(S1) CON(S1),
1 VKDON(S1)

2VMUP(S1) s VMON(S1 ) +DKUP(S51 ) DKDN{S1 ) EXUP(S]1)
IEXDN(S1)+DK(S51 ) VK(S1) VXUP(S1) 4 VXON(S1) ,RKK
AVXOUP(S51) s VXODNI(S1).CKUP(S51) ,CKDON(S51),VKUP(S
DIMENSION WTDIR(3) ,NPUM(3)

DIMENSION HUP(38,38) +HDN(38,38)
COMMON/LCS/TSW(3000) sEN(3000)+Sw(3000C)
COMMON/LCS/HUP ¢HDN, T, S

COMMON wWTY(89)

DATA NPUM/6412+8/+0MTDIR/C.28571419,0s457148266,0625714275/
PI=3.141592653589793

FORMAT(6F12,.8)

READ(S. 1) ACONST,ALPHA ,FACTL,ELECT,DEN

READ(S54+2) IDCUBKNMAXNEN,IBZDIV.NB,NPGAUS,1PUN
FORMAT(20I5)

OMEGA=ACONSYT*&3/DFLOAT(IDCUB)

KBZPT=1B8ZDIV+1

AKR=2 ,D0%P 1 /ACONSTY

AKR2=AKR * AKR

ONETHDO=1,D00/3.D0

SIXPI=-6,0%(3.0/4,0/P1)%%,33333333

1)
'
Y
S1
| S

[
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RO=(3.,0%«0MEGA/4,.,0/P1)Y*%»,33333333
COOK1==-16.0C2P %P1 /7(3.00%0OMEGA)
NBST=NB-14
NBEND=NB-9
NCST=NBEND+1
DO 383 IRLV=]1.KNMAX
VK IRLV)=0.0
VXUP(IRLV)=0.0
383 VXDN(IRLV)=0.0

READ THE FOURIER COEFFICIENTS OF THE COULOMB, AND EXCHANGE POTENTIALS AND
THE CHARGE DENSITY, (CUT PUT OF PROGRAM 1)

AN N

DO 3712 J=1.KNMAX

READ(B) KSyVKO(J) ¢VXaVXCUP(JU) 4 VXOONCI) e VMUP( J) VMON( J) L IX(JYelY(I)
E+120U) NN

CON{( J)=NN

AA=AKR2*%FLOAT(KS)

RK(J)I=DSQRT(AA)

RKK(J)=~-AA/8.0/P1

VMSUR(J)=VMUP( J)

VMSDN( J) =VMDN( J)

3712 CONTY INUE

C
C READ THE INITIAL CHARGE ODENSITY CALCULATED IN PROGRAM 1,
C
DO 41111 I=1+NPGAUS

41111 RFAD(S,4089) R{T).W(I),DUP(I).ONN(I)

4089 FORMAT(AFE14.8)
C
C GENERATE EQUALLY SPACFD POINTS AND THE CORRESPONDING WEIGHT FACTYORS IN
C 1/748TH OF THE INDEPENDENT BRILLIOUIN ZONE
C

CALL GBZPT (KX KY K2, WY NKPT,IDCUB,KBZPT ,SUMW)
WRITE(6:3) ACONST  ALPHAFACT L, ELECT 4DENNKPT KNMAX, IDCUB,NEN

£ +IBZDIV.NB NPGAUS

3 FORMAT({(1IXs 'LATTICE CONST=?',F10s5¢2X.'EXCH PARA=' F10,:5:2X,
1*'FACTORS*4F104Se2Xs'ELECT NOS?! ,FBe2e2Xe’DE=" oF10eS¢//7+1X,"'B,2, PT=
20 1S5e2X 9 "Rel.eVe NO=?! JIS5.2X s *ATOMS/LATTICE=?4,15,2X,*DF NO=*,[5,2X,
3'BeZe DIV=2,1S5:2X4*BAND NO=?*,1542X,"GAUS NO='",15,/7)

1206 FORMAT(3(15)

681

PERFORM [TERATION NUMBFR [TFROD+1 T7 [ITFRNW.
IFINPART . NE.O}) THE FIRST HALF OF THE CALCULATION HAS BFFN DONE,

[alaNalal

READ(S,1206) ITEROD, I TERNW,NPART

[



IFINPART .NE.O) READ(5,1207) FERMIE
1207 FORMAT(F12.8)
IF(ITEROD.EQ.0) GO TO 23510

C READ THE CORECTIONS DUE TO SELF-CONSISTANCY [N THF PREVIOUS I[ITFRATIONS,

DO 35610 ITER=1,ITVTEROD
IS610 READ(19) (VK(I),VMSUP(I),VMSDON(T) ,VXUP(I)sVXDN(I)eI=14KNMAX)
23510 CONTINUE
ITERST=ITERQOD+1
DO 32323 IYER=ITERST,I TERNYW
IFINPARTNE«O+AND.ITERLEQ.ITERST) GO TO 381
0O 2011 =1, NEN
Sw(l1)=0.0
2011 CONTINUE
DO 12000 NM=1,NKPT
WRITE(6,222) KX(NM) KY(NM) KZ{NM) NM, wT (NM)
222 FORMAT(/ ¢30Xs3HK=( o314 ¢1H) SXs ' NM=*,[S,SXes'WT=?,F8,5,/)
9905 FORMAT(SAWN)

READ THE ORIGINAL COULOMB, KINETIC, EXCHANGE, AND OVERL AP MATRICFS,

DO 370 I=]1.NB
DO 370 J=1.1
li=Jde(I*x[-1)/2
READ(4,9905) POWEKsUP,DN,0OVLP
HUP( 14 J)=PO+EK+UPSALPHA
HON( 1, J)=PO+FK+DN®ALPHA
ov(lJ)=0vLP

370 CONTINUE

Q9 FORMAT(AYL)

DO 300 IRLV=1.KNMAX

[aXale}

CALCULATE THE HAMILTONIAN OBTAINED FROM LAST [ITEFRATION BY THF GENFRALIZFD
OVERLAP MATRICES.,

noann

READ(1) S1J
AA=VK(IRLV)+VXUP(IRLV)SALPHA
BB=VK{(IRLV)I+VXDN{IRLV)*ALPHA
DO 300 I=1.NB

DO 300 J=1.1
[J=1%x(1-1)/2+J

HUP( 1+J)=HUP(I,J)+AA%S] Y
HON( T, J)=HDON(I1,J)+BBES1Y
HUP(J,e I)=HUP(I ,J)

HON{(J, 1)=HON(1,0)

181

J)
J)
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300 CONTINUE

CALCUL ATE THE ENERGY EIGENVALUES AND WAVE VECTORS,

OO

A=1.D0-9

CALL OMFSD(OV.,NB,A,IE1)

CALL DOMTOS{HUP NB«NR,0OV,-1,1E
CALL DMTDS{HUP NBNR,,OV.2,1E3
CALL DMTDS(HDN ;NBNBsOV,s-1,1E
CALL DMTDS(HDNNBNB,OV.2.]1ES
DO 7150 1=1.NB

DO 7150 Jd=1,.1

[o=1ls{(1=-1)/72+4J

T(I1J)=HUP(I,J)
7150 S(1J)=HON(1,))
CALL DIGEN(T,X1,NB,0)
CALL DIGEN(S.X2.NB,0)
CALL DMTDS(X1:NB«NB:OVel .IES6)
CALL DMTDS(X2+:NBsNB,OV,1,1E7)

IF(IE1eEQeOsANDIE2eEQeO0cANDIE3FQeOsANDIEA.,EQ.D.AND.IES.EQ.O.
EANDJIEBEQ.0.,AND.IE7.EQ.0) GO TO 5890
WRITE(6+:5891) I[E1IE2.1E3+1FA,IES1E6,1E7
5831 FORMAT(1X,°*IER=',715)
STOPG6
5890 CONYT INUE

7151 XDNI(I
245 FORMATY
235 FORMAT( )

XUP(J) , J=NBST,,NB)

X

WRITE(6,2 )
DO 357 11=1,
wWRITE(2) xUuP
357 WRITE(2) XDN(

DN( J) s+ J=NBST  NB)

Yo (X1 (JJUI11)JU=1,NB)
1)e(X2(J3Js11)sJJ=1,NB)

CALCULATE THE DENSITY OF STATES.,

a¥a¥e'
Z81

IF(NM.NE.1) GO TO 6532
AA=DMIN1 { XUP(NBEND) . XDN{NBEND))
XQ=AA-0.001
DO 20101=1.NEN
EN(I)=XQ
2010 XQ=XQ+DEN

s



6532

34
3s
36

334
335
336
12000

aXeXa]

39

41
36741
40

156
157

158

CONT INUE

WZ=WT(NM)/SUMY

DO 36 KK =NBST,NBEND

DO 34 J=2.NEN

M=J-1

IF(XUP({KK ) eGToEN(M) d AMND. XUP{KK} JLEJLEN( J))
CONT INUE

SWw(J)=Sw(J)+wZ

CONT INVE

DO 336 KK=NBST,NBEND

DO 334 JU=2,NEN

M=J-1

IF(XONI(KK) eGTAEN{(M) . AND¢ XDON(KK) e LEFN(J))
CONT INUE

Sw{J)=Sw(J)+w2Z

CONTINUE

CONT INUE

DETERMINE THE FERMI ENERGY

RHO=ELECT~-18.D0

A=0,0

DO 39 J=1.NEN

AzA+SYL(I)

TSwW(J)=A

NENO=NEN-2

DO 41 JU=2,NENO

K=J-1

[FUTSW(K) LT, RHOJAND.TSWI(J) o GE s RHO)GOTDAO
CONT INUE

WRITE(6,36741)

FORMAT(1IX,*FERMIE IS NOTY CORRECT?)
GO T0 9999

A=RHO-TSwW(K)

B=TSw(J)—-RHO

[IF(A.LT.B) FERMIE=EN(K)

IF(A.GE.B) FERMIE=EN(J)

K1=K-20

K2=K+20

[IFI(K2.GTNEN) K2=NEN

DO 156 10D0=K1,K2

WRITE(64157) EN(IDD) +SW(IDD) ,TSW1IDD)
FORMAT(IX,4(10XF13,7))

WRITE(6,158) FERMIE
FORMAT(1IX,"FERMIE ENERGY=',Fl1a,.8,/7)
REWIND 1

GO YO 35

GO 10

3135
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nnon

381

45

358

~N N
—
NN
NN

REWIND 2
DO 382 [RLV=1,KNMAX
CKUP( IRLV)I=0,00
CKDN( IRLV)I=0,.,D0
VKUP( IRLV)=0.D0
VKDN( IRLV)=0.D0O

NP 3=NPGAUS*3
CO 45 I=1.NP3
COUP(1)=0.D0
CODN(I)=0.D0
VAUP(1)=0.,D0
VADN(I1)=0.D0
CONT INVUE

DO 89998 NM=1,NKPT
DO 358 [1I=1,NB
READ(2) xupP(IlI
READ( 2) XDN(I1

Je(X1(JJeIl)eJJI=1sNB)
Yol X2(JJ,11)eJU=1,4NR)

CALCULATE FOURIER TRANSFORM OF CHARGE DENSITY

DO 121 IRLV=]1,.,KNMAX

READ( 1) SIU

AA=0.0

CC=0.0

DO 125 IN=NBST NBEND

IF(XONCIN) «GY.FERMIE) GO YO 7125
1J=0

DO 7122 11=1,4,NB
DO 7122 12=1,.11
[J=1J+1
AC=x2(11,1
IF(I1NE,I
CC=CC+AC
CONT INUE
IF{XUP(IN).GT.FERMIE) GO TO 125
[J=0

DD 122 1
DO 122 1
1J=1J+¢1
AC=X1(T1.IN
IF(I1«NE.12
AA=AA*AC
CONTY INUE
VKUP( IRLV)I=VKUP(IRLV)I+WT(NM) xAA
VKON IRLV)=VKON{IRLV)I+WT(NM)®CC
AA=0.,00

NI®STJU(TJ)YEeX2(12,1IN)
2) AC=AC*2.D0

1=1,NB

2=1,11
JRSTYU(IJ)EX1(12,IN)
) AC=AC®*2,D0

P81



BB=0,D0

NO 6125 IN=NCST,NSB
lu=0

DO 6122 I1=
DO 6122 12=
I1J0=1J+1
AC=X1(I1,IN)®S
BC=X2(11,IN)%®S
IF(I1.EQ.12) G
AC=AC%2,00
BC=8C*2 .00
AA=AASAC
B8=88+BC

CONT INUE

CXUP{ IRLV)=CKUP(IRLV)+WT{(NM)2AA
CKON( IRLV)=CKON(IRLV)+WT(NM) =8B
121 CONTINUE

*r0
b faat Gue
DNV
nn e

CALCULATE SPHERICALLY AVERAGED CHARGE DENSITY
THE BASIS FUNCTION (BAS) IS CALCULATED IN PROGRAM S5,

[a38XaXa!

PCONST=WT(NM)/SUMYNS

1Q=0

DO B31 IR=1.NPGAUS

DO 832 LDIR=1,3

I1Q=1Q+1

SUPCD=0.,D0

SDNCO=0.D0

SUPVA=0,.D0

SONVA=0.DO

NPTOL =NPUM(LDIR)

PCON=PCONST/FLOAT{NPTOL)

DO 833 LP=1.NPTOL

READ(17) BAS

DO 811 I=NCST,NB

SS=(0.D00,0.00)

TT=(0.D0,0.00)

DO 812 J=1,N8

SS=SS+X1(J.1)*BAS(J)

TY=TT+X2(J.1)%BAS(I)
812 CONTINUE

SUPCO=SUPCD+CABS(SS)2s?2

SONCO=SDONCO+CABS(TYT)%%2
811 CONTINUE

DO 805 I=NBST.NBEND

IF(XUP(I).GT.FERMIE) GO TO 821

S8l
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SS=(0.00+0.00)
DO 806 J=1+N8B
806 SS=SS+X1(J.1)*BAS(J)
SUPVA=SUPVA+CABS(SS) %2
21 IF({XON(TI).GY.FERMIE) GO TO BOS
TT=(0.00+,0.00)
DO 807 J=1,.NB
B07 TT=TT+X2(Js1)%BAS(JY)
SDNVA=SDNVA+CABS(TT)
805 CONTINUE
833 CONTINUE
COUP( 1Q)=COUP(IQ) +SUPCO=PCON
COON(CIQ)=CODN(1Q)+SDNCOSPCON
VAUP(IQ)=VAUP(IQ)+SUPVA*PCON
VADN( TQ)=VADN{ 1Q)+SONVAXPCON
832 CONTINUE
831 CONTINUE
89998 CONTINUE
WRITE(6,223)

%2

C
C THE SPHERICALLY AVERAGED CHARGE DENSITY IS APPROXIMATED AS THE ZEROTH
C ORDER TERM [N A SIX ORDER XUBIC HARMONIC EXPANSION,
C

1a=0

DO 837 IR=1,NPGAUS

DENUP(IR)=0.0

DENDN( IR )=0.0

DO 838 LDIR=1,3

10=1Q+1

DENUP (IR )I=DENUP(IR)+(COUP(IQ)+VAUP(IQ))*WTDIR(LDIR)

DENDNC( IR )=DENDN(IR)+(CODN(IQ)+VADN(IQ))*WwTDIR(LDIR)
834 FORMAT(SE1S5.8,15)
IF(IPUNJNEO) WRITE(7.834) R{IR)COUP(IQ) VAUP(IQ),CODN(I1Q),VADN(I
£Q)JLDIR
838 CONTINUE
I1=(IR-1)%3
WRITE(6,839) R{IR)DENUP(IR) ¢DENDNIIR) +(COUP(II14J) CODN(II+J),VAUP
E(II+J)VADNIITI4+J)eI=1,3)
837 CONTINUE
839 FORMAT(IXFS5.2414F9,3)
AA={(CKUP(1)+VKUP(1)-CKDN(1)=-VKDN(1))/7SUMW
RHO=(CKUP( 1)+ VKUP (1 )+CKDN({ 1) +VKDN{ 1)) /SUMW
WRITE(6,1780) AA,RHO
1780 FORMAT(//+1Xe *MAGNETON NUMBER =* 4sF13.7,'RHO=* 4F16e84/41H1)

981

C
C MODIF IED THE SELF-CONSISTENY CORRFCTIONS TO IMPROVE CONVERGENCE,

e



DO 378 KN=1,KNMAX
CADS=1+0/CON(KN) /OMEGA/SUMW
CKUP(KN)=CKUP(KN) *CADS
CKONIKN)=CKON(KN) *CADS
VKUP (KN)=VKUP(KN) *CADS
VKON({KN}=VKDN(KN) *CADS
DKUP(KNI=CKUP(KN) +VKUP (KN)
DKON{KN)=CKDN(KN) +VKDN(KN)
ODKUP(KN)I=DKUP(KN) SFACT+( 1 .0-FACT)®xVMSUP (KN)
DKON(KN)=DKDN(KN)2FACT+(1.C-FACT)*®*VMSON(KN)
IF(TIPUNGNE 0) WRITE(7,5643) IX(KN) ¢IY(KN)JITZ(KN),CRUP(KN) CKDONIKN)
£+ VKUP(KN) 4 YKDN (KN
5643 FORMAT(313,4D15.8)
839437 FORMAT(313,4F15.8)
WRITE(6.89437) IX(KN)JIY(KN)oITZ{KN) CKUP{KN) CKDNIKN) 4 VKUP(KN),
EVKON(KN)
VMSUPRP (KN )=DKUP (KN )
VMSDN(IKN)=DKDN(KN)
OK({KN)=OKUPRP(KN)+DKDN(XN)
378 CONTYINUE
WRITE(6,223)
WRITE(6,89413) ITER,,FACTY
89413 FORMAT({IX, "ITERATION=®,1I3+S5Xs?FACT="?,F6.34//)

C CALCULATE THE CORRECTION YO THE COuLOMB8 PARY OF V(K=0),.

AA=0.D0

RO2=RO*RO

RO 3=RO*RA2

D3 4S1 J=2.KNMAX

RK1=RK(J)

RK2=RK 1 *RK }

RK 3I=RK ] #RK 2

RK 4=RK2%RK 2

ROK=R0O*RK1

AA=AA+(OK({ J)-VKUP(J)-VKDN{J))/RK1*((3.,D0%R0O2/RK2-6,D0/RKA)IEDSIN(RD
EK)+(6.D0%RO/RK I-RO3/RKLI*DCAS(ROK ) ®CONC( I)

451 CONTINUE
DK(1)=CODK1¥%AA

CALCULATE THE CORRECTION TO THE EXCHANGE POTENTIAL BY NUMERICAL GAUSSIAN
INTEGRATION,

NODO

DO 401 1=1,NPGAUS
VUPRUT I=(DENUP (1 )*¢ONETHD-DUP (1) 2xONFTHD) *SIXPI

S
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VONRU T )=(DENDN(I )*&®ONE THD-DON( 1) **ONETHD)*SIXPI
4C1l CONTYINUE
EXUP(1)=0.0
EXON(1)=0.0
CC=2.0*PI1*RO/0MEGA
DO 403 1=1.NPGAUS
EXUP(L1)I=EXUP(L)ew(I)sVUPR(I)2R(I1)=*
403 FEXDN(LI)=EXON(1)+W(l)YEVONR(IVYER(T) %R
FXUP(1)=CC*EXUP(1)
EFXDN(1)=CC*EXDN(1)
DO 408 J=2,KNMAX
EXuUP(J1)=0.,0
EXDN(J)=0,0
BB=CC/RK(J)
DO 409 1=1.NPGAUS
AAzZRK(JIER( 1)
EXUP(J)=EXUP(JI)+W(T1)IEeVUPR(I)*®R(I)®DSIN(AA)
409 EXDN(J)I=EXON(JI)+W(I)®*VDNR(I)I)2R(T1)*DSIN(AA)
EXUP(J)I=EXUP(J)*BB
EXDN(J)I=EXDN(J)*BPR
404 CONTINUE
WRITE(6, 32211)
32211 FORMAT(6X s *NUCLEAR® {SXo"EX UP*,6Xe*'EX DN® SX'RHOUP® ,4X, *RHODN? ,
EOX s PELE®* o 7Xo *VK? s 1OX o 'OK" 47X 3 *VXUP®* 46X *EXUP® ;65X *VXDNT 46X o' EXDN® )
ANUCLE=0,0
DO 397 J=1 .KNMAX
IF(J.EQs1) GO TO 33397
DK(J)==DX(JIV/RKK(J)-VKO(J)
ANUCLE=ELECT/RKK( J) /OMEGA
33397 WRITE(6+,100) IX(I)eIVY(I)elZ(J)ANUTLE VXOUPI{J) ¢ VXODN(J)VMUP(J),
LVMDN(J) s VKO( J) s VK(J) sDK(JI) 4 VXUP(J) sEXUP( J) sVXDN( JY o EXDN( J)
S6802 FORMAT(SE14.8)
50100 FORMAT(SAAL)
VXUP( JS)=EXUP(J)
VXON(J)I=EXDNL(J)
VK(J)=DK(J)
397 CONTINUE
100 FORMAT(1I1X,1
WRITE(19) (
WRITE (6,22
223 FORMAT(1HL)
9998 CONTINUE
REWIND 1
REWIND 2
REWIND 4
REWIND 17

-~
——
-

120 1XF9.5))
DKUP(I),DOXKDN(IT) 4EXUP{ 1) ,EXDN(I) I=1,KNMAX)

- put

2e¢2
DK {
3)

88T



32323 CONTINUE
9999 STOP
END
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PRIOGRAMS 7, THE CENTRAL CELL INTEGRALS OF THE SPIN-ORBIT CIOUPLING.
(P-P AND D-D BLOCKS)

I E 2 S S 2 2 22 2 2 2 222 22 2 232 R 2 R 222 R 2 2 2 2 22 R R R R R Rt R 222222 2 ¢ 3
A=LLATTICE CONSTANT (IN A, U.)
SCO IDCUB=1, BCCO IDCUB=2, FCCO 10CUB=4
EXPCVG= CONVERGENT CRITERIAL DEXP(-EXPCV35)=0,DC
ELECT=NUMBER OF ELECTRONS PER ATOM
K2MAX=THE SQUARE OF THE MAXIMUN MAGNITUDE OF THE RECIPROCAL LATTICE
VECTORS USED
KREAD=NO OF FOURIER COEFFICIENTS READ IN (1)
NKPT=DIMENSION DJF KKX ECT, MUST BE GREATER THAN NO OF R.LeVe GENFRATFD
ICOBNO=GTO NUMBERS FOR € SYMMETRY
[ICATOM=ATOMIC BASTIS NUMBER =0 IF INDEPENDENT GTO IS EMPLOYED
I E RS 2R R 2R 2 2 2 2 22 222 22 2323 R 2 R R R A R R R R R R R R RS2SR
IMPLICIT REAL *8 (A-F,H,0-2Z)
DIMENSION PP(3,3).VCO(1920),RK2(1920),CDC(3,3).GCO0UL(a801)
COMPLEX®16 AQsAl,A2.A3,A0
DIMENSION R(961.,.¥(96),Y(98)
DIMENSION SB8(25+:254+3)
DIMENSION H(10410)+X1(10410)4T(S55),XUP(10) ,DD(S)
COMMON/GTO/CRYATL «PL, ISATOM, IPATOM,IDATOM
COMMON/LCS/KKX ¢+ KKY ¢ KKZ 4 NB, KSQU
INTEGER®2 KKX(8184).,KKY(8184),KKZ(8184),NB(8184)
DIMENSION ALS(14) LP(11),ALD(5).CS(14),CP(11),C
£PCO(3+,11).,0C0(S5,5
81
*

la¥eYaleXaXaXakaXaXaXakakakala

0(5).,5C0(a,14),

DIMENSION KSQU( )
1 FORMAT(AB8,3F11.5 5)
READ(S3s1) CRYSTLSsAGELECTL,EXPCVG+IDCUB+NKPY K2MAX KREAD
READ(S+s4) ISOBNO,ISATOM,IPOBNO,IPATOM, IDOBNO,IDATOM
WRITE(6:3) CRYSTLJAGELECT EXPCVGsIDCUBNKPT K2MAXKREAD,ISOBNQ,ISA
ETOM, IPOBND«IPATOM, IDOBNO, IDATOM
3 FORMAT(IXsABs2Xe *LATTICE CONST=? ;F10e5e2Xs*ELECTRON NO=*F10 542X,
1PEXP MAX=® F10e542Xs "ATOMS/LATTICE=eIS+s2X s 'NKPT=?,15,2X,'MAX K&kx&2
E=%Y31S¢//7e1Xy*K READ=',15,5X,
2'SS=(*921Se* ) 42X e "PP==? 215, )°%:2X,°'DD=("* ,215,')%,/7)
LSMAX=1S0OBND
LOMAX=1D0OBNO
LPMAX=IPOBNO
IF(ISATOMNE .0) LSMAX=ISATOM
[FC(IDATOM JNE Q) LDOMAX=IDATOM
IF(IPATOM NE Q) LPMAX=IPATOM
4 FORMAT(91S)
PI=3.1415926535897930D0
AKR=2.D0%P[/A
AKR2=AKR* AKR

oA
)

8a
81

06T



DONN

[aKaXel

22

534

25

[4¢}

AHALF=A/2.D00
OMEGA=A**3/DFLOAT(IDCUR)
IDATOM=]

DEF INES THE GAUSSIAN EXPUNENTS, NORMALIZATION CONSTANTS,
COEFFICIENTS

CALL RDOGVI(ALS+ALPJALDWCS+CP4CDVWSCO,PCOWNCN,ISOBND,LSMAX,
IPOBNOLPMAX , I DOBNO, LDMAX, 0)

CALL GINDPK(KKX4KKY KKZ g KSQUsNKPT,,IDdCUBK2MAX NR,1,1)

00 23 JU=1.KREAD

READ(1,END=22) GCOUL(J) +GEX,GF XUP,GF XDN K2

CONT INUE

GCoOUL(1)=-0,16074696D+01

D-D

CDCO1=1.D0
CDCD2=CDCD1I/2,.,D0O
CDCD3=CDCD2/DSQRT(3.D0)
LOEND=5%_DMAX

DO 534 L=1,3

DO S34 I=1.,LDEND

DO S34 J=1,LOEND
SB(Il+JsL)=0.D0

DO 25 I=1,10

DO 25 J=1,10

H{I,J)=0.D0

DDA=0.D0

ODB=0.D0

DO 45 Ki1=1,1D0OBND

DO 45 K2=1, IDOBNO
U=1DO/{ALDI(K1)}4+ALD(K2))
ALAMDA=ALD(K! ) *ALD(K?2) *U
DELTA=(PI*U)*%1.5
Ul=ALD(K 1) *y
U2=ALD(KZ2) *U
CONST=USDELTA*®CD(K1)$CDI(K2)/(8.D0%ALD(K1)*ALD(K2))1/3.D0
CONST=CONST/274,074D0%%2
CO1=CONST2U1*U2
C02==2DOSALAMDAS®CONST
CO03=C01%U2
CO4=CO1%(2.00%xUl-U2)
C05=2.00%C02

Uadva=u/4.D0

A=0,.D0

AND FXDANSION
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[aXaXaXeXake!

H(1,4)=DDB

H{1,7)=DDA

H{1.8)=-DDA

H({2,3)=00A

H(2,6)=-DDA

H(2.9)=-DD08r/2.D0
H(2,10)=-DSQART(3.00)/2.D0*0DB
H(3,6)=~DDA

H(3,9)=H(2.,9)
H(3,10)=-H(2,10)

H(&,7

L T TR T I

H ™D Nw o w

125 7{1J4

7151 CONTINUE

M=10

85 FORMAT{1H1)

189 FORMAT(1XeI2:¢9(2XE12.6)}

86 FORMAT(IXs//)

89 FORMAT(3X,9F 14,6)
I11=1

71 12=11+8
IF(12.GTM)12=M
WRITE(6,85)
WRITE(6+89) (XUP(J),u=I1.12)
WRITE(6,86)
DO 72 I=1.M

72 WRITE(64189) [1+¢(X1(1sJ)sd=0i1,12)
[1=12+1
IF{12.LY.M) GO TO 71

P-pP

FINDS THE ASYMPOTIC FXPRFSSION FOR THE FOURIER COEFFICIENTS OF THF COULOMB
POTENTIAL

€6t



VKCO=-8.,D0*P ISELECT/DMEGA
K1=XSQUINKPT)

K2=x1-100

K3=K1-50
GK1=FLOAT(K1)*AKR?2
GK2=FLOAT(K2)*AKR2
GK3=FLOAT(K3)*AKR2

AA=GK 1 *GCOULI{K1+1)~VKCO
BRB=GK2%2GCOUL (K2+1)~-VKCO
AA=DSQRT( AA)

BB=DSQRT(B88B)
VKC2=AAS(GK1I-GK2)} /(BB-AA)-GXK?
VKC1=(AAS(GK1+VKC2)) %2

VTIEST=VKCO/GK3+VKC1/(GKI* (GKI+VKC2)*x2)
WRITE(65450) VKC] s VKC2:K3,GCOUL(K3+1),VTEST

SO FORMAT( 1Xe /eI X e VIK)=~BEPIRZ/K2/V+? ,E16e8B¢2X o' /(K2E{K24+' E16.84¢2Xe
0 )EE2)® 4/ IXe'K2=%,[7,2Xs 'CODUMB= E16 o8B s2X+*TEST=® ,F16e8+7/)

Cl=VKC1/AKR2%*% 3

C2=VKC2/AKR2

C3=VKCO/AKR2

WwRITE(6,58210) C1,C2,C3
58210 FORMAT(3F20.5)

DEF INE CONSTANTS TO PERFORM 96 POINTYS GAUSSIAN INTEGRATION FOR | ARGE VALUF
OF THE RECIPROCAL LATYICE VECTODRS

[aXa¥eXal

CALL GUWTGAS{96+sYsR,W)
STN=DSQRT({ AKR2*DFLOAT({KSQU(NKPT) ))
DEN=S0 ,D0% AKR
M=0
DO 901 1=1,20
D3 902 JU=1,96
M=M+1
RK=DENSR(JI)I/2.D0+(2.D0%STN+DEN)/2.00
RKS=RK #RK
VCO(M)=VKCO/RKS+VKC1 /{RKS*(RKS+VKC2)%%2)
VCO(M)=VCO(M)2RK*x45W( J)
RK2(M)=RKS
902 CONTINUE
STN=STN+DEN
901 CONTINUE
DO S$33 N=1,LPMAX
D0 533 M= LPMAX
533 PP(N+M)=0.D0
DO 40 Ki1=1,IPOBND
DO 40 X2=1,1POBNO

et

[



U= 1.DO/LALP(K1)+ALPI(K2))
AL AMDA=ALPI(K1)SALP(K2)%xU
DELTA=(PI*U)*®]1,.5
CONSTI=U/Z2.D0%DELTA/(274.074D0%%2 ) 2CP(K1)%CO(K2)
CONST2=CONST1%DEN/2.D00OMEGA/(6,D0¢P[%P])
DO 201 =1 LPMAX
DO 201 J=1,.,LPMAX
201 CDCHUT14J)=PCO(1+K1)EPCO(JIeK2)
UOVa=U/4,D0
CENT1=0.D0

C
C SUM OVER THE ReLsVe UP TO NKPT
C
DO S00 J=1.NKPT
EXPB=UOVA4EAKR2*KSQUI( J)
IF(EXPB.GT+EXPCVG) GO 7O 400
KK=KSQU(J)+1
ADEL=DEXP(-EXPB)
CENT1I=CENTI+ADEL*GCOUL (KK ®AKR2*DFLOAT(KSQU(J))ENB(J)I/3.D0
S00 CONTINUE
400 CONTINUE
CENT I=CENT 1®CONST}
C
C INTEGRATE FORM NKPT TO COMVERGENT
C

A=0,0D0
DO 801 [=1,1920
EXPB=RK2(1)*U/A,D0
IF(EXPB.GT .EXPCYG) GO TO 801
ADEL =DEXP(-EXPB)
A=A+ADEL*®VCO(1)

801 CONT]INUVUE
CENT2=CONST2%A
DO 408 I=1.,LPMAX
DO 408 Jxl.LPMAX

408 PP(I1+J)1=PP{I J)+(CENTIH+CENT2)®CDC(1,J)
CENT3=CENT1+CENT2
WRITE(6:9) K1 K2,CENTI1,CENT2 ,CENT3

9 FORMAT{IX:215:3(2X,E14.8))

40 CONTINUE

PRINT Sa4802
S4802 FORMAT(1HL1)

LPST=LDOMAX®S54 SMAX
00 300 I=1,LPMAX
DO 300 J=1.,L.PMAX
[I=LPST+3%(1~-1)

561



300
1023

JI=LPST+3%x{J-1)

IX=1T1+1
Ivr=11+2
1Z=11+3
IX=JJ+1
JY=JJ+2
JZ=4J+3
BB=PP([,4)

AJ=(0.,00,0.,00)

Al =DCMPL X(BB.0.D0)

AZ2=-A1l

A3=DCMPLX(0.,D0,88)

Aa=-A3

WRITE(6,1023)
WRITE(7.1023)
WRITE(6.1023)

IXsJYs A3, AQ
IXse JYJA3,AD
IXesJZysAD A2

WRITE(7,1023) IXesJZsA0,A2
WRITE(6,1023) 1Y,JUX,A4,A0
WRITE(7,1023) IY.IX,AQ,AQ
WRITE(7+1023) 1YIX,A4,AQ
WRITE(G6+s1023) 1Y.JZ.A0,4A2
WRITE(7+1023) I1YeJZ«AO A3
WRITE(6:1023) IZ+JIXeAQAL
WRITE(7:1023) IZ+:JXeA0,Al
WRITE(6,1023) 1Z.JY.AQ0,AQ
WRITE(7:,1023) 1Z+JY,A0.AQ
CONTINUE
FORMAT(2]I5,4E15.8)

STOP

END

961



PROGRAM 8. ENERGY BANDS [INCLUDING THE EFFECTS OF SPIN-0ORBIT COUPL ING

C

C

Crea st R R RSE A REEEERAX R RS RE SR ES RS EEE AR KR KA SE R KRR R RA AR BR S AR R RE R R KA K KR KK Rk k&

C CALCULATE THE ENERGY EIGENVALUES (E) AND EFIGENVECTORS (Xx)

C H X =S X E

C THE OVERLAP MATRIX (S) IS EXPRESSED AS THE PRODUCT OF A UPPFR TRIANGUL AR

C MATRIX (R) AND 1TS TRANSPOSE (R*%T7)

C HY X* = X* E WHERE He'=((RE*T)*%-]1) H (R*x-1) AND X°*°= R X

CE2s 2 X AR XXX R E XL AKX BE X EEE R KRR EEEREBEX RS R RE R KK SRR RRAR R AR SN B R E R E R CR KRR KK E KK &k & &
COMPLEX®16 HeX,DCONJG
COMPLEX®8 Y(76,76)GN,CMPLX,CONJG
REAL®8 E(76) FUP(36)+M(76) s0OV.EPS
DIMENS ION GUP(741),GDN(741).GOV(741),.FIG(76),D0UP{36)
DIMENS ION INDEX(
COMMON/LCS/GN(3
COMMONZA/Z/H( 76,7
COMMON/B/X( 76,7
COMMON/C/0VI 292

1
(

Wo
o Bd

) +GMI(38,38)

EQUIVALENCE (H(
EQUIVALENCE (X
78210 FORMAT(2I5)

9)FUP(1)})
26) «GDN(1)) o (X{1:51),G0OV(1))

o W

FIND E AND X FOR K=KST TG KEND
IF(IPRINTANE.O) RESULTS ARE PRINTED

anon

READ(S5,78210) KST«KEND.IPRINT
DO 2 I=1,38
DD 2 J=1,38
GMI(1,J)=0,D0
GN(1+J)=(0.E0,0.E0)

2 CONTINUE

10 FORMAT(21S5,4F15.8)

READ IN SPIN-ORBITYT MATRIX (QUTPUT OF PROGRAM 7)

[aXaXe)

DO 1 N=1,706
READ(S410,END=9) 1:+J+GAsGBGC+GD
GMI(I.4)=G8B

GN(14J)=CMPLX(GC,+GD) %
1 CONTINUE N
9 CONTINUE

M=T76

KK=KST~-1

DO 74239 KPT=],KK

READ( 1) GXeGY+sGZ+WEIGTY(EIG(I)sI=1eM).(DUP(J)sI=1,+36)
DO 74239 I=1,M

S



74239 READU1) (Y (Js1)yu=1,M)
C
C DEFINE THE HAMIULTYONI AN AND OVFRLAP MATRICFES
C
DD S6940 KPT=1 ,KEND
READ(2) GXoeGYeGZ WEIGT 4 (GUP(TI) GDN(I)sI=1,781)
READ(3) GXeGYsGZ WEIGT ((GOV(I)al=1,741%)
IF(KPTL TeKST) GO TO S694C0C
DO 15 I=1,38
I11=1+38
DO 15 J=1,38
JJy=J4+38
{d=Jx(J=-1)/72+1
H{LsJ)=CMPLX(GUP( T J) GMI(T,0))
G=~-GMI(I,J)
H(TIL4sJJ)=CMPL X(GDNI(IJ),G)
Ov(1J)=DBLE(GOV(1J))
1S5S CONTINUE

DMFESD REPLACE OV BY AN UPPER TRIANGULAR MATRIX R WHERF OV=(R*xT) QR
DMFSD IS IN IEM SCIENTIFIC SUBROUTINE PACKAGE

a¥akals)

CALL DMFSD(QOVs3B8+41.D-7,1FR)
IFC(IERNE.QO) GO TO 7200
GO TO 300

7200 CONTINUE

DIGEN DIAGONALIZED MATRIX OV
DIGEN IS THE DOUBLE PRECISION VERSION OF SUBROUTINE EIGEN IN [RM S,5,.,0,

[aReXaXal

CALL DIGEN(OV,GMI ,38,0)
DO 55 1I=1,38
J=l+(l-1)%1/2
WRITE(6,57) OV(J)

55 CONTINUE

S7?7 FORMAT(1Xs11{(F10.7+1X))
STOP S

300 CONTINUE
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JJ=J- 38
H{TeJI=GN(T1.4JJ)
OvV(lJ)=0.D0

11 CONTINUE

DO 12 J=1.1
H{ 1+ J)=DCONIGIH(IHN1))
12 CONTINUE

SUBROUTINE HRIN TRANSFOR™M H INTO H (R%%-1)
SUBROUTINE RTINH TRANSFORM H INTO ((R*&T)x%—1) W

[aXaXala)

CALL HRIN(M)
CALL RTINH{M)

CEIGDP DIAGONALIZE A COMPLEX HERMITIAN MATRIX H WITH FIGENVALUE £ AND
EIGENVECTORS X (NOT INCLUDED IN THIS THFSIS)

[aXaXala)

IND=1
EPS=1],0-7
CALL CEIGDP(Hs XoEyM,EPS, Q0004 TERGIND+Ws INDEX M)

DEF INE PROJECTION OPERATOR FOR MAJORITY SPIN

ann

00 800 1=1,36
800 FUP(I11=0.0
DO 810 1I=1,36
00 810 K=1,38
810 FUP(I)=FUP(I)+CDABS{X(K,1))%x%2
DO 820 I=1,36
820 DUPLII=FUPL(I)

SUBROUTINE FUNCY TRANSFORM EIGENVECTORS X INTO (R*2-1) X

CALL FUNCT(M)
DO 76581 I=1.M
EIG(I)=E(])
DO 76581 J=1.M
Y(1eJd=X(1,4J)
76581 CONTINUE
56081 CONTINUE
53405 FORMAT(IX, 'KZ(*43F6e29") ' sSXs*ITERATION=? IS5 ,5Xs*IND=*,15,5X,
EINM=® , [SSX ' WEIGHT=?® ,F10,.4)
M=76
WRITE(1) GXeGYsGZoWEIGTL(EIG(I)I=1,M).(DUP(J)4JI=1,36)
DO 76539 [=1.M

anao

66T

s



WRITE(L) (Y(JsT),yU=1l,M)
7539 CONTINUE

WRITE(6+15340S) GXsGYsGZ ITERGINDXKPT,WEIGT
IF{{PRINT.EQ.0) GO TO S569a0

RS FORMAT(1H1)

86 FORMAT(1X,./7)
[2=0

71 CONTINUE
11=12+1
12=12+S
IF{I2.GT.M

88 FORMAT(S(8
MRITE( 6,86
WRITE(6,.88
WRITE{6,86
WRITE(6,8

=M
0.,8X))

—y g
- N

(ToI=[1s12)
(E(I)eI=11,12)

) WRITE(6,89) (DUP(I1).I=11,12)

89 FORM
189 FORMA
DO 72
72 wRITE(
WRITE(6,.
IF(12.LT&
56940 CONTINUE
STOP
END

XeFl14.7,6X))
10(1XeE1246))

N =~
e O

Y To(X(Led)ed=11,12)
}) GO YO 71
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PROGRAM 9, THE MOMENTUM MATRICES BETWEEN BAND STATES,

C
C
CHESESXANRERERAEERE SRR SR RN ERBRAE SRR EBEER AR RA R AR KRR RER R KR AN R AN AR KR KRR AR R X &
C SUM CONJGIX(T oNeK)IX*P{TI,J,K)EX(JsM,K) OVER ALL STATES I £ J,
C WHERE X [S EIGENVECTOR AT K IN B, 2.
C P IS THE MOMENTUM MATRIX BETWEEN BASIS BLOCH STATES, (PROGRAMS 2 £ 4)
o E R R e R R R R Ty T P P Y T R S TN Y

COMPLEX®16 X(76412)+CX(76:512)BX(78),BY{(783)¢RZ(78)+A3SX,S5Y,57

COMPLEX#®8 F(76+76).SBX(78).SBY(78) ,SBZ(78)

OIMENSION E(76).PX(T741).PY(741),PZ(741)

DIMENSION FUP(36)

COMMON/LCS/F

4 FORMAT(AIS)

CALCULATE FOR K FROM NKST TO NKEND
RESULTS ARE PRINTED IF (IPRIT.NF.0)

[alalalel

READ(Ses8) NKST,NKEND.IPRIT
DO 999 NMK=1,NKEND

READ IN ENERGY ADN WAVE VECTOR., {OUT PUT OF PROGRAM 8)

READ({ 1) XK YKy ZKJWTLLE(I)e1I=1476)(FUP(I),1=1,36)
DO 10 I1=1,76

10 READ(1) (F(JU,1)eu=1,76)

199 CONTINUE

aXalal

READ IN MOMENTUM MATRIX BETWEEN BASIS BLOCH STATES. (PROGRAMS 2 ¢ 4a)

oOn

READ(2) XL +YLZL+(PX(1),
READ(2) XL sYL+ZL +(PY(1),
READ(2) XL YL 2L (PZ(1),
IF (XK e NE « XLLoe OR« YK NE . YL &
IF(NMK LT NKSTIGO TO 999
DO &40 [=1,76

DO 40 JU=1,12
X{Isd)=F(1l,sJ+18)

40 CX([eJ)=DCONJIGIX(1,+J))

o T4Y1)

I)={
BY{(1)={0.D0.0.D0)
1)=¢(
20 CONTYINUF

102



202

(r1)z2e8s*(r1)ass*(riixes*r+*i
r

+

e

666 0L 09 (O

(77 (XE*S°vid
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152

56194
999
19999

FORMAT(IX+215:.8(2XeF13.7))
PRINT 56194

FORMAT(1HIL)

CONTINUE

sToep

END
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PROGRAM 10. THE OENSITY OF STATYES

EXEXEEE XXX EEE RS SR X KRR A EREBES SRR A SRR AR RS XA BAREE SR B XXX E R AR R SRS ER R RR KK LR AR KKK & &
CALCULATE THE DENSITYY OF STATES BY THE HYBRIDE METHOD
ENERGY BANDS AND MOMENTUM MATRICES INCLUDING THE FFFECTS OF SPIN-JRBIT
COUPL ING ARE USED
KL=DIVIS.ON BETWEEN K=(0+0+,0) AND K=2%P1/A(1,0.0}
NB=NUMBER OF STATES CONSIDERED
A=LATTICE CONSTANT
EMIN=MINIMUN OF ENERGY
NEMAX=TOTAL NUMBER OF POINTS WHERE DENSITY OF STATES NFED YO Bf CALCJULATED
DE=STEP SIZE IN ENREGY
VALEL=NUMBER OF BAND ELECTRONS
DEGCRT=DEGENERATE CRITERIAL USED IN K.P PFRYURBATION THFORY
NKPT=NUMBER OF POINTS IN THE BRILLIDUIN 20ONE
IOCUB=NUMBER OF ATOMS PER LATTICE
DIMENSION DEKX({NKSUMNB), ECT,
XX EREEE R RS RS SRE SRS SRR EESE SR EEE IR E SR AR R AR R A RE R AR R SRR AR KRB R AL AR RN KRR KR AN KK
COMPLEX®8 PX{12:12)ePY(12+12)4PZ(12+12)+SPLJIISPNJSPIM
COMPLEX®*8 HD(S5,5) sUXIS5¢5)FX(12)

[sXalaXalalalalalalaiaakatalaZaXale

INTEGER®2 NP{18.,18,18)

DIMENSION X(6)+DDE(3,+3) NPN(6)

DIMENSION EIG(S)sWKI{S)E(12)IND(5) NABP(3)
DIMENSION SWUP(1003) +SWDN(1003).,EN(1003) FLECT(1003)
DIMENSION FUP(12).EEW(12)

DIMENSION DEX2(2083,12)

COMMON/LCS/DEKX(2083,12).0EKY{2083,12)
CONMMON/ AR/Z/ENG ¢ GDKX s GOKY s GDKZ oy GDKM,B2,8DIV, CONUP 4 CONDN
CALL IDENT(°1103 40149 SHI®)
10 FORMAT(215,5F10.5,415)
READ(S+10) KL NByAJEMINDE s VALELsDEGCRT s NFMAXNKPT,NKSUM, IDCUBA
EPERC=DFLOATY(IDCUB)
NABPMX =1
MAXBP=2ENABPMX+ )
DO 111 N=1,.MAXBP
111 NABP{(N)=N-NABPMX-1
WRITE(6+11) KL NBoAJEMIN,DE s VALEL DEGCRT NEMAX ,NKPY , MAXBP
11 FORMAT(IH *'KX~LENGTHZ?*[2,95X+"NOOF BANDS=*,12,5X,*"LATTYICE CONSTA
INTZ=? eF 603" AP SN EMINZ* ;FB8e543Xs'DE=? ;FB .S eS5Xs*NDeOF FEL=',Fa .1,/
271X *'DEG CRT=Z*FTaS¢eSXe'NO OF DE=?',IS5,:5X,*NO OF PT=*%,15,5X,*SUBR D
3IV=',15.77)
PI=3.141592653589793
PIKL=PI/KL
DIVNO=FLOAT{MAXBP)
VNORM=(A/(2.%P1) ) x23 /4,
B=PIKL/A
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B8DIv=8/D1IVNO
KLOIV=KL®MAXBP
KLD2=KL /72
TwOB=B%2,0
82=BDIve80D1YV
KLDMAX=KLDIV®3/2

READ MOMENTUM MATRICES AND DEFINE POINTS IN THE R. Z.

DO 1 NPT=1,NKPT
READ( 1) XKoVKsZKe ((PX{I4J)ePY(1sJI)sPZ(1eJ)eJ=1+1)sl=14NB)
IF{KL «NE«8) GO TO 235)
XK =XK /2.0
YK=YK/2.0
IK=ZK/2.0

2351 CONTINVUE
I=IFIX(XK)+1
J=IFIX(YK)+1
K=IFIX{(ZK)+}
NP({JsI+.K)=NPT
NP (1,JsK)=NPT
DO 2 L=1,NB
DEKX(NPT L )I=2.0%REAL (PX(L,L))
DEKY(NPT L )I=2. 0%REAL(PY(L,L))
DEKZINPT L )=2.0%REAL(PZ(L L))

2 CONTINUE

1 CONTINUE
REWIND 1
KLP2=KL+2

[alakel

GENERATE ENERGY DERIVATIVES IN THF NEIGHBORING POINTS OF THE 1/16TH OF THE
BRILLIODUIN ZONE

(aXaXaXa)

CALL GNBDE(DEKX,DEKY DEKZ s NKSUMJNB NP, KLP2 s NKPT)
DO 299 NE=1,NEMAX
SWUP(NE)=0.0
SWDONINE)=0,.0
EN(NE)=EMINGDES(NE-1)
299 CONTINUE
EMAXZEN(NEMAX)
SUMWT=0,0
NMPT=0
DO 310 NPT=1,NKPT

s0¢

READ ENERGY AND PROJECTION OPERATOR FOR UP SPIN
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READ( 10
KX=IFIX

YK ¢ ZKWTT (E(L)FUP(L) 4L=1 ,NB)
GO YO 319

319 CONTINUE
READ( 1) XK sVYKeZKo((PXIToJ)ePY{IsJ)+PZ(TvJ)Ji=1,
IF{KZ e NE ¢ O e AND KXo NE s KYANDeKZ.NE.KL) GO TO 310
DO 35 I=1,NB
DO 35S J=1.NB
PX{I,3)=CONJIG(P
PY(1,J)=CONJIG(P
PZ(1.J4)=CAONJIGI(P
35S CONTINUE
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SUBDIVIDE EACH CUBE IN THE Bse Z. INTO 27 MINICELLS

[aXale]

NTEST =0
D0 400 1IDZ=1,MAXBP
KDZ=MAXBPEKZ+NABP(IDZ2)
IF(KDZ L T20e0RKDZGTLKLDIVY GO YO 400
KNZ=KZ+NABP(IDZ)+¢+1
SKZ=FLOAT(NABP(IDZ))*BDIV%2,0
DO 40t 1DY=1,MAXBP
KDY=MAXBPEKY+NABP(IDY)
IF(KDY oL Te0s0ORKDY.GT.KLDOEIV) GO TO 401
KNY=KY+NABP( IDY)+1
SKY=FLOAT(NABP(IDY))*»BDIV*2,0
0O 402 I1D0X=1,MAXBP
KOX=MAXBPEKX+NABP (IDX)
IF(KDX oL T oKLY oOR ¢KDOX GV KLOIV) GO TO 402
KNX=KX+NABP{ IDX)+1
SKX=FLOAT{NABP(IDX))*BDIV®2,0

315 CONTINUE
KTOL=KDX+KDY+KD2Z
IF(XKTOL GY KLDMAX) GO TN 402
NBKPT=NP(KNX ¢ KNY KNZ)
NMPT =NMP T+
CALL WFCC16(KDXoKDY KDZ+KLDIV,.WT)
SUMWT=SUMWYT+wT
SSQ=SKXESKX+SKYFSKY+SKZ®SK?Z
LST=0
AA=WTE*VYNORM*16,0

90¢
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DO 320 L=1,NB

[IF(L.LTLLSYY GO ¥O 320

GOKX=DEKX{NPT,L)

GOKY=DEKY{(NPT,L)

GDKZ=DEKZ(NPT,L)

ENG=E(L)

NDEG=1

IF(SSQ.EQ+0.0) GO YO 32

LP1=L+1

DELE=ABS(E(LPL)-E(L))
336 CONTINUE

IF{L eNEJNBJAND.DELE L T.DEGCRY) GO YO 330

CALCULATE ENERGY BY SECOND ORDFR K.P PERTURBATYION THEODRY

ann

ENG=ENG+SKXAGDKX+SKYEGDKY+SKZ*GDKZ+5SQ
DO 30 JU=1,NB
IF(L.EQ.J) GO YO 30
DELE=E(L)-E(J)
SPLI=SKXEPX(L + J)+SKYEPY(L 4 J)+SKZ®PZ (L ,J)
ENG=ENG+4,0¢CABS(SPLJ)®*2/DELF

30 CONTINUE
GOKX=DEKX (NPT L)+ (DEKX(NBKPT L )I=-DEKX(NPTLL))Z/7DIVND
GOKY=DEXY (NPT oL )+ (DEKY{NBKPT,L)-DEKY(NPT,L))/DIVNO
GOKZ=DEKZI(NPT L)+ (DEKZ(NBKPT,,L)-DEKZI(NPT L))/DIVNO

32 CONTINUE
FEW(L ) =ENG
IF(ENG.GT,EMAX) GO TO 320
CONUP=AARFUP(L)
CONDN=AA-CONUP

B33 FORMAT(IH s3F12:5421104215.F18,6,15,2(2X,F14,8),15)
GDKX=ABS{(GDK X)
GDKY=ABS(GDOKY)
GDKZ=ABS(GDKZ)
GDXM=SQRT{ GDK X2 GDKX+GDKY*GDKY+GDKZ*GDK?Z)
IF(GOKM LT, 1.,FE-06) GO TO S00
CALL DENSIT(SWUP , SWONENJNEMAX)
GO TO 320

330 CONTINUE

Loc

CALCULATE ENERGY BY DEGENERATE SECOND ORDER K.P PERTURBATYION THENRY

[a¥aXn!

DO 331 N=LP1 N8B

331 IF(ABS(E(L)-E(N)) LT ,DEGCRT) NDEG=NDEG+1
DO 332 N=1.NDEG
NN=N+L -1

e
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ann

333

33as
332

329
Seo

84

DO 332 M=1,.N

MM=M+L -1

HD(N M)=2.08( SKXEPX (NN sMM) + SKYEPY(NN ,MM) +SKZEPZ (NN, MM) )
IF(N.NE.M) GO TO 333

HO(NM)=HD(N.M)+E (NN)+S5SQ

CONT INVUE

DO 334 J=1,.N8B

IF(JeGE 2L AND J.LTLENDEG) GO TO 334
DELE=(E(NN)+E(MM) ) /2.0-E(J)
SPNJ=SKX*PX{NNJ) +SKYEPY{(NN,J)+SKZ*PZ(NN,J)
SPIM=SKXEPX(J  MM) +SKYSPY( JoMM)+SKZEPZ(J, MM)
HO(N+MI=HD(N,M)+4 , 0 SPNJISSPIM/DELE

CONT INUVE

HO(M¢N)=CONJIG(HD (N,M))

CONT INUE

IuD=2

CEIG DIAGONALJIZES A COMPLEX MATRIX (HO) wiTH EIGFN VALUF (FIG)
SUBROUTINE CEIG IS NOT INCLUDED IN THIS THESIS

CALL CEIGI(HDJUXJEIGINDEG,1eE-7+9000,I1TFR,IUD,WK,IND,5S)
LST=L+NDEG

DO 329 N=1,NDEG

ENG=E IG(N)

LN=L+N-1

GOKX=DEXX{ NPT ALN)+(DEXXI(NBKPTLLN)-DEKX(NPT, ,LN))/DIVNO
GOKY=DEKY (NPT LN)+(DEKY(NBKPT LN)-DEKY (NPT ,LN))/DIVNDO
GDKZ=DEKZ(NPT,LN)+(DEKZINBKPTLN)-DEKZ(NPTLLN)}I/ZDIVNDO
EEW({LN)=ENG

IF(ENG.GT.ENAX) GO TO 320

CONUP=AASFUP (LN)

CONDN=AA-CONUP

GOKX=ABS{GDK X)

GOKY=ABS{GDKY)

GDKZ=ABS(GDK2Z)

GOKM=SQRT( GOX X&GDX X+ GDKYEGDKY +GDK ZEGDKZ)

IF(GDKM LY. 1.,E~06) GO TO 500

CALL DENSIT(SWUP , SWONJEN NEMAX)

CONT INUE

GO YO 320

CONTINUE

CONTRIBUTION FROM CRITICAL POINTS ARF NEGLECTED

WRITE(G6,84) GOKX sGDKY ¢GDKZ ¢ NPT (KDX 4 KDY ¢KDZ+ENGLsAA,CUPNDEG
FORMAT{1H «3F12:542110421S+F184:6,15:2(2X,F14,8),15,2X,1HC)

80¢



IF(NDEGeNE ¢« 1 e AND«N.NEJNDEG)Y GO TO 329
320 CONTINUE
88 FORMAT(313¢FT7¢44,2X%X,12F9,5)
WRITE(3) KDX KDY ¢KDZ W T, (EEW
WRITE(6:88) KDXe KDY KDZ o ¥WT, (
402 CONTINUE
401 CONTINUE
400 CONTINUE
IF(KX+KYEKZ o NE oKL E®3/2-2,0R«NTESTNE.O) GO TO 310
NTEST =)
KDZ=XZ*MAXBP+2
[F(KDZ L TeDaDRKDZ.GT.KLDIV) GO TO 310
KDY=KYSMAXBP+2
IF{(KDY L Te0eOReKDYeGT.KLDIV) GO TO 310
KODX=K XEMAXBP+2
IF(KDX LT eKDYeOR . KOXsGTKLDIV)Y GO TO 3109
SKZ=2.0%BD1Iv®2,0
SKX=SKZ
SKY=SKZ
WRITE(6, 312
312 FORMAT(3110
GO 7O 315
310 CONTYINUE
WRITE(6:,45)SUMET , VNORM B NMDT
45 FORMAT(IHO«SX,s'SUM OF WEIGHT=' qF12¢S+10X"VNORM="* ,F12,3,10X,
='B8B=0,F12.5+:10X,*'NO POINT=*,110)
76 FORMATI 1HL 23X, "ENERGY * o5X s *N(E) UP*SX+"ELEC UP?® (AX.*N(F) DN?*,
COX+ "ELEC ON®* 8 X, *N(E) U+D* JAX'FLEC U+D*)
44 FORMAT(1IH +F10.54+11F11.4)
998 WRITE(6.,76)
DENHU=0.0
DENHO=0.0
DENC=0,0
D0 296 NE=1sNEMAX
DENHU=DENHU+SYWUP (NE) *DE
DENHD=DENHD+S¥WDN( NE) ¢DE
SWT=SWUP (NE )+SWDON(NE)
ELECT(NE )=DENHU+DENHD
DMAG=DENHU-DENHD
WRITE(6,48) ENI(NE ) s SWUPINE) s DENHUSWONINF) DENHD 4 SWT LELECTI(NE ),
& DMAG
296 CONTINUE
DO 11000 I=2.NEMAX
K=1-1
IF(ELECT(K) LV VALEL e ANDJELECT(T).GT . VALEL)FERMIF=EN(I])~-
=DE*(ELECT(I)-VALEL)/(ELECT(I1)-ELECT(K))

(L) .L=
EFwW(L)

) KDX KDY KDZ
)

[
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11000 CONTINUE
WRITE(6412351) FERMIE

12351 FORMAT(IX//+ 1 X, *FERMIE ENERGY=?,,F10,5)
NEMAX2=NEMAX+2

CALL SPLOTE(SWON, SWUPFN NEMAX ,EMIN,DE ,FERMIE , NEMAX2 )
STOP

END

01z



PROGRAM 11 THE I[INTERBAND OPTICAL CONDUCTIVITY TENSOR

I PR R R R R R 2 S Rt R R R R R R R I RS2 S R R R R R R R N S R R R P P SRS R RS RS
CALCULATE THE INTERBAND OPTICAL CONDUCTIVITY BY THE HYRRIDF METHOD
KL=DIVISION BETWEEN K=(0s0+.0) AND K=2%P[/A(1l +0,40)

NB=NUMBER OF STATES STORED FOR THE MOMENTUM MATRICFS
Az LATTICE CONSTANT
EMIN=MINIMUN Of ENFRGY
NEMAX=TOTAL NUMBER OF POINTS WHERE DENSITY QOF STATFS NEED T9 8E CALCULATED
DE=STEP SIZE IN ENREGY
DEGCRT=DEGENERATE CRITERIAL USED IN K.P PERTURBATION THEORY
NKPT=NUMBER OF POINTS IN THE BRILLIOQUIN ZONE
FPERC=NUMBER OF ATOMS PER LATTICE
DIMENSION PXPX(NKDUMNB), ECT
REAEEEEE RS SR SR 22 SRS R 2 R R R R 2 R R R R R R R R R R R R R R I I R R P N P R R R P R N N R S T
COMPLEX®8 PX{78).PY(78),PZ(78)
INTEGFEFR®2 NP(18+,184+18) KXX{1357) +KYY(13
DIMENSION SwXX(352),SWXY(352),SwZ22(352)
DIMENSION EE(12)DEX(12)DEY(12)DEZ (12
DIMENSION NABP(3)
DIMENSION PZP2(2078,12)
COMMON/ZLCS/PXPX(2078+12)+PXPY(2078,12)
COMMON/AR/ZEFNG ¢+ GDK X s GDKY 3GDKZ ¢ GDKM B2 4BDIVsCONXX o CONXY, CONZZ o+ CNONST
READ(S+10) KL NBoAJEMINJDE FERMIE DEGCRY NEMAX  NKPT , NKSUM
10 FORMAT(2IS,5F10.54+415)
NABPMX =]
MAXBP=2&NABPMX +1
DO 111 N=1,MAXBP
111 NABP(N)=N-NABPMX-1
KLDIV=KL*MAXB"
MAXBP=1
WRITE(6s11) KLoNBJALEMINLGDE ,FERMIE 4DEGCRT+NEMAX NKPT s MAXBP NKSUM
11 FORMAT(IH , *KX-LENGTH=®,12:5X,*NOOF BANDS=",12¢5Xs *LATTICF CONSTA
INT=® ,F6.3," A'oSX"EN(N='.F8.5.3K.'OE='.FB.S.SX.'FERM!E='.FB.S./
2/7e 1 X4 *'DEG CRT=?,F7e5¢5Xs*'NO OF DE=*,[5,5X,*NO OF PT=?,15,5X,'SUBR O
3IV=',15¢SX,'DIM K PTS=*,15,//)
PI=3.141592653589793
PIKL=PI /KL
DIVNO=FLOAT(MAXBPR)
VNORM=(A/(2.%P1))**3/4,
B=PIKL /A
BOIVv=8B/D1VNO
KLD2=KL /72
TwOB=B%2.0
B2=8DIv¢801IV
KLDOMAX=XKLDIVx3/2

a¥aXelalelakalakalakelalake!
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S57),KZ22(1357)
+EN(352) «SWJION( 352)
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READ MOMENTUM MATRICES AND ORDER POINTS IN THF B. 2.

DO 1| NPT =1 NKPT
READ( 1) XKsYK3ZK{PX(I)PY{1)sPZ(I)s1=1,7R)
IF(KL .NE.8) GO TO 235}
XK=XK /20
YK=YK/2,0
ZK=ZK/2.0
2351 CONTINUE
I=IFIX{XK) +1
JIFIX(YK)+1
K=IFIX(ZK)+1}
KXX{NPT)=1-]
KYY(NPT)=)~1
KZZ(I(NPT)=K~1]
NP{1,J+sK)=NPT
NP{J,s1+K)=NPT
CONTINUE
REWIND 1
D0 299 NE=1,NEMAX
SYXX{NE)=0.0
SWXY(NE)I=0.0
SWZZ{(NE)=0,0
SWJION(NE)=0.0
EN(NE)=EMIN+DE®(NE~-1)
299 CONTINUE
EMAX=EN(NEMAX)
MAXBP=3
DO 311 LG=1,N8
DO 30 NPT=1,NKPT
READ( 1) XK YK ¢ZK o {PX(TI)ePY(I)PZ(1)41=1,78)
DO 30 tL=1,LG
[J=LGE(LG~1)/72+LL

PXPXINPT JLL)=REAL(PX(TJ)ECONIGIPX(TU)I+PY(T1JU)SCONJIG(PY(IJ)))%B.O
PZPZINPT L LLI=REAL(PZ(IJ)S®CONJIGIPZ(TJ)II+PZ(1JI*CONIG(PZ(TI)))%8,0
PXPY(NPT ,LLI=AIMAGI(PX(TJ)®CONJIGIPY(IUJ)))*16,0

30 CONTINUE
DEF INE NEIGHBORING POINTS FOR K LIFS ON THE SURFACE OF 1/16TH OF THfF B, Z.

KLP2=KL+2

CALL GONBPT(PXPX PXPY PZPZ ¢ NKSUMINB ¢ NP KLP2 NKPT,L,LG)
SUMWET=0,0

NMPT=0

NCRIT=0

Z1e



nNN

ann

DG 310 NPT=]1.NKPT
KX=KXX{NPT)
KY=KYY{(NPT)
KZ=KZZ(NPT)
NTEST=0

SUBDIVIDE EACH CUBE IN THE B, Z. INTO 27 MINICELLS

DO 400 IDZ=1.,.MAXBP
KDZ=MAXBPEKZ+NABP(1I1DZ)

IF(KDZ LT oa0.0R«KDZ+GTKLDIV) GO TO a&400
KNZ=KZ+NABP(IDZ)+1
SKZ=FLOAT(NABP(IDZ))*BDIV*2,0

DO 40t [0Y=1.MAXBP
KDY=MAXBP*KY+NABP(IDY)

IF(KDY LT 00R KDY GT.KLDIV) GO TO 401
KNY=KY+NABP(IDY)+1}
SKY=FLOAT(NABP(IDY))*B80IVX2,0

DO 402 10X=1,MAXBP
KOX=MAXBPEXX+NABP(IDX)

IF{KDX LT ¢KDYeOR s KDX ¢ GToKLDIV) GO TO 402
KNX=K X+NABP(IDX)+ 1
SKX=FLOAT(NABP(IOX))*8DIV%®2,0

CONTINUE

KTOL=KDX¢XDY+XD2Z

[IF(KTOL.GT «KLDMAX) GO TO 402
NBKPT=NP{KNX 4 KNY s KNZ)

NMPT=NMPT+1

READ IN ENERGIES AND ENERGY DERIVATIVES CALCULATED [N PROGRAM 10,

READ(2) NDXsNDY NOZWTL(EE(I)DEX(I1)DEV(I),DEZ(1),1=1,NB)
SUMWT=SUMYT+wT

SSQA=SKXESKX+SKYESKY+SKZE*SKZ

CONST=16,0¢MTsVNORM
GOKM=SQRT(DEX(1)*DEX(1)+DEY(1)*DEY(1)+DEZ(1)%2DEZ (1))
IF(GOKM LT a1 .E-S) NCRIT=NCRIT+]

IF{SSQ.NE.0.0) GO YO 402

DO 320 LL=1,.,LG

IF(EE(LG) LT .FERMIEL,ORLEE(LL).GT.FERMIE) GO TO 329
ENG=EE(LG)-EE(LL)

IF{ENG.GT.EMAX) GO TO 320

GOKX=ABS{DEX{LG)-DEX(LL))

GOKY=ABS(DEY(LG)=-DEY(LL))

GOKZ=ABS(DEZ(LG)~-DEZ(LL))

CONXX=PXPX{(NP Y, L L )swT

£1c
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32
813

500

84
320
402
401
400

311
45

-

CONXY=PXPY(NPTLL)%xWwT

CONZZ=PZPZ (NPT LL)®*WT

IF(SSQ.EQ:0.0) GO YO 32
CONXX=CONXX+{(PXPX (NBXKPT,LL )-PXPX(NPT,,LL))*WT/DIVNO
CONXY=CONXY+{PXPY{(NBKPTLLL)=-PXPY{(NPT,,LL))*WT/DIVNO
CONZZ=CONZZ+(PZPZ (NBKPTLL)=-PZPZ(NPT .LL))*udT/DIVNO
CONT INUE

FORMAT(IH +3F12e6S5¢2110e2154F14,6,15,2(2X,F14,8),15)
GDOKM=SQRT( GDK X*GDKX+GNKYEGOKY+GDKZEGDKZ)

IF{GDKM LT, 1.6E-05) GO TO S00

CALL CONDUC(SUYXX,SWXY SWZZSWION,ENJNEMAX)

GO YO 320

CONT INUE

CONTRIBUTION FROM CRITICAL POINTS ARE NEGLECTED

WRITE(6:,84) GDKXosGDKY oGOKZ NPT KOX oKDY o KDZ eENG oL GolLL 4WT
FORMAT(IH +3F12:¢5+421104215:F14,6:215,F12.542X4*C*)
CONT INUE

CONT INUE

CONT INUE

CONTY INUE

NTEST=1

KDZ=KZE*MAXBP +2

IF(KDZ el TeO0eOR«KDZ4GTLKLDIV) GO TO 310
KOY=KYEMAXBP+2

IF(KDYeLTe0ORKOYGT.XLDIVY GO TO 310

KDOX=K XsMAXBP +2

IF(KOX L. T oKDY oOR «KDX e GToKLDIV) GO TO 310
SKZ=2.0%BDIV*2,0C

SKX=SKZ

SKY=SK2Z

GO TO 315

CONT INUE

REWIND 2

REWIND 1

CONT INUE

WRITE(6:,45)SUMET , YNORM,B,NMPT,NCRIT
FORMAT(IX,*SUM OF WEIGHT=" E12:.5:s5Xs*VYNORM="',,F12.3,5X,'8=',F12,5,
SXs *NO OF POINT=?,]I8,5X:"NO OF CRT=¢,15,//)
RYTOW=13.6049%1,.602191D-19%2 ,0%P1/6.626196D-34
CONST=3.D10/7(PI2P[2274,074%5,2917D-9)

D0 701 NFE=1+NEMAX

CC=CONST/EN(NE)

SWXX({NE)=SWXX{NE)*CC

[
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701
702
703

SWXY(NE)=S¥WXY(NE)*CC
SWZZ{NE)=SWZIZ(NE)=CC

EA=ZEN(NE)

EN(NE )=EN(NE )*13,6089

WRITE(6+702) EALEN(NFE ) sSHXXINE) ¢ SWXY{(NE) ,SWZZ(NE) ,SWION(NE)
WRITE(7+,703) ENINE) s SHXX{NE) s SWXY(NE) ,SWZZINE ) SWION(NE)
CONTINUE

FORMAT(2FT a3+49(1X3E10e4),2FF,.4)

FORMAT(S(E14.8.1X))

STOP

END

ST



PROGRAM 12, COMPTON PROFILE.

IS RS2 2R RS R 22 22 L R 2220 2 023 2223 2 0233 2R3 R R R 20 222 R R R PR Z SRR S 2R
ACONST=LATTICE CONSTANTY (IN A, U,)
EXPCVG=CONVERGENT CRITERI AL EXP(-EXPCVG)I=0.0
IDCUB=NUMBER OF ATOMS PER LATTICE
K2MAX=THE MAXIMUN MAGNITUDE OF THE SQUARE OF THE RFECIPRDCAL LATTICF VECTNR
[BZOIV=DIVISION BETWEEN K=(0+0+0) AND K=(1.04CHI®2%PI/a
16 0BNO=GT0O NUMBER £=S, Ps D
IEATOM=ATOMIC BASIS NO. [EATOM=0 [IF INDERPENDENT GTO ARF USED
KSTOL=TOTAL NUMBER OF THF PERMUTED RelLeVs GENERATED
KSINC=NUMBER OF R.,L.VY. SUMED IN EACH STEP,
KSSTEP=NUMBER OF STEP FOR EACH GIVEN VALUE OF Q.
INC1S=0. THE 1S ELECTRONS ARE NOY INCLUDFED.

[ E S 22 E 2 S R R 2 2 22 2 22 2 PR32 R 23 R3S 2 RS2 R R 2222 22222 R 2 22223 T S ST IR SRS REE
IMPLICIT REAL *8 (A-F,H,0-2)
REAL®*4 EUP(38),EDN(38)
INTEGER®2 KKX(3000).XKKY{(3000),KK2(3000)
DIMENSION XUP(38,38) +XDN(38.,38),0UP(38),GCXx{(38,38)
DIMENSION KSQU{3000)
DIMENSION XK(89) ,YK(89).Z2K(89)
DIMENSION ALS(148),ALP(11),ALD(S)C0OS(14),CO0P(11),COD(5)+CS(4,.14),

ECP(3411),CD(S:5)
COMMON/GTO/CRYSTL Pl JISATOM,IPATOM, IDATOM
COMMON/LCS/KSQU
COMMON/COMP /P X oP Y ¢PZ sOMEGA+EXPC VG sLSST o LSENDLPSTLPEND+LNDST,,LDEND
PI=3.141592653589793
51 FORMAT(2X,AB,3F10.5.,815)
READ(S+S1) CRYSTLACONST ,FERMIE FXPCVG,IDCUBLIBZDIV {NKPT,,KSTOL ,
EXSINCKSSTEP K2MAX,INC1IS

WRITE(6,52) ACONSTWFERMIE L IDCUBL,IBZDIV NKPT K2MAXKSTOL
OMEGA=ACONST2&3/DFLOAT(IDCULB)
DIV=DFLOAT(IBZODIV)

alalalalaisialalaitialalakale]

DEF INF GAUSSIAN EXPONENTS AND EXPANSION COEFFICIENTS

[aXeXa!

4 FORMAT(8BIS)

READ(Se4) ISOBNO,ISATOM,IPOBNOLIPATOM, IDOBNG, IDATOM

LSMAX=]SOBNO

LOMAX =1D08NO

LPMAX=IPOBNO

IF(ISATOMNF .0) LSMAX=ISATOM

IF(IDATOMNEO) LDMAX=IDATOM

IF(IPATOM NE.O) LPMAX=IPATOM

CALL RODGTO(ALSALP JALDyCOS+COPLCODCS4CP+CDLISNBND,LSMAX, IPDOBNG,
ELPMAX, IDOBNO.LDMAX,1)

[

91¢



aXeXal

[aXaXaXa!

LOST=1
LOEND=LDMAX®*S
LSST=ULDEND+!
LSENND=LDEND+LSMAX
LPST=LSEND®1
LPEND=LSEND4LPMAX%®]
PRINT 59

SS9 FORMAT({1IHL)

GENERATE PERMUTED RECIPRQOCAL LATTYICF VECTNRS

CALL GPERMK(KKX KKY KKZ KSQUKSTOL s TDCUBK2MAX 1)

NCEND=LPEND

NCST=NCEND-8

NBENO=NCST-~-1

NRBST=NBEND-5

IF(INCIS.EQe0) NCEND=NCEND-1

NB=ILPEND

WRITE(6:52) ACONST FERMIEZIDCUB,IBZDIV NKPT K2MAX,KSTOL ,L SMAX
£ e I1SOBNOLPMAX s IPOBNO LOMAX s IDORNOLEXPCVG ¢NBST ¢ NBEND ¢ NCST o NCEND
2sINC1S

S2 FORMAT(IXs *LATTICE CONST=? ;F10e5e2X,*FERMI E=®*F10e5¢2X, *ATOMS/ AT
ITICE=?,1542X+'BeZe DIV=?,15,2X,'8,2. PT=¢,15:2Xe*MAX KE%2="?,15,
22X 4 "RLY NO='.!5.//.IX.'S:('¢2!5-')'.2X-'P=("215.')’.2X.'0=("215
Je' )0 SXe'EXP MAX=? F106¢2¢//91Xs*BAND=(® 4215, ) (2Xo'CORF=*,21054,")"

442Xe *INCLUDE 1S=°,15.//)
62 FORMAT(IS,3F10.1)
ID100=100
ID110=110
1I0111=111
AKR=2,D00%P 1 /ACONST
CK=AKR/D1V
QROERR=CK*0,001

CONE IS INVERSELY PROPORTIONAL TO THE CROSS SECTIONAL AREA OF EACH CJURF ON
THE PLANE PERPENDICULAR TO € DIRECTION.E£=X (14+404+0),€6=N (1,1,0).,6=L (1,1,1)

CONX=0OMEGA%4 ., D0/ (PI& (ACONST*DIV)%%x2)
CONN=CONX/DSQRT(2.D0)
CONL=CONX*0,7SD0O*DSQRY(3,D0)
IF(IDCUBNEJs1) CO=DFLOAT(IDCUB)/8.,D0
IF(IDCUB.EQ.1) CO=1,.D0
TWw=(2.D0%DIV)*%35C0/48,DC

90 FORMAT(F10.5+15)

Q@ IS A INTEGER MULTIPLF OF THE STEP SEIZF ALLOWED BY THE DIVISION

LTC



IN THF BRILLIOUIN ZONE.
IF(IPUNCHINE «0) RESULTS ARE PUNCHED,

[a¥ala

I1a=0

31 CONTINUE
READ(S5+90,END=1000) Q,1PUNCH
Q=Q*CK
1Q=1Q+1
COMPXV=0.,00
COMPXC=0,D0
COMPNC=0.00
COMPNV=0,D0
COMPLC=0.D0
COMPLYV=0.D0

SUM OVER Rl eVe IN SEVERAL STEPS TO CHECK CONVERGENCF,

[aXaXa!

KSST=]

DO 900 KSJUM=1,KSSTEP
KSEND=KSST+KSINC
SUMW=0,.C0

DO 100 KPT=14NKPT

READ K, WEIGHT FACTORS., ENERGIES, AND WAVE FUNCTIONS NEGLECTING THF FFFFCY
OF SPIN-ORBIT COUPLING.

OO0

READ( 1) KX oKY o KZsGTHo(EUPITITI) o (GX(JIs1T)sJI=1eNB)II=1,NB)
00 173 1I=1,N8
DO 173 JJ=1.NB

173 XUP(IT,JJ)=GX(11,0J)
READ(2) KX eKY s KZeGTo(EDN(TIT)e(GX(JJell)eJI=1NB)I1=1.N8)
DO 174 11=1.NB
DO 176 JJ=1.NB

174 XON(ILl,JJ0)=GX(I1],
XK(KPT)=DFLOAT (KX
YK(KPT)=DFLOAT(KY
IK(KPT)=DFLOAT(KZ
r=G7
SUMW=SUMW+WT

170 CONTINUE
DO 200 KS=KSST+KSEND
PX=XK{KPT)+AKREKKX(KS)
PY=YK{KPT) +AKR*KKY(KS)
PZ=ZIK(KPT)+AKRE®KKZ(KS)

8TC

C SFLECY K POINTS THAT SATISFY THFE MOMENTUM CONSFRVATION RELATINN,

[
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SUMVA=0.D0
DO 102 TI=NBST.NBEND
IF(EUP(I1).GY.FERMIE) GO TO 114
TT=0.00
DO 201 JJ=1.NB
TT=TT+XUP(JS,11)sUP(JJ)

201 CONTINUE
SUMVA=SUMVA+TT*TT

104 CONTINUE
IF(EDN(II)GT.FERMIE) GO TO 105
TT=0,00
DO 204 JJ=1.NS
TT=TT+XON(JJ, I 1)%UP(J))

204 CONTINUE
SUMVA=SUMVA+TT*TT

105 CONTINUE

102 CONTINUE
COMPXC=COMPXC+SUMCO*WT*DFLOAT(IPX)
COMPXY=COMPXV+SUMVASETEDFLOAT(IPX)
COMPNVY=COMPNV+SUMVASXSTEDFLOAT(IPN)
COMPNC=COMPNC+SUMCOXWTSDFLOAT(IPN)
COMPLC=COMPLC+SUMCO*WTSDFLOAT(IPL)
COMPLY=COMPLV+SUMVASWT®DFLOAT(IPL)

200 CONTINUE

100 CONTINUE
PROFXC=COMPXC*CONX
PROF XV=COMPXV*CONX
PROFNC=COMPNCECONN
PROFNV=COMPNVECONN
PROFLC=COMPLC*CONL
PROFLV=COMPL VESCONL
PF X=PROF XC+PROF XYV
PEFN=PROFNC+PROFNYV
PFL=PROFLC+PROFLYV
Q110=Q/DSQARTY(2.D0)
Ql111=Q/7D0SQRTY(3.D0)
WRAITE(G.111) 1Q.QePFX,PROFXC,PROFXV,Q110,PFN,PROFNC,PROFNV,

Ql111.,PFL +PROFLC+PROFLV.KSEND N
111 FORMAT(I341Xs"Q=®FO¢3e1XeJ(100)=% 3F6sTF3s2Xe*(*42F6e34%)*,2X, g

CIQ= G F6.e3,1Xe"J(110)=*sF6e3e2X e ("’ 42F643.4°1*,2X, ©

P 'Q= aFOe30l1Xe®J(111) =0 FOEe3e2X e (* e2F6aT e 42X 4'KS=,14)

REWIND 1

REWIND 2

KSST=KSEND+1
900 CONTINUE

R



911
999

1000

5314

CONTINUE

IF(IPUNCH.EQ.0) GO TO 999
WRITE(7.911) Q.P
WRITE(7.,911) Q110.,PFN,PROFNC
WRITE(7.911) Q111,PFL(PROFLC
FORMAT(AE1648,4,10X,16)

CONT INUE

GO T0 91

CONTINUVUE

IF(DABS( TW—SUMW) .GT.0,1D~-5)
FORMAT(//,1X,*SUMW=" ,2F10,6)
sToeP

END

FX+PROFXCsPROFXV,1ID10C

s PROFNV,ID110
+PROFLV,ID111

WRITE(6,5314)

TW,SUMW

1e¢



SUBROUTINE CONDUC (SWXX,SWXYsSWZZ,SWJION,EN,NEMAX)
CH¥EXX X EEREXR AL L AR R RRKEEKEEREEE AR ASE KRR RSB E AR R R AR R R AR R K KRN R R AR KK AR KR ARk K&
C THE CONTRIBUTION OF EACH MINICELL TO THE CONDUCTIVITY TENSOR
CE¥%% 28X EXEERERREEBEEEEESER R AL EE AR EEEER R AR EE RS E KT REKEE SRR RS E R KA R KRR KR KK R KK R k&K
DIMENSION SWXX(NEMAX) ¢ SWXY(NEMAX) s SWZZ(NEMAX) sEN(NEMAX ),
1SHJON(NEMAX)
COMMON/AR/ZENG s GOK X s GDKY ¢GOKZ « GDKM B2 4By CONXX e CONXY s CONZZ o CONST
ALX=GOKX/GDKM
ALY=GDKY/GOKM
ALZ=GDKZ /GDKM

TFLALY GE. ALZ) GO TO 351
53 ADD=ALY

ALY=ALZ
AL Z2=ADD

351 IF(ALX +GE. ALY) GO YO 352
ADD=AL X
AL X=ALY
ALY=ADD
IF{ALY LT, ALZ) GO TO 353

3se2 CONTY INUE
w1l=B*ABS(ALX-ALY-ALZ)
W2=Bx(ALX-ALY+ALZ)
w3=B*( ALX+ALY-ALZ)
Wa=Bx{ ALX+ALY+ALZ)
AAXX=CONXX/GDKM
AAXY=CONXY/GDKM
AAZZ=CONZZ/GDKM
AAJON=CONST/GDKM
SMAX=6,5%82
DEMAX=(ALX+ALY+ALZ)*BxGOKM
DO 309 NE=1,NEMAX
EE=EN(NE)

C
C NOw ARRANGE SuUCH THAT ALX .GE. ALY .GF. ALZ
C
3

CALCULATES AREA OF PLANE QF ENERGY *E* IN A GIVEN CuBF.
MAX VALUE OF AREA CAN BE SQRT(3.)%4.%3%8=6.5%8%B,IF S,SMAX,FRADR DPOINTED

[aXaka¥a!

DEW=ABS(EE-ENG)

IF(DEW .GV, DEMAX) GO TDO 300
wW=DEW/GDKM

IF(w .GT., wa) GO TO 3900

[IF(W GT. Wl1) GO YO 360

IF(ALX oLTe ALY+ALZ) GO TO 365
Sza,.,*¥B2/7ALX

zcc



GO TO 395
365 SZ((2.¥(ALXE{(ALY+ALZ)Y+ALY®ALZ)-1,)%B2~wew)/(ALX*®ALY*AL Z)

GO YO 395
360 CONTINUE

IF(w .GT. W2) GO TO 370

S=(B2%« (AL XE( ALY +ALZ I +3 . 5ALY®ALZ)-BEWs( ALY+ALZ-ALX)~-(W*wW+B2)/2,)

L/7(ALXSAL Y®ALZ)

GO TO 395
370 CONT INUE

IF(W .GT. w3) GO TO 375

S=2.%(B2%( ALX+ALY )-Bxw)/(ALX®ALY)

GO TO 395
375 CONT INUE

S={(WA~W)*%2) /(2. 5ALXEALYXALZ)
395 CONT INUE

IF(S «tTe. SMAX) GO TO 899

WRITE(OGs7SCIAL X s ALY s AL Z W1 o W2 W3,:WA WS ,NF NPT
750 FORMAT(IH ,9E12.3,215)

899 CONTINUE

SWXX{NE )=SWXX(NE)+SEAAXX

SUXY{NE)=SUXY(NFE)+SEAAXY

SWZZINE)=SYWZZ(NE)+S*AA22Z

SWION(NE )=SWJION(NE )+ SxAAJON
300 CONT INUE

RETURN

END

€ee
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SUBROUTINE DENSI T(SWUP,SWYDNEN NEMAX)
CEEEER AR R XX SRR RER AR RS X RS ENEAE RS R SRR KA REE R AR KSR KRR R AR KA ERE AR KA AR R AR R SRR N K & &
C CALCULATE TEH CONTRIBUTION TO THE DENSITY OF STATES
I i 23 2 2 X 2 i F 2 2 X221 2222213222 IR i it i T T T T I I T IS
DIMENSION SWUP(NEMAX) SWON(NEMAX) . EN{NEMAX)
COMMON/AR/ENG, GDK X ¢ GOKY s GDKZ s GDKM,82 4B, CONUP . CONDN
ALX=GDKX/GDKM
ALY=GDKY/GDKM™
AL 2=GDKZ/GOKM
C NOW ARRANGE SUCH THAT ALX GE. ALY .GE. ALZ
IF(ALY .GE. ALZ) GO T0O 351
353 ADD=ALY
ALY=ALZ
ALZ=ADD
351 IF{ALX +GE. ALY) GO TO 352
ADOD=ALX
AL X=ALY
ALY=ADD
IF(ALY LLY, ALZ)Y GO 1O 353
352 CONT INUE
w1l=B*ABS{ ALX-ALY-ALZ)
W2=Bs(ALX~ALY+ALZ)
w3=Bx(ALX¢+ALY~-ALZ)
WA=B%( ALX+ALYS+ALZ)
AAUP=CONUP/GDKM
AADN=CONDN/GDKM
SMAX=6.,5%82
DEMAX=(ALX+ALY+AL ZIXBXGDKM

CALCULATES AREA OF PLANE OF ENERGY *E®' [N A GIVEN CUBE,
MAX VALUE OF AREA CAN BE SQRT(3,)*%4,%B%B=6,5%B%B,[F S,SMAX,FRROR POINTED

alakaXel

DO 300 NE=1.NEMAX
EE=EN(NE)
DEW=ABS(EE-ENG)
IF(DEW .GY., DEMAX) GO YO 300
=DEW/GDKM
IF(w .GT. wa) GO TO 300
IF(Ww .GT. wWl) GO TO 360
IFCALX LT, ALY+ALZ) GO TO 365
S=4,.,*%B2/7AL X
GO YO 395
365 ST(( 2. (ALXEIALYFALZ)+ALYSAL 7)-1,)¢B2-wWew)/{ ALX®KALYS®AL Z)
GD YO 395
360 CONT INUE
IF(w .GT. w2) GO TO 370

YA



379

375

395

7S¢
899

300

S=(R2% (AL XS(ALYHALZ I+ 3. #ALYSALZ)-Bswk(ALY+ALZ-ALX)~(wxwe¢B2)/2,)
17(ALX*®ALY®ALZ)

GO 10O 395

CONT INUE

IF(w «GYe. W3) GO YO 375

S=2.%(B2%(ALX+ALY )-B2W)/(ALXS®ALY)

GO TO 395

CONT INVE

S=((Wa-w)*$2) /(2. %AL XXALYX®ALZ)

CONT INUE

IF(S +LT7T. SMAX) GO YO 899

WRITE(OG:s 7SO0)ALXs ALY JALZ W1 W2, W3 ,.WA WS NF NPT
FORMAT(IH +9E12.3,215)

CONTINUE

SWUP(NE )=SWUP(NE ) +S*AAUP

SWON(NE )=SWON(NE ) +S* AADN

CONTINUE

RE TURN

END

9z¢



SUBROUT INE FOURFC(UP JALSIALPALDsCS«CP,L,CD,ISOBNOLSMAX,IPOBNO,
I1LPMAX, IDOBNO,LDOMAX)
CH2 845X R KRR RE R R EREEEE X DS EEE RS R KL SR AR RS R E AT RKEE RS EE RS EE R R R KN R AR R KGR &
- CALCULATE THE FOURIER TRANSFORM OF THE (OCALIZED BASIS FUNCT ION.
[ 2SI S 22322232 2 22 R 22 s 2222 2 2 2 2 R RS R R R RS R R 2 2 2 RS R R R R R Y TR R RS
IMPLICIT REAL %8 (A-F,H,0~-2)
DIMENSION UP(1),ALS(1)ALP(.1),ALD(1}),
CS(LSMAX, [SOBNO) sCP(LPMAX, IPOBND)CND(LDMAX ,I1DOBNQO)
COMMON/COMP /P X sPY ¢PZ g OMEGA s EXPCVGeLSSTWLSENDLPST.LPENDLDSTLLDEND
P1=3,141592653589793
DO 10 I=1,LPEND
10 UP(I1)=0,D00
CC=1+.00/DSQRT({OMEGA)
PP=PXEPX+PYRPY+PZEP2

™

S-FUNCTIONS

[a¥alal

DO 20 NS=1, SOBNO
DEL=PP/(4.DO%ALS(NS))
IF(DEL.GTLEXPCVG) GO TO 20
DEL=DEXP(~-DEL)
SLAM=P I/ALS(NS)
CONST=CC*SLAMEDSQRT( SLAM) =DEL
DO 21 1S=1,LSMAX
I1=IS+LDEND
21 P (III=UP(TII)+CONSTE®CS(IS,NS)
20 CONTINUE

P-FUNCTYIONS

aNnn

DO 30 NP=1,1P0OBND
DEL=PP/(A.DOXALP(NP))
IF{DEL «GYLEXPCVG) GO 7O 30
DEL=DEXP (-DEL)
SLAM=PI/ALP(NP)
CONST=-CC*SLAMEDSQRT{SLAM)*DEL /(2. 0%ALP (NP })
DO 31 [P=1.,LPNAX
PCO=CONST*CP(IP,NP)
I1=3s(1P-1)
IX=114+LSEND+1
IY=TI1¢LSEND®2
1Z=114LSEND+3
WP IX)I=UP(IX)+PCO®PX
Ur(Iy)=UPL1Y)+PCOSPY
URP(IZ)=UP(12Z)+PCO=P2Z

31 CONTINUE

tee

[



[aXaXa)

30

a1l
40

CONT I NUE
D=-FUNCTIONS

PXY=PX$PY

PY2=PYSPZ

PIX=PZ2%PX
PX2=(PX*PX-PYXPY)/2.D0
PZ2=(3.00%PZ*¥P2-PP)/(2.,00%¢DSQRT(3.D0))
DO 40 ND=1, IDOBND
DEL=PP/(A.,D0%ALD(ND))
IF(DEL «GTLEXPCVG) GO TO 40
DEL=DEXP(-DEL)
SLAM=P I /ALD(ND)
CONST=-CCxSLAMARDSQRT(SLAM)I®DEL /(4. 00%*ALD{(ND) ®ALD(ND))
DO 41 ID=1,LDMAX
DCO=CONST=CD(ID,+ND)
NOXY=1ID

NDYZ=NDXY+LDMAX
NDZX=NDYZ+LDMAX
NOX2=NDZX4+LDMAX

NDZ 2=NDX2+LOMAX
UP(NDXY)=UP(NDXY)+DCO*PXY
UP(NDYZ)=UP{NDYZ)+DCO*PYZ
UP(NDZX)=UP(NDZX)+DCO*PZX
UP(NDX2)=UP(NDX2)+0CO*PX2
UP{INDZ2)=UP(NDZ2)+DCO®PZ?2
CONT INUE

CONT INUE

RE TURN

END

822



SUBROUTINE FUNCT (M)
222222 22 33 2 32 22 R 2 2 2 22 2 22 2 2 2 R 222 22282 R R 2R S R R R R P R S R0 2SI xx
C Y IS REPLACED BY (OV®¥-1) Y
@ (KKe[oJ)=2ME( J-1)42%(]~1)+KK
C (KKsNgJ)=2%ME( J-1)42%(N-1) +KK
Ct““““*“‘“““‘.““‘*““““"“"*“““‘*“‘***“‘“’“**“*““t‘*“**“‘
REAL*8 Y,0V
COMMON/B/7Y{(11552)
COMMON/C/70VI(2926)
M2=M%2
DO 100 I=1.M
1I=M+1-1
LL=1I=(1I+1
t12=2%(11-1
DO 100 J=1.,
D0 100 KK=1
JKK=M2%x(J~-1
KKI1J=JUKK+]
IF(I1.EQeM) GO TO 102
I1=1I+1}
DO 101 N=11,M
IN=N®(N-1)/72+11
KEKNJI=JIKK+2%(N~-1)
YIKKIIJ)=Y(KKITJ)-OV(IN)ISY(KKNJ)
CONTINUE
CONT INUE
YIKKITIJ)I=Y(KKITIJ)/OV(LL)
CONT INUE
RE TURN
END

—
o OO
S N

6CC



C
C
C
C
C
C
C

SUBROUTINE GBZPT(KBX+KBY KBZ ,WT 4KPTLIDCUB,,KBZPT,Tw)

R 2RSSR SRR RSS2SR 222 R R RS SRR R R RS SRR RS SR Rl R Rt A RS Rl E R S

SC IDCuB=1, BCC {bcus=2, FCC [bCcuBs=4
WT=THE FRACTION QOF EACH CUBE CENTERED AY FACH (KRXKRY, ,KBZ) THATY LIFS
WITHIN THE [INDEPENDENT 1/48TH OF THE B. Z.
TWw=SUMW=THE SUM OF wT IN THE 1/48TH OFf THE ZONF
KPT=TYOTAL NO OF POINTS GENERATED

KA KRR R AR AR E A KR AT AR AR AR KR AR KA AR A A AR R AR SR AR AR R KK AR R R AR KA A AR A R R R AR R KR R R R R K X

100
110

REAL®*8 W,SUMW,wWT(}]),Tw
INTEGFR®2 KBX(1).,XK8Y(1),KkBZ(1)
KPT=0

KL =KBZPT-1
[IF(IDCUBNE.4) GO TO 110
DO 100 11=1,KBZPT

DO 100 ltu=1,11

DO 100 KK=1,JJ

KX=11-1

KY=JJ-1

KZ=XK=1

KT=KX+KY +K 2

KM=KL ®*3/2

IF(KTGT KM} GO YO 1CO
KPT=XKPT+1

w=1.D0

IF{KT sEQeKM) w=wx(,5D0
IF(KXOEQ.KL) ':"01500
IFI{KX«EQsQ) wW=w*0.5DO0
IF(KYEQa.0) W=wx0,5D0
[IFI{(KZEQ.0) w=w2x0,500
IF{KXeEQeKYeORKYEQeKZ) W=W*0,500
IF(KXeEQeKZ) W=w/3,DO
KBX({(KPT)=KX

KBY{KPT)=KY

KBZ(KPT)=KZ

wWTI(KPT)=w
FORMAT(4IS.,F10.5)
WRITE(O6¢46) KPT KX ¢KYKZoW
SUM@W=SUMw+ ¥

CONT INUE

GO YO 310

IF{IDCUB.NE.2) GO TO 210
KPT=0

DO 200 1I=1,KBZPT

DO 200 JJ=1,11

DO 200 KK=1,.J4J

oec




KX=11-1

KY=JJ-1

KZ=KK-1

KT=KX+XKY+KZ

KM=KL *3/72

IF(KT GTKM) GO TO 200

KXY=KX+KY

IF(KXY+GTLKL) GO TO 200

KPT=KPT+1}

w=1.D0

IF(KXEQeKL) W=WE*0.50D00

IF(KX.,EQs0) W=w2x0,500

IF(KY.EQ.0) W=wWs0,5D0

IF(KZ.EQ.0) W=wx0,5D0

IF(KX sEQeKYeOR'KY EQeKZ) W=wW%0,500

KYZ=KY+KZ

IF(KXY eEQeKL s AND s KYZ,EQeKLANDKYNE KL/72) W=w/3,DC

KBX{KPT}) =KX

KBY(KPT)=KY

KBZ(KPT)=K2Z

WT(KPT)=w

SUMW=SUMW+ ¥
220 CONTINUE

GO 10O 310
210 IF(IDCUB.NE,1) STOP 3

KPT=0

DO 300 II=1,KBZPT

DO 300 Ju=1,11

DO 300 KK=1,JJ

KX=11I~1

KY=JJ4-1

KZ=KK~-1

KPT=KPT+1

w=1,00

IFIKXeEQeKL) W=w%*0,5D0

IF(KY EQeKL) W=wW%x0,5D0
IF(KZ.EQ.KL) wW=w¥0,.5D0
IF(KX.EQ.0) W=We0.5D0
IF(KY sEQe0O) W=W%0,5D0
IF(KZ.EQ.0) W=wW&0,500
lF(KX.EQ.KY.OR.KY.EQ.KZ) wW=w%0,5D0
KBX{KPT) =KX
KBY(KPT)=KY
KBZ{(KPT)=KZ

S
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310

400

WT(KPTY)=w
SUMW=SUMW+w

CONT INUE

CONT INUE

IF(IDCUBNE.1) CO=DFLOAT(IDCUR)/8.D0
IF(IDCUB.EQ.1) CD=1.N0O
Tw=(2.00*DFLOAT(KL))**3%xC0/48.D0
IF(TW.EQeSUMW) RFTURN

FORMAT( /741Xy *ATOMS/LATTICE=?® 4I3,5X°*'SUM OF WT=?,2F12,6,/)
WRITE(6,400) IDCUB.,SUMW,Tw

RETURN

END
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SUBROUTINE GINOPK (KKXsKKY ¢ KKZ+sKSQsNKPT, IDCUB K2MAXNBsNBCAL, [SORT)
CE2 %R R R REXREREESEEREEEK TR EEEEE SRR KX K EBER AR R S KB EXE SRR AR AR RN RE K KR KA S KRR E R TR K kK
C GENERATE INDEPENDENTY RECIPROCAL LATYTICE VECTORS WITH MAGNITUDE SQUARE LFSS
C THAN KZ2MAX
C IF{ISORTWNE..C) THE RECIPRUOCAL LATTICE VECTORS AKRF SORTED IN ORDER N0OF
C INCREASING MAGNITUDE
C IFINBCAL «NEoO) NO OF PERMUTATION FOR FACH VECTOFR {NB) ARF GFNERATFD
C SC IDCUB=1, BCC Iibcug=2, FCC IDCUB=4
23223333333 33332 22 R R 2 2222 R P 20 R 2R R S S22 2R RS R3S RRR TR RS ¥
INTEGER®2 KKX (1) KKY(1) KKZ(1) NB(1)«N
DIMENSION KSQ(1)
G=K2MA X
MAXKX=SQRT(G)+2
KPT=0
IF(IDCUBNE.A) GO TO 200
DO 100 TII=1 ,MAXKX,?2
D0 100 JJIJU=1,111,2
DO 100 KKK=14JJJs2
KX=[[I-1
KY=J0JJ=-1
KZ=KKK-1
DO 100 MMM=]1,2
K2=KXEKXEKYEKYEKZEKZ
[FI(K2.GT K2MAX) GO TQO 101
KPT=KPT+1
IF(KPT GTNKPT) STOP 1
[PT=PT
IF(KPTsEQel1ORJISORT .EQa0) GO TO 193
IM=KPT-]
[F(K2.GE «KSQ(IM)) GO TO 103
II=kPT
102 KKX{11)=KKX(1
KKY(II)=kKY({1
I
1

QlIM)) GO TO 102

£ee



KZ=KZ+1
100 CONTYINUE
GO TO 300
200 CONTINUE
DO 201 TII=1.MAXKX
DO 201 JJJ=1,111
DO 201 KKK=1,JJJ
[TOL=1114¢JJ0J+KKK~3
IF(ITOL NES(ITOL/72)%2, ANDLIDCUB.EQ.?2) GO TO 201
KX=11I-1
KY=J4J4J-1
KZI=KKK=-1
K2=KXE*KX+K YEKY+KZ®K?Z
IF{(K2:.GT,K2Z2MAX) GO TO 201
KPT=KPT+1
IF(KPT.GTNKPT) STOP 1
IPT=KPT
IF(KPT,EQe1+QRLISORTEQ.0) GO YO 203
IM=KPT~-1]
IF(K2.GE .XKSQ(IM)) GO TO 203
1I1=KPT
202 KKX(II)=kKX(1IM)
KKY{(IT)=KKY(IM)
KKZ(TI1)=KKZ{1IM)
KSQ(II)=KSQ(IM)
II=11~-1
IM=]1-1
2+L.T.KSQ(IM)) GO YO 202
203 KKX(IPT)=KX
KKY(IPT)=KXY
KKZ(IPT)I=KZ
KSQ(IPT)=K2
201 CONTINUE
300 CONTINUE
NKPT=KPT
IF(NBCAL .€EQ.0) RETURN
DO S00 I=1.,NXPY
KX=KKX(1)

KY=KKY(1) 8
KZ=KKZ7(1) S
N=48

IF(XXsEQe0) N=N/2
IFI{KY ,EQa0) N=N/2
IFI{KZ.EQ.0) N=N/2
IF(Kx.EQOKY.OR.KY.Eo.KZ) N=N/2

e



590

IF(KX sEQeKZ)
NB(I)=N
CONT INUE

RE TURN

END

N=N/3

See



SUBROUTINE GINTFC(FCSNORD«NORDIM,NKDIMNRDIM)
CEEXSERRKEEEREERREEEBEE RS RN R RER AR LA XX KRS E PR KR A SRR K RKEEAE AKX R KX X KR KR KR EE XK KK K &K
C GENERATE FUNCTION G(N,X,R) DEFINED IN FQ. (2.44)
Cet s XX 2R XX RN R R RN N SR REBEEERU SRR EEA R R R A EE AR R A AR AR R R R REE G ARSI AR AR KA N N kKR KKK

IMPLICIT REAL *8 (A-F.H,0-2)

DIMENSION FCS{(NORDIM NKDIMJ NRDIM)

DIMENSION H{10).F(10)

COMMON/GFUC/ZAKR ¢y WeDELT s WOA DSTEP MAXK MAXR

NOOD=(NORD/72) %2

IF(NOOD.EQ.NORD) NEVEN=NORD-1

IF{NOOD «NE « NORD) NEVEN=NORD

NCDDM 1 =NOOD-1

H(1)=1,.,D0

RK=0,D0

D0 200 K=1 MAXK

EXPA=-RKERKEWOS

ADEL=DEXP(EXPA)

CONST=DEL T®*ADEL

IF(NEVEN.LT.3) GO YO 101

H({2)=RK*w

DO 100 N=3,NEVEN

NMiI=N~1}

NM2=N~-2

HI(N)=RKEWESH(NM]1 ) -2 DOXWEDFLOAT(NM2)SH({NMD)

100 CONTINUE
101 CONTINUE

RD=0.D00

DO 205 NR=1,MAXR

COOK=RD*®RK

CO=1.D0

DO 201 L=1.NEVEN,2

FCS(L+KysNR)=CONST*H(L)*CO*xDCOS{CODK)

CO=-C0%0.25D0

201 CONTINVUE

RO=RD4+0STEP

205 CONTINUE

IF(NORD.EQ.1) GO 71O 220

F(1)=ADEL

F{3)=(1.D0+2.D0/3.D0%EXPA)*ADEL

IF(NOOD.LT.6) GO TO 202

DO 203 N=S5.NODDMI1 ,2

AN=DFLOAT(N)

FIN)=2.DOS(ANH+EXPA-1.S5D0)*®F (N~-2)/AN~(1,00-3,D0/7AN)%F(N-a)

203 CONTINUE
202 CONTINUE
RD=0.,D0

9¢Z
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210
211

220

200

309

311

DD 211 NR=1,MAXR
CODK=RDERK

C0O=1.D0

DO 210 L=2.N0O0D,2

N=L-1
CO=CO*xweDFLOAT(N)®0,500
FCS{L+KsNR)=RKEF(N)*DELT*CO®DSIN(CONK)
CONTINUE

RO=RD+DSTEP

CONT INUE

RK=RK +AKR

CONT INUE

N1=NOQD+2

N2=NEVEN+2

FINT=DELTY

DO 300 L=3,N2,2
FINT=FINT®WeDFLOAT(L-~2)/72.D0
DO 311 NR=1.+MAXR
FCSIN1L,1NR)=0.DO
FCSIN2+ 1 ,NR)=FINT
RETURN

END
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SUBROUTINE GNBDE(DEK X DERY sDEKZ s NKSUMNB NP ¢ KLD s NKPT)
CREASEAREE RS EREEEEER B EEEI R R AR B AR RS A R R SR KR AN KR AR R AR R RN R AR A AR KR AR R KKk k%

@ GENERATE ENERGY DERIVATIVES IN THE NEIGHBORING POINTS OF THE 1/16TH OF THF
C BRILLIOUIN ZONE
C FOR C« Co Co LATTICE ONLY

G2 3 2 22 2 22 22 23 2 2 2 R 2t 2 S 2 22 2 2 2 S 0 R 2 22 2 22 I 2 2P E R R R TR SRS 23320 SSEXIIIT Y
INTEGER%®2 NP(KLD+KLD+KLD)
DIMENSION DEXXINKSUMNB) DEKY{NKSUMNB) ,DFKZ{NKSUM,NB)
NP T=NKPT
KL =K{.D-2
KA=KL +1
KM=3&KL/2
DD S5 K=1,KA
DO S I=1,KA
DO S5 JU=1,1
KT=1¢+J+K~-3
IF(KYT NE., XM) GO TO 5
KXP=1ABS([-KL)
KYP=]ABS{J-KL)
KZP=]ABS(K-KL)

Il=1+1
Jl=J+1
Ki=K+1
KXPl=KXP+1
KYP1=KYP+1
KZP1=KZP+1
KXP2z=K XP +2
KYP2=KYP+2
KIP2=K2ZP+2
IF(L «GT. KL) GO TO &
IF{K.GTeKL) GO TO 124
DO 20 NM=1,6
NPT=NPT+1
GO TO (21422923024 :25926) oNM
21 NP{I1lse Js KI=NPT
NOD=NP(KXP 1 4.KYP2,KZP2)
IF{(KXP1.GE KYP2) GO TO 28
GO YO 29
22 NP( T+J1, K)=NPT
NOD=NP (K XP2,KYP1 KZP2)
IF(KXP2.GE «KYP1) GO TO 28
GO TO 29
23 NP( I+ JsK1)=NPT
NOD=NP({KXPZ.KYP2,K2P1})
IFI(KXP2.GE KYP2) GO YO 28
GO TO 29
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24 NP(I1.J1, K)=NPT
NOD=NP(KXP1,KYP] ,KZP2)
IF(XXP]l GE «.XYP1) GO TDO 28
Ga 1O 29

25 NP(Ilsy JeK1)=NPTY
NOD=NP(KXP1.KYP2,KZP1)
IFIKXP1GE «KYP2) GO TO 28
GO TO 29

26 NP{ 1+sJ14K1)=NPT
NOD=NP(KXP2,KYP1 KZP1)
IF(XKXP2.GE.KYPl) GO TO 28

29 DO 30 L=1,NB
DEXKX{NPT L )=-0DEKY(NOD,L)
DEKY (NPT L )=-DEKX(NOD,L)
DEKZ(NPT L )==-DFKZ (NOD,L)

30 CONTINUE
GO YO 20

28 DO 31 L=1.NB
DEXKX(NPT L )=-DEKX(NOD,L)
DEKY(NPT, L )=-DEKY(NOD,L)
DEKZINPT,,L)=-DEKZ (NOD,L)

31 CONTINUE

20 CONTINUE
GC TO S5

4 CONTINUE
DO 40 NM=1,3
NPT=NPT+1
GO TO (41,42,43) NM

41 NP(le.J1+K)=NPT
NOD=NP((KXP . KYP1 ,K2Z2P2)
[IF(KXP L,GE .KYP1) GO 71O a8
GO TO 49

42 NP{(l+JsK1l)=NPY
NOD=NP({KXP KYP2:K2ZP1)
IF(KXP +GE.XYP2) GO TO a8
GO TO 49

43 NP{1,2J1¢K1)=NPT
NOO=NP(KXP KYP1:.KZP1)
IF(KXP GE.XYP1) GO TD 48

49 DO AS L=]1,N8
DEKX{NPT,,L)=-DEKY(NOD,L)
DEKY(NPT L )=-DEKX(NOD,L)
NEXZI(NPT,,L)=-DEKZ(NOD,.,L)

45 CONTINUE
GO TO &0

48 DO 46 L=1.NB
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46
40

14

51

52

53

59

55
53

56
50

11

DEKX (NPT L )=—DEKX(NOD,L)
DEKY{NPT,,L)=-DEKY (NOD,L)
DEKZINPTY L )=—DEKZ (NOD,L)
CONT INUE

CONT INUE

GO 1O S5

CONT INUE

DO SO0 NM=1,3

NP T=NPT+1

GO TO (51¢52¢53)+NM
NP{1,J1+K)=NPT
NOD=NP(KXP2,KYP] ,KZP)
IF(KXP2.GE XKYP1) GO TO S8
GO TO 59

NP(IlsJeK)=NPT
NOD=NP(KXP1.KYP2,KZP)
IF(KXP1 ,GE «KYP2) GO TO S8
GO TQ 59

NP(T114sJ1,K)}=NPY
NOO=NP(KXP 1, KYP1 ,KZP)
IF(KXP1l.GE.XYP1) GO TO S8
DO 55 L=1,NB
DEKX(NPTY oL )=-DEKY (NOD,sL)
DEKY(NPT,L )=-DEKX(NCD ¢:
DEXZINPT L )=-DFEKZ(NOD,L)
CONT INUE

GO YO S50

DO 56 L=1.NB
DEXX{NPT 4L )=-DEKX(NOD.L)
DEXKY(NPT L )==DEKY{(NOD,L)
DEKZI(NPT L )=-DEKZ(NODL)
CONT INUE

CONT INUE

CONTY INUE

00 10 I=1,KL

DO 10 K=1.KA

KT=[+14+40-3

IF{KT GTeXKM) GO YO 10
NPT=NPT+ 1}
NP(I,14+1,K)=NPY
NOD=NP(I+1,1,K)

DO 11 L=1,NB

DEKX (NPT (L )=DEKY(NOD,L)
DEKY(NPT (L )I=DEKX{NCD, L)
DEKZ (NPT, L)I=DEKZ(NOD,L)
CONT INUE

S

ubc



10 CONTINUE
YRITE(649

99 FORMAT(I1
RE TURN
ENOD

9
o)

)
)

NPT
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SUBROUTINE GNBPT(PXPXPXPY ¢PZPZ NKSUMNB NP KLDJNKPT 41 G)
i T2 3322 22322222 2 222t 2 2222 22 222 2 R 2R RS R R 222222 20 222 223222323222 RR 2 3
C GFENERATES THE PRODUCT OF MOMENTUM MATRICES IN THE NEIGHBORING POINTS QOF
C 1/16TH OF THE INDEPENDENT B, Z.

CE2x 0k R R0 K E LR SRR KSR SRS EEREREEE SRS KL E R AR R EE B R AR KR AR IR A K E AR AR RN k&

INTEGER*2 NP (KLDKLD,.XLD)

DIMENSION PXPXI{NKSUMNB ) PXPY{NKSUMNB) PZPZ{NKSUM,NB)

NP T=NKPT+1

KL =KLD-2

KA=KL +1

KM=3%KL /2

DO S K=1.KA

DO S I=1.KA

DO S J=1.,1¢

KT=[+J+K~-3

IF(KY NE. XM) GO YO 5

KXP=1ABS(1-KL)

KYP=1ABS(J-KL)

KZP=1ABS(K~-KL)

I1=1+41

Jl=J+]

Kl=K+1

KXP1=KXP+1

KYP1=KYP4+]

KZP1=KZP +]

KXP2=KXP+2

KYP2=KYP+2

KZP2=KZP+?2

IF{l .GY. KL) GO TO 4

IF(K.GT.XKL) GO TO 14

NP{I1,¢ Je K)I=ENPI(KXP] KYP2,KZP2)

NP( 1,019 K)ISNPIKXP2,KYPLl KZP2)

NP ( Toe JeKIISNPIKXP2 KYP2,KZP1)

NRP(T1.J1s KI=SNP(KXP] KYP] ,KZP2)

NRP(Ils JsK1II=NPIKXP1 KYP2,KZP1)

NP{ TsJ1+K1)I=NP(KXP2,.,KYP1,KZP1)

DO 28 NM=1,6

GO TO (21622423:248,25,26) 4NM

21 CONTINUE

IF(KXP1.GE .KYP2) GO TO 28

NP(Ilse Js K)=NPT

NOD=NP(KXP ] +KYP2 ,KZP2)

GO TO 29

22 CONTINUE
IFIKXP2.GF KYPL1) GO TO 28
NP({ T,.J1, K)=NPT
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23

24

25

26

29

30

28

4]

42

43

NOD=NP(KXP2:KYP]1 ,.K2ZP2)

GO TO 29

CONT INUE

IF(KXP2.GE «KYP2) GO TO 28
NP{ 1e JsK1)=NPT
NOD=NP(KXP2.,KYP2,KZP 1)

GO TO 29

CONT INUE

IF(XKXPl1.GE.KYPLl) GO YO 28
NP(IlsJdl, K)I=NPT
NOOD=NP(KXP 1 ,KYP] ,KZP2)

GO TQ 29

CONT INUE

IF({KXP1l.GE «XYP2) GO TO 28
NP(Ils J,K1)=NPTY
NOD=NP(KXP 1 ,KYP2,KZP 1)

GO 710 29

CONT INUE

IF(KXP2.,GE .KYP1) GO TO 28
NPl [eJdl.K]1)=NPT
NOD=NP(KXP2.,KYPL ,KZP1)

DO 30 L=1.LG

PXPXINPT L L)=PXPX(NOD,L)
PXPY{NPT,,L)=-PXPY(NOD,L)
PZPZ (NPT ,,L)=PZPZ(NOD,.,L)
CONT INUE

NP T=NP T+

CONTINUE

GO TO S

CONT INUE
NPIIsJ1eXK)=NPIKXP KYP] KZP2)
NP{T,2JsK)=NPIKXP KYP2,KZP1)
NP (I sJleK1)=NP(KXPKYPL ,KZP1)
DO 48 NM=1,3

GO TO (41,42,43),NM
CONTINUE

IF(KXP +GE.KYP1) GO TO 48
NP({I:sJ1.K)=NPT
NOD=NP(KXP KYP1 ,KZP2)

GO TO &9

CONT INUE

[IF(KXP +GE KYP2) GO 1O 48
NP(Il,J,K1)=NPT
NOD=NP{K XP ,KYP2,KZP1)

GO TO 49

CONT INUE
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IF{KXP +GE.XYP1) GO TO &8
NP({T+J1:K1)=NPT
NOD=NP{KXP KYP]1.KZP1)

49 DO 4SS L=1.LG
PXPX(NPT L )=PXPX{NOD.L)
PXPY (NPT ,L)==PXPY{(NOD.LL)
PZPZINPTL)I=PZPZ(NOD L)

45 CONTINUE
NPT=NPT+]

48 CONTINUE
GO 70O 5

14 CONTINUE
NP{(T4+J1sK)=NP{KXP2,KYP],KZP)
NP (I1eJeK)=NP(KXPL  KYP2,KZP)
NP(I14J1K)SNP({KXPlKYP]1,K2ZP)
DO S8 NM=1,3
GO TO (51+452:53)+NM

S1 CONTINUE
[F(KXP2.GE ,XYP1) GO TO S8
NP(Il+J14K)=NPT
NOD=NP{(KXP2,KYP]1 ,KZP)

GO 7O S9

52 CONTINUE
IF(KXP1,GEXYP2) GD TO 58
NP(I1sJeK)=NPT
NOD=NP{(KXP1,KYP2,KZP)

GO TO S9

53 CONTINUE
IFI{KXP1l.GE.KYP1) GO YO S8
NP(I1,J1.K)=NPT
NOD=NP(KXP1,KYP] ,KZP)

59 DO 55 L=1,.,L6
PXPX{NPT ,L)=PXPX{NODJL)
PXPY(NPT,,L)=-PXPY(NOD,L)
PZPZINPT,,L)=PZPZ (NOD,L)

S5 CONTINUE
NPT=NPT+1

58 CONTINUVUE

S CONT INUE
DO 10 =1.KL
DO 10 K=1,.KA
KT=[{41+4-3
IF(KYTGT.KM) GO TO 10
NP(Il.,14]1.K)=NPT
NOD=NP(I+1.1.K)
DN 11 L=1.LG
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11
10

99

PXPX{NPT L )I=PXPXINOD,L)
PXPY(NPTLL)==-PXPY(NOOD,L)
PZPRPZINPT,L)I=PZPZ(NOD,.,L)
CONT INUE

NPT=NPT+1

CONT INUE

WRITE(6,99) NPY
FORMAT(T110)

RE TURN

END
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SUBROUTINE GNOPUM{INPUM NTYP,N,ND+sNABTOL NORDA . NORDB s NSYMP)
CEE X0 R R KX REREBEEEEBEEE SR KA XL R ER RS AREREE KX R LKA EKARE SRR SRR AR KR SRR KKK K kR KR KK kK & &K
C NPUM DEF INES THFE GROUP OPERATIONS THAT GENERATES THE STAR 0OF R
C NYYP DEF INES THE TERM [N THE FXPANSION OF FXP(I K.R) H(R) wHICH IS AN EVEN
C FUNCTION OF RX, RY, AND RZ,
E3233 3233333333333 3 3332 Rl R R R R RS RS 2 RS R R RSS2 RS2 RTS8 8
INTEGERE®2 NINDsNDJND s NDJND ¢ ND)  NPUMINABTOL +6) NTYP{NABTOL )
NM=Q
DO 201 TA3=1,NOROA
DA 201 [ A2=1,NORDA
DO 201 [AL1=1,NORDA
[AT=1AL+1IA2+IA3-2
IF(IAT NEJNORDA) GO TO 201
DO 202 1B83=14+NORDSB
DO 202 1B2=1,.NORDB
DO 202 1B1=1,NORDB
IBT=1I81+182+183-2
IF(IBY .NE.NORDB) GO TN 20?2
NM=NM+1
N(IAl,IA2,1A3,181,IB2,IR3)=NM
202 CONTINUE
201 CONTINUE

NM=0
DO 101 1A3=1,NORDA
DO 101 [ A2=1,NORDA

DO 101 [Al1=1,NORDA
IAT=TAL1+1A2+]A3-2

IF{JAT .NE .NORDA) GO TO 101t

DO 102 1B3=1.NORDSB

DO 102 1B2=1,NORDB

DO 102 1IB1=1,NORDB
IBY=1IBl1+1B2+1B3-2

IF{IBT«NE NORDB) GO YO 102

NM=NM+ 1

NPUM(NM, 1 )=N{(1Al1.,.1A2,1A3,]IB1,IB82,!1
NPUM(NM,2)=N({1A3,1Al1.1A2,183,181,!
NPUM{NM, 3)=N(TA2,1A3,1A1,1B2,183,1
NPUM(NM,4)=N(TA1,IA3,IA2,IB]1,183,!1
NPUM(NM,5)=N{IA3,IA2,1A1,IB83,182.1
NPUM(NM,6)=N(IA2,1A1,1A3,182,18B1.1
1ABi=1Al1+1IR1

[AB2=1A2418B2

1AB3=1A3+1[83

IF(NSYMP ,£EQ.0) GO TO 103
[AB1=1AB1+¢+1

[AB2=1AB2+1

)
)
)
)
)
)

W N~ W
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8
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8
B
B
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1AB3=1A83+1
tC3 CONTINUE
NT =1

IF((1AB1/72)%2.NE.JABl) NT=NT+:
IF((IAB2/72)%2.NE,IAB2) NT=NT+?2
B3) NT=NT+3

NTYP(NM)=NT
99 FORMATY(1IS, *=({

1=(*eS5(13s*,)

WRITE(6499) N
102 CONTINUE
101 CONTINUE

RE TURN

END

A
IFI((TAB3/72)%2.NELIA
3 2= w311 Xe?)s3X,*NTYP=? ,15,3IX, 'PERMUTATION

)

A4

2eIA34IBLILIB2,IB3,NTYP(NM),(NPUM(NM,T),I=1,AK)

Lye
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LR R R 3 3

1C2

1C3

101

SUBROUT INE GPERMK (KK X KKY 4 KKZ KSQeNKPT,IOCUBK2MAX, [SORT)
R XSRS A SRR ERER SR B KL BE SRR A SR AR A KR AR R R KRR R SR EK SR AR R A REA AR KR RS XK R A AR R KKK
GENERATE PERMUTED RECIPROCAL LATTICE VECTORS WITH MAGNITUDE SQUARE LFSS
THAN K2MAX
IF{ISORT (NE.O) THE RECIPROCAL LATYICE VFECTORS ARE SORTED IN NRDER OF
INCREASING MAGNI TUDE
SC foCcuBg=1, B8CC {pcuB=2, FCC I1DCUB=4
AEEAERRE SR AN SR AR AR EE B EE RSB RAS KR KRR AR R KRR EE R KK E AR R KRR AR R KA KA B K K KX Kk kX K &
INTEGER®2 KKX{NKPT) KKY{NKPT) KKZINKPT)
DIMENSION KSQINKPT)
G=K2MAX
MAX=SQRT{G) +1
MAXK X=2%«MAX+1
XKPT=0
IF(IDCUB.NE.S4) GO TO 200
DO 100 IIl=1 MAXKX,.2
DO 100 JJJI=1 MAXKX4?2
DN 100 KKK=1 MAXKX,?2
KX=1T11~-1—-MAX
KY=JJJI-1-MAX
KZ=KKK-1-MAX
DO 100 MMM=1,2
K2=KXE*KX+X YRKY+KZE®KZ
IF{K2.GT K2MAX) GO TO 101
KPT=KPT+1
IF(KPTAGTNKPT) STOP 2
[PT=KPT
[F(KPTEQeleOR.ISORT.EQ.C} GO TN 1C3
IM=KPT-1
IF(K2+GE «KSQ(IM))Y GO TO 103
1I=KPT
KKX(II)=kKX(IM)
KKY(IT)=KKY(IM)
=KKZ(IM)
M)

ToaleANDK2.LT,KSQ(IM)) GO TO 102

e png gy ey peag

AXXX
NN <€ X

[

8vZ



100
200

2n2

203

201
320

KZ=KZ+1

CONT INUE

GO 7O 300

CONT INUE

DO 201 III=1,MAXKX

DO 201 JJJ=]1 4MAXKX

DO 201 KKK=1,MAXKX

KX=1TI-1-MAX

KY=JJJI=]1~-MAX

KZ=KKK=-1-MAX

{ITOL=KX+KY+K?2Z
IF(ITOLWNE(ITOL/2)%2.,AND.IDCUB.EQ.2) GO TO 2¢C1
K2=K XEKX+KYEKYEKZEK?2

[F(K2.GTXK2MAX) GO YO 201

KPT=xKPT+1

[FI(KPTGT.NKPT) STOP 2

IPT=KPT

IF(XPT,EQe)leORISORT.EQ.0) GO T 2C1
IM=KPYT-1

[F(K2.GF.KSQ{(IM)) GO TO 203

I1=KPT

KKX{II)=kKKX{IM)

KKY(II)=KKY(IM)

KKZ(11)=KKZ(1IM)

KSQ{(11)=xSQ(IMm)

I=11-1

IM=11~-1

IF(K2.LTKSQ(IM)AND,IT.GT,1) GO TO 202
IPT=11

KKXEIPT)=KX
KXKY(IPT)=KY
KKZ(IPT)I=K2Z
XKSQUIPT)=K2
CONT INUE
CONT INUE
NKPT=KPT
RETURN

END

6%



SUBROUTINE GWTGAS(N.Y.XR,¥WR)
CHECRERARESRERREESE SR A A SR LRSS ERE R AR KL R R AR RN KSR SR BN ESRR R RRER AR X RS XA AR KRRk KN
C FINDS ZEROES OF LEGENDRE POLYNOMIAL OF ORDER N AND THE CORRESP,
C WE IGHYT FACTORS FOR THE GAUSSIAN INTEGRATION USING THE DEFINITION
C W(I1=2/((DPIN+X)/DOX)*®2 & (1-X&X)) AT X=X{1) WHERE P{(N,X)=0 AND
C DP(NX)/DX = NEP(N—1.,X}/7(1-X®X),
C Y IS AN WORKING FUNCTION DIMENSIONED N+1
CRASERAEREEERE R EA RN RS RSB RN R RS RS RS RN RN R RS R R A B A AR R R A A ER S R AR R KR KR KRR AR AR K E K &
IMPLICIYT REAL®$8 (A-H,0-2)
DIMENSION Y(1)sXR(1),.,wP (1)
NHAF =N/ 2
WC=2.D0/DFLOAT(NEN)
NR=0
DX=2.D0/DFLOAT(N)
IFI{N EQ. 2%(N/2)) GO TO 100

IF ORDER IS 0ODDys ONE OF THE Z2FROES IS Xx=0C

[a¥ake]

XR{11)=0.00
CALL DLEP{(Ys0.D0 N}
WR(1)=wWC/(Y(N)%%2)
NR=}

100 CONTY INUE
XOLD=0410-5
DO 200 I=1,NHAF

SUBRAOUTINE DLEP COMPUTES THE LEGENDRE POLYNOMIALS FOR ARGUMENT VALUFE xOLD
AND ORDERS O UP TO N (1IN IBM SCIENTIFIC SUBROUTINE PACKAGF)

NN ON

CALL DLEP(Y XDLD,N)
YOLD=Y(N+1)
NR=NR+ 1
11¢C XNEW=X0LD+DX
CALL DLEP({Y.XNEW,N)
YNEW=Y{N+1)
IF(DX oL Te 1eD-16 ,0R, DABS(YNEW) LT, t.D-16) GO TO 130
YSGN=YNEW/YOLD
IF (YSGN GT. 0.) GO TO 120

06¢

CLIOSE-IN ON THE ZERO ~-- SIGN OF THE POLYNOMIAL HAS CHANGFD.

NN

OX=DXx/2.D0
GO TO t10
120 XOLO=XNEW
YOLD=YNEW
GO 70 110

e



N NN N

249

250
99

XRINR)=XNEW

WRINR)=WC*(1,DO-XNEWSE22)/(Y(N)x*2)
XOLD=0.10~-5¢XNEW
DX=2.D0/DFLOAT(N)

SINCE THE ZEROES ARE MORE CROWDED NFAR x=1,

SIZE AS WF

IFI(NR 4GT. 1)
CONT INUE

DO 249 1=1,NR
II=NR+1
XRUTITI)=XR(I)
WR(II)=wR(1
CONT INUE
DO 250 [=1,NR
l1I=2#NR-1+
XR(I1)=~-XR(
WRII)=wR (1
CONT INUE
RE TURN
END

.

1
Im)
1)

GEY CLOSER TO THIS FND.
DX=(XR{(NR)-XR{(NR~-1})/2,D0

DECREASF THE STFO
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SUBROUTINE GSITJUFC(FCS+RKyNORDNORDIMGNRDIM)

I RIS 2 2 2 R A R R R S R R 22 R R P P R 2 I R P 2 0223323323321 2TsITTYTY
C GENERATE FUNCTION G(N.RK,R) IN EQ(B,44) FOR A GIVFN VALUE 0OF AK
CEFEE XN KR EREE R RN AR SR LR R AR EE L ECE SRR EEERE R AREE R TR RN R E AR AR R R RN KRS A XKk & &
IMPLICIT REAL *8 (A-F,H,0-2)
DIMENSION FCS(NORDIM:NRDIM)
DIMENSION H{10),F(10)
COMMON/GSIJF/Z7w.DELTY W04 ,DSTEPMAXR
NOOD=({NORD/72) %2
IFINDODEQ«NORD) NEVEN=NORD-1
IF{NOOD +NE «.NORD) NEVEN=NORD
NODDM 1 =NOOD~-1
H(1)=1,D00
EXPA=-RK*RK*W0OA4
ADEL=DEXP(EXPA)
CONST=DEL T2ADEL
IF(NEVEN.LT«3) GO TO 101
H(2)=RK*Ww
DO 100 N=3,NEVEN
NM Ll =N~
NM2=N~-2
HIN)=RKEWEH{NM]) -2, DOSWEDFLDAT(NM2)eH{NMD)
CONTINUE
CONT INUE
RD=0,D00
DO 205 NR=1,MAXR
CODK =RD*RK
CO=1.D0
DO 201 L=1.NEVEN,?2
FCS{LNR)I=CONSTEH (L) ®XCOXDCNOS({CODK)
CO=-C0%0.2500
20t CONTINUE

RD=RD+DSTEP
225 CONTINUE

IF{(NORD.,EQs1) RFTURN

F(1)=ADEL

FU3)={1.0042,D0/3.D0%EXPA)®ADFL

IF(NOOD..T.6) GO 7O 202

N0 203 N=S,NODDM1,?2

AN=DFLOAT(N)

FINI=2 00 (ANSEXPA-] SOOI RF (N-2)/AN=-{1.DN=-3,D0/AN)*F({N-4)
223 CONTINUE
222 CONTINUE

RD=0.D0

DO 211 NR=]1,MAXR

CODK =RD=RK

- O

OO

[ 4°74



210
211

CO=1.00

DO 210 L=2.N0O0D,2

N=L-1

CO=CO*wEsDFLOAT(N)I*0,5D0
FCS(L«+NR)I=RK&F (N) ®DELTY*CO*DSIN(CODK)
CONT INUE

RD=RD+DSTEP

CONT INVUE

RE TURN

END

G6¢



SUBROUTINE HRIN(M)

CHB XS AR R R R EERE AR AR AR RS R A AR KR AR AR AR RS AR A AR R R KRR R AR R R AR R AR KR AR R R AR K &

C T IS REPLACED BY T (DOvVs%x-])

q (KKy [oJ)=2%ME(J-1)¢2%(]-1)+KK

C (KKs [ToN)=26ME(N~1)+2%(]-1)4+KK

CERTARRXREBRRERBEERK RS E R EREE S IR SRR AR MR AR R R R E AR KR R R XK R SRR R K AR R SRR R R AR AR R R AR E K X
REAL*8 T,0V
COMMON/A/T(11552)
CONMMON/C/0V{2926)
M2=M% 2
DC 100 u=1,
Ja=a%(Je+1)/
MJ=M2%(J-1)
DO t00 KK=1,42
DO 100 I=1.M
IKK=2%([1-1)¢KK
KKTJ=MJ+IKK
IF{J.EQs1) GO TO 102

™
2

JK=J~1
DO 101 N=1,JK
NJ=J®(J—-1)/72+N
KK IN=M2&(N-1)+IKK
TIKKTIJI=T(KKTIJ)I-T{KKINISOV((ND)
191 CONTINUE
102 CONTINUE
TI(XKKIJI=TIKKTIJII/OVIII)
100 CONTINUE
RPF TURN
END

9467



SUBROUTINE READ(SSAPSA,SDAPPA,PDA,DDA,S5S58B,PSB,S0B, PPB,PDR, DDA,
1JASS, IAPS s IASD+IAPP, IAPD+IADD,, ISSDIM,,IPSDIM,ISODIM, IPPDIM,
2IPDDIM, IDDDIM,CS+CPyCODLSMAX, ISOBNO.LPMAX, 1POBNO,LDMAX, IDOBNO)
3222233323233 2 32 32 2333 82 2 23 22282 R 3 2 RS2 2 3333233223333 X33 R RS SRE
C READ IN THE INTEGRALS GENERATED IN PROGRAM 2 OR 3,
C NCHO(I)=1 COULOMB, 2 PARAMAGNETIC EXCH,s, 3 UP EXCH, 4 DOWN FXCH, 5 KINFTIC,
C & NVERLAP, 7 PX, 8 PYs,¢ 9 PZs 10H PARAMAGNETIC, 1 1H UP, 12 H DOWN,
I I 3 RIS R P22 22 3R 2R3 R R 2R 2222222 2 2 2 2 R R R RS2 22 2 232 SRR 2SS RS RN R R
REAL*8 ALPHALCS(LSMAX, ISOBNDO) CP(LPMAX, [POBND) CO(LDMAX, IDOBNOY),
£EB8Xx(360),CO,CM
INTEGER®2 NRC M] {M2,NSYM
DIMENSION SSA(IASSISSDIM) +SSBUIASS,ISSOIM) ,PSA(IAPS,IPSDIM)Y,
I1PSB(I1APS,IPSDIM) ,SOA(I[ASD.ISDDIM) SDOB(IASD,,ILSDDIM)Y,
CPPA(TAPP IPPDIM) +PPB(IAPPLIPPDIM) PDA(TAPD,,.IPDDIM),
3PDB(IAPD. IPDDIM) ,DDA(TADD,IDDDIM) ,ODRB(TADD,.,IDDDIM)
DIMENSION AX(10)
COMMON/OBNO/ZALPHA JNK INDNTOL s NCHO(S) s ISYMP
DO 111 NRC=1,1ASS
DO 111 [J=1,1ISSDIM
SSA(NRC,1J)=0,00
IF(NTOL+GTel) SSB(NRC,I1J)=0.D0
CONT INUE
READ(11,END=200) NRC s M1 ¢ M2 {NSYM, (AX(NM) ,NM=] ,NK IND)
[FINRC.GT.IASS) GO YO 110
DO 103 N=1,NTOL
NTYP=NCHO(N)
IF(NTYP LE «NKIND) BX(N)=AX(NTYP)
IF(NTYP,EQ.NKIND#+1) BXINI=AX{(1)+ALPHAXAX(2)+AX(S5
IFI(NTYPEQ.NKIND#+2) BXIN)=AX(1)+ALPHAXAX(3)+AX(5
IFI(NTYP,EQNKIND+3) BX(N)=AX(1)+ALPHA®AX{A)+AX(S
103 CONTINUE
1J=0
DO 104 11
DO 104 12
IJ=1J+1
CO=CS(I1,M1)%CS(I2,M2)
IF(M] ,NE M2) CO=CO+CS(TI1 M2)%CS(12 M1
SSA(NRC, JJ)=SSA(NRC.IJ)+BX(1)=CO
IFINTOL «GT+1) SSBINRC+1J)I=SSBI(NRC,1J)+8xX(2)*CO
104 CONTINUE
GO 70 110
200 CONTINUE
NO 211 NRC=1.,1APS
DO 211 [JU=1,1PSDIM
PSA(NRC,.14)=0.D0
IFI(NTOL «GTel) PSBINRC,1J)=0,.D0

—
—
QO -

-

=1+LSMAX
=1,s11

LSZ

R



CONTINUE

READ(124END=300) NRCeM] M2 NSYM,{AX{NM) ,NM=1 ,NKIND)
IF(NRC +GT.IAPS) GO YO 210

DO 203 N=1.NTOL

NNZ{N~-1)&3+NSYM

NTYP=NCHO(N)

IFINTYPJLENKIND) BXINNI=AXI(NTYP)
[FINTYPEQ«NKIND+1) BXI(NN)=AX(1)+ALPHA®AX(2)+AX(5)
IF(NTYPEQ«eNKIND+2) BX{NN)=AX(1)+ALPHA®AX(3)+AX(S)
IFINTYPEQ«NKIND#+3) BX(NNI=AX(1)+ALPHAKAX (&) +AX(S)
IF(ISYMPNE.N) BX{(NN)==BX(NN)

203 CONTINUE

IFI(NSYM,LT,.,3) GO TO 210

NN

O

1tJ=0

DO 204 [l1=1,LPMAX

DO 204 [2=1,.LSMAX
CO=CP(I1.,M1)®CS(12,M2)
DO 204 NM=1,3

[J=1J+1

PSAI(NRCy 1J)I=PSA(NRC,1J)+BX(NM)=xCQO

[FINTOL.GYel) PSBINRC,1J)=PSB(NRC.1J)+¢BX{NM+3)%CO
204 CONTINUE

GO 7O 210
300 CONTINUE
DO 311 NRC=1,1ASD
DO 311 lJu=1.1SD0D1IM
SOA(NRC,1J)=0.D0
IF(NTOL.GT1) SDBINRC,1J)=0.D0
CONTY INUE
READ( 1 3. END=400) NRC ¢M1 M2 NSYM, {AX({NM) NM=] {NK [ND)
IF(NRC.GT,IASD) GO TO 31C
DO 303 N=1,NTOL
NN={(N-1)®6+NSYM
NTYP=NCHO(N)
IFINTYP JLE NKIND) BX{(NN)=
IF(NTYP.EQ.NKIND+1) BX(NN
IFI(NTYP.EQ.NKIND+2) BX(NN
IF(NTYD EQ.NXIND#3) BXxX (NN
3C3 CONTINUE

IF(NSYM.LT,6) GO TO 310

(VRV}
—

[

X{NTYP)

=AX(1)+ALPHA®AX(2)+AX(S
SAX{1)+ALPHARAX(3)+AX(S
=AX(1)+ALPHASAX () +AX(S

-

1J=0

DO 304 11=1,LSMAX

00 304 [2=1,LDMAX
CO=CS(I1.,M1)ECD([2,M2)
DO 304 NM=1,6

1J0=1J+1

RGZ



SDA(NRC, 1J)=SDA(NRC,1J)+BX(NM)*CO
IF(NTOLGT 1) SDB(NRC,IJ)=SDBINRC,1J)+BX(NM+6)%CO
304 CONTINUE
GO 10O 310
400 CONTINUE
DO 411 NRC=1,1APP
DO 411 [J=1.1PPDIM
PPA(NRC,1J1=0,.D0
IFINTOL.GT 1) PPB(NRC,1J)=0.0C
CONT INUE
READ( 14+END=500) NRC  M] M2 NSYM, (AX(NM) 4NM=] NKIND)
IF(NRC.GT,I1APP) GO 70O 410
DO 403 N=1,NTOL
NN=(N=-1)%9+NSYM
NTYP=NCHO(N)

— -
O =

[IF(NTYP JLEJNKIND) BXINN)=AXI(NTYP)

IF(NTYP,EQ.NKIND+1) BXI{NN)=ZAX(1)+ALPHA®XAX(2)+AX(5S)
[FINTYPLEQ.NKIND4+2) BXINN)=AX(1)+ALPHASAX(3)+AX(S)
[IFINTYP EQNKIND#3) BXINNI=AX{]1)+ALPHA®AX(4)+AX(5)}

473 CONTYINUFE
[FI{NSYM.LT.Q) GO TO 410
1J=90
DO 404
DO 404
CoO=CP(

11 LPMAX
12
11,
CM=CP (12,
L1
L2
1)

1
CP(lc,sM2)
CPlT1L.M2)

DO 405
DO 405
NM=(L L -
1d=1J+1
PPA(NRC, [J)=PPA(NRC,IJ)+BX{(NM)ECOD

[F(NTOL«GT 1) PPBI(NRC, 1J)=PPBINRC,I1J)+BX(NM+I) xCC
IF(M] ., EQ.M2) GO TO 40S

NM=(L2-1)*%3+L1

PPAINRC,1J)=PPA(NRC,TJ)+BXI{NM)E®CM

IFI(NTOL «GT 1) PPB(INRC,1J)=PPB(NRC,1J)+BX{NM+3)xCM

405 CONTINUE
a04 CONTINUE

GO TO 410
S00 CONTINUE

DO S11 NRC=1,1APD
DO S11 1J4=1,1PDDIM
PDA(NRC,1J)=0,D0
IFINTOL«GT.1) PDB{(NRC,1J)=0.D0
CONT INUE
READ(1S+END=600) NRC oMl 4 M2 ;NSYM, (AX(NM)  NM=] ¢ NKTIND)

YRR ¥ 4R
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1.1
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IF(NRC.GT.IAPD) GO YO 510
DO S03 N=1.NTOL
NN=(N-1)%1B84NSYM
NTYP=NCHO(N)

{FINTYPJLE JNKIND) BX{NN)=AX(NTYP)
IF(NTYP,EQeNKIND#+1) BXINN)I=AX(1)+ALPHAXAX(2)4+AX(S)
IF(NTYP.EQ.NKIND#+2) BXI(NN)I=AX(1)+ALPHARAX({3)+AX(S)
IF(NTYP.EQeNKIND+3) BXINN)ZAX(1)+ALPHA®XAX{4)+AX(S)
IF(ISYMP,NE,O0) BX(NN)=-BX(NN)

S03 CONTINUE
IF(NSYM.LT.18) GO TO 510

1J=0

DO S04 [l=l.LPMAX

DO S04 [12=1,L0OMAX
CO=CP(Il1,M1)®CD(12,M2)
N S04 NM=1,18

1J=1J+1

PDA(NRC,s TJ)=PDA(NRC, 1J)+BX(NM)*CO
IF(NTOL«GTo1) PDBINRC,I1J)=PDB(NRC,I1J)+RX(NM+1R)%xCN
S04 CONTINUE
GO TO S!to
600 CONTINUE
DO 611 NRC=1,1ADD
DO 611 1U=1,1DDDIM
DDA(NRC.1J)=0,D0
IF{(NTOL«GT.1) DDB(NRC,1J)=0.D0
CONT INUE
READ( 16+END=700) NRCsM]I M2, NSYM, (AX(NM) {NM=] ,NKIND)
[FI(NRC.GT,.IADD) GO YO 610
DO 603 N=1,NTOL
NN=(N-1)%36+NSYM
NTYP=NCHO(N)

> o
O =

IFINTYPJLE«NKIND) BX(NN)=AX(NTYP)

IF(NTYP.EQ.NKIND+1) BXI(NNI=AX(1)+ALPHA*AX(2)+AX(S)

IFINTYPEQNKIND+2) BX{NN)zAX(1)+ALPHAXAX(3)+AX(5)

IF(NTYPEQ«NKIND+3) BX{NN)=AX{1)+ALPHA®XAX(A)+AX(S)
633 CONTINUE

[F{NSYM.LT.36) GO 7O 610

14=0

DO 604 11=1,LDMAX

00 604 12=1,11

CO=CO(I1M1)RCD(I12,M2)

CM=COD(I2.,M1)1%CD(T11,M2)

DO 605 L1=1,6

DO 60S L2=1,6

NM=(L1-1)*6¢L2

09¢
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604

700

DDA v [J)=DDA(NRC,1J)+BX(NM)xCO
[FI(NTOL.GV 1) DOB(NRC, [ JI=DDBINRC,1J)+BX(NM+36)*C0
IF{(M1.,EQeM2) GO TO 60S

NM=(1L 2-1)%6+0L1

DODA(NRC,, 1J)=DDA(NRC, [J)4+RX{(NM)IXCM

IF(NTOL«GT 1) DDB(NRC,1J)=DOB(NRC,I1J)+8X(NM+36) %M
CONT INUE

CONT INUE

GO TO 610

CONT INUFE

RE TURN

END
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SUBROUT INE RDGTO(ALS ALP 4ALD+CS+CPCD,SCOPCT+DCO+ISOBNO,LSMAX,
& IPOBNO,LPMAX s IDOBNO, LDMAX, ICOMB)
G I RSS2 E 22 222 22 22 22 22 22 2 2 2 2 2 2 s R R R R R R i I I IR R R LR RS
DEF INE GTO £=S, P, AND D.
[£NBNO=GTO NUMBERS FOR £ SYMMETRY
IEATOM=ATOMIC BASIS NUMBER =0 IF [NDEPENDENT GTQO IS EMPLOYED
CE=NORMALIZATION CONSTANTS. ADDITIONAL ANGULAR FACTQOR IS NECESSARY
FOR Xx%2-Y%%x2 (0e5)., AND 3%7Z%%2-R¥%D (0«5/7SQRT(3.2)1),
ALE=GAUSSIAN EXPONENTI AL PARAMENTERS FOR £ SYMMFTQY
FCO=EXPANSION COEFFICIENTS FOR THE ATOMIC €-GTO=0DELTA FUNCTION [F [RATQOM="
IF{ICOMBNE.O) £ECO=£CO%CE
I AR E RS2 R R R 2R 22 22 2 2 2 22 2 R R R R R R R R R R R R s R R R R N R T R R R R R
IMPLICIT REAL %8 (A-F,H,0-2)
DIMENSION ALS(1)ALP (1) ,ALD(1)+CS(1),CP(1),CD(1),SCO(LSMAX,ISOBNDO)
€ +PCO(LPMAX, IPOBNO) ,DCO(LDMAX, IDOBNO)
COMMON/GYO/CRYSTL +PI, ISATOM, IPATOM, IDATOM
DATA GHTS,GWTP ,GWTID/ St ,¢ps Dy
DO 10 J=1,1S0OBNO
READ(S,11) ALS(J)+(SCO(LsJ) oL =1, ISATOM)
AAA=2 ,D0%(B.00¢ALS(J)*&3/P1)*x%,25DC
CS{J)=AAA/DSQART(4,.,D0%P 1)
10 WRITE(64¢15) CRYSTLWJsALS(J) 4CS{I) (L GUTS,SCOILy L)L =1 ISATOIM)
IF(ISATOM,GTL.0) GO TO 24
NO 22 N=1, [SOBNO
DO 23 J=1,1S0OBNO
23 SCO(N,J)=0.0D0
22 SCO(N,N)=1,DO
24 IF(ICOMB.EQ.O) GO 71O 21
DO 25 N=1,LSMAX
DO 25 J=1,1SOBNO
5 SCO(NsJ)=SCO(N,JIXCS(N)
1 CONTINUE
DO 12 J=1,1POBNO

AN NND

~N N

READ(Ss11) ALP(J)+(PCO(LsyJ)sL=1,IPATOM)
AAA=DSQRT(84D0/3.D0)%(32.,D0%ALP(J)xxS5/P] )*x%x,25D"
CP(J)I=AAAXDSQRT(3.00/7(4.,00%P1[))

12 WRITE(H6:415) CRYSTLsJIWALP(J)sCP(U) e (LsGWTPPCO(LsJI)elL=]1,IPATOM)

IF{IPATOM ,GT.0) GO TO 3a
D0 32 N=1,1P0OBNO
DO 33 J=1, IPOBNO

33 PCO{NWJII=0.D0

32 PCO(NN)=1,D0

34 [F{ICOMB,EQ.0) GO YO 31
DO 35 N=1.,LPMAX
DO 35 J=1,1P0BNOC

IS PCNO(NLJI=PCO(N,LJ)IXCP(J)
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CONTINUE
DO 13 J=1,1D0BND

READ(Se11) ALD(JI)»(DCO(L +J)sl=1,1DATOM)
AAA=16+D0/DSQRT(1S.DOI*(ALD(J)®*7/(2,D0%P1))*%C,25D0
CD(J)=AAASDSQRT(1S5.D0/74,00/P1)

WRITE(6+15S) CRYSTLeJSALD(I) ,CO(J) (L oGWTD,DCOlL D)oL =1,IDATONM)

IF(IDATOM.GT.0) GO TO a4
DO 42 N=1, IDOBNO

DO 43 J=1, 1DOBNO
DCO(N,J)=0.D0
DCO(NN)=1.DOC
IF(ICOMB.EQ.0) GO TO a1
DO 45 N=1,LDMAX

DO 45 J=1,1D008BND

DCO(N,L JI=DCOINL,JI)*CD( I}
CONT INUE
FORMAT(FB.5,4016,.,8)
FORMAT(IXsAB4 122X "EXPOT? 4F13,642X*NORM=% ,F16.,8,8(13,A14%'=",F14,
81))

RETURN

END
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SUBROUTYINE RTINH(M)

S e R i R R R Y Y N P R 22 2202232233233 I T
T IS REPLACED BY ((OVE®%T)x%-1) 7Y
(KK 1o J)=2¥ME(J-1)42%(I-1)+KK
(KK ¢Ny J)=28ME( J~1 )42 (N~-1) +KK

Al A s N s A s R I Y T i I AT T T I I T ™

REAL*8 T,0V

COMMON/Z/A/T{(115S2)

COMMON/C/0OVL2926)

M2=M%x2

DO 10C 1=1.M

12=2%(1-1)

f1=1%(1¢1)/2

00 100 Kx=1,2

DO 100 JU=ti.M

IKK=M2%( J~1)+KK

KKIJ=JIKK+12

IF{I.EQ.1) GO TO 1072

Ix=1-1

DO 101 N=1,1K

NI=I*®(1~-1)/2+¢N

KKNJI=JIKK $2€{N-~-1)

TIXKKIJI)I=TIKKTII)-OVINI)®T(KKNI)

CONT INUE

CONT INUE

TIKKIJI=TIKKIZI)Z70OV(IT])

CONT INUE

RE TURN

END

—
Q0

QO N~
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SUBROUTINE SEXCH{AX.AY,AZ,IDIM)
CONEXEXSEBRERRERREER X SBRX SR SRS A B SIS AR R R A ERE RN XK AR SR SR XA S U RN SRR SRR KRR KKK KR KKK K K&
C THIS SUBROUTINE CALCULATES THE ZEROTH ORDFR TERM IN THF KURBIC HARMONIC
C EXPANSION OF DENSITY
C (RX(T)sRY(I),RZ(I)) ARE FOUR DIRECTINONS CHOOSFN T0O CALCULATFE THF ANGULAR
C AVERAGE OF DENSITY
C Catll)sy COLLT)AND CBI(I) ARF KUBIC “ARMONICS WITH L=4, 6, AND 8
CHESEXREXE LR BERAAASEE RS EEE XXM A AR KRR RS R AR R R B R A R R AR IR E R R KRR RS REE A K RN KR KR K K &
IMPLICIT REAL*B{A-F,H,0-2)
DIMENSION AX(IDIM) AY(IDIM),AZ(IDIM)

DIMENSION RX(4)4sRY(3)sRZ(4)4wT(4)sCal(a),CH61(48),C81(4)
COMMON/VKO/C({ 741 1)+EX(Ts11)FACTO(10)+IB(74,11)NORB(7),NSTA
COMMUON/EXCH/R(I6) ¢ W(I6) EXCHI96) +EXUP(I96) EXDN(I6)
COMMON/CHARGE /CHARGE (7 ) yCHARUP(7) , CHARDN(7)

COMMON/CONST/ZARO P sONETHD
2 FORMAT(12F 6.3)
READ(S+2) (RX{T1),RY{T)sRZ(1)esI=1,4)

CALCULATE THE WEIGHY FACYOR ALONG EXCH DIRFCTION

'a¥aXal

CONST=1.00/7(4.00%P1)

SDAP I =DSQRT(CONST)

DO 3 I=t1,4
RR=RX(II*RX(II+RY(I)I*RY(I1I+RZ(1)*RZ (1)
RA=DSQART{(RR)

RX{I)=RX{(1)/RA

RY(I)=RY(1)/RA

RZ(1)=RZ(I1)/RA

X2=RX(I)sRX({ 1)

Y2=RY(1)Y*RY(1])

Z2=RZ{1)Y*RZ( 1)

Xa=X2%X2

Ya=Y2%Y?

24=22%22
Cal(1)=1.25D0*DSQRT(21.NOI*(XAa+YQ+Z4~0,6D20)
Col(1)=231.D0%DSQRT(26.00)/8.D0%(X2%xY2%722+C41([)/22.,00-1.D0/1N05.DC

&)
CBI(I)=6S:DOXDSART(S61,DC)/16.D0%X(X4EXA+Y4%YA4424%74-28,D0%CH1(1)/
£5.D0-210.00%C41(1)/143,00~-1.D0/6.D0)
Cal1({1)=Cal1(1)%SDAP]
C61(1)=C61(1)eSDAP]
C81(1)=C81(1)*SDAPI
3 CONT INUE
Ww1=(CAa1(2)*¥C61(3)-Ca1(31*C61(2))*C8BL (4)+(Ca1(4)%COHL(2)~
& Cat(2)%CH1(4))*CBLII3N+(CA1{3)*CH1(4)-CA1(4)%C61(3))%CB1(2) w1
wW2=(Ca1(3)%xC61(4)-Cal1(a)sC61(3))xCB8I1(1)+(CA{A)XCHI(1)-

59¢



& Cal(1)%CH1(a))xCBL{(3)I+4(CA1(1)%COH1(3)-CA1(3)«CHI{(1))*CB1(4) w2
W3=(C4a1(2)%CH1(4)-Ca1(4)%CO1(2))*CB81(1)+(Cs1(a)%C61(1)-
& Call{l1)*C61(4))%CBLI(2)1+(CAa1(1)%COH1(2)-CAa1(2)%CH1(1))%C8B1(4) w3
wa=(Cal(2)%CH61(3)-CA1(3)*C61(2))*CB1{(1)+(CAL(3)%COHLI(1)~-
% Cal(1)*CH1(3))*%CR1(2)+(CA1(1)%CEL1(2)-Cal(2)xCH1(1))*CB1(3) w4
wWw=wl+w2+uw3+wa
wT(1)=wl/ww
wT(2)=w2/%v
wT{(3)=w3/ww
wT{(4a)=wa/uw
00 &4 I=1,4
4 WRITE(645) RX(I)eRY(TI)RZUIT) +WwT(I)sCa1(1),CHI(I)CBI(T)
PRINTY 6
S5 FORMAT(IXsA=(*43F 1065 ¢)* 45X ' WT=® FlOeHeSX4'"KA1=*,F10,5¢3X,'K61
=t eFl0e5¢3Xe'KB1=*,F15,5)
6 FORMAT(1IH )

CALCULATFE THE DFNSITY ALONG FOUR DIQFCTIONS (RX{1)Y,RY(1),RZ( 1)) AND TAKF
THE AVERAGE

NN

PRINT 233
233 FORMAT( IXe//74¢18X 4 "R* IX ' WT ,GXG*DENSITY?! 10X *DENSITY JUP*,7X,
CYOENSITY DOWN® ,/)
DO 200 KR=1,96
DENS=0,D0
DENSUP=0.D0
DENSON=0.D0
DO 201 ND=1,4
X=R{XKR)IERX(ND
Y=R(KR)IERY{ND
Z=R{KR)®RZ (ND
DO 72 1=1.NSY
SUM=0,D0
N=NORB(1)
DO 10 JJu=1,101M
PSI=0.,D0
RA=DSORT(ILAX{JIJ)-X)222+({AY(JJ)-Y )24+ (AZ(JI)=-7)%%?2)
DO 20 J=1.N
EAX=RAREX(I,J)
IF{EAX+GT,40.,00}G0O0 TO 101
IBB=IB(1,4)~1
REX=C(I14,J)%RA**[BR&DEXP(-EAX)
GO TO 20
12! REX=0.0
20 PSI=PSI+REX
10 SUM=SUM+PS[*PS]I

99¢
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65

72

201

)

2

31

Y]

DENS=DENS+SUMSCHARGE (I )*CONST*WT (ND)
DENSUP=DENSURP + SUMECHARUP(T ) *CONSTE2WT (ND)
DENSDN=DENSDN+SUMESCHARDNI( 1 )*CONSTEWT (ND)
CONT INUE

CONT INUE

WRITE(64231) KRWR(KR),W(KR} ,DENS,DFNSUP,NENSDN
FORMAT(IXsIS+2F11.546FE18.8)
EXCH(KR)=DENS

EXUP (KR )=DENSUP

EXON(XKR ) =DENSON

CONT INVE

RE TURN

END
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SURRNDUTINE SPLOTE(SesFiENEPTSEMINJDE FERMIE  NEMAX)
CE% XX XXX X0 ER SR AR X EE RS EE R EX XK IR EE R KA N R AR R R SRS R R E R R LR R R AR A R E R AR KRR AR RN R
C PLOT THE OENSITY OF STATES
CEEEAE BB ERREEEEEERREEE RS SRR N EEEE R R R EE BRI R KA RN AR AR KRR E R R R E RN R ARk &
DIMENSION SINEMAX) F (NEMAX) .E(NEMAX)
I[=NEPTS
J=l+1
K=]+2
CALL pLOT(OGo "‘llo
CALL pLOT(0c020'°3
Fl J JI=EMIN
E( X )Y=DEx(I-1)/10.
FERM=(FFRMIE~-E(J))Y/
WRT=FERM~-0,432
CALL PLOT(FERM 040,
CALL PLOT(FERM,7.0,
CALL SYMBOL(WRTY 7.5
CALL SCALFE(F.8e0l,1
CALL AXTIS{OesODes lITHENFRGY (RY)e=1141N4e0esFE( J DVeF{ K ))
CALL AXIS({Oee0es37HADENSITY OF STATES (FLFCTRONS/ATOM-RY) 37,8,
E9CeeF(J)F(K))
CALL SYMBOL{1¢0+7¢S+s0e21413HMAJORITY SPINsQCesl3)
CALL LINE(EWF .+ I +1.0,0)
CALL PLOT({1Ses~=114+-3)
CALL PLOT{O0ees2ee¢—-3)
1592 CONT INUE
CALL PLOT(FERM,0,0,3)
CALL PLOT(FERM,7,0,2)
CALL SYMBOL(WRTYT ¢ 7eS540e21¢s8MF Foe0es8)
CALL SCALE{(S+8.41,41)
CALL AXIS{Oee 0o 1IHENERGY (RY)4~=11410es0e+EC( J )E( K ))
CALL AXIS(0esOeov3I7HDENSITY OF STATFS (ELECTRONS/ZATOM-RY) ,37,8,,
£E90 s ST U)eS(K))
CALL SYMBOL(1e¢0+7e6590e21+13HMINCRITY SPINesDes13)

e21 s QHF ¢F 4 sC0e s d)

CALL LINE(ESSs 1 +1,0,0)

CALL pLOT(lSo"‘loo‘B)

CALL PLOT(O0es2es~-13)

IF(NSPINO .EQ. 2) GO TO 152

CALL PLOT(FERM,0.0,3) N
CALL PLOT(FERM,7.0,2) g
CALL SYMBOL(WRT 7:.540e”2144HF oF 44304 24)

DD 153 11=1,1
153 S(IT)=SCIT)+F (I
CALL SCALE(S+Bes1,1)
CALL AXIS(O«¢sQesl THENERGY (RY),-11,

12
CALL AXIS(Oes0eeI7HDENSITY OF STATES

esDesFEl J DeFL X )
(ELECTRONS/ATOM=-RY) 37,8, ,

1



152

£90e4S5(J)eS
CALL SYMBO 7
CALL UL INE(

CALL PLOT(
CONT INVUE
CALL PLAOT(0ee¢044+999)
RETURN

END
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SUBROUTINE SVKO(VKO)

Cx% X 2R A AR R KX N EE R AR EERN RSN RS X R R ERE R AR A AR KL AR R AR A A ARG R R R R A R kg

s CALCULATION OF THF COULOMB POTENTIAL AT K=(0,C.0)

CRER 206X XK RERRREE R R KL SRR EEEEBLERSE KR LN ER AR RS AN R AT R R R AR ARG R S Ry & &k &
IMPLICIT REAL®8(A—F,H,0-2)
COMMON/VKO/ZCIT741 1) oFX(7311)FACTO(1IN)IR(7411),NORR(7) NSTA
COMMON/CHARGE /CHARGE(7) ,CHARUP(7) ,CHARDN(7)

VKO=0,D0
DO 23 L=1,NSTA
SUM=0 D0

IR=JA+ I
SUM=SUM+FACTO(JA)I*COL/(EAX®*IR)
21 CON=2.0
20 CON=1.D0
23 VKO=VKO+SUMERCHARGE(L)
RE TURN
END
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SUBROUT INE WFCCLIO6(KX KYeKZ KL ¢WT)
G I3 232322222222 R 2 2222 22 23R 2 2R 222 222 R 2222 R 2Rt Rt Rt R R RS S
C FOR EACH(KXKY4sKZ) CALCULATE THF PORTION OF THF CUBF THATY LIES INSIDE THE
C 1/716TH OF THFE INDEPENDENT B, Z. (Fe Co Co)
CEEE XX EEE XN RS EEEERE SR LR R EEEEREE AR RS R KR SR AR RN R KL RR R R E RSN R K KA RO R AR R KKk Rk k&

KM=3%KL /72

wTi=1,.,0

KT=KX+KY+KZ

IF(KT LEQe KM) WT=wWT%0,5

IF({KX +EQ. KL) WY=wT%0,.,5

[FI(XY LEQ, KL) WT=WT%0,5S

[F(KZ .EQ. KL) ¥T=wT*0,5

IF( KZ +FQe 0) WT=wWT%0,5

IF( KY +EQe 0) wT=wT%0,5

{F{ KX +EQe O) WT=WT*0,5

IF(KX +FQe KY ) WT=wTx0,5

RETURN

END
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