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Abstract

BAND STRUCTURE OF ANTHRACENE AND NAPHTHALENE:
SURFACE STATES AND ELECTRIC FIELD EFFECTS

by

Peter S. Stern

Adviser: Professor Michael E. Green

The effect of an applied electric field (104 -
105 V/cm) on the energy bands of anthracene has been
investigated to first and second order using perturbation
theory. The energy of the bands and the splitting between
plus and minus bands does not change in any case by more
than 0.1 - 0.2%, and the conductivity is, therefore, not
expected to change appreciably.

The energy bands for each of the three surfaces
of anthracene and naphthalene have been calculated using a
direct crystal orbital approach. The tight-binding approxi-
mation is employed and the crystal wave function is made
up of a linear combination of molecular wave functions
constructed from a linear combination of carbon 2 py wave
functions using Huckel coefficients. Separated surface
bands have been found for naphthalene in the ac and bc
planes, and the carrier mobility has been calculated for
these. It is found to be much greater than the bulk
mobility in the ac band, but not in the bc band. No
separated surface bands were found for anthracene, although
isolated surface states have been found for both anthracene

and naphthalene.

The effect of a perturbation on the surface bands
of anthracene and naphthalene has also been calculated.
It is found that perturbations of the order of 10 - 25%
will effect separation of naphthalene surface bands in the
ab plane, but that for anthracene, surface bands are not
readily caused to separate from the bulk bands.
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I. INTRODUCTION

A great deal of study has been devoted to the
electronic properties of molecular crystéls in the past
twenty years, particularly anthracene and naphthalene,

much of it spurred by the suggestion of Albert Szent-

(1)

Gygrgi in 1941 that these types of large aromatic

molecules are implicated in biological processes involving
electron transfer. Since then, a considerable amount of
work has been devoted to testing the validity of that

suggestion. Szent—Gygrgi himself found photoconduction in

(2)

certain colored protein films in 1946, while in 1948,

Eley found semiconductor behavior in the conductivity of

(3)

some of the phthalocyanines. In 1949, Katz suggested

that the primary act of photosynthesis involves the photo-
(4)

and further work in

(5) (6)

conduction of chlorophyll systems,
this area was done by Bradley and Calvin and Nelson
who detected photoconduction in solid chlorophyll. The
role of photoconduction in vision has also been ex-

plored£7"1o)

Although the validity of the application of
semiconductor concepts to other biological and biochemical
phenomena is somewhat in doubt, the work that has been done

has touched upon such areas as the cytochrome chain in
(11) (12)

respiration, the glycolytic cycle, carcinogen-

(13 - 15) (13, 16)

esis, nerve impulse transmission,

(17 = 19) [y, (15, 20)

protein

structures, and bimolecular lipid

membranes,(21) to name just a few. In the past five years

-1 -



a number of extensive reviews in the area of organic semi-
conductors have been written, containing extensive biblio-

(22 - 25) One

graphies of the research done in this field.
of the major areas of interest which has not had adequate
theoretical treatment is that of the existence of surface
states and their.contribution to the electronic properties

(25) It is the purpose of this

of organic semiconductors.
work to attempt to explore the possibility of the existence
of surface states in anthracene and naphthalene, and to

see what their role might be in the electronic properties

of these crystals.

A. Organic semiconductors and band theory

Dielectric materials can be placed in three
general classes defined by their conductivities.

Metals are characterized by conductivities of the order

of 102 to 10°

2

(ohm cm)-i with a carrier concentration

2/cm3 and a mobility of 103 em® (volt sec)™I.

22 -14

of 10

Tnsulators have conductivities from 10~ to 10

1 3

(ohm cm)~ - and carrier concentrations below 109/cm .

Between these two lies the important class of materials
known as semiconductors. Within this group there are
both inorganic and organic semiconductors. Our interest
here will be with the latter which have conductivities

14 2

in the range 10~ to 10° (ohm cm)-l, carrier concen-

trations of 106 to 101%/cm® and mobilities of 10~ to

2

102 cm? (voltesec)-i. According to this definition,

anthracene and naphthalene would both be insulators

-2 -



except for the probability of photoinjection or surface
injection of carriers which places their conductivity in
the appropriate range for semiconductors. This point is

discussed further below.

The conductivity O is the charge transported
across a unit cross-sectional area per second per unit
applied electric field and can be written as

O =zenf (1)

where z is the number of electronic charges per carrier,
e is the electronic charge, n is the carrier concentration
in cm's, and FL’ the mobility, is the velocity of charge
transport per unit electric field in cm2 (volt-sec)—i.

The units of (J then are (ohm cm)_1 which is seen to be
the reciprocal of the resistivity, the resistance per unit

cube. In general, the mobility FL may be anisotropic and

so the conductivity may also be anisotropic.

The organic semiconductors of interest here are
those which fall into the category known as molecular
crystals. This nomenclature refers to those crystals
which are weakly bonded by Van der Waals forces so that
to a first approximation a description of the crystal is
made in terms of a collection of individual imolecules
which retain their molecular properties. Any collection
of molecules making up a periodic crystal structure results

(26)

in electronic energy bands which serve to explain the

conduction properties of these crystals. This is true



both for metals and insulators, as well as for semiconduc-
tors, and, in fact, the band theory predicts the nature of

the conducting material.

If two atoms of hydrogen are brought together,
the overlapping of their wave functions, XVA and xyB,
results in the formation of two new wave functions

Ve = Yryltyiy!l (2)
where 1 and 2 denote the.electrons. ¥V+, the symmetric
orbital, has a lower energy than the two separated atoms
and is, therefore, called a bonding orbital while\y;, the
antisymmetric orbital, has a greater energy than the two
separated atoms and is called an antibonding orbital. By
bringing together a large number of atoms, N, at the close
distance found in a crystal, each energy level of the
atoms 1is split into N levels; but since N is of the order
of Avogadro's number, 1023, the spacing between the levels
is so small that the levels form a band of energies. The
valence levels in the atom produce a valence band filled
with valence electrons while the higher levels produce a
conduction band which is separated from the valence band
by an energy gap and is normally empty (since in the atoms
the higher levels are empty at moderate temperatures).

In ‘metals, the highest energy band containing electrons
is either only partially filled or overlaps with another
empty band so that the electrons are free to move in an

electric field. The conductivity that results is very



high since the number of electrons is also of the order of
1023. In insulators there are no electrons available to carry
the current since at zero temperature the valence band is
completely filled and is separated from the empty conduction
band by an energy of several electron volts. Since the number
of electrons in the conduction band is proportional to exp

(-E/2kT), where E is the energy gap separating the bands, a

material with a filled valence band separated from the empty
conduction band by a small energy gap of about one electron
volt allows for the possibility of thermal excitation of some
of the valence electrons into the conduction band, and these
are then free to carry the current. At the same time, the
resultant vacancies left in the valence band are also free to
move about and carry current. These free electrons and posi-
tively charged holes, then, are the carriers which provide
the electronic conductivity to organic semiconductors, and
because their number is much lower than the free electrons in

metals, the conductivity of semiconductors is much less.
One more distinction between the types of con-
ductivity of semiconductors may be made. An intrinsic
semiconductor is one, as described above, in which an
electron in some way acquires enough energy to cross the
energy gap or forbidden zone. An extrinsic semiconductor
is one in which the conductivity is due to some sort of
lattice defect. This defect may be in the form of a
disruption of the periodicity of the lattice by an excess
or deficiency of constituent atoms from the stoichiometric

formula or from an impurity with one extra or one less



valence electron than the normal lattice atoms. In any
case, the effect of the defect is to introduce an energy
level within the forbidden zone of the crystal. Depending
upon the nature of the defect and the position of the level,
this level can as a result of thermal excitation either
donate an electron to the conduction band or receive one
from the valence band leaving a hole. Either case results
in a conductivity for the crystal.

B. Molecular crystals and tight-binding

This concept of band theory can readily be extended
to molecular crystals. The individual molecules making up
the lattice sites in the crystal are weakly bonded and can

be treated as individual species interacting to form energy

bands. Using the one-electron approximation of Bloch(27) a
single electron wave function is given by

Ty = @ (T) exp (ik-2) (3)
where ¥ is the wave number of the electron (k| = 27r/)\,

%. being its wave length), ? is the position vector of the
electron in the crystal, and ¢k is a wave function with
the translational periodicity of the crystal. The field
on an electron in a solid is made up of three Hartree-Fock

operator terms,

V=YV + V (4)

1+ Vay + V3
where V1 is the field acting on electron 1 arising from
all the nuclei, V2 is the coulomb potential of the charge
distribution and V3 is the exchange term. In the one-

electron model, the coulomb interactions between the valence
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electrons are ignored and V is assumed to be constant. These
approximations lead to the free electron gas model of metals,
where the solutions to the Schr8dinger equation are of the
form (3) with ¢k(?) constant, and give an energy € (¥) for
the electron of

() = (n2/2m%? (5)
It is obvious that in order for the energy to be real and
positive, ¥ must be real. The energy levels are very
closely spaced so that the energy is almost continuous
(e.g. a particle in a box of macroscopic dimensions), and
separated bands do not appear.

For the case of interest, that of organic semi-
conductors, the potential is periodic and, therefore, the
solutions to the Schrgdinger equation are given by equation
(3) with ¢k(?) treated essentially as a molecular wave
function with translational periodicity. ¢k(F) varies
within the unit cell of the crystal, but falls off between
cells resulting in the éondition known as the "tight-binding"

approximation.(zs)

This is a consequence of the fact that

the energy of interaction of an electron with a molecule in

a molecular crystal is much greater than the energy of inter-
action between neighboring molecules in the crystal. The same
sort of approximation has been applied to the tightly bound
inner shell electrons in ionic and valence crystals. The
resultant bands are of width of the order of kT, where T is
300°K, and contain N levels, where N is the number of mole-
cules in the crystal, each level capable of being occupied by

two electrons. Therefore, if the molecular energy level in the

individual molecule contains two electrons the band will be full,

-7 -



whereas if it contains only one electron, the band will be

only half filled.

For a molecule such as anthracene or naphthalene,
the energy levels can be described by using molecular
orbital (MO) theory. Only the delocalized T electrons
are dealt with, and these are placed in the lowest molecular
orbitals constructed from linear combinations of the atomic

(29)

2 carbon wave functions. In Hlckel MO theory the

Pz
coefficients for the linear combinations making up the
various MO's are found by solution of a secular determinant.
For an aromatic ring made up of 14 carbon atoms such as
anthracene, there are 14 MO's. The seven that are lowest
in energy are completely filled with the 14 T electrons
and are bonding orbitals, while the seven of higher energy
are empty and are anti-bonding orbitals. In the tight-
binding approximation, the valence band is constructed
from a linear combination of the highest bonding orbitals
ofi the various anthracene molecules in the lattice, while

the conduction band arises from a linear combination of

the lowest anti-bonding orbitals.

C. Experimental work on anthracene and naptha-

lene crystals.

At this point, a brief outline of some of the
experimental data and theoretical interpretations of the
electronic properties of anthracene and naphthalene is

presented; however, for a more complete survey of this



(22 - 25)

area one of the reviews cited above should be

consulted. For an intrinsic semiconductor, the conductivity

obeys an equation of the form
O = O, exp(-E/2KkT) (6)

where E is the energy gap between the valence band and
the conduction band and OB is called the pre-exponential

factor. The pre-exponential factor has been calculated by

(30)

Helfrich and Riehl. They showed that for intrinsic

conductivity, assuming a band model

- 35
Cro - e(NohNoel) (FLh + }Lel) (7)

where Noh and Noel are the effective densities of states

of the valence and of the conduction band, respectively.
FLh and FLel are the mobilities of the free holes and free

electrons, respectively. This reduces to

C)-o = € No (th + H‘el) (8)

where No is the geometric mean of NOh and Noel which are

assumed to be approximately equal. Using No equal to

4 x 1021 cm"3 (about twice the molecular density), and

0.5 cm2 volt"1 sec_i for the sum of the mobilities, O _is

o
3 x 10*2 ohm™? cm'i, in good agreement with the experimental

+2 -1 cm-i.(31)

value of 1 x 10 ohm E is given by

E=IC-AC (9)

where Ic and Ac are the ionization energy and the electron

affinity, respectively, of the crystal. For anthracene E

(25)

is equal to 3.8 % 0.1 eV. Thus, for anthracene in the

solid phase at atmospheric pressure, there can be no

-9 -



(32)

measurable intrinsic conductivity. Eley has shown that

for a compound with }L = 1 cm2 Volt'i sec-l and N, of

o
order 1022 cm-3, a conductivity of 10"2® onm~1 em~d (just

barely measurable), at 400°K would be expected if E were
equal to 2.7 eV. He also concluded, for the same reason,
that the dark conductivity of proteins was not intrinsic,

and he proposed the existence of surface states as injec-

(33)

tion sites. He has also discussed various models for

surface injection under normal conditions in the dark.(34)

Photoconduction can occur if a photon induces an
electronic transition across the energy gap to form a free

electron and hole. A number of different processes have

(22)

been proposed for this transition. In addition to the

direct band to band transition, the absorption of a quantum
could produce an exciton which could then dissociate

(spontaneously, thermally, via a field), to produce carriers.

There is considerable evidence(25)

for the process involving
spontaneous dissociation of an exciton; such a process,
called an auto-ionizing transition, can occur if the energy
of the exciton is greater than the energy of the band gap.
Alternatively the carrier formation can result from a two
quantum process such as the collision of a photon with an
exciton or the collision of two excitons. Extrinsic photo-
generation processes include collision of an exciton with

a surface (especially if a molecule such as 02(35’ 36)or

12(37) is adsorbed), with a dissociation center which

traps one of the carriers, and collision of an exciton

(22)

with an impurity host molecule pair. These processes,

- 10 -



in which excitons produce carriers even if their energy is
less than E, are called carrier injection. They can occur
if one carrier of the electron-hole pair is trapped at an
energy sufficiently low, so that the other carrier gains

enough energy to be free. Experiments have shown(35’ 36)

that for all but the most reduced atmospheres, O2 serves

as an electron trap at the surface resulting in hole injection.

D. Summary of research

It would be interesting, therefore, to-explore
the possibility of surface states in these crystals and
what their role might be in facilitating the injection of
electrons or holes into the crystal. It would also be of
interest to see what surface cénductivity might arise as
a result of the existence of such surface states and what
the effect might be of a charged ion trapped in one of

these surface states on the carrier mobilities.

Because of the large fields that would be
expected if a charge was trapped on the surface of a
crystal, it was decided to first see what the effect

4 _ 105 V/cn)

would be of a high applied electric field (10
on the bulk energy bands, and, thereby, on the conductivity
of anthracene. Then the energy for each of the three
surfaces of both anthracene and naphthalene was calculated
to see whether or not surface bands separated from the

~bulk energy bands. Finally, the effect of an ionic charge

(both positive and negative) trapped on the surface on the

- 11 -



energy bands of the crystal was considered.

The calculation of the effect of an external
electric field on the energy bands of anthracene was
carried out by applying perturbation theory to the calcula-
tion of the unperturbed energy bands previously carried

(37) Because of the

out by Katz, Rice, Choi, and Jortner.
frequency with which this paper is referred to, it will be
designated, hence, as KRCJ. These workers calculated the
wave number (XK) dependence of the electron and hole

energies of anthracene, naphthalene, and related polyphenyls
by employing the tight-binding approximation. This method
and the justification for using it to treat molecular
crystals have been discussed above. The perturbation due

to the electric field, then, is calculated and added on to
the unperturbed bands. From these new energy bands the
mobility of electrons and holes in the presence of an
electric field applied in each of three orthogonal direc-
tions can be readily calculated.

The possibility of surface states was first

proposed by Tamm,(38)

who recognized that in the presence
of the surface, a wave function with complex values of X
may exist. Such a function decreases exponentially from
the surface into the bulk and, therefore, leads to a
localized state. For a three dimensional crystal, each

surface is treated as being infinite in the two directions

parallel to the surface and a surface state if it does

- 12 -



exist will in fact be a two dimensional band of states
separated from the three dimensional band of the bulk
crystal. A number of attempts to calculate the surface
states of solids made up of individual atoms have been

(39) but none of these deal with the more complex

made,
problem of molecular crystals, in which the crystal lattice
is made up of molecules each of wh}ch contains a large
number of atoms. The method used here is an outgrowth of

(40) Again the tight-binding

one used by T. B. Grimley.
approximation is employed and the crystal wave function is
made up of a linear combination of molecular wave functions
which are made up of a linear combination of atomic wave
functions using Hlckel coefficients. The coulomb integrals
for the bulk and the three surfaces of both anthracene and
naphthalene are calculated, and these, together with the
resonance integrals previously calculated by KRCJ, are used
to calculate the value of the complex wave number. The
2nergy is then obtained from this and is plotted as a func-
tion of k to determine whether or not it overlaps the bulk
band. In those cases for which a separated surface band
exists, the mobility is calculated within the surface band.
The existence of surface states allows for the
possibility of trapping a charged ion on the surface. Such
a trapped charge would exert a very high field ( ~ 108 V/cm)
on the crystal and could be expected to significantly distort
the energy bands. In the case in which a surface band appears
that overlaps with a bulk band the perturbation necessary to
cause the surface band to separate from the bulk band is

calculated.

- 13 =



II. THE EFFECT OF AN ELECTRIC FIELD ON THE EXCESS ELECTRON

AND HOLE BAND STRUCTURE OF ANTHRACENE.

The electron and hole band widths for anthracene

(37, 41, 42)

have been calculated and are of the order of

0.1 eV. It is of interest to determine whether an applied

5 volts/cm

d.c. electric field, of the order of 104 to 10
would alter the width or the slope of either the electron
or hole band structure of anthracene enough to increase

the carrier mobility.

The applied field was treated as a perturbation
to the Hamiltonian for the system and the correction to
the ?-dependent portion of the energy was calculated to
first and second order. The mobility tensor was calculated

from the corrected energy bands.

A. Method of Calculation

The method of calculation of the corrected energy

bands parallels that introduced by Le Blanc,(41)

(42)

used by

Thaxton, Jarnagin and Silver, and modified by Katz,

y(37)

Rice, Chol and Jortner (KRCJ for the energy bands of

anthracene. The anthracene crystal belongs to the symmetry

- 14 -



group Cgh = P2/a'(43) A schematic representation of its

monoclinic unit cell containing one molecule at the corner,
and one molecule at the center of the ab face, is given

in Fig. 1. The two molecules of the unit cell are differently
oriented, and will result in two energy bands for each
electronic state, corresponding to the symmetric and anti-
symmetric combinations of the wave functions of the molecules
in the unit cell. These energy bands are calculated using

(28)

the tight-binding approximation, since the binding

energy of the molecular crystal is very small relative to
the excitation energy of the excited electronic states of

the molecule.

The one electron crystal wave functions are con-

(26, 27)

structed as Bloch sums of the one electron molecular

)

wave functions, ¢g(Z - ?l

AN-1
v, (B) = 5 (s lexp (IK-BIPE-T

1=0

1) (10)

where 1 is chosen so that 1 even labels the corner molecules
and 1 odd the face-~center molecules of the unit cell;

o ~ - - - -
?1(odd) = ?1_1(even) + K}, where ﬂ3= 3(a + b), a and b
being the unit cell vectors in the a and b directions
respectivelygn’ 44) The wave functions @(ZF - ?1) have two
possible orientations in space depending upon whether 1 is.

even or odd, and this results in the two different energy

bands for the crystal corresponding to NY+(?) and Sy_(ﬁ).
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Figure 1. Schematic representation of the unit cell of an
anthracene crystal, showing the relative orientation of the

two molecules in the unit cell, (After ref. 37)
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The Hamiltonian used to find the energy of an

excess electron or hole band in the crystal is given by
2 2
H=(-0h"72m)V/ " + v(T), (11)

where V(®), the potential due to the crystal field, is

approximately given by
V(E) = 2 v (2 - 250 (12)

and Vn is the Hartree potential of an isolated neutral

molecule. The energy of the crystal is:

-3

Ei_(k) = <\I/i|H]\yi> / ¥y | Ty> - (13)

After substitution of xy;(ﬁ) from equation (10) and
H from equation (11) and (12) into equation (13), one

obtains for the energy

Ei(?) = zéizig (:!:1)_1+ ' exp [;iﬁ'(?l-?l,ﬂ:x

(g - P I=n%/2mT% + TV (@ -F) | 8@ - 7,0/

2N—1 Z2N-t '
2, 2 (e T exp [-ike (2,2, )] Co@-2)) | @22 0>
(14)

Substituting the expressions

g, = @ - 7)), (15)
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HS = (- n%/2m) 7 2 4 v, (16)
and |
v, = V(% - i"n) (17)
into equation (14) reduces it to
E, (¥) =
zzl}i (31)1+1'exp[-i]'2-(fl-§lv)_7(<¢11H°l¢1.>+ <¢1I%§rn}¢lo> )
ZEZE (1) exp[-iRe (F,-2, )] <@y10,0> - (18)
Using the following notations
e, = <@I1H) @8> (19)
e, = @IV 18> (20)
e; = L@, lv, 18> (21)
and assuming that
@) | v (B-F)I@(2-2;)> =0 if n # 1 # O, (22)
and 4@l @;> =0 if 1 #1', (23)

2N

then Ei_('}_c') =<eo+ %' e + l%o(i1)lfexp(i°l€-?1)<¢olvll @7 +

exp(-iTc'-?l) (¢1IV1| ¢O>J} , (24)
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which becomes

=e+ze
n

' 1 =
. ° + 21‘, (*¥1)~"cos(R rl)el (25)

n
where the primes indicate that the sums exclude n = 0 and

1 =0.

The assumption that the three center intermolecular
integrals (equation (22)) are equal to zero is justified by
the very small values of the three center integrals when
only two molecules are involved. The integral between
the wave function and the potential drops off very rapidly
with distance so that the contribution resulting from
having the potential on a third molecule is very small.

When the overlap integrals (equation (23)) which are of

the order of 10"4 are multiplied by e, or e they also

l’
become negligible.

Equation (25) may be written as

E, (R = E:l: ('l?)-eO - %' e, = Sl,'(i- ‘l):L cos(']?-?:’l)el (26)

since only the cosine term is ?—dependent.

In order to investigate the effects of an electric
field on the energy bands of anthracene, it is necessary
only to calculate the effect on the ﬁ;dependent portions
of E since the mobility is a function of bE/é_lz. This
means that the apsolute value of the energy is not

obtained as was also the case with KRCJ.
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To first order, let

H = H° + H' (27)

H' = —e P-C (28)

with F being the electric field vector. Then

B, = (W, 1H0 1 W5+ ¥ TE T Y4, |V o
- - - - - - T (29)

or E+(?) = E- + E! (30)

where E° is given by equation (25) and E' by the second

term in equation (29). Using the approximations of before

E;(?) = E;(Tc')-e(;— %'e;l =%(i1)1cos(?'—fl)ei, (31)
where e = <@(2)| -eF:? | @(2)> (32)
e, = (@) | ~eF+ (F-F ) | g(2)) | (33)
e = L@ |-eF.? | p(2)) . (34)

Thus it is only necessary to calculate the value of the

\J
integrals e, and add them to the previously computed values
of e, (KRCJ) in order to obtain the perturbed band structure

of anthracene as a function of ?.

The second order correction to the energy is given

=20~



by the term

-

", ' - 2
E;(R) = |<xyi I—eF-rI\Ifi>l /DE (35)

where YY; represents one of the excited states of the
crystal and ZXElO is the difference in energy between XY;
and the ground state, xy;. For the electron band, the
excited states were taken as those bands which resulted
from exciting an electron from a lower lying orbital into
the electron band, or from the electron band into a higher
lying orbital. The excited states of the valence bands
were constructed in an analogous manner. For each case,
there were only seven symmetry allowed transitions. As
before, this problem reduces to that of finding the

~ 1t —
value of the term Ei(k):

ENR) = 2(:1) ) cos(RE)) | eg| P/, (36)
where e; = <¢'(FJ}I)‘ -e;-?| gy , (37)

?
and Qe is the difference in energy between ¢ and @. As
before, the energies resulting from each term e; are added
to the corresponding zero-field and first-order energies

to get the band structure of anthracene to second order.

KRCJ calculated Ei(f) by summing over molecules

1l =2 to 14, numbered as shown in the accompanying diagram

21



(Fig. 2). This includes all molecules on the corner and
side~center of the unit cell, as well as molecule 14,
included because of its relatively close position. The
nearest neglected molecules then, have no atoms closer than

o
7.5 A and the energy as a function of X becomes (KRCJ)

-

+ ey cos R°D + e, |cos k-(*

E+(E) = 2{e2 cos RecC +C) +

cos ?-(3;31 + eg cos Rea + eg cos K (3+3) + e, |cos K+ (2+0) +

cos ﬁ-(alﬁﬂ + eglcos ?’(343+3) + cos 23(§;B¥gﬂ +

eg|cos K+%(3+8) + cos ﬁ-%(gJB{]i e10 cos K+ (% {3¥B}+€) +

cos R(% {3433+35] +eqq [cos (S + % {b-a}) +

cos K+ (2-% {a+b} )] + e,, coS Re(2-3) + e, 4| cos ke (¢-24D) +

— -

cos E”(c-g-—ﬁ)] t eq, [cos Ke%( a3+ 3B) + cos K*%(a - 3b):|
(38)

where the 13 e,'s are the resonance integrals between

1
molecule 1 at the origin and molecule 1, as given by e

in equation (21). To express the energy to first and second
order, él is given by ei + ei + le; 2/Z§e as given in
equation (21), (34), and (37) respectively. In practice

the field is placed in the x (= 3), y (= B), and z (= @ =
2 sinf3 , cos8 = .38/ | 3-8 ) directions, and the perturbed
energy is calculated for each of these. If X is taken to

. . 2=-1 -1 =1
be parallel to a reciprocal lattice vector a ", b 7, or ¢ 7,

—-22=



Figure 2, Schematic representation of the unit cell of ..

anthracene or naphthalene, giving the numbering of the

molecules used herein. (After ref. 37)
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the energy can be readily plotted as a function of X.

B. Numerical Calculations

In the tight-binding approximation of band theory,
the electron band of anthracene is made up of a linear
combination of the excess electron orbitals of the anthra-
cene molecule while the hole band is constructed from the

(45) showed

excess hole orbitals (cf. p. 8). Balk et al.
that the orbital occupied by the excess electron in an
isolated negative aromatic ion can be expressed by using
the Hlickel coefficients which describe the first unoccupied
orbital of the neutral molecule. So the molecular function
@(Y) can be represented by the molecular orbital contain-
ing an extra electron or hole by using the LCAO method with

(29)

Huckel coefficients neglecting overlap:

g_(2) = Zl C; us (39)

th orbital

where the Cin are the Hﬁckel coefficients of the n
and the ui(?) are the neutral carbon 2pz atomic orbitals.
The carbon atomic wave functions used were linear combinations

of four Slater wave functions with coefficients a; and

orbital exponents CLi given by Clementi and Roothaan:(46)
2y ra 2 5 1y %
u, () = (B, -¥) ;giai(Cli /T)? exp (-Q,r) (40)

with ﬁi being the unit vector in the direction of the 2Pz‘

- 24 -



orbital. KRCJ also used this wave function because it
gives the best fit to the tail of the wave function at the
large distances which occur in the evaluation of the resonance

and overlap integrals of molecules in crystals.

The integral ei is given by

' -y =2
ey = %‘ %c:.mcjn <uy () | -eF-F|u (¥ - 2,02 . (41)

”~

= 2 2
When F = Fxl, or FyJ,.or sz

e, (¥) = -eF 3 % CinCyn iy D5l uy? - 2,0 (42)

where ¥ = x, y,or z and n is either the seventh or the
eighth molecular orbital of anthracene.

(47)

For two identical nuclei, R, the center of

gravity between the two, is given by

r. + .

where ?i and ?j are the vectors to atoms i and j, respec-

tively. Also, since

= -
R=<uj_\r|uj> } <u, |Fu (s
<ug |us> S, . ’
s i)
= >
. r; + F,
s 1Ffud = =l S35 (45)

—-25=



-3 P, + T, + T
and e, = -eF % % Cincjn i 23 1 Sij’ (46)

where now i‘j + E’l has been written for E:’j; E’l is the vector

to the center of molecule 1 and ?j is the vector from the
center of the molecule to atom j. The evaluation of Sij’
the overlap integral between the two wave functiohs, was

performed by expanding the integral in the form (KRCJ):

~ -’ ~
5., = =1 B RED@ASR D ) opy=1
1] 2 i)
R..
ij
”~ = ~ -
(A, f,) = (D Ry (nyRes) g (47)
i3 : 5 ij
R. .
ij

where ?li and 'ﬁj are the unit vectors defining the direction

of orbitals uy and uj, ﬁij is the vector from atom i to

atom j, and
B . 5/2
Aij —/-rj_rj cos Yi cos;’j [21 alal exp(—alri)] p'd

' [?n' amCLr?l/2 exp(-(lmrj)] aT (48)

. . 5/2
Bij =frirjs:1.n7i. S;Ln‘dj [51, alal exp(-alri)] ple

5/2
[%1’ amam exp(-amrj)] dT (49)

¥; and Xj are the angles which ¥, and ?j make with Tfi

i j?
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respectively. Both Aij and Bij can be evaluated analytically
in confocal elliptical coordinates (see Appendix I for
details of the calculation), but since the result is a sum
of many terms and there are 13 x 14 x 14 such integrals to
be evaluated, an IBM 360/50 computer was used to compute

the results. The program of this calculation is included

in Appendix II.

The second order calculation of the perturbing
field requires calculation of the integrals (cf. equation

(37)):

= % <u () | -eF- rIu (T-T l)> (50)

3 1n jm

or e;(’)’) = -eF-),zl' EJ\'C CJm <u (3 | oy | uy (-7 )> (51)

where Y = x, vy, Or 2, n = 7 or 8 depending upon whether the
hole band or the electron band is béing calculated, and m
is the number of the orbital from which or to which the
electron or hole is being excitedg The energy difference

(cf. equation (36))
Ae = | e, - ¢ , (52)

is simply the energy difference between orbital m minus

(48) for the

orbital n, found by using a value of 2.36 eV
atomic resonance integral. The allowed orbitals are deter-

mined such that the representation of the integral will be Ag’
the total symmetric representation for the molecule which belongs
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to symmetry group D2h' This requires the prqduct of the
representation of orbitals n and m to be either B1u for a
transition in the z (short axis) direction, or B2u for a
transition in the y (long axis) direction. There is no
allowed molecular transition in the x direction. The

(49) will be given by

allowed transitions in the crystal
the sums and differences of the molecular transitions for
molecules of different orientation. The sum will belong
to the Bu representation of the factor group C2h of the

crystal and will lie in the ac plane, while the difference

has Au symmetry and lies in the b direction.

C. Numerical Results

The crystal constants and fractional atomic

(50, Si)and naphthalene(SZ) are

coordinates for anthracene
given in Table I. The fractional atomic coordinates have
been referred to the orthogonal coordinate system used in
the calculations (cf; p. 22) and have been converted to

atomic units. Table II lists the intermolecular overlap
integrals between molecule one and molecules two through

fourteen calculated according to the method used by KRCJ

using SCF functions.

The energy values calculated are tabulated in
Table III. The perturbed energies were calculated for a
field of 104 volts/cm and 109 volts/cm. As it turned out,

the second order correction to the energy was negligible

so that the perturbation was linear with the field.
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Table L.

anthracene50'5$ and naphthalene.

Crystal constants and atomic coordinates of

Anthraecene

Naphthalene

a

0
8.235 A

b

o
6,003 A

Anthracene (at., units)

52

c

8.561 & 6.036 & 11.162 4  124942°
O

8.658 A 122%55%

Naphthalene (at. units)

¥ 33 *ic &4k
Aton X y z X y Z
no.*
1 1. 5666 1.4927 -1.5581 0.4224 1,1628 0,4821
2 3.1706 2,9503 =3.1627 1.8627 2,8031 -1.0768
3 3.8619 2.0444 -5,4824 2.4399 2.1203 -=3.4900
4 2,9773 -~0.3315 =6.3451 1.5585 -0.2111 -4,4651
5 1.4466 -1.7735 -4,8663 0.1695 ~1.8015 -3,0217
6 0.7043 -0,9368 -2,3962 -0.422% -1.1628 -0.4821
7 ~1.5666 -1,4927 1.5581 -1,8627 -2,8031 1.0768
8 ~3.1706 -2,9503 3.1627 2,4399 -2,1203 3.4900
9 -3.8619 -2,044b 5.4824 -1,5585 0.2111 L, 4651
10 -2,9773 0.3315 6.3451 -0.,1695 11,8015 3.0217
11 -1.4466 1.7735 4,8663
12 -0,7043 0.9368 2,3962
13 0.8466 2,3779 -0,8200
14 -0.8466 -2,3779 0.8200
Normal to the plane
ny ny n, ny ny n,
0.8059 <0,4347 0.4020 0.8399 -0.4425 0.3143

# The numbering follows that given in Figure 1, p., 16
for anthracene; naphthalene is analogous,

#% x=a+ ccosfl 3 z=c¢ sinf3
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Table IT. Overlap integrals for anthracene calculated

from SCF functions in units of ’10"4 eV.

Molecule

Number Hole Electron
2 0.77 0.99

3 54.85 -27.24

4 0.28 0.04

5 -0.28 -0.24

6 3.49 0.60

7 -0.07 ~-0.04

8 0.03 -0.02

9 35.81 40.83
10 -16.93 -1.62
11 -0.02 -0.03
12 0.00 | 0.00
13 0.00 0.00
14 ' -0.02 -0.01
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Table ITII. Intermolecular resonance integrals for anthra-
5

volts/cm applied

in the x, y, and 2 directions in units of 10" %ev.

cene perturbed by an electric field of 10

' : ]
Mgiigzie el(KRCJ) ei (x) ey (y) e, (z)
Hole

2 ~0.47 0.003 0.000 -0.005

3 -132.44 0.000 -0.234 0.000

4 -0.17 0.001 -0.001 -0.002

5 0.20 0.002 0.000 0.000

6 -4,39 -0.005 0.000 -0.023

7 0.03 0.000 0.000 0.000

8 -0.03 0.000 0.000 0.000

9 -93.05 -0.137 -0.090 -0.017

10 36.61 ~-0.018 0.037 0.114
11 0.01 0.000 0.000 0.000
12 0.00 0.000 0.000 0.000
13 0.00 0.000 0.000 0.000
14 0.01 0.000 0.000 0.000
E+(k = 0) -500.56 0.001 0.469 0.055
E_(k = 0) =49.20 1.243 0.889 -0.725

Electron

2 0.15 0.004 0.000 ~-0.006

3 71.61 0.000 0.116 0.000

4 -0.03 0.000 0.000 0.000

5 025 0.001 0.000 0.000

6 -0.74 -0.001 0.000 -0.004

7 0.04 0.000 0.000 0.000

8 0.02 0.000 0.000 0.000

9 ~124.79 ~0.147 -0.095 -0.026

10 2.48 -0.003 0.003 0.010
11 0.02 0.000 0.000 0.000
12 0.00 0.000 0.000 0.000
13 0.00 0.000 0.000 0.000
14 0.00 0.000 0.000 0.000
E+(k = 0) -346.50 -0.588 -0.135 -0.085
E_(k = 0) 631.82 0.611 0.600 0.043
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Therefore, only the energy of interaction between molecule
one and molecules two through fourteen for an applied field
in the x, y, and z directions, along with the unperturbed
energies calculated by KRCJ are given. In addition, E+ and

E_ (cf. equation (38)) are given for the case X = 0.

As is expected, the effect of the applied field
is very slight, so that the energy bands as plotted in
KRCJ are changed very little. The same is also true of

the mobilities calculated by KRCJ.
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IITI. SURFACE STATES OF ANTHRACENE AND NAPHTHALENE.

Generally, when studying the electronic structure
of a crystal, only those aspects independenf of the con-
ditions existing at a free surface or interface are
considered. The purpose of this study, however, has been to
supplement the energy band structures of anthracene and
naphthalene, previously calculated by Katz, Rice, Choi,
and Jortner (KRCJ)(37) with a calculation of their surface

bands using a crystal orbital approach.(39’ 40)

A. Method of Calculation

Both anthracene and naphthalene have a monoclinic
structure with two molecules per unit cell (;f. Fig. 1,
. p.16). .The two moleculés of the unit cell are differently
oriented, and will result in two energy bands for each
electronic state, corresponding to the symmetric and anti-
symmetric combinations of the wave functions of the molecules
in the unit cell. These energy bands have been calculated
by KRCJ, using the tight-binding approximation, since
the binding energy of the molecular crystal is very small

relative to the excitation energy of the excited electronic

states of the molecule.

The one electron crystal wave functions are con-
structed as Bloch sums{27) of the one electron molecular

wave function, @(F - Fh):

w 33 =



m 5
Va(k) = %1%2'%3(: D@ (2 -2 C(E,E), (53)

=

where Lo represents the vector from the origin to the center
of the molecule with coordinates (m13, mZB, m33), 2, B, and
@, being the three crystallographic axes (¢f. Fig. %, p. 16),

-—' L]
k is the wave vector, and

c(k, Em) = sin ?-(?N - ?mz) sin ?.(?ﬁl + ?53) (54a)
. C(R, 2 ) = sin K-(3 7 P .) sin KT (54Db)
» Ip) = sin N = Fmi ~ T3’ Sin KeTp,

§V+ (¥) is the symmetric wave function and gives an energy
E+(?), while Q?_(f), the antisymmetric wave‘function, gives
an energy E_(?). To calculate the surface band for an
excess electron or hole, the following Hamiltonian is used

(cf. KRCJ and p. 17):

H = (<h%/2m)V% + V(B), (55)

where

V(B) = Vn(? - ?n) (56)

Vn being the Hartree potential of an isolated neutral
molecule. By following the formulation and using the
approximations described in Chapter II and in KRCJ, one

obtains for the energy the expression

Ex+(X) =Q + % (:ti)l e,cos Ker (57)

17

where '
QL =e +2 e (58)



and'

eo=<¢lH°|¢>, (59)
HO = (-n?/2mV 2 + v, (60)
e, = <@ | v(E-2)]| 08>, (61)
ey =@(F -2 [V - | @), (62)

and the sums are taken over all molecules except the one
with its center located at the origin. By convention, 1
even refers to a molecule at the corner of the unit cell,
while 1 odd refers to a molecule at the center of the unit
cell. Unlike the Born-von Karmén boundary conditions used
for calculating the bulk energy bands of crystals, the boun-

(40)

dary condition for the surface requires that

[Ei‘(-]-c.) -a'] C(Eyfoaflzsfl3) =%} (i1)1e1 [C(Te’?l’?IZ’?l3) ¥

2
c(k,ro,?lzil,?lsm)] (63)

where ?o and ?1 are components of the vector perpendicular
. -
to the surface, while Ly041 and ?1311 represent the other

two components of ?1, and
a,' = eé + Z'e;l- (64)

eé is the energy of an isolated negative ion on the surfaée
and e; and ei are the resonance integrals between the
surface molecule with its center at the origin and the
molecule in position n (equation (61)) or 1 (equation (62)),

respectively. Because of the symmetry of the crystal, each
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coefficient with a term ¥ or ¥ is paired with one

12+1 13+1
containing a term 154 OF Fy3_4 SO that the sum of the

two results in a cosine termj; because of the surface, this
symmetry does not exist in direction F,, and a term in E“f31

with real and imaginary solutions appears.

In order to solve this problem for a particular
surface of the crystal, the integrals e, and e, are calculated
only for the interaction between molecule number one and
molecules numbered two through fourteen in Fig. 2 (p.23).

Then, the nearest neglected molecule has no atoms closer

than 7.5 R. For the purposes of this study, the integrals

e; and ei (for which the origin is taken to be on the surface),
have been assumed to be approximately equal to the integrals
e, and ey, respectively (for which the origin is taken to be
within the crystal). This, in effect, assumes that the atomic
coordinates of the surface molecules are the same as those
within the crystal, which is a reasonable assumption in

light of the other approximations made herein. The integrals
e, have been calculated in KRCJ including all three center
integrals between the potential and wave functions on
neighboring atoms with the wave functions on another molecule.
In order to calculate the surface states, the integrals e,
had to be calculated, and all three center integrals between
two wave functions cn nearest-neighbor (NN), next-nearest

neighbor (NNN), and next-next-nearest-neighbor (NNNN) atoms

with the potential on a second molecule were included.
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The energy of the crystal is given by (cf. KRCJ

and equation (38), p. 22):

B;!(k) = e  + 2(enz te 4+ 2en4 tec te o+ Zen.7 + 2en8 +

n

- =
2en9 + 2en,10 + 2en'l'1 te 4o+ 2en13 + 2en14) + 2 %Zcos keC +

-+ - =

-+ Pad -t
b+c) + cos k'(b-c):] +egcos a

=l

- = -
e,cos Kb + e4[cos ke ( ea +

e cos Ke(a + 3) + e, |cos (2 + B) + cos K- (3 -—5)] +

eg|cos Ke(3 + D + C) + cos Tc'o(g-_ﬁ-t-é')]i eq|cos Ke2(3 +B) +

cos K-%(a -'13)] t eqqlcos T{'.(%(E{ +B}+ <) + cos ?-(%{g-g} +

d)| % e, |cos K (%2 + Bl- ©) + cos Ke(%{2-B} - _E):] +

e, ,Cos ¥e(a-2) + e13[cos Ke(a+B-2) +cos ?-(3-‘5-3):' *

e14[cos Ke%(a + 3B) + cos Tc’-%(-g - 33)] . (65)

Applying the boundary conditions (equation (63)) for

a surface in the ac plane one obtains:

U
n

E4(R) = e

+e's + 2(e!, + e +e'. +e' _+e' +e've' +
o n3 n2 4 nS né6 n7 n8 no9

—

er'1'10 +er'111 +elio+ e;113 +er'1'14) + (cos X+b - sin k-b cot K*NB) x

[e3 + 2e cos XeC + 2e.cos Xd + 2egcos Ke(T+3) + 2e,4cos K.(3 - 3)]

* 2(cos k+B/2 - sin B*B/2 cot E’-NB/Z)[egcos K-3as2 +€,,Cos K. (3/2 +

2) + ey cos R-(3/2-3)| ¢ 2(cos K-3B/2 - sin R-3B/2 cot B-38B/2) x
- —

T D = - —»‘
€4 4C0s Kea/2 + 2[e2cos kKec + egCos X3 + e6cos ke(a + c) +

e45cos Ko (a - 3)] . ‘ (66)
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By subtracting equation (66) from equation (65) one obtains:

=y

a-a' + (cos BB + sin K+B cot K-NB) [e3 + 2e,cos KT +
2e7cos'f-3 + 2egcos Xe(a + &) + 2e, 4cOs Ke(F - Ei]i

2(cos K*B/2 + sin K+B/2 cot E-NB/Z)[égcos R3a/2 +

cos K-(a/2 + &) + e_,cos Ke(3/2 —'Ei]i 2(cos ¥-3B/2 +

€10 11

sin K+*3B/2 cot R.3NB/2) x €,,4C0s K.as2 = 0. (67)
where,

a- Qo e 3 + (er14 te o +e g + en9+en10»';'—'en11:+ °'n13'+‘enllb)'

(68)
the approximation being the equating of e and e; as
mentioned above. No serious error is made by ignoring
molecule number 14 in equations (67) and (68) since it
contributes less than 0.1% to the energy, and by doing this
an unwieldy cubic equation is reduced to a quadratic
equation. A surface band will be present if KB is of the
form a + 1§where é- and u are real and positive.(39) §
must be positive to insure the exponential decay of the wave
function into the crystal. A necessary condition for the

energy to remain real is that Im cos kB = Im cos ﬁ'B/Z = 0,

thus

i
o

sin u sinhé = sin u/2 sinh§/2 (69)

which means that u must be equal to 2nT(n = 0,1,2...),
but only the case n = 0 need be considered, since all other

values of n are equivalent to this. This is obvious for the
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case of n>1. The case of n = 1 is discussed below.

Substitution into equation (67) of X+B = if gives

terms of the form
coshg + sinhf coth N§ (70a)

cosh 5/2 + sinh 5/2 coth N§/2. (70b)

These reduce to exp (f) and exp (5/2) for very large N,
so that equation (67) becomes a quadratic in exp (5/2).
A convenient way to plot the surface bands of anthracene and
naphthalene is to plot EX(K) for K parallel to each of the
. . -1 =1 —.1
three reciprocal lattice vectors, a *, b 7, and ¢ ~,
respectively. Then:
a1

EX (X a =L+ [ZAicosh( f,l) + 4B1cosh(fi/2) +D1:] (71a)

Ei(l?llg'i) =L+ [2A2cosh(§2) + 4B2cosh(§2/2) +D?:J (71b)

E*(k[lc'i) =a+[2A3cosh(§3) * 4B3cosh(§3/2) +D3;l (71c)

i —
Aj(k[)a™ ™) = ey + 2, + 2(e; + eg + e,,) cos X-3a

1!&2(flll—:>""l =e; + 2(e, + e, + eg + e,,)
A3(f|\g'1 = ey + eq + 2(e, + eg + e ,)cos k¢
Bi(?||?1) = (eg + €4 + e‘l‘l) cos K-a/2
Bz(kll—’"‘l = eg + €4 + €44

B, ®l1eh = eg + (e4q + e4,) cos x.<

= -Q" (cf. equation (68))

..‘]_)

D 2e

K|

‘o

= =
'l( 5 + 2(e5 + es + e12) cos k-a

= =]
Dz(kllb ) = 2(e2 +eg +eg + e12)
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DB(E' a1y - 2ec + 2(e, + eg + e,,)cos X-c (72)
£./2
1 . -

P, = e = (B i‘\/Bl? -A;C)/A,; fi =2 1n P, (73a)
£./2
1 . -

P_=e = (+Bi i‘VBi -AiC)/Ai, é& =2 1n P_ (73b)

where €= -ik*b and i = 1,2,3. If exp( fi/Z) is positive,
it is labeled P+ or P_ depending upon whether the value
refers to the symmetric or antisymmetric energy band,
respectively. If exp( gi/Z) is negative, it is labeled.

N+ or N_.

A surface band exists for values of P_or P_ real
and greater than unity since g'is greater than zero. If one
of the P+ roots is real and positive and the other real and
negative, the negative root will have an equivalent positive
value in one of the two possiblé P_ roots (one of which will
be negative and have the absolute value of the positive P+
root), resulting in two surface bands. Alternatively, a
negative value for e 5/2 could be resolved by taking KD =
27T-+j_§ and calling this an N+ root. But substitution of
277 + iéf into the energy equation for Kb will give the
same value for the energy as the P_ root. There are, there-
fore, only two non-equivalent bands. It can also be shown

(as pointed out in KRCJ), that the apparent periodicity of

ama? in equation (71a) is only 2ma-? since
VR + 2md ™ = () (742)
V(R + 2mdH = V(D (74b)
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The sate relations will hold below for surfaces in the ab or

: =y “vaq
bc plane for kil b ~.

Applying the boundary conditions for a surface in

the ab plane results in:

-l

EX(K) = e, + 2(e;13 tel o + 2er'17 + 2e;19 +2e 4,) + (e, +2e,cos XB) x
[cos k¢ - sin k.2 cot K.(NET - m,lé')J + (eg + 2eg cos Tc'-B){cos K- (C+

a) - sin Re(c+d)cot 13-[1\13 - (m1+1)'éj} +(e,, + 2e,4c0s E’-B){cos K- (3-
8) - sin K- (&-3)cot K- [NE:'- (m,l-i)éj} + 2e,,c08 R*B/2{cos K+ (S+

a/2) - sin Ke(c+a/2)cot Tc'-[NE’- (m,l-i-!s)ij} & 2e1.lcos '13-"]5/2{cos X (-

-y

a/2) - sin k-(3-3/2)cot ®- [NE- (m,l—%)?éﬂ +2 [e3cos KB + e Ccos K3 +

2e.cos K+*a cos X-FB 2(egcos K-3/2 cos K*B/2 +

7

e44C0s X.a/2 cos '1?-35’/2)] . (75)

Subtracting equation (75) from equation (65) gives:

o-qa' + (e, + 2e, cos X+B) |cos K-C + sin K2 cot 73°(N€-m13)]+

(e6 + 2e‘8cos 'ﬁ"ﬁ){cos Ke(S*+3) + sin Re(c+a) cot k* [Ng~(m1+1)-a_j}+

(e12 + 2e13cos E-B){cos K+ (Z-2) + sin K- (d-F)cot K- [Né—(mi-i)éfl}i

2e 4 oCOS R-B/2 {cos K- (+3/2) + sin K. (T+3/2)cot K- [NS—(m1+3s)'3]}i

1
2e,,C0s R-B/21cos K- (&-3a/2) +sin K- (&-3/2)cot K. [NE’ ~ (my -
153} = o, (76)

where

a-Qa =e+te e o+2(e g re gte jgtey e q). (77)
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This equation results in a surface band if k-c is complex.
In order for the energy to be real, two conditions must be
met: first, for kKeC = M+ ig y p,g real > 0, u must be
equal to nTT(n = 0,1,...), and second, K.a must be equal

to 2nTT(n = 0, 1,...). As before, only the values n = 0 or
1 are unique for both cases. Under these conditions,

equation (76) reduces to

a-a' + e [ez + 2e4cos XD + es + ey, + 2(e8+e13)cos E-B]i

2(e ) cos k-B/2 = 0, (768)

10 ¥ €11
which is simply a linear equation in ef.

The restriction on the wvalues of kK*3 results in a

1 as well as the T?H'é"i

1

surface state in the K13~ direction,

and a surface band in the kI/B~" direction. The energies

for these three cases then are

E+(R 131 =a % 2(a; * B)) cosh§, + D, & 4legte,,)  (782)
EX (K ||'f>"1) =Q % 2(A, + B,) coshg‘2 + D, & 4(egycos X*B/2 +
e4,4C0s k+3b/2) i | ] (78b)
Ex(¥ IIE"'i) =0 & 2(Ajt By) cosh 53 + Dy & 4legte,,) (78c)
where,

A,l(f | I_é""l) = A3(Tc’ |[3'1) = e, tegte,,+2(e, +eg +e13').

. —
since K3 = 0, 2

= - =}
A -1 .
5 (K |Ib=%) e, + € + €45 + 2(e4 + eg + e13) cos k+Db

B,l(l'c’u'é"i)
-1y

=1
By(R [I1E77) = 2(e g + e4,)

BZ(I?IIB 2(e ) cos f-3/2

10 * €11
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C =a-Qa' (cf. equation (77))

D (R (137 = Dy (R 1) = 2(ey + e + 2ey)
D (kllq'i = 2eg + 2(e; + 2e,)cos KB (79)
and,

exp( ) = -C/(A, + B); i = 1,2,3. (80)

If either of the roots for eg'are >1 thenu = 0 and a P_ or
P_ state exists. On the other hand, a value for e§ < -1
implies that pm = 7T, and the states are called N or N_.

A P or an N state results in a (+) or (-) value respectively
for the first double sign notation on the right hand side

of equation (78), while the sign of the subsequent double
sign notations are determined by whether the band is (+)

or (-).

Finally, applying the boundary condition to the
E+x(¥) =a'+ (e + 2e.cos E"B)[cos Rea - sin R+3 cot Tc"(NéT-m3?:')]+
(e6 + 2e8cos X+B) {cos K+ (a+3) = sin —12'(3+3)cot Xe [Ng-(m?’-s-'l)—cj} +

—

(e12-+2e13cos ﬁ-B){cos K+ (3a-¢) = sin ?-(Elé)cot'f-[NSL(m -1Y€ﬁi

2(e cos k b/2-+e14cos L 3b/2)[§os k a/2-51n . a/2 cot k (Na/21
' 14 13 L L 3 -

2(e9cos -]-c)-f;/2 +e,,cos kK*3B/2) [cos K-a/2 - sin ¥+3a/2 cot R (Na/2-

14
m33i] + 2e10cos Keb/2 cos'?-év2-+2) - sin k-(a/2 + Q) x
cot En[N572-(m3+1)§j}i 2e11cos'ﬁfﬁ/2 cos R=(3/2 - @) -
sin ®*(3a/2 - @) cot’?'[Ng/Z - (m3_1)éﬂ} + 2(e2cos X-C +

e, cos kB + 2e, cos K*B cos k-2) , (81)
where
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|} ] ? ] ] L
Q = e +2(en2+e3+2en4)+en5+en6+en‘12 +

o n
4 ' ' ' U

] L
2(en7 + en8 + en9 + en10 + en11 + en13 + en14)' (82)

Subtracting equation (81) from equation (65) yields:

~Y

' -
Q-Qa + (e5 + 2e7cos }:.g) l:cos Xea + sin Rea cot }_c'-(Ng-m3'3}'+

(e6 + 2e8cos ReB){cos K- (a+d) + sin K+(a+c)cot }_c'-[N—a'-(m3+1)% +

(e , + 2e 5c0s l-c'-—ﬁ){cos Ke(a-3) + sin kK+(3-S)cot k- Exlg-(m3-1)c}i
K.3B

2(e9cos Keb/2 + e,4C0s k-3 /2) cos X372 + sin X-3/2 cot k.(Na-
m3Ej + 2e10cos ¥-B/2{cos ?-(3/2+3) + sin Ko (3/2+?:’)cot Tc’-[Ng,/_-z -
(m3+1)§}i 2e,l,lcos ?-B/Z{cos K-(a/2-¢) + sin K+(3/2-S)cot .
Na/2 - (m3—1)§G =0 | (83)
where |

a-c(,' = e+ e te 5+ 2(er17 + e o+t €.+ e 4+

e 41 * €pq3 * e 447" (84)

This‘equation results in a surface band for complex values

of ¥-3. Now, however, in order for the energy of the sur-
face to remain real when K2 = ua + ig (}1,5 real >0), p must
equal 0 or 27T and kK+¢ must be equal to 0 or 7T . Then, equa-
tion (83) reduces to

a-—a' + e§ [:es + e 4+ e4, 2(e.7 + eg + e13) cos '}?-]_o’:] +

2e /2 [eg + (eth + eii)cos }_c’-—cj cos -}?-5)/2 + e, ,c0s ?-35)/2}::0,

(85)
which is a quadratic equation in eé'/2 and the discussion is

basically the same as for the case of the ac plane. For

this case there is one surface state in the ¥|]a-1 direction,
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two in the Q||Z'1 direction and a surface band in Q|IB_

1

direction for each crystal orientation.

E+(% 1|3~ 1)

Ei(f\{ﬁ-i)

Ex(R 112 1)

where

A (R11ETH

= =]
A3(kllc )

=~

kec = 0,77

T T §
Bi(k1|a )

> e
Dy(k 1B )

D3(E||8'1)

a + 2A1cosh( §1) + 4B,lcosh( 51/2) +D, (86a)
a + 2A2cosh( 52) + 4B2cosh(€2/2) +D, (86b)
Q + 2Ajcosh( 53) ¥ 4Bjcosh( 53/2) + Dy (86c)

@5 + eg + ©1p + 2(eq + eg + e43)
- —
ec + ep + ey, + 2(e, + eg + e13)cos kb
= -
eg + 2e7 + (e6 + 2e8 + e45 4+ 2e13)cos kec;
eg + €10 +* €44 + €4,
2 = LD
(e9 + e40 e11)cos keb/2 + e, ,4C0s ke3b/2
= —
€g + €4, + (e10 + e11)cos kec; kec = 0,77
(cf. equation (84))
2(e2 + e34v2e4)
- =
2 [82 + (e3 + 2e4)cos k-b]
2 [es + (e, + 2e4)cos Q-E’] 3 X-Q = 0, 7.
(87)
. . €2 g
The possible roots of equation (83), e , Where = -ike*b

are

P,

P

€is2 N~ .
e i/e, (-Bi;t B, -A C )/Ai; §i=2 In P _,i= 1,2,3 (88a)

i/2
egl/ = (+B; i.'\/Bl?-Aic )/Ai;§i=2 Inp_,1i=1,2,3. (88b)
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As discussed above, the roots corresponding to Xb = 2T +
i§: for the (+) band are simply equal to the roots correspond-

ing to the KB = if for the (-) band.

B. Numerical Calculations

The values of el(l = 2 to 14) for anthracene and
naphthalene are taken from KRCJ and their method of calcu-

lation has been described therein. The values of e

e, = <B@) IV (E-F)|@BE)> (89)

were calculated for an extra electron and hole in both
anthracene and naphthalene using a linear combination of
neutral carbon 2pz wave functions u; to describe the
molecular orbitals @.

¢ = § Cyus (90)

where the Ci are Huckel coefficients neglecting overlap(zg)

and the ui are a linear combination of four Slater wave

functions.

4
= - A.-¥ 5 ;i -
u, () = (f r).Eéaj(Clj /7)) 7% exp( Cljr) (91)

J:
where ﬁi is the unit vector defining the direction of the
2p orbital and the coefficients aj and orbital exponents

(46) This form for -

a_j are given by Clementi and Roothaan.
ui(f) was used because it gives the best fit to the tail
of the wave function at the large distances which occur

in the evaluation of the resonance and overlap integrals of

- 46 =



molecules in crystals (cf. KRCJ and Table II, p., 30).

The potential energy of a neutral molecule Vn is
expressed as a linear combination of neutral-carbon-atom

potentials (cf. KRCJ).

Vn = % Vi (92)

(53)

where Vi is the Goeppert-Mayer and Sklar potential of

carbon atom i. Using equation (89) for u. this gives:
= el 5/2 5/2 5,-1
V, =-e /ri(g,% alal a, @, /,le) % zl,exp(-Z(Bklri)
o’ ’

5/2 5/°2 5 3 2
(akCLk alal/ /Bkl) [4/3(Bk1ri) "'4(:8k1ri) +

GBklri + LP] , (93)

where Bkl = %(ak +C1.l). Then substituting equation (90)

and (92) into equation (89) one obtains:

e :=§IE:ZC

n=%%%Cq iCq 5 <us(F=F;) | V(B2 -F ) u, (B-2, ) (94)

where 0 indicates the number of the molecular orbital. For
the two center integrals (those with both wave functions on
the same atom, i = j, and the potential on a different
molecule), the integral portion of equation (94) can be

expanded as

-1 [ea . 2, 2 -1 a3 42, 2
-TT I:(ni ﬁim) /RimJ Aim-+(27T) [1-(ni Rim) /Riszc

B.

im? (5)

where ﬁi is the unit vector defining the direction of

- 47 -



orbital i, and ﬁim is the vector from atom i to atom m.

= [2nna? 5/2 5/2
Aim-ﬁ.cos X.Vm%% akak alal exp [—(CJ.]c +

1 1
(ll)ri:l aT
By = r;.a_sinzx iV % 51: a,a i/zalals/zexp [—(Cl-k +
O.l)ri] aT | (96)

. = .
where Bi is the angle L, makes Wlth.ﬁim' A,

. be
im and Blm can

integrated analytically by carrying out the integration in
elliptical coordinates, but since the result is a sum of
many terms and there are 13 x 14 x 14 such integrals to be
evaluated for anthracene, the results were computed using
a CDC6600 which took about one minute. (The details of the
integration are given in Appendix I, and the computer pro-
gram in Appendix II.) The three center integrals were
carried out numerically by a three dimensional Gaussian
integration using 143 points. The programs are given in
Appendix II and took about one hour on the CDC6600 for
anthracene. The subroutine for the Gaussian integration

(54)

was written by A. H. Stroud and the coefficients were

given by Stroud and Secrest.(SS)

The three center integrals were carried out for
wave functions on NN, NNN, and NNNN atoms with the potential
on a second molecule and were calculated only when the
distance bethen the midpoint of the two atoms and the

potential function was less than 6.5 A for the NN case and
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less than 5.2 A for the NNN and NNNN cases. Neglecting
integrals for which the distances are greater than these

values recults in an error of less than 0.1% in the energy.

C. Numerical Results

The crystal constants and atomic coordinates used
in these calculations for anthracene and naphthalene are
given in Table (50 - 52)(p. 29). Table IV gives the
valués of the resonance integrals, ey, calculated in KRCJ
as well as the integrals e, calculated herein. The integrals
are calculated between molecule one at the corner of the
unit cell, and the neighboring molecules, two through four-
teen as depicted in Fig. 2 (p.,23). The table gives the
results of the calculation for the two-center integrals and

for the two and three-~center integrals combined.

The resultant surface bands (equations (71) and (86))
for an excess electron and hole are plotted in Figures 3, 4,
and 5 in the reciprocal crystal axis directions. Figure 3
gives the electron bands in the ac plane of both anthracene
and naphthalene. The naphthalene electron band extends in

1 1 .. . 2.1 .. .
directions. In the c¢ direction

the ¥||a~" and X ||&~
the bands are very narrow (.001 eV for the E+ band and

.0015 eV for the E_ band) and are split by about .016 eV.
In the a~ ! direction, the bands have a width of .013 eV.
Although surface bands do exist for the electron band of

anthracene in the ac plane, they overlap with the bulk bands
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Table IV. Intermolecular Resonance Integrals in Units of

10-4 eV
Anthracene Naphthalene
. e, . en
o n (two & o n (two &
Mole- 1 (two- three 1 (two- three
cule (from center center (from center center

numper KRCJ) intgrls intgrls KRCJ) intgrls intqgrls

Hole
2 ~0.47 -0.37 -0.18 -0.36 -1.24 -0.94
3 -132.44 -41.26 -38.24 -120.97 -40.,75 -39.53
4 -0.17 0.00 0.00 -1.76 0.00 0.00
5 0.20 -0.02 -0.02 0.27 -0.02 -0.02
6 -4,39 -0.18 ~0.19 11.18 -0.30 -0.32
7 0.03 0.00 0.00 0.32 . 0.00 0.00
8 -0.03 0.00 0.00 0.05 0.00 0.00
9 -93.05 -78.88 -75.06 39.30 -70.20 -72.28
10 36.61 -1.38 . =1.97 =42.50 0.15 -0.54
11 0.01 0.00 0.00 -0.02 0.00 0.00
12 0.00 0.00 0.00 0.00 0.00 0.00
13 0.00 0.00 0.00 0.00 0.00 0.00
14 0.01 0.00 0.00 0.04 0.00 0.00
Electron
2 0.15 -0.37 -0.43 -5.60 ~-1.24 -1.28
3 71.61 =41.26 ~-34.49 22.77 -40.75 -33.89
4 -0.03 0.00 0.00 0.16 0.00 0.00
5 0.25 -0.02 -0.02 0.00 -0.02 -0.02
6 -0.74 -0.18 -0.17 3.51 -0.30 -0.28
7 0.04 0.00 0.00 -0.05 0.00 0.00
8 0.02 0.00 0.00 -0.03 0.00 0.00
° -124.79 -78.88 -64.29 =52.46 -70.20 -57.20
10 2.48 -1.38 -0.48 -3.37 0.15 1.09
11 0.02 0.00 0.00 -0.03 0.00 0.00
12 0.00 0.00 0.00 0.00 0.00 0.00
13 0.00 0.00 0.00 0.00 0.00 0.00
14 0.00 0.00 0.00 0.01 0.00 0.00
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Figure 3. The electron bands in the ac plane of anthracene
(2), and of naphthalene (b) in the k|| 3~! and ¥|Ic-1

directions. (Solid line: x = kX.8; dashed line: x = %.3.)
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as shown by the fact that the only possible solutions to
equation (73) from 0 to 1377 /18 are real.- This is represented
by a discontinuity in the band plot. Since no solution of

the form K+B = 2nTT + i§ exists for the naphthalene or
anthracene hole bands on the surface of the ac plane, all
solutions to equation (67) for K+b are real, and the surface
bands lie completely within the bulk bands. This result
allows for the trapping of electrons on the surface of
naphthalene (but not anthracene), which would facilitate

hole injection.

Figure 4 shows a plot of the anthracene and naphtha-
lene hole surface bands and Figure 5 the electron surface

bands in the bc plane. Naphthalene has a hole band in the

3;1 direction with a width of .05 eV. There is also a

1

-

surface state in the ¢~ - direction at f = -ik-¢ = T,

which lies .047 eV below the maximum of the band in the 3—1
direction and which might serve as a hole trap facilitatingg‘
electron injection from that surface. The electron bands
are narrow and overlap into the bulk energy bands in the 3“1
direction in the region where only real solutions to equation

1

(88) exist. In the ¢ =~ direction, two = isolated surface

states appear.

For anthracene in the bc plane, relatively wide
sufface bands exist (.034 eV for the hole band and .028 eV
for the electron bands in the B~1 direction), but these over-

lap with the bulk bands at the discontinuity in the plot
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Figure 4. The hole bands in the bc plane of anthracene in
the ®!l B! direction (dashed line:s x = X.B), and of

naphthalene in the ¥11B8~1 dqirection (s0lid line: x = ?-?).
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E(x) ev

Figure 5. The electron bands in the bc plane of anthracene
in the X!/ D~! direction (dashed line: x = f{’-_‘g), and of

ngphthalene in the -}?llg‘l ‘direction (solid line: x = Tc’-_ﬁ).
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for the reasons stated above. However, in both cases,
isolated surface states exist in the 2“1 direction. Table
V summarizes the isolated surface states which appear in
the bc plane in anthracene and naphthalene giving also

-1

their separation from the band in the b direction.

In the ab plane, there are no solutions to equa-
tion (80) of the form K«¢ = nTl + i§ ,§> 0, except at
isolated regions, for either the hole bands or the electron
bands of anthracene and naphthalene. The possible values
of X c, therefore, are all real at almost all p01nts so
that the bands are all overlapped with the bulk bands and
surface states do not appear to be a likely source of

carrier injection.

D. Mobility Calculations and Results

The carrier mobility was calculated for the two
cases for which separated surface bands appeared. These
include the electron surface band on the ac surface and
the hole surface band on the b¢c surface for naphthalene.
The mobility tensor was calculated in the constant free
time approximation as in KRCJ, which assumes a constant
isotropic relaxation time where T (K) =’TO, and the com-

ponents of the mobility tensor are:

Pij = e To <vivj> /kT, (97)

th

where Vi is the i component of the group velocity vector,
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Table V. Isolated Surface States in the b¢ Place in Units

of 10-4 eV.
Anthracene Naphthalene
Separa=- Separa=-
tion from tion from
Position Energy band edge Position Energy band edge
Hole Hole
Ke€ =7 =-113.67 77.60 K@ =T =73.19 472.19
Electron Electron
el =1 271.76 279.95 KeC =TT 247.97 535.52
Ked =77 172.33 611.16
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(R) associated with V(k):

=)

T = (1/1) ﬁkz(m. (98)

The brackets represent the averaging over the Boltzmann
distribution of electrons in the bands:

bE O, OE_ OE_ . .
S'_ exp[ BE (k)] +5— 5—— exp [—BE_(}C):I dk
(vivj)= ’

'hzj{exp [—ﬂE+(l'c')] + exp [—BE_(E):]} ak (99)

where B = 1/kT. The integration was carried out numerically

on an IBM 360/50 computer. The trapezoidal rule was employed
using 12 integration points per dimension. The coordinates
chosen were the unit cell vectors & and ® and the vector E',
perpendicular to the ab plane. The integrations were

carried out over the appropriate Brillouin zone for the
surface in question and required only a few seconds of

computer time.

The results are tabulated in Table VI along with
the results of KRCJ for the appropriate bulk carrier
mobilities. The hole mobility of naphthalene on the bc
surface is the same as that calculated for the bulk, but
the electron mobility of naphthalene on the ac surface is

much greater.
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Table VI. Components of the mobility tensor for naphthalene

surface bands in the constant free time approximation in

units of 1010 cmz/secz.

Electron band in the ac plane Hole band in the bc plane
vy VY Vg Vet Vet Vo> <Vy, Vi

269 21.5 4.4 215

Electron band in the bulk (KRCJ) Hole band in the bulk(KRCJ)

<Va va> <va vc » <vc' vc'> <vb Vb>

39 -0.5 1 217
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E. Concluding Remarks

The results are, of course, dependent upon the
accuracy of the calculations of the resonance integrals, ey,
carried out in KRCJ and the integrals e, calculated herein,
as well as the magnitude of the effect of the approximations
in theory mentioned above. Taking the possibility of these
errors into account, it seems unlikely that they could
change the nature of the results for the ab and ac planes.
In the bc plane, however, the values of A (cf. equation
(87) are so small that a slight change in their values
(amounting to a few percent of the total energy), could
make the difference between whether the surface bénd over-
lapped with the bulk band or was actually separated from

it.
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IV, THE EFFECT OF AN ELECTRIC FIELD ON THE SURFACE
STATES OF ANTHRACENE AND NAPHTHALENE

The calculation of surface states in anthracene
and naphthalene has led to the prediction of separated
electron surface bands in the ac surface of naphthalene
and separated hole surface bands in the bc surface of
naphthalene. In all the other cases calculated, surface
bands are either partially overlapped with the bulk bands
or they do not occur at all (ie. there are no imaginary
solutions of the form 6 =77 + igvfor equations (67), (76)
or (83)). However, if a perturbation were applied to the
surface in the form of a trapped, charged ion, it should
be possible to cause a surface band to separate from the

bulk,

This chapter will be an attempt to calculate how
large a perturbation would be necessary to cause a surface
band to separate for those cases in which in the unperturbed
state either only a partlally overlapped surface band or

no surface band appeared.

A, Method of calculation
1. ac surface
The assumption 1s made that the perturbation
only affects the energy at the surface., Then the energy
in the crystal is given as before by equation (65) while

the energy for the surface is given by equation (66) with
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a perturbation :added:
E+(k) = Equation (66) + >\Equation (66), (100)

where >\ is the degree of perturbation which 1s to be de-
termined. Subtracting equation (100) from equation (65)

gives
Equation (67) - A Equation (66) = 0, (101)
where (L - Q' is given by equation (68) and

a' = en3 + 2(en2 + e * €ns + ey + €n7 +

€8 ¥ €ng * ©n10 *t Cn11 Y Cniz T Cnis t epyl).  (102)

If B 1s of the form 15 with § real and positive
(ef. above p. 38), and molecule 14 is neglected as before,

then equation (101) reduces to

a -4a'+ (eg ->\e-§) ey + 2e,cos %T +

237co§ K+a + 2egqcos K+ (8+8) + 2eq5c0s i ("a','-'é’)]

+ 2(e /2 Ne” /2)[e9cos X8/2 + eqcos k. (8/2 + 2)
+ eqqc0s8 1?-(5.’/2 - 6’)] - }\_{a' + 2[e2cos E"E’-l-

e500s 73 + egcos @+ 3) + eq5c08 X (8 - 'c!ﬂ)

= 0, (103)

£/2

Solving for e

L2 _ 7B t\@i -4a- M@+ +Aie.£-£ 2Ble'§/2)]

Ay (104)

where the definitions in equation (72) have been used,
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In order for a surface band to separate from the bulk, rf
must be > 0 so that the right side of equation (104) must

be > 1 in absolute value, If the right side of the equation
is negative, X+B/2 is chosen equal to T + 15/2 so that
exp(§/2) is > 1. This results in the following values

for x:

A1’£231+C

A D

Q'+ D, + 4, + 2B | . (105)

2., ab surface

The treatment of the ab surface is essentially
the same as above., Instead of equation (100), the energy

for the ab surface 1s given Dby

E+(k) = Equation (75) + A Equation (75). (106)
This is subtracted from equation (65) to give

Equation (76) - quuation (75) = 0, (107)

where O ~ (' 1s given by equation (77) and

+'23n7 + en8+’2en9 + epg ey F enlB)' (108)

If X is of the form 1§: with g real and positive and K-8 =
2nT, n= 0,1,2,,.,. (cf, above p, 42), equation (107)

reduces to
QA -qa' + (eg- Ke'g)Eaz + 2eucos KD + eg
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12
cos ']Z-b/?.]- A {a' + 2[35 + (e3 + 2e7) X
cos kB + 2(e900s Keb/2 + €71,C0S %33/2]}: 0. (109)

+ 2(eg + elB)COS E"Ta‘-_t 2(elo + ell) X
-

Solving for eg: glives

= - +

=

|:e‘§(A1 + Bi) + Q'+ Dy 4(e9cos —‘-:8/2 + €7)008 k*3b/2)

]
A+ B
t=" (110)

where the definitions in equation (79) have been used.

As before, in order for a surface band to separate from
the bulk, f must be > 0 so that the right side of equation
(110) must be > 1 in absolute value, If the right side of
equation (110) is negative, K+C is chosen equal to T + 1§

so that exp(g )>1. This results in the following values
for )J

X > (A4 £ By) + C
Q" + Dy + G(egcos K'B/2 + e7,008 R-30/2) + (Aq+By)| , :
111).
or
NS - (Ay £ By) + C |

Q' + Dy # begoos E-B/2 + eqyoos BIF/2) - (ayxmy)| .

Zquation (111) results when X'Q = .’uf , while equation (112)
is used when X.C = T + if . It should be possible to
satisfy both equation (111) and (112) with A's of different
signs, one of which will cause a surface band to separate

in one direction while the other causes a surface band to
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separate in the other direction,
3. Dbec surface

The bc surface 1s virtually the same as the ac
surface, Instead of equation (100), the energy for the

be surface is given by

E-g(i’) = Equation (81) + quuation (81). (113)
Subtracting this from equation (65) gives

Equation (83) - A Equation (81) = 0 (114)
where . - ' is given by equation (84) and

Q' =2(epp + ep3 + 2e,,) + ns * eng ¥ Cni12 t

2(en7 + e g+ en9 * €10 * Cp11 T Cpig t en1h) . (115)

If X8 is of the form 15 with § real and positive

-

and X¥:¢ = 0 or 7 (cf. above p. 44), equation (114) reduces to

a - '+ (ef - )\e“g)[}s + eg * ey + 2(e? +
eg 313)003 I_Zg:l + 2(e§/2 - Ke"‘f/z) {(}9 + (e10

+ ell)cos %'c cos KB/2 + 4,608 T{“BE’/Z] - k{a'
+ 2[ezcos BeC + €30S BB+ 2eycos XD cos E’-ﬂ}: 0. (116)

Solving for eg/2 gives

§/2=:;:B

/B - afc- X'+, + Aie"g-;_- 2Bie'§/2£| ,
a, (117)

e i

where the definitions in equation (87) have been used.

In order for a surface band to separate from the bulk, §
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must be > 0 so that the right side of equation (117) must

be > 1 in absolute value. If the right side of the equatlion
is negative, k*8/2 1s chosen equal to 77 + 1 §/2 so that
exp( 5/2) is > 1., This results in the following values

for )‘x

A; £ 2By + C
Q' + Dy + Ay t 2By ' (118)

A D>

B. Numerical results

1. ac surface

A\ was calculated for the three cases in which
surface bands do not separate in the ac surface. For
anthracene, separation of a hole surface band required
k.> 0.98, while separation of an electron surface band
required )\>»1.0l. For naphthalene, separation of a hole
surface band required.').> 1.07. This implies that the
energy of the surface would have to be perturbed by about
100% in order for a surface band to separate, Such a large
ohangé is hardly a small perturbation and doesn't permit
treating the perturbed surface band in the same formalism
as the unperturbed band. 1t is, therefore, not possible
to conclude that the effect of a fleld on the surface would
cause separatlon of a surface band using this treatment,
For the naphthalene electron,band, as shown in the previous

chapter, a surface band separates even without a field.
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2. ab surface

As mentioned above, in the ab surface it is
possible for X, to be either positive or negative for any
given case. )\ was calculated for the ?Ilﬁ-l direction.
For the anthracene hole band, a value of )J>O.47 was
required to cause separation of a surface band to energies
lower than those of the bulk band; to cause separation of
a surface band to energies above those of the bulk band,

a value of >\<f- 2.5 would be required. This latter value
is certainly beyond the validity of the approximations
of this treatment, while the former value of 0.47 is of

questionable validity.

For the anthracene electron band, an interesting
situation occurs. A value of A > 0.061 causes the surface
band to shift to energies above those of the bulk band for
most of the band, and to energies below those of the bulk
band for a small part of the band. A value of >\<I-0.023
has the opposite effect. The surface band is shifted to
energies below those of the bulk band for part of the band
and above those of the bulk band for the other part of the
band. This is a consequence of the fact that the numerator
of equation (110), which is a function of'g, changes sign.
This insures that for some values of k the right side of

equation (110) will be < 1 in absolute value so that no

separation of a surface band can occur.

For the naphthalene hole band, a value of )\>
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0.17 causes a surface band to separate to energies below
those of the bulk band, while a value of A}(- 0.23 causes
separation of a surface band to energies above those of

the bulk band. These bands are plotted in Figure 6.

For the naphthalene electron bands, a value of
X > 0.094 causes separation of a surface band with
energies below those of the bulk band, while a value of
A< - 0.153 causes a surface band to separate with energies
above those of the bulk band. These bands are plotted in

Figure 7.

3. bc surface

)\ was calculated for the ®11B~1 direction for the
three cases for which surface bands do not separate. For
the anthracene hole band, the surface band is overlapped
with the bulk band from K.B = 130° to ¥<B = 230°. fThe
value of ).necessary to cause the surface band to separate
at k+b = 230° is 1.82 or greater. For the anthracene electron
band, the surface band overlaps the bulk band from kb = 0°

—

to XK.b 110°. In this case, a value of >\>‘l.25 would be

1}

necessary to cause a surface band to separate at XD = 0°.
This represents an energy change at the surface of 182%

for the electron band and of 125% for the hole band so

that it is not possible to use this sort of treatment to
prédict separation of a surface band as a result of a field

perturbation in these two cases.
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Figure 6,
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Filgure 7. Naphthalene electron surface bands in the ab

surface resulting from a perturbation ).. S0lid line:
A = 0.094; dashed line: A = -0.15; x = E.3.
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The naphthalene electron band has a nearly separ-
ated surface band which only overlaps the bulk band from
XD = 340° to ¥-T = 360°, A value of A< - 0,077 causes
the surface band to separate completely to energies above

those of the bulk band. This band is plotted in Figure 8.

C. The relationship between_lh and field

There are four cases where a small perturbation
is clearly sufficilent to cause separation of a surface
band, These are the naphthalene hole band in the ab
surface and the naphthalene electron band in both the ab
and be surfaces. The anthracene hole band in the ab
surface 1s possibly separated. The energles to which these
various values of ). correspond are summarized in Table VII,
These, except for the naphthalene electron band on the
be surface for which the corresponding energy is 2.5 x 10-4 eV,
are seen to be in the (37 - 80) x 107% ev range. The

other cases, for which )~ 1s about one or more, correspond

to energies in the range 0,015 - 0.044 eV,

The strongest possible external applied electric
field which will not cause dielectric breakdown, of the
order of 105 volts/em, will change the energy at the
surface by only 10"6 - 10'7 eV, This can be seen from
the calculations of Chapter II and may also be inferred by
an order of magnitude calculation using the equation for

the polarization energy, P:

- 70 -



03 F

eV

E(x)

Figure 8., Naphthalene electron surface band in the be

surface resulting from a perturbation k,= -0.077; x = KB,
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Table VII. The degree of perturbation, %~. and the cor-

responding energy change, E (in units of 10~

evV), re-

gquired to cause a surface band to separate for the three

surfaces of anthracene and naphthalene.

¥-d
Band
Anthracene 0
hole 360
Anthracene 0

electron 360

Naphthalene 0
hole 360

Naphthalene

electron

0.98
0.95

0|99

1.01

1.07
1.07

I

~438
-212

=337
152

=315

=302

Surface

ab

0 0.47 46
0 =-2.50 37
b

0 0.17 =80

0 -0.23 75
0 0.094 =46
0 -0,153 68

180

340

be
A E
1.82 -206
1.25 <375
0.38
a
-0.077 2.5

a. A surface band separates in the absence of any perturbation.
b. No perturbation effects separation of a surface band.
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P= - %CIijFiFj + higher order terms (119)
where CQ i1s the polarizabllity tensor and Fi is the

1)
ith component of the electrostatic fields. For naphthalene,

the principal polarizabilities, O 1.(1.2, CL3. lying along

the principal axes of the molecule, are 21,5, 17.6, and
(56)

For anthracene they are 33.9,

(57)

0
10.1 A3, respectively.
29.2, and 12,9 23, respectively.

If a charged ion is adsorbed on the surface of
the crystal, the polarization energy 1s given by summing
over the polarization energy for each molecule, The
closest molecule will have a polarlization energy approx-

imately given by
P = - o2 2r (120)

where e is the charge of an electron, r is the distance
between the center of charge and the centers of the mol-
ecule, and O 1s now an average polarizability. If the
radius of the ion is 1 X. equation (120) yields a value

of 113 eV for naphthalene and 181 eV for anthracene!

This corresponds to a field of the order of 109 volts/cm.
Although such an energy change may well cause a surface
band to separate, it 1s not possible to predict this using
the present approach, nor would it be possible to calculate

the energy of such a surface band relative to the bulk band,
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There is also the possibllity that the local-
ization of a charge on the surface might ltself cause the
separation of & surface band. Such an lonlzed anthracene
or naphthalene molecule would polarlize the molecules
around 1t changing the energy at the surface, The polar-
lzation energy of such an ionized molecule depends, of
course, upon which surface of anthracene or naphthalene
is considered, but it was calculated to be in the range
of 0.7 eV for the ac surface of naphthalene to 1.2 eV
for the ab surface of anthracene. This again, is somewhat
higher than the energy changes required in the treatment

above by two to three orders of magnitude,
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V. CONCLUSION

The purpose of this work has been to ilnvestigate
the possibility of the existence of surface states in
organic crystals, in partlcular, anthracene and naphthalene,
The bulk energy band structure of these crystals 1s already
known and it is hoped that a knowledge of the energy band
structure of thelr surfaces will lead to further insight
into their electronic properties, especially in view of
the fact that blological substances of similar structure

may have analagous properties,

Although separated surface bands have been
predicted only for the electron band 1n the ac surface
and the hole band in the bc surface of naphthalene, the
possibility of surface bands separating for other cases
has been dliscussed. There are several cases in which
surface bands only partially overlap the bulk bands (cf.
Figures 3,4, and 5)., It has been shown that a perturbation
of the surface may be sufficient to cause these to sgparate
completely., Even for some cases in which no surface bands
were separated, it was shown that only a slight perturbation
of the surface energy relative to the bulk would be suf-

ficlent to cause separation,

The effect of electric filelds on these crystals
has also been explored. 1t was shown that an applied d.c.
field, as high as 109 volts/cm, produces a very slight

effect on either the bulk bands or the surface bands of
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these crystals. Thls ls a consequence of the very low
interaction between neighboring molecules in the crystal.
The field resulting from an adsorbed ilon, however, presents
a different plcture. The field of such an ion is so large
that its effect on the surface molecules is far too great
to treat using a perturbation approach., Its field falls

4

off as r~, however, so that by the second layer of mole-
cules 1ts effect is reduced by a factor of 103 to 10%,

By further developing the methods initilated here, it

should not be too difficult to obtain a better understanding
of the effect of such an adsorbed ion on the energy bands

of the crystal,

It might also be pointed out that these cal-
culations are certainly open to further refinements. The
results of more refined calculations may lead to the
prediction of complete separation of surface bands for
certain cases in which these calculations.did not. This
1s particularly true for those cases pointed out in Chapter
III where a slight change in the calculated value of the

energy would lead to a separated surface band.

For one, the effect of vibrations has been
neglected here, and future work should include this.
Also, the development and use of better molecular wave
functions, which would allow calculation of the necessary
integrals without resorting to the evaluation of the
interaction between each pair or triplet of atoms within

two molecules, is desireable, This would greatly reduce
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the amount of computer time necessary for some of these

calculations.

A final suggestlion for future work would be
the calculation of the exclton surface bands, since excitons
are believed to play a major role in the electronic proper-

ties of molecular crystals,

In any case, the method developed here provides
a rather convenient, straight-forward formalism for
calculating the surface bands of molecular crystals. In
the event that the bulk bands are known, use of integrals
already calculated simplifies the procedure so that the
difficult problem of a three dimensional crystal made up

of molecules with many atoms becomes tractable,
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APPENDIX I

A, Evaluation of the overlap integrals, A;j and gij

The integrals to be solved, exclusive of constants

and summations, are of the form (cf. eqtns. (48) and (49) )

Jrirj cos’y, cosY; exp(-a';‘i - /Grj) aT

and

frir‘1 sin%y, sln’yJ exp(-cx‘rl ‘.,‘,Grj) aT

(121)

(122)

where O and ,G are constants and rs, rj. ')/1' and ’}/J are

defined in the accompanying dlagram,

R/ 2 =R /2 —|
Converting to confocal elliptical coordinates
A = (ry + rJ)/R. K= (ry - rJ)/R,
aT = 83/8 (A% - L 2) aN ad ag.
From the diagram 1t is seen that

ry cos’y, = R/2 + z,
ry cos’)/J = R/2 - z,
and so
ryr, cosY, cos Yy, = Rz/L& - 22
173 i J )
Since
rl2 = r2 + (z + 1=1/2)2
and

I‘Jz = r2 + (Z - 3/2)2’

r12
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(123)

(124)
(125)

(126)

(127)

(128)

rjz = 22R = >\}.LR2 (from eqtn., (123)X129)



and

z = N\ JLR/2, (130)
Substituting this into eqtn. (126) gives
ryry cosy, cosy, = B2/M(1 - N2u?). (131)
From eqtn. (123)
ry = (A + WIR/2, Ty = ()N - |L)B/2. (132)

Thus, eqtn. (121) becomes

2 +1 o0
alduw ag(r5/32) (N2 - 12 (1 - ZN*u?) x
S e asmssNF - pAra - W Fu?)

exp [ -Ar/2(a + B) - wrr2a -0 . (133)
From the diagram above, it 1s seen that
ry sin’y, =ry sinyy = r. (134)
From eqtns. (127) and (128)
r2 = (142 + ry2)/2 - 22 - R%/M, (135)

Substituting (ri2 + rjz) from eqtn, (132), and z2 from
eqtn. (130) into eqtn. (135) gives

riTy sinfy; sin‘yy =12 = (R3/M)( )% - 1)(1-[L2) (136)
Thus, eqtn. (122) becomes

2,41 yo0 :
S e O - - - p®
exp [-AB/2(a + ) - Lr/2(0 - (3)] . (137)

B. Evaluation of the coulomb integrals, A;j and Elj

The integrals to be solved, exclusive of constants

and summations, are of the form (cf. eqtn, (96)

ry? cos®y, exp(-20r; - Z/Grj)(4/3/83r32 + 43 2ry +
60 + 4/ry) aT (138)
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and
/1‘12 sin? Yy exp(-2Qr; - 2I8r3)(4/3l8 3r32 + 413 zrj +
63 + 4/ry) ar . (139)
Substitution of eqtn. (130) into eqtn. (124) gives
ry cosyy = R/2(1 + >\},L) (140)
Substituting eqtns. (123), (132), and (140) into egqtn. (138)

glves

2 ,+1 po°
dA duL dB(R5/32)(\ 2 - L 2) (1 )2 X
Jo S, e A - pB g

exp [ -ARQ +(0) -pREQ -B)] [(L»/B)IQ ONSTRL: S/ T
BREON-IR/Z + 603 + B/ - (3/2)] . (141)
Substitution of eqtns. (123), (132), and the right
side of eqtn. (136) (cf. eatn. (133) ) into eqtn. (139) gives

2 ,+1 00
AN dUL dB(R5/32) (W2 -L2) (02 - 1)(1 -L?) X
NS NGRTLITON m

exp [ -AR@ +Q3) -pr@ -G 4/3)330n - w)Za%/b +
UIBZ(X-}_L)R/Z + 66 + 4/()\-“)(}3/2)] , (142)

Eqtns. (133), (137), (141), and (142) can be

evaluated by use of the standard exponential integrals

00
n
/ xNe~8X3x = ?ﬁ'ﬁ.‘a 20 %ﬁf (143)
k=

1

/+1 xNe-2%3x = (_1)1’1‘?1% § —ak - l%-a § %lls (144)
-a kzoﬁ_ a k=0 .

-1
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" APPENDIX II LIST OF FORTRAN IV PROGRAMS

THIS PROGRAM CALCULATES THE FIRST AND SECOND ORDER PERTURBATION ENERGY OF AN

ANTHRACENE CRYSTAL AS A FUNCTION OF -AN--APPLIED D-C -ELECTRIC FIELD ORIENTED IN

ONE OF THREE DIRECTIONS. THE CRYSTAL HAS AN ELECTRON BAND CONSTRUCTED FROM

THE - HUCKEL MOLECULAR ORBITALS CONTAINING ONE EXTRA ELECTRON, AND A HOLE BAND

CONSTRUCTED FROM THE HUCKEL MOLECULAR ORBITALS CONTAINING ONE LESS ELECTRON.
CDMMON Nl(3)| N2(3)9 ALPHA(Q)Q AA(4,0 ALPHA1(6,' A1(6)9 Cl(b,'

——3-D1(6) e NINZ2 - - s
DIMENSION 17(14)9 REP(14’4)9 Cll4a,14)9 M(14)4RA(1443),RB(14, 1413)'

—~-1 Sll4e14)y All4)y B(L4)y DLNH{T), DLNE(14),R1(3), R2(3), b
2RA1(1443)y RB2(14¢1493)y HlH(14,3)y HIE(1443)y H(B:3)y H2H(14,3),

----- 3H2E(1443)y HH(T7,3)HE(1443), ENRGLH(14,43)ys ENRG2H{1l4,3), e
4ENRGLE(1443)y ENRG2E(1443), SUMLH(3)s SUM2H{(3)e SUMLE(3),SUM2E(3),

—SSUMLHN(3), SUM2HN(3), SUMIEN{(3), SUM2EN(3), SUML1(8)}y - -n -~
6HENRG1(1443)y HENRG2(14,3)y EENRGL(1443)y EENRG2{14,43)y HSUM1(3),

————— THSUM2(3) yHSUMIN(3) s HSUM2N(3) 4 ESUML(3) 4 ESUM2(3) s ESUMIN{3),ESUM2N(3) = ...
DOUBLE PRECISIDON ALPHA, ALPHAl, AA, Al, N1, N2, NIN2, RA, RBy S,

~~~~~ 10LNH, DLNE, RAl, RB2y HlH, H1lEs Hy H2H, H2E, HHy HE, ENRG2H, C————
2ENRG1Hy ENRGLE, ENRG2E, FIELDl, FIELD2, SUMl1H, SUM2H, SUMLE,

——-3SUM2E, -GAMMA, SUM1HN, SUM2HN, SUMLENs -SUM2EN, SUMl, PRODH, PRODE,—--——~
4HENRG1ly HENRG2, EENRGLl, EENRG2, HSUMI' HSUMZv HSUMLIN, HSUM2N,

——-—5ESUM1, ESUM2, ESUMIN, ESUM2N . - R C e -
INTEGER A, B ’ :

— —-REAL M et e e e+ 2 e i e e e e 2 g e L e e e

READ-THE- VALUES -OF THE CORRECT- HUCKEL. CUEFFICIENTS'NEGLECTING -ANY.- OVERLAPv—AND

THEIR CORRESPONDING REPRESENTATION. .
READ(5'101) [7' ((REP(!QJ)yJ 1!4)11=1914)9 Cy M. .

101 FORMAT (711, 3112/ 3212/ (7F9.6)} . . B e i

READ VALUES OF PARAMETERS FOR CALCULATING QVERLAP INTEGRALS

——-READ(5,4102) -ALPHAy AA .

102 FORMAT (4F7.44y 4F8.5)

READ. COORDINATES OF THE CORNER ANTHRACENE MOLECULE IN ANGSTROMS s
READ(54103) N1y, ((RAL(JsI1)y I1=1,3}y J=1y14) ) :

103 FORMAT (3F7.4) e e e+ e e e e e e

READ INDICES FOR EXCITED STATE URBITALS .

—READ(59203) (A(L)y B(L)y L=1414)

203 FORMAT (11, 12} .

WRITE HEADINGS . P S e e
WRITE(6,+104) ‘ o

104 FORMAT (1Hls 3X, 1HI, BXs 4HM(I), 9Xy, 6HC(I,1), BXy O6HC(1,5)}, BX,
16HC(I49)¢7Xy THC(I413),49Xy 3HREP, 7X922HS = 0.000 ATOMIC UNITS//)

HWHRITE VALUES OF ENERGY LEVELS AND COEFFICIENTS . U
HWRITE(6,10S)(IT(IYsM(T)y(C(1yJd)yd= 1,14o4)v(REP(‘9J)1J 114)"31114)

105 FORMAT (1lH ¢ T4, SFl4.6, SXy 412) . R — e

. WRITE HEADINGS FOR COORDINATES

. HRITE(6,106) o : : . , B
106 FORMAT (1HO, 12X, 29HCOORDINATES OF MOLECULE I (A), 15X, 29HCOORDI
—-INATES OF MOLECULE 1(AU)/SH ATOM, 7X, SHRA(X), 8X, SHRA(Y), B8Xy .. ..
2 SHRA(Z)y 13X,y SHRA(X), 8X, SHRA{Y), 8X, SHRA(Z)//)
...CALL COORD (RA, RB, Nl, N2, NIN2, RAl, RB2) . e e e e
DO 71 J = 1,14 )
TL WRITE(6s1T) Jy (RALUJeI1),y I1=1,43)y (RA(J,IL1)y I1=1,3)
17 FORMAT (1H 4 I3, 1X, 3F13.5, 5Xy 3F13.5)
- -HRITE(64108) N1, N2, NIN2 ; : — O
108 FORMAY (1HOs BX, 29HNORMAL TO PLANE oF MDLECULE An lSXv 29HNORMAL
... 1TO PLANE OF MOLECULE B/ LH » 7Xs SHNL(X), 8Xs 5HNL(Y)}, 8Xy SHN1(Z)
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2y 13X, SHN2(X)y 8Xy 5HN2(Y)s 8X, 5HN2(Z), 8Xs SHNL%N2/ 1HO,
"—3-3F13.59--5Xy 4F13.5) -
DO 72 12 = 2414
——-HWRITE(6916) 2y 12 - - e e e e e e
16 FORMAT(1HO, L1X, 23HCO0RDINATES OF MOLECULEo 130 1Xy 3H(A)o 14X'
——-1-23HCOORDINATES OF MOLECULE, I3, 4H{AU}/5H -ATOM, 7Xs SHRB{X), 8X,
. 2 SHRB(Y), BXs SHRB(Z)s 13X, SHRB(X)y BXs SHRBI(Y)y 8X, S5HRB(Z)}//)
——-D0- 701--d-=-19 14 - oommen. e e eae S ——.
701 WRITE(64107) Js (RBZ(IZvJvIl)o Il=143)y (RB (IZ'JvIl)o Il=l'3)
107 FORMAT (1H ¢+ 135 1Xy 3F13.5¢ 5Xy 3Fl3.5) ° S
IF (I2.NE.2.AND.12.NE.5. AND.IZ NE.8 AND.12.NE. ll) GO TO 72
——-—HRITE(69161) - S e s R
161 FORMAT (1H1l)
~—42-CONTINUE-- - - —-
HRITE(64109) ALPHAs AA
109 FORMAT (1H1l, 13X, 4THPARAMETERS FOR CALCULATION OF OVERLAP INTEGRA
1LS/ 9HO ALPHA =, 4{F8.4y 3X)/ 9HO A =, 4(F9.51 2X}))
—~——-CALL PRMTRS (ALPHA, AA, Cl. Dl, Al,- ALPHAI) - e e
WRITE{(6,110) Cl, D1, Al, ALPHAl
110 -FORMAT-(9HO - -Cl-=y 6(FB8e4y 3X)/-9HO - -D1 .=y 6(FB8e49-3X}/ - . . v
1 9HO Al =, 6F11.7/ 9HOALPHALl =, F8.44y SFll.4)
BEGIN CALCULATIONS OF THE VARIOUS INTEGRALS e e

———D0 600 12 = 2 ' 14 e e e e e e ot —— = S . s e e e <= - & aemn mm oo <r m b e o
DO 200 J = 1,14 :
-——D0 200 - K-= lyl4- : ' ——
DO 20 I1 = 1,3
..... RICIL) = RALJeI L) e e e e e oo e s
(20 R2(11) = RB(IZ4K,I1) .
~-N=1 --- e e+ e e et e
IF (12.EQ.9.0R.12.EQe10.0R« 12.EQ.11.0R 124 EQ.14) N=2
——CALL-OVRLP(S(JsK)y Rly R2y-N)-—-
200 CONTINUE
WRITE(6,112) 12 - - .
112  FORMAT (68H10VERLAP INTEGRAL FDR AN ATOM ON MDLECULE 1 HITH N ATOM
~—-1 ON MOLECULEy I3/) - © oo -
CALL OUTPT1 (S, 14y 14)
——D0 100 N-=-748 - - — —
SUMLIN) = 0.0 .
-~ DD 100 L = 1,14 e e e
DO 100 M1 = 1,14
100 SUML(N) = SUML(N) + C(NsL)*C(NsML)*S(LsM1)
PRODH = SUML(T7) :
——PRODE = SUML(8) - oo . S
WRITE(64666) PRODH, PRODE
666 -FORMAT (28HOOVERLAP OF HOLE FUNCTION = o LPEll.4y 5X,
1 31HOVERLAP OF ELECTRON FUNCTION = o Ell.4)
DO 600 Il = 1,3 : e
DO 300 I = 7,8 ‘ , .
———H{I4I1) = 0e0 - - S —
DO 300 J = ly14
. DO 300 K = 1,14
300 H(Iy11) = H(I¢Il)4C(I, J)*C(I.K)*S(JoK)*(RA(J,!l)+RB(IZ.K.ll))/2 0
© HLH(I2411) = H(7,I1)*DSQRT(2.000)
HLE(12,11) = H(8, ll)*DSQRT(Z 0D0)
1)
)

——HZH(I24I1) = 040 - - oo oo R
H2E(12,11 0.0 ,
D0 59 L = 1,7 o
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- R e Ve . e e

T~ pA = A(L) T T

—IB-=-B(L) -
HH(L,I1) = 0,0 ‘

—-D0 S01 J = 1lelb i mm e
DO 501 K = 1,14

501 HH(L,Il)= HH(L'll)+C(IA.J)*C(leK)*S(J'K)*(RA(Joll)*RB(!ZcK'll)'/2.
IF (I11.6GT.1.0R.12.GT.2) GO TO 59

~—QCALL-DLE(TA, - 18y My DLNH{(L))

59 H2H(12,11) = HZH(IZQII) + 2.0%HH(L, ll)**Z/DLNH(L,

...... DO 60 L = 8elb & o ¢ —— e
1A = A(L) | |

———ne I8 = 8(L) . . e e e v a e amerme it e e e e e e e s e e emen e e
HE{L,I1l) = 0.0

—-00.500.J-=-1,14. -
00 500 K = 1,14

S00 HE(Ls IL)=HE(LoI1)+C(IBsJI*C(IA KIXS{JyKIX(RA(JI2IL)4+RB(I2¢KeI1))/2.
IF (I11.GT«1.0R.12.GT.2) GO TO 60

~—--CALL DLE(IA, IBy M, DLNE(L)) . S e

60 H2E(I2y11) = H2E(I2,11) ¢ 2. O*HE(LQII)**Z/DLNE(L,

600.-CONTINUE --- - NI -

e WRITE(G6y21) - e e s R e e e e e e . L J R O

21 FORMAT (1Hl, 50X, 9HHOLE BAND)

------- WRITE(6,210)

210 FORMAT(IHOO[3X931HFIRST ORDER PERTURBATION ENERGYQZZX132HSECOND UR

——1DER. PERTURBATION ENERGY//3H 12¢7TXe8HHL(129X) 98X e8HHL{I29Y) 48Xy - .-
2 8HH1(IZ.Z),IBX.BHHZ(IZ.X).BX'BHHZ(IZ,Y).BX,SHHZ(IZ:Z)/)

—...DO 700 12 = 2414 . e e A B

700 WRITE(6,111) 12, (HLH(I2,I1), I1=143)y (H2H(I241I1)s I1=1,3)

111 FORMAT (LlH o 129 1P3Elbe4s S5Xe 3El6.4) - - - ... - e

WRITE HEADINGS

——HWRITE(6,212) e i e e e e e e

212 FORMAT(S4HOPERTURBATION ENERGY OF CRYSTAL IN CM-1 IN A FIELD OF=7/

- 1lHO 917X 9y 23HONE MILLION VDLTS/METER,30X,23HTEN MILLION VOLTS/METER/

2) - .
—-FIELDL = 8065e73%0.529167%1a0D=4 . . oo oo e e e
FIELD2 = 8065.73%0.529167%1.0D-3

—GAMMA. = —2.36%8065.73. . . - . S
00 90 12 = 2,14
D0 91 Il = 1,3 o e e - :
ENRGLH(I24y11) = -FIELD1*HIH(12,11) + FIELD1*%2%H2H(I2,11)/GAMMA
-91 ENRG2H{124I1) = —FIELD2%HIH(I2,11) + FIELD2%*2%H2H(12,11)/GAMMA
90 WRITE{6,113) 12, (ENRGIH(I2,1I1)y Il=1,3), (ENRGZH(IZ:II), 11=1,3)
L13-FORMAT (1H o I2¢ 1P3E16e4s 5X9 BELBe4) e e

DO 76 Il = 1,3 .
...... CSUMBHUILY = 000 o o e e
© 'SUM2H(I1) = 0.0 ‘ |
.00 75 12 = 2,14 e e e
SUM2H(I1) = SUMLH(I1) + ENRGLH(I2,11)
-75.SUM2H(I1) = SUM2H(I1) + ENRG2H(I2,I1) . R
SUMIHITL) = 4.0%SUMIH(I1) — 2.0%(ENRGIH(2,11) + ENRGLH(3,I1) +

-1 ENRGIH(S.II) + ENRG1H(6,I1) + ENRGLIH(12,I1))
SUM2H(IL) = 4,0%SUM2H{I1) - 2.0%(ENRG2H(2,11) + ENRG2H(3,I1) +
-1 ENRGZH(5+11) + ENRG2H(6411) + ENRG2H(12411))
SUMLHN(IL) = SUMLH(ILl) — B8.0%({ENRGLH(9,I1) + ENRGLH(10,I1) +
- -1 ENRGIH{11,I1) + ENRGLH(L4,1L)) . R .
76 SUMZ2HN(I1) = SUM2H(I1) ~ 8. 0*(ENRGZH(9.II) + ENRGZH(IOoIl) +
:.1 ENRGZH(11le11) + ENRG2H(144I1)) e - - :

e s e vy o= s e e = e e e e [P S P L/ SO T T - e

]
4
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~ WRITE{6,114) SUMIH, SUM2H '
114 FORMAT(1HOy6HSUM* =42(1PEL24494X) ¢E12.4y1Xs4HCM=153E164% 91X, 4HCM-1
1)
~— HRITE(64115) SUMLIHNy SUM2HN - o oo o -
L15 FORMAT(1HOs6HSUM= =,2(1PE12.494X),E12.491X0 4HCM-1.3E16 4.1x.4ncu—1
N I TR e e e e
. CM = 0.806573
i——DO0-10-12.= 2,14 -- ' -
| 0011 11 = 1,3 _ :
re-HENRGL (129 11) = ENRGLH{I2pT1D/CM - o oo
11 HENRG2(I12411) = ENRG2H(I12,11)/CM ~ .
~10 WRITE(6,113) I2, (HENRGL(I29I1}, -I1=193)y (HENRG2(12+11)y I1l=1,3)
DO 12 I1 = 1,3 :
——HSUML(I1) = SUMLH(I1)/CM .
HSUM2(I1) = SUM2H(I1)/CM : :
—--~HSUMIN(I1) = SUMIHN(ILI/CM - . . —- e e s
12 HSUM2N(I1) = SUM2HN(I1)/CM :
- WRITE{64411) HSUML, HSUM2 .. e e
411 FORMAT(1HO, 6HSUM+ =y 2(1PE12.444X)y E1244s 1X, 6HLO-4EV, Elésé,
——1-2E1644y 1Ky -6HLO-4EV) -im e
WRITE(6+511) HSUMIN, HSUM2N
511 FORMAT(LHO, 6HSUM- =, 2(1PE12+414X)y El2.4y 1x, 6H10-4EV, El4e4y
1 2E16.44 1X, 6HLO-4EV) :
e HRITE(6422) . S
22 FORMAT (IHL, 48X, 13HELECTRON BAND)
———MWRITE{6+210) - - : -
D0 800 12 = 2414 '
800 WRITE(6,111) 12y (HIE(I24I1)y I1=193)y (H2E(I2511), I1=1,3) - - -
WRITE HEADINGS ~ '
romee WRITE(69212) -+ - oo oo e e e e
D0 92 12 = 2414 x
——00-93-11-= 1y3 - —
ENRGLE(12411) = ~FIELDL¥HLE(12,11) + FIELDL##2%H2E (12,11)/GAMMA
: 93- ENRG2E(12,11) = -FIELD2¥HIE(12,11) + FIELD2##2%H2E (12,11)/GAMMA
(92 WRITE(6,113) 12, (ENRGIE(12,11)s 11=1,3), (ENRGZE(I2,11), I1=1,3)
-DO 81 Il = 1,3 — e e e e e e . .

 SUMLE(IL) = 0.0
———-SUMZE(I1) "= 0.0 - — ‘ S——
DO 80 12 = 2,14 '
SUMIE(I1) = SUMLE(I1) + ENRGLE(12,11) L R
80 SUM2E(I1) = SUM2E(IL) + ENRG2E(I2,11)
SUMLE(I1) = 4.0%SUMLE(I1) — 2.0%(ENRGLE(2,11) + ENRGLE(3,I1) +

1 ENRGLE(S,11) + ENRGLE(6411) + ENRGLE(12411))
—-—SUM2E(T1) = 4.0%SUM2E(I1) = 2.0%(ENRG2E(2,11) + ENRG2E(34F1) - + - -
1 ENRG2E(S5,11) + ENRG2E(6,11) + ENRG2E(12,11)) '
- "SUMLEN(TI1) = SUMLIE(Il) -~ B.O*(ENRGLE(9,I1) + ENRGLE(10,I1) +
' 1 ENRGLE(11,I1) + ENRGLE(1l4,11))
81 SUM2EN(I1) = SUM2E(I1) — B8.0%(ENRG2E(9,I11) + ENRG2E(10,11) +
1 ENRG2E(L1,I1) + ENRG2E(14,11)) '
-~ WRITE(6,114) SUMLE, SUM2E - S
WRITE(64115) SUMIEN, SUM2EN .
DO 13 I2 = 2,14 e e
DO 14 I1 = 1,3
EENRGL(12,11) = ENRGL1E(12,11)/CM
14 EENRG2(12,11) = ENRG2E(I2,11)/CM
~13-WRITE(64113) 12, (EENRGL(I24I1),-11=143)y-(EENRG2(I2+11)y F1=1,3)-
- DO 15 Il = 1,3
ESUML(I1) = SUMLE(I1)/CM -

.................
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- ———

TTTTTESUM2(1L) = SUM2E(IL)/CM TN T e e T T T e T
——ESUMIN(IL)-=-SUMLEN(I1)/CM - :
15 ESUM2N{ILl) = SUM2EN(I1)/CM

——-WRITE(69411) ESUM1, ESUM2 - —— L S
WRITEC(6,511) ESUMIN. ESUM2N ‘
~STOP e - — e
END '
. - !

THIS SUBROUTINE FINDS THE VALUES OF PARAMETERS NEEDED IN THE CALCULATION OF
THE-OVERLAP INTEGRALS, FROM THE VALUES-OF-THE-SLATER SCF PARAMETERS AND ---..
ORBITAL EXPONENTS. A AND ALPHA.
SUBROUTINE PRMTRS (ALPHA, Ao Ci, D1, Al, ALPHAI)
—-—-DIMENSION ALPHA(4)s A(4)y CL(6)es D1(6)y AL(6)y ALPHAL(G) - e o oo
DOUBLE PRECISION ALPHA, ALPHAl, A, Al .

—em e —
DO 11 K = 1,43 : . ‘

——— Kl .= K+l - e e s e — + —— —— ———
PO 11 L = Kl.4 .

——-C1(J) = (ALPHA(K) 4 ALPHA(L))/2.0 o e - -
D1(J) = (ALPHA(L) — ALPHA(K})/2.0 . )

———AL(J)—= A(KI%A(L) - - ‘ -
ALPHAL(Y) = (ALPHA(K)*ALPHA(L))**Z 5 .

=11-d = J+i e e . et it am - et e e o1 e
RETURN ;
e END -~ e e v e e e et e e e o e it e e

i
!
i
!

THIS SUBRUUTINE PRINTS THE OUTPUYT OF A MXN MATRIX T T
SUBRDUTINE UUTPTl (A' Mv N) :
—-DIMENS ION A(M,N) B — -
DOUBLE PRECISION A . ‘
. KITE=0 O
20 LOW = KITE + 1 :
e KITE-=-KITE 4 10 - oo —
KITE = MINO (KITEs N). .
e WRITE(69L9) (Iy I = LOWeKITE) - oo e oo = o e comiommime
19 FORMAT (1HOy 9Xy 12, 9(11X, 12)7/) ‘ :
—-D0 32 1 = 14M . e e e ¢ e e o o e e e e <& e
32 WRITE(6918) Iy (A(I,J)y J = LOWLKITE) o
—18-FORMAT -(LH - I2y 10(1PEL3e4)) . - S
IF (N - KITE) 400 40y 20 .
.40 RETURN o . e e e e e = e mtene e e e
END

"THIS SUBROUTINE CALCULATES DELTA E FOR DlFFERENT VALUES OF A AND B.

SUBROUTINE DLE(A' B' Mlq DELEN)
——-DIMENSION MI(14) e et et e 2o e e e e e
DOUBLE PRECISION DELEN
-~ - INTEGER A, B e e et e e e e e e
REAL MI '
~—-—-DELEN =-MI(A) -~ MI(B) - - — : - - e e e
RETURN ' : ' :
- -END e e e e e e o e e s+ e e e




"YHIS SUBROUTINE FINDS THE COORDINATES, AND NORMAL TO THE PLANE OF MOLECULE B,
FROM THE COORDINATES AND NORMAL TO THE--PLANE OF-MOLECULE A.---IT- CONVERTS  THESE

FROM ANGSTROMS TO ATOMIC UNITS. IT ALSO FINDS THE DOT PRODUCT OF Nl AND N2.

SUBROUT[NE COORD(RAv RB. va N NlNZv RAI' RBZ’ ) i
----- -DIMENS ION RA(1403’oRB(l4vl4v3l'Nl(3)oN2(3)|RAl(l413)1RBZ(14914'3’ = ——
DOUBLE PRECISION RAJRByNLyN2+:NIN2,RAL+RB2yA, B'C1C190'BETA {
'———-A 8.561 — — !
e cl 11. 163 . et o e e A e s ot e =+ 2t ot et oo ot %+ it scrnt @ ot — .
BETA = 2. 1764257700
——C = CL*DSIN(BETA) e e
D = CL*DCOS(BETA) '
—D0--100 J=14l4- — . ol
RB2(2yJy1) = RAL(Jy1) + D
e -RB2(29 39 2) = RAL(Jy2) - et et i e e e e -
RB2(24J¢3) = RAL(J,3) + C
- RB2{3sJsl) = RAL(J1) - e e —— e - e
RB2(34Js2) = RAL(J+2) + B
——RB2(35J93) = RA1{Je3) — -
) RB2(4¢Jyl) = RAL{Js1l) + D
———-RB2(49Jy2) = RAL(J92) + B B L h T e — e S —
RB2(45J93) = RA1(Jy3) + C
cee-RB2(SeJel) = RAL(J,1) + A - -- ———— e SR,
RB2(5¢J92) = RAL1J,2) .
——-RB2(5¢J¢3)-= RAL(Jy3) .-
RB2(6yJsl) = RAL{J,1) ¢+ A + D
e~ RB2(63J92) = RAL1(J,2) e e o e e o+ e e e men i o remins e e e e 2 o o e e e e
RB2(6¢J93) = RAL(J43) + C
«—— RB2{TeJyl) = RAL{Js1) + A B e A R -
RB2(T7¢Js2) = RAL1(J42) + B
———RB2{TeJe3) = -RAL(Jy3) e -
LRB2(BsJdsl) = RAL(J,1)} + A + D -
e RB2(8BeJs2) = RAL({Js2) + B . e e e e N -
RB2(B84Je3) = RAL(J43) + C
ceewRB2(99 Jyl)} = RAL(Jyl) + A/2.0 .. e e B e e
RB2(95J92) =—-RAL1(J42) + B/2.0
w—RB2(9¢Je3) = RAL1(J,3) . _ .. A i —
RB2(10,Je1) = RAYL{Jel) + A/2.0 + D » ’
........ RB2({104sJe2) ==RAL(Jy2) + B/2.0 e e e e i o = s+ et e o et e e eee o w
RB2(10:Js3) = RAL(J,y3) + C
e RB2(LYgJel) = RAL(J9L) = A/2e0 4 D o e e e
RB2(114Jy2) =—RAL(J,2) + B/2.0 '
—e—-RB2({119Js3) = RAL(Je3) +.C ... - e e e
RB2(12yJs1) = RAL(Jy]1l) - A ¢+ D
~ . RB2(124J+¢2) = RAL(Jy2) e e e e e e
RB2(124J¢3) = RAL(Je3) + C
- RB2(134Jsl) = RAL(Jyl) - A + D e e e e e .
RB2(134J¢2) = RAL(JU+2) + B . o
——--RB2(134¢J93) = RAL(J,3) + C e . e e
RB2(14,4Jy1) = RAL(Jy1) + A/2.0 Co
. RB2(l4¢Je2) ==RAL1(J92) + B%3.,0/2.0 . .. ... . . e i e e
100 RB2(144J,+3) = RAL(J,3)
D0 200 Il = 1,3 . e e e e e o e e e e e
D0 200 J=l,.14
e RA(JWI1) = RAL(J,I1)/0. 529167 e S e e e
DO 200 I = 2,14 e e - ‘ ’
200 RB(1I, Jrll) = RB2{IsJell}/0. 529167 e e e e g e e m
. N2{l) = NI(1) .
—--N2(2) = -NI(Z) C e —— e —— —- - -
; N2(3) = N1(3) :
-~ NIN2 = N1(1)%=N2(1) + NI(Z)*NZ(Z) + N1(3)%N2(3)
RETURN
--END . [ PR Yo e g - e [ . . -
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THIS SUBROUTINE FINDS THE VALUE OF THE OVERLAP INTEGRAL BETWEEN TWO CARBON
2P—-PI--ATOMIC ORBITALSe GIVEN THEIR .COORDINATES AND RELATIVE CONFIGURATIONS

~—-SUBROUTINE OVRLP(Sy Rly R2y N) = — o - R —-—
COMMON NL(3), N2(3), ALPHAL4), A(4), ALPHA1(6)' ALIG), c1(6). |
——-1 D1(6), NIN2 ——— e
DIMENSION R1(3), R2(3), ALPHAR(«). C(6). D(6)y R12(3) L
~——DOUBLE PRECISION ALPHA, ALPHAl, Ay -Aly -Cy--Dy ALPHAR, SUMl, SUM2, .. ...
1 SUM3, SUM4, NIR, N2Rs NLs N2 Rlz. SUMR. Ry NINZy S,0VRLPSsOVRLPC

....... NIR = 0.0 oo = ot mmmmn e e .
N2R = 0.0 ) :
——--SUMR = 0.0 e e et e e e e e et et e e o o e o e e

DO 10 Il = 1,3 .

——RI20CI1)-= (RL(EL) = R2{ILD)— oo —_

NIR = NIR + NL{I1)#R12(I1) .

~—1F (N .EQe 1) GO TO 10 R - e e e
N2R = N2R + N2(I11)*R12(I1) . :

.10 SUMR = SUMR + RIZ2(ILD®®2 o ool
"R = DSQRT(SUMR)

~—IF—(N-<EQ.- 1) N2R = NIR ce—

IF (N +EQ. 1) NIN2 = 1,000 .
— -.SUMl =. 0.0 e e e e e i e e e ——— e e e mcim e e e -
SUM3 = 0.0 o .

-——=DO 100 I = le4 - - T T TP
ALPHAR(I) = ALPHA(I)#R : .

—eeedF—(ALPHAR(I) oGTe 170D0) GO TO 100 o omte moem oo oo
SUM3 = SUM3 + (A(I)%%2)%DEXP(—ALPHAR(I))%(1.0 + ALPHAR(I) +

———-1 ALPHAR(I)%%2/5.0 = 2.0%ALPHAR(I)*%3/15.0 — ALPHAR{I)%%4/15.,0)

SUML = SUML + (A(I)#%%2)*DEXP(- ALPHAR(I))*(ALPHAR(I)**BIIS 0+

e 1- 240%ALPHAR(I)%%2/5,0 + ALPHAR(I) 4 1.0) - - - . . --- . S —

100 CONTINUE . )

——-SUM3 = 0.0 - —
SUM4 = 0.0 .

--- DO 200 J = 146 e e e e e e e e =

ClJ) = CLLJI*R _

cm TF- (C(J) o6Te 155D0) GO TO 200 = - oo oo e
D(J) = DL(JI*R"

———SUM4=SUM4+AL{J) *ALPHAL { J)¥DEXP(-C(J) ) *(-(DEXP(D(J))+DEXP(~D(J) ) )% . - —

1(-1.0/D(J)%%2%(1.0/(3.0%C(J)%%3)+1.0/C(J)*%4+1.0/C(J)¥%5)+ :
21.0/D(J)%%4%(1.0/(2,0%C{J))+1.0/C(J)*%241,0/C(J)%%3) ) +{DEXP(D(J) )~
3DEXP(~D(J)))%{1.0/D(J)%(1.0/(6.0%C(J)%%3)+140/(2.0%C(J)*%4)+1.0/
4(2.0%C(J)%%5) 141 .0/D(J)#%3%(=1,0/(6.0%C(J))=~1.0/(3.0%C(J)%*2)+1.0/
5C(J)£%4+1.0/CLI)#%5)=1.0/D(J)¥5%(1.0/ (2. 0%C(J))41.0/C{J)*%2+1.0/

—6CLJ) ¥%3))) - . R S
SUM2=SUM2+A1 (J)#ALPHAL (J)DEXP (~C(J) ) ( (DEXP (D (J))+DEXP(~D(J) ) )%

S 101e0/D(J)%%2%(1.0/ (3. 0%C(J)#%3)+1.0/C1J) *%441.0/C(J)#%5)= 1.0/
20(J)%%4%(1.0/CLJ1%#%2+1.0/C(J)*%3) ) +{DEXP(D(J})-DEXP(~D(J)))*(1.0/
3D(J) #53#(1.0/(3.05C(J) ¢42)=1.0/C(J)##4=1,0/C(J)#¥5)+1.0/D(J) ##5%
4(1.0/CLJI)*%2+1, OIC(J)**B)))

200 CONTINUE S - e e e
SUM2 = 3.0%R%¥5%SUM2 :
SUM4 = 6.0%R¥¥5%SUM4
OVRLPC = (NIN2 - NLR*N2R/SUMR)*(SUM1 + SUM2)

OVRLPS = (NLR#N2R/SUMR)*(SUM3 + SUM4&)
S = DVRLPS + OVRLPC .

e RETURN - - =i oo : — S
END :
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PO P oS e o T T RO S S S O S T N D ST N TS i O CECU LA R B F S ONANICECINTEGRAL
BETWREN THO WAVE FUNCTIONS ON THE SAME ATOM AND THE POTENTIAL ON A DIFFERENT
ATOM (THO~CENTFRS)s THIS WAS DONE ANALYTICALLY USING ELLIPTICAL COORDINATES..

_DTHFNSTON C7(14), CB(14), c82 (1), N1(3), BRAI(14,3),

REAL N1, NR, INT1, INT2, INT3, INTY
RFAD (S5,1¢1) €7, C8, A, ALF, N1, ((RA1(J,I1), T1=1,3), J=1, 1u)
_g1 FORMAT_1uJ7v9.6/L, UF7,5, UF6.4/ (3FT.4))
AL£2)

): .
S10C C82(I) CB(I)*CS(I) !
CALL COORD(Rb R3, RA1, RB2)

B = 1= e
TRSAT(T) =ue ( . )

“ V- DO 3006 J=1,14 - '

e HR=2 O

R2(T1)=RB8(12,d, Fﬁ_
R12(T1)—(°1(I1)-R7(I1))

T suM1=, ¢
SUN2=0 0

sum3 suu3+1nT1"
20 SUMY=SNNL+INT2

DO 30 K=1, ne

N\
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P S

T suu5= SUNS+INT3
. 30 SUMG=SUM6+INTY

| DO 4D K=1,LH
| DO L0 M=1,4
; CALL INT

DO 5U L=2,4

LY=L=1

'—_”—56"53“3"775F_~__ T
IF ((1n1x+L) «GZo (10%M+¥)) GO TO SO

uqrr(I)— E 1, GSUM3+SUNDY 2, G#SUHT +Ho OF5UN )+
1(1, b-(uR/R)’*2)¥(°0M2+Q C=SUML+SUM642, GXSTHB+Y , 0*5UN10)
300 _CONTIND®

o .( : __:) R5RE
1¢3 FORMAT {14 , I2, 5%, 1PE11, 4, 5‘(, F11. 4)
sToP B
‘FRD

COMPARE THE PREVIOUS PROGRAM (P, 86), FOR SUBROUTINE COORD.
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| EHTEESURR O TN TS N RN O P iR LSO N AN G F T FGRAL DO HEENSIHECNAVES

PUNCTION CN MOLEICUIR 1, ATCM I, AND THE POTZNTIAL ON MOLECULE I2, ATOM J
SUBROUTI NE INT (K L,M,N,R,%,Y)

ZB (R L) 2B S (AL E(K) > L):):=
"~ B(M,X) =U.5% (ALF (M) +ALF (¥))
G= (B (K, L)+B(M N ) *R

0)

= (T /GH ; :
T GY= (1.0/G+0, (‘/G’ 2412, (/G +7u.ﬂ/(;>w L+20, 0/G*%5)
G5= (1, 3/G+5. L /G *2"20.:C/G*’Q3+bft.,u/G**U+12(’c 0/G**5*12(io0/G**6)

2 : St )-)s S
IR (AB..»(U) «GTo 17¢.9) GO TO 2
un= T’"P(U)/H-LXF( u) /U

6= FxpkU)r(1EU/u-6°0/u+.7+3w Ut £3-121, 0/ Ur 043600 0/Us 55=
1 7200 0 U%FE6+T20, 0/N#4T) =EXP (~U) * (10 0/U+6 G /UR%24 30, 0 /0%% 3+
2 120, DUkl +36i ,;/!NrS+_7"0 (|/U-pw',+7'>"-n\_/§)‘*7)

F6)yen : (u. 1))
343, 0B (M, ) *R #~5/16,J~(uu»uv+uz*(no—uu)-uz/c)+Px»a/u,ur(s3vu2+s1~
4(UY +2,U02))) ¥EXP (=6)

s »A(ﬂ)»(anv(x)»nLr(_)fALF(_)*ALF(n))**z 5/

X= INT?

15367305l /30 G403 35,22 2/6) 4B (K,
TT2G3/15.( #31/15. 1) 43, i Y #=RA 45/ 16, 15 ru/s TR
3R /U GF (G330 045, 0461/ 3.0) ) FELP (=G)

I""Z.- (‘ (K) hE (L) ). tr24 (AL ¥RLF(L)/B(Y,! "*.5" (B(“ N

%G2/5e=14/ (30 ¥G) ) +
B*%7/96,!

) k¥3¥
g
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- PROGRAM RESINT(INPUT. OUTPUT. TAPES=INPUT, TAPEB=OUTPUT) -~ s
THIS PROGRAM FINDS THE 3-CENTER INTEGRAL BETWEEN THO Nnvcruucrzons oN
NESGHEORING ATOMS.' AND THE POTENTIAL ON A THIRD ATOH.
LIKEWISE. FOR NEXT NEAREST NEIGHBOR ATOM .
CDIHENSION 07 (240 R8LB4)- N1}, RALE16.3). RB2(16.16,3%RA(32. 31,
i RB(16,16.3), R1(3), Re(3), R12(3), R3(3)., R(28). BR(2B}, Y1{20),

2 BA(80), va(20), B2(263. BU14). INTH(143. INTE(14), Ri23(3),ALFH)

__3 LHINT(16.21, EINT(16.2), DIST(14) o |
COMMON/CD/ RA. SPACEN. RB. SPACEY., RAL. SPACEZ. RBE2
COMMON/CN/ €7, 08 .

____COMMON/OR/ R1.SPACE4, R2. SPACES. R3. SPACE6. R12
TTTTCOMMON/FOR/ U(3), SPACEZ. VI3), SPACEB, H(3)
COMMON/APX/ N, SPACEA, R. SPACEB, BR. SPACEC. Y1, SPACED. Bi.

__ i SPACEE. Y2. SPAGEF, Be e
COMMONZFST/  AL43.” SPAGEL: SALFT4Y. SPACEZ. SUMKL. SPACES. Ni
EXTERNAL RIRJVM
___REAL N1, iNTH. INTE. S
T READ(S, 1612, (07K}, K=1. 187, (C8TLY, =1, 147, A, AL, NI,

1 [(RAT(U, 112, 111,32, J=10 040, Na EREID,BROTY, ¥1(1d, BICIL

2 ye(f}, BE(1}. Is1.N}

101 [ORMAT (4(7F9.6/). 4F 7.5, 4FE, W7 18C3FT. 447, T4/ [CEE

SUMKL = &

____,_mkﬁo 99 K=1‘q
Dﬂ 99 L=1lq

99 SUMKL = SUMKL + ch ¥Q(L’¥£RLP(K)#BLPCL‘)ﬁm_.S/[B b*(QLFIRJ t

— A ALFLLIX25%5 .
E7t15} = ¢td)
CP{1E) = £7i8&)

.. 8418} = £Bi{1) _
CBi18: = 0842
CALL COUORD

_Dokgy K = 1.2 .

IF (K .FQ. 2) CALL EONNN xRa’

RE = 16 + KFIKFK-12

HRITELB 165%
185 FORMHI(lHiI

DO 888 t2=2
_HIN = 3,6 _ O S
EIN = 6.9 o
IF (K .EQ, 2} 80 TO 19
__INTHUiI2) = 8.6
INFELIZ) =9,
19 DO 48y 11 = 1.KE
_._J.= il e e -
= 1 +K R
IF (X EQ 2 60 To 24
CIF L LER, 18 U= 6

TP t1.€0,182 us 13
g1 if {1 Q. 211 I =1
 R8=8.b o

B0 @5 [1=1,3
"Rit113=RA 1,111
R2tI1=RAid, 1)

CR3C11)=REEIE M. 113
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" REG11) = RELI1I/BISTiM}

CTRAZEIL = ERICIIRE (I 3786 " T SO
R123¢113=R3(11)-R12i13) | B

160 SUMR=SUMR+R123(111¥R123(14) N

RISTiM) = SGRYCSUMRY

IF (K .EQ. 23 80 TG 96 _

¥ Iblbitn: .8F, 12,23548) 80 16 299

B0 70 85

88 1F ¢DPIST(M} .BT, 9,921258) GO 1O 239

95 DO 98 IR = 1.4

3B SALFItA? = ALFCIAISDISTIM \
po 97 11 = 1.3 N
R1(11) = Ritl113/D13TtM:

RS(II /BiSTIM}
ST RIEtL11) R12(11)/DISTtM)
.. CALL ORIblN
{EtM) =SPPROX (RIRJIYM2
80 7O &9x
2as @tM) = 9.5 .
£98 88 = G0 + @tm*/DxSTtMJ
500 CONTINUE
P HRIT&(O iw:f* I: Jt_,.@@: t“n l\'(M)t le'ff” M 1‘4“;2 e
162 FORMATI1HD. 3HI =, 15, 4H J =. 13, SH au =, 1PE16.87//3H7 M. 8%,
1 1HG@, 18X. 8H913fn~6£/ ‘EAH . 18, 2&16 81y
__ HIN = HIN + C7tirsC7(J)%¥00 -
G060 EIN = EIN + CBLI}FCB(U)5QE ' _—

*
e ammn g e £ 3

HINT(18.,K3 = -HIN¥&,661%2
_ EINTUIZ.12 = -EiNsB.B812
INTH{I2Y = INYHEIZ) + HINTL12,KD

5»@ INTELIZ) INTELIZY + EINTtie.K‘
i HRJTttb.ibS’
1@5 FORMAT(1Hi, &MOLA, 29X, &HOLE BANDE. 38X. BELECTRON BANDS/1H .
1 13%, &N-N&. 15X, &N-N-N&, 14X, &TOTALE. EOX. BN~N&, 18X. EN-N~N8&.
2 4%, &TOTAL&//? e e
WRITE(B, 184y (12, (HINTEIZ. Y, K=1.27. INTHU1Z}. (EINTEIB.KI.
: 1 K=1.83, INTE(IZ:, 12=2,14 _
164 FORMATLIH ... 135, _1P3E19,8.. 5%, _36£19.82
SToP
END

THﬁ. SUBROUTINE COORD IS A MODIFICATION OF THE ONE ON P. 86
WITH THE FOLLOWING ADDITION: R

DO 201 11=1,3

261 RA (16.11) = RA_(8.11)
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SUBROUTINE CONNN (RA) . o i
THIS SUBROUTINE. FINDS THE VALUES OF THE COEFFICIENTS AND COORDINATES. “OF THE
NEXT NEAREST NEIGHBOR ATOMS GF MOLECULE 1.

- DIMENSION C7(24), C8(24), RA(32,3) = ~~ ~ 7 -rwrowowms-s-==ees
COMMON/CN/ C?7, C8 S e
C7(15) = C7(1) -~ - ooroToToooTToomomom oo Tmomm s -

: C7(16) = C7(2)
==Y = CUPY .
C7(18) = C7(8) e
U CT19) = C2€43) v T T T T e e s s e |
C7(26) = C7(142 ' U
c7(21) = LD T T s s i-
Cc7(22) = C7(8) : §
TTTLR3) = CT(S) T !
C7(24) = C7(12) : e e e
T C8L15)Y = £8(1) T T T mmm s e e %
£8(16) = C8(2) e e e i
T CBl17) = C8(7 ST TTrrm e
C8(18) = C8(6) :
TUTTC8(19) = £B(13)
c8(2e) = C8(142 e e e e e e e e
cs8(21) = cgrg)y oo oToTmTTToTS
c8t22) = C8(8) s
T C8Le3) = C8(5) Coo T A
c8(24) = £8(12) ;
DO 261 I1 = 1.3 . i !
RA(15,11) = RA(1,11) e e e e
T7 RA(16,112 = RAL2,12) 0 TUUTooTTmTTT
~ RAU17.11) = RA(7.11) e
77 RA(18,11) = RALG, 112 ST
RA(19.11) = RA(13.11)
TTTURAL2B.11) = RAL14.,11) T
RAL21.11) = RALY, 112 ~ e
- -RA(22, 11} = RA(8,11) CooTTTTTT _
RA(23.11) = RA(S.11) e e e e e
201 RA(2Y4,11) = RAQ12,11) 77 T E
RETURN !
- END e e e e !

~ SUBROUTINE ORISIN
THIS SUBROUTINE FINDS THE ORIGIN OF THE SPHERICAL COORDINATE SYSTEM BY TAKING
THE MIDPOINT OF THE TWO NEAREST NEIGHEOR ATOM3. AND THEN THE MIDPOINT OF THE
LINE BETHEEN THAT POINT AND THE ATOM ON WHICH THE PGTENTIAL 15 LOCATED.
DIMENSION R1(3), R2(3), R3(32. R4(3), R12(3) :
COMMON/OR/ R1,SPACEY. R2. SPACES, R3, SPACE6, R12 =~ ~ o =—===-
COMMON/FOR/ U3}, SPACE7. V(3), SPACES, W(3)

" DO 77 I1=1.3 T e s
R4L11) = (R12(11) + R3(I112/2.8 '
Utll) -= Rl‘ll) - Rq[li) R A TSR T TN s st e eme e ems | mie e e e e e s s & W s e
; V{I11) = R2(11) - R4(I1)
U 77 WUIL) = R3(11) - R4lI1) . T T e s e e s s
RETURN !
—- END R i
\
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B e T P R e e L L

TFUNCTION RIRUVMIX1, 'Y, 2}~
THIS FUNCTION REPRESENTS THE INTEGRAL TO BE SOLVED,
COMMON/FOR/ U(32, SPACE?, V(3)., SPACE8. W(3)
- COMMON/FST/ Al4}, SPACE1. RLF(QJ. SPACE2. SUMKL. SPACE3. N1~
DIMENSION BETA(4.4)., N1(32)., X(32 . _
~ REAL NQ.lNB. N1 ST T nrrTmm T T T
x .

[CESE RN R ci |

HGQGGQN'(

g ® © o o o

= 1.3
+ NICIDIFQUOIL2-XEI43) 777 o m s e
NB + N1{I1)#(V(I1)-X(11))
AX + (UCT12-X{I1)5LUCT1Y-X{T132) "~ -~~~ "= =77 - oo
BX + (VI{I12-X({I212)%(V({I12-X(11)2
CX + (WLI12-XLI212X%(WLIA3-XCI12Y
SERT(AX2
SQRT(BX} . e et e e s e o e e e e o ot et e s o = e me e i e o
| SGRT(CX) ~ ; o
“RRV1 = 0.8 L
= 0.8 -
T RRV3 = 5.8 X
= §.6
T DO B T = 4.4 T T e e e e
- D021 K = 1.4
" ARG = ALFLIX®(AX + BX) + 2.0FALF(KIFCX o T
IF (ARG .OT. 36.8) 60 TO 21
TTTTRRVL = RRVL + ALLIFALDIFAKIFAIKIFALF (T)5587SUMKLEEXP-ARBYs —
é(# @;g ?TQLF[K’**370XTCX + 4. GFALF IKIFALF (K)#CX + 6,0%ALF(K) +_
4,8/CX2 T
21 CONTINUE

=

r_ﬁ_
2282%3
L L S T O S | AN T SO~ O [ T S Y U ) I 1)
Z
53

. DO 22 I = 1.4 .. - -—;—--——-v----«-A TR TR te e e s it e e b6 e e s n o me e e s s = T S e e vee e e
. poeztL = 2.4 . .
TTTURL s Leg T

DO 22 K = 1.LL - :
BETA(K.L} = (ALFIK) + ALF(L2)/2.8 T T e e
ARB1 = ALF(I2#(AX + BX) + 2,B#BETA(K,L)5CX
IF (ARG1 .OT. 3@.8) 80 TG 221 o
RRVE = RRVZ + A(IJ*A[I’TQIK’rQ(L’T(QLFII’*RLF(I)?ALFIK’TQLF(L!}#*
T 71 2,5/BETALK. LIF55/SUMKLFEXP (-ARG1Y¥ (4,673, GFBETAIK, LY 5535CX50X +
2 4,BFBETALK, LYSBETALK. LY¥CX + 6.B¥BETAIK.L) + 4,B/CX)
221 ARGZ = ALFIKIFAX + ALF(LIFEX + 2.BFALF(I1)#CX
ARG3 = ALFIL)¥AX + ALF(K)¥BX + 2.8%ALF(1)RCX
£2 = 6.8
, £3 = 6.6
~-IF (ARG2 .BT. 38.0) 80 TG 222 "
E2 = EXP(-ARG2)
222 If (ARG3 .OT. 38.8) 80 TG 223 s
E3 = EXP(-ARG3? -
223 If (E2 EQ, 6.8 .AND, E3 ,EQ. &.8) 80 TO 22 ' CTom e
_RRV3 = = RRV3 + A(KJ;QIL’xQ(I‘*A(I)x(QLFIK’rﬁLFIL)}§§2 5/SUMKL#
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C et e a bR RIS d . e o

1 60Ty E3)¥(4.0/3. BwRLF(1’¥¥3*CX¥Cx + 4, 0FALF CIDFALFLIISCX +
-2 6. E:ALFII) + 4,8/CX)
22 CONTINUE ,
D023 J = 2.4 TomTrm e ‘
ij: J—i ; _n__;~~n~_*";_: ..........
o pPDR3 I = l.dd o s - T
DO 23 L = 2.4 : :
TTURL = Lt T T
DO 23 K = 1.LL
CBETALK.LY = (ALFEK) + QLF(LJJ/Z g
chq = ALFLIY$AX + ALF(JY$BX + 2.8%BETA(K, LY#CX -
ARGS = ALFLJISAX + ALFCIY¥BX + 2.85BETA(K.LIFCX e
€4 = 6.8
-'-_'ucs = gtg e . . \
IF (ARGY .bT. 36.86) 50 TO 231 S .

e e e e s e e L e

e o v bt s e e s e e b e 4= n o e

- E4 = EXP(-ARGH) Sm e
231 IF (ARDS .OT, 30.8) 60 To 232 L
" ES = EXP(-ARGS) T o msmmom s mmmms

232 IF (E4 .EQ. 5.0 .AND. &5 .EQ. 8.8) 80 TO 23
“== RRVY = RRVY + ACTIRACIIFALKIFAILIFIALF (12 5ALF () FALF (K SALFCCY 153
1 2,5/BETA(K. LIF55/5UMKLF(E4 + E5)%(4,0/3.GFBETALK. L)533%CX5CX +
© 2 4,B¥BETALK. LIFBETALK, LISCX + B6.0%BETALK, L) + 4,B/CX) T
23 CONTINUE _
" RIRJVM = NASNBR(RRV1 + 2.@RRV2 + RRV3 + 2.B#RRV4)
RETURN |
-—END T : T —
s

)

FUNCTION APPROX(FF2}
THIS FUNCTION APPROXIMATES THE INTEbRQL OF 'THE FUNCTION FF OVER THE 3-DIMEN-"
SIONAL SPHERE USING THE PRODUCT OF THE 3 ONE DIMENSIONAL. N-POINT. QUADRATURE
FORMULAS CONTAINED IN THE ARRAYS R. BR. Y1, Bi, -v2, B2,

DIMENSION R(2@2. BR(°@). v1(26), B1(2@)., Ye(20). B2(2&) §

COMMON/APX/ N, SPACEA. R. .SPACEB. BR. SPACEC, Y1. SPACED, B1, ~~~~—~771

1 SPACEE. Ya. SPRCEF. BE : .

|

Q= 6.0 S e - §

DO 2 I=1.N . |

Do 2 J=1‘N. e e -..-.._._._,...4.._.-._._.»......._.._4..--_..,_...».._._——--—»-_--—-——-]

DO 2 K=1,N . !
B=BR(1)¥B1(J)¥B2(K) - e s e
X=R{IXJ*®SGRT(1.0-Y2(K)I#Y2(K)2¥38RT(1.0- YifJ‘WYIIJ)) E

= ¥=RIIIFYL(JIFSERT (1, 8-Y2(KIFY2(K)) T :

Z=R{127Y2 (K]

‘2 Q=Q+B¥FF(X.Y,2? e
APPROX=Q ;

RETURN s h B e B ms s s B e s _......-....._. . a mua mA WL M 4a 8 A &5 mu mw sk ae ._....._._......._.._..v.-.-.---;
END : ﬁ



'THIS PROGRAYM CALCULATES THE ELECTRON AND HOLE SURFACE BANDS OF
ANTHRACENE AND NAPHTHALENE IN THE AC PLANE

) DIMENSION Al(4e3)y Bl4e3)s 2(4)y AL(493) e BL(Gy3)y ANG(37)p RUDT(3'
TTTNEOAL(3)y BKU3)e EL103437),.5203,37)y E3(3,437)y E4(3,37), T T T
2 KSIL(3¢37)y KSI2(3437)y D(4%e3), 01(4v3,' DK(3) o
‘REAL KXS1y KS2y KS3y KS&, KSI1l, KSI2 a i
READ IN THE VALUES OF THE IESOVANCE INTE3RALS FDOR VARIDUS GROUPS OF MDLECJLES
TTTTREADISyI0L) (C(IYy I=lva)y U{A(Lsd)y AL(I9d)y I=le4)y J=1,3),
1 ((B(IyJ)y BLUIoJ)e I=1e&)y J=1,3), ((D(IQJ)'DI("J"[ 104’ J 113)
101 FIORMAT (4F7.2/(8F7.2)) T
PRI“T DUT INPUT DATA
T WRITEL6,107)
107 FORWQT(1H1933X"A“THQA”ENE'019Xv'VAPHTHALENE'/31X"HDLE'Q5x'
TPELECTRON® 312X, "HOLEY o 5X, Y ELECTRON' )
L WRITE(G,108){{A(I4U)e1=104) o{ALILyJ)eI=190)2(BlLsd)slI=1le4),
T T ABYCE s dYeI=lo@)ed=193)y Col(Dllod)ol=19@) o (DL Isd)eI=leb)ed=l,e3)Y 7~
108 FORMAT('OA(A)=E3+2EG* s 1TXy2(FT7e2¢5X)32(5XeFTa2)/ ' ALULA)=2({ET+EB+E
TTTLI13) 010X 2C¢FTe2+45X Y9 2(5XyFTL2) 1/ B(A".24x.2(F7.2'5x)r2(5x.F7.2)/”‘
2% BL(A)=EI+ELO+ELL1*y12X42(FTe295X)s2{5XsFT7.2)//" A(B)=E3+2(E4+ET+E
T 3BHEL3) Y S e2(FTL295K) 92 (5K FTe2)/" AL{B)Y 323X 2{FTe245X)e2(5Xy" T
4FTe2)/% BIB)Y=E9+ELO+ELL1* 4 13Xy2(FT742¢45X)¢2(5XsFT7.2)/" B1(B)*,23X,
TTTS2(FTa295X) 902(5XK g FTe2)//7% A(C)I=EI#RETY ¢ LTXe2(FTe295X)92(5XsFTe2)/ ~~
6% AL(C)=2(.EG+EBH+EL3) ' g10XK 42 (FT.205X)s2(5KeFTa2)/* B(C)=ETF* 421X, .
T2 (FTe2¢5X) 0 2U5XeFTe2) /Y BLIC)=ELO¢ELLY y15X 92 FT7e2¢5X)¢2(5XFTa2)// ~—~ —
87 C=ALPHA~ALPHA®9 014X 2(FTa295X)92(5XeFT742)//7" D(A)=2E2*,20X,
TTTO2{FTe2s5X) 925X FT2)Y/7" DLUA)=2(ES+ES+EL2) Y y10Xe2(FTe2¢5X142(5Xy
1FT7e2)/7% D(B)=2(E2+ES5+ES¢EL12)* 4BXy2(FTe2¢5%X)92(5X9F7.2)/"% D1(B}?,
TTT123X92(FTe295X) 0 2(5XKeFTe21/7° DIC)=2E5?920Xs2{FT74295X)¢2{5XsFT72)/ "~
2t Dl(u) 2(52*56+E12)'010Xv2(F7 Z'SX)oZ(SX F7 2)/)
TTTTPL o= 3,141593 0 TTTTT e
CALCULATE THE EVEQoY OF EAZH OF THE FOUR DlFFERENT BANDS IN TURN
7DD 200 I=l.4 ) -
6B 1O (61962'63'64)0
“61 WRITE(6,102)
102 FDRMAT(IHI: @OXv * ANTHRAZ ENE HULE SJRFA E BAND [N AC PLANE (10-4
=< YEVN) /) i g e e
GO TD 65
“62HRITE(6,103)"
103 FORMAT (1Hl, 38X, " ANTHRAZENE ELE”TRUN SURFA E BAND IN AC PLANE (
_____ 110-4 EV)'/) - T Tt
. GO T3 65
“63 WRITE(6,104) -~ 7777 T
1064 FORMAT(LHL, QOX' *NAPHYHALENE HOLE SJRFA E BAND IN AZ PLANE (10-4
TTTIEVYYYZY T T
GD) T3 65 o
64 WRITE(G6,105) &~~~ T T
' 105 FORMAT (1H1, 38Xo 'VAPHTHQLENE ELECTRJM SURFACE WAVD IN AC PLAVE (
) 110-4 EV)*/) ' .
CALCULATE THE ENERGY IN THREE DIFFERENT DlRECTIDNSv K PARALLEL 1D
A=1ly B-1y AND C-1,. RESPECTIVELY' ToTTim T T e
165 DO 200 J=1,3
CALCOLATE KSI AND THE ENERGY FOR DIFFERENT VALUES OF THE ANGLE X FRIM 0 1D Pl
DD 100 K = 1037
" XK=K=-1 ’
ANG(() = XK/[B O*P[
TTTUX =T ANGIKY
KKi=K
TTTTELI(JeK) = 0.0 T T T T T T e e v e e
E20JsK) = 0.0
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m’E3(J' ’ = 0.0
E4lJyX ’ z 0.0
AK(J) = A(I4J) + AX(I,J)%2I85(X)

cw BRI(J) = BUI, L+ BLII,J)kCIAS(X/2.D)
IF (J «NEe 3) GD TO 12
BRJY = BlIod) + BL{IoJI®CIS(X)

12 DK{J) DUTsd) + DI(IoJ)%CISUIX)

TTTROOTUIY = BKUJIYEBK(J4) - AK(JI*C(L)
IF (ROOT{J4}) 9y 20, 20

T207PLTE U=BKIJ)Y TETSQRTIROOTEININYZAKES)

. P2 = (-BK(J) = SQRT(RODT(J)))/AK(J)

TTTTIR (Pl oGEle 0e0 JANDe P2 oJLE. 0,0) TI=1"T 77
IF (P2 JGEte 040 oANDe Pl oLE. 0.0) 1I=2
IR (Pl oGEe 000 JANDSs P2 o GE. D.0) II=3 " 77T
IA (Pl +LE. 0s0 +ANDe P2 JLE. 0.0) 1I=4

TTT07TTY (192e3 04051 :

1 K& = 2.0¢ALOG(P1)
TTTUKS2 = 2.0%ALDG(-P2)
60 YO 5

T2 KS1 = 2.0%ALD3(P2) T
KS2 = 2,0%ALOG(-P1)

TT8DTDS T T
3 KS1 = 2.0%ALO3(P1l}

TTTTKS3 = 2.0%ALDS(P2) T

5
4 °KS2 = 2.0¢ALDG(-PLl) T
KS4 = 2,0%ALOG(-P2) .
——BD°TD 6
5 E1{JeK}) = (EXM(KSI?+EXP(-KSII)*AK(J’ + 2. 0*(EXP(KSIIZ O)*
T 1 EXP(-KS1/2.,00)%BK{J) + DK{JY .
KSI1(J,K) = KS1
R I O O SIS -S4 - § PR 10 I B R
6 E2(JeK) = (EXPUKSZ2)+EXP(=KS2})*AK({J) - 2.0*(EXP(&SZ/2 09+
T 17BXPl-KS2/2. O))*BK(JiwiwDK(JT"’ 0
KS12{J.K) = KS2
LF (Il «EQe. &) GO TI B 77777 - T
6D 10 10 '
7T E3(JeK) = (EXP(KS3I)+EXP(-KS3))*AK(J) + 2,0%(EXP(KS3/2,0)¢ "~~~
1 EXP(-KS3/2.0))%BK(J) + DK(J)
KSI2(JeK} = KS3
60 TO 10
T8 E4(JeK) = (EXPUKSG)+EXP(-KS&)I*AK(J) = 2., 0%(EXP(KS4/2.0) ¢
-1 BXP(-KS4/2.0))%BK(J) + IK(J)
KSI1{JyK) = KS4& T T T e ey
GO T3 10 s
TT9KSI1(JK) -BK{JY/7a<IY
KST2(JeK) SQ%T(-RDDT(J))/AK(J)
10 IF (J .EQe 2). GO 7D 11 o ST T rmTm s e
100 CONTINUE
T IR (J eEQe 1) 50 TO 11 T s e
WRITE{64109)
109 FDORMAT(1HL)
11 WRITE(6,106) Jy Js Iy Sy (ANGIK), KSI1(JeK) s KSI2{JeK}, El(J'K)'
1 B2(JsK)y E30JeK)y EG(JeK)y K=1,KK)
106 FORMAT(LHO, 10X, 5HANGLEs. 13Xe 4HKSI¢, 14Xy 4HKSI=¢ 12X, 4HEP+(.
111y 3HeK)y 10Xy 4HEP=(y Ily 3HeK)y 10X, GHEN-(, Ils 3HsK)s 10X,
2 GHEN¢(y I1ly 3H,K)//7(14 4 L1PTEL8.5))
200- CONTINUE CoT T
sSToP

END : o o e e et < e 1 e+ e e e e e e e

=97 -



THIS PROGRAM CALCULATES THE ELECTRON AND HOLE SURFACE BANDS OF
ANTHRACENE AND NAPHTHALENE IN THE AB PLANE

r_“ DIMENSION Al(%93)y BlGy3)ye. ClG)y ALU4e3)y BLU4y3)y ANG(3T)

16 AK(3), BK{3)y EL11(3+437)y E2(3,37)s E3(3,37)y E4(3,37),
2 KSTI1(3,437)y KSI2(3937)y D(443), Dl(#93)o DK(3)5 E9(4,9 514(4)
T TTREAL XSle KS2e KS3, KS&y KSIL, KSEI2 ° Tt T
READ IN THE VALUES OF THE: RESONANCE INTEGRALS FOR VARIDUS GROUPS OF MOLECULES
T READ(S4101) (S T=156) ((ALT o)y AL 33 )y I=L08 )y J=1y3)y 77T

1 ((B(LlyJd)s BLULyJ)y I= lo@)o Jel, 3’. ((D([ J)eDL{IsJ)el=1y4)40=1,3)
T2 0E9 ) e EL&GLL)y Q=146) T o rmmmmmrm e e 1
01 FORMAT (4F7.27(BFT7. Z))
PRINT OUT INPUT DATA =~

WRITE(641027)

107 FORMAT(1HL 433Xy YANTHRAZEVE? 19Xy * NAPHTHALENE® /731Xy " HOLEYy5X,
1PELECTRON' 3 12X "HOLE* 5Xo*ELECTRON?® )

TTUNRITELG6108) CUALToJ) o I=1p6) o AL UL gJd)eB=134) o {BlLod)sI=1y4),
1 (BLl{I4J)9I=kyb)yd=1,3}), Cv((D(IwJ)oI 1y Q’Q(Dl(IvJ)ol 194)'J 103)
TT20LE( ) e I=l04) e (ELGLT ) o IS104) T

108 FORMAT('OA(A)=E24EO+EL1242{E4L+EB+EL3) 4 1X2(FT7.2945X)¢2(5X4FT7.2)/
TTTLOTALGA) 923X 02 (FTe295X)02(5X¢F7.21/ Bl(A)= 2(ELO+ELL)*, 13X 2(F7.
25X 92(5XeFTe2)/7% BLIA)'923X92(FTa2¢5X)92{5XsFT7.2)//" A(B)= EZ+56*EI
""""" 32"014K92(F7.2w5X'92(5XyF7-2’/' AL{B)=2(E4G+EB+EL3)"y 10Xy 2{FT74245X)y ~

G2(SKeFTe2)/" BIB)1926Xy2(FTa2¢5X)e2(5%XyFT742)/* BLI{B)=2(EL1D+EL1L1)"*,
TTBL2X e 2 FTe245X) 92(5X o FT.2).//% A(C)=E2+¢EG+EL2+¢2(E4+EB+EL3)*y1X,2(F7,

624.5XK) s 2(5XsFTe21/7% AL(C)"923Xe2(F7e2¢5X)22(5XsFT.2}/* B(C)=2{E10+E
TTTTILLY Y 13K 2(F T 295K ) s 2 (5XKsF T2V 7V BLUCY Y 423 Xe2(FTa2e5K¥y2(5XyFTe2)/ " —

8/7% CT=ALPHA~ALPHA®? ¢ 164X42(FT7a2¢5X)92(5XeFTo2)//7% D(A)=2(E3+ES+2ET)}
..... 98 L IXe2CFTa205K)92(5XKeFT742)/7% DL(A}?23X32(FTa295X)¢2{5XF7.2)// -

1* DU(B)=2ES"420XKe2({FT7e2¢5X)¢2(5XeF7a2)7* DL(B)=2(E342ET)*+13X92(FT7,
TTTT229.5X) 9 2(5X FTe2) /70 I(Z)=2(E3¢ES+2ETI* 9y LIXe2({FTe2¢5X)9215XeFTe2)/

37 DLCC)®923Xe02{FTa2e5K)92(5XeFTe2)/7% EI¢326K92(FTe2:e5X)92(5XKyFTs2
TTRYIVELGY 25X 02 (FTa295XK) 92 (5XeFT.207) T - T

-PI = 3,141593
CALCULATE THE: ENERSY OF EAZH OF THE FOUR DIFFERENT BANDS "IN TURN —— 7777777

DB 200 I=l,4
TTTUFE9 =2 4,0%E90L) T T
FE14¢ = 4.0%E14(1)
TTTTTBDT YD (619.624.63,64)51

61 WRITE(6,102)

102 FIRMAT(1HLl,y 40X, " ANTHRAZENE HOLE "SURFACE BAND IN AB PLANE (10-6¢ "~ 77
1EV)*/)
-~ 60 TD 65 e e e e et e e e e et e+ = e

62 WRITE(69103)

103 FORMAT (1H1, 38Xs " ANTHRAZ ENE'ELECTQDN SURFACE BAND IN- AB “PLANE (T

110-4 EV)*/)

‘G0 TO 65 . e e e e e e e e e e et e e e

63 HWRITE(6,104)

104 FORVAT{1Hl, 40X, "NAPATHALENE HOLE SJRFACE BAND IN AB PLANE (10-4

1EV)Y/)

TG0 T 65 T

64 WRITE(6,105)

105 FORMAT (1-41, 38X, *NAPHATHALENE ELECTION SURFACE BAND IN AB PLANE (

110-4 EV)*/) :
CALCULATE THE ENBERSGY IN THREE JDIFFERENT DIRECTIONS, K PARALLEL TO s
A=-ly B-19 AND C-1y RESPZ CTIVELY

‘65 DD 200 J=1,3 T - o

CALCULATE KSI AND THE EVEQ@Y FDR DIFFERENT VALUES OF THE AVGLE X FRUM 0 T3 Pl

DD 100 X = 1,37 T

XKi=£-1

B DU S S




B L I PR, o o

T ANGEC) = XK/1B40%P1

TR = ANGUK).

KK=K

E1(JVK)Y = 0.0

E2(JeK) = 0.0
TTTE3JNK) = 0.0

E&lJo<) = 0.0

TTTTAKY) = ACLJY# ALGTZJINRCISIXY T
BK(J) = BUI+J) ¢ BLUI,J)*CDS(X/2.0)
T127DKUI)Y =D Y ¢ DLIT2J)ECISIX)
PL = =C(I1)/7(AK{J)+BK(JI))
TTT P2 s =CUI)M/AK(IN-BCLIYY T
IF (Pl «GEle 000 +ANDs P2 oLEe 0.,0) II=1l
"LFt (P2 o«GEe 0.0 JAND. Pl oLEL 0.0) II=2 777
IF (P1 .GEwW 0.0 «ANDe P2 oGEe D.D) II=3
TTUTLE APY WLEe 0e0 LANDY P2 LLE, 0.0) T IT=4
GO TO (10203ﬁ4)pll

“1 KS1 =
KSi2 =
T80 T2
2 KS3 =

GO TO
T5TEL(JeK

"ALDG (-R2)

ALOG(PLY)

ALOG(-P2) .

5
ALOS(-P1)
ALOG(P2)™
7

, ALDG(PLY

ALDS(P2)

v

ALOS(-PL)

6

) = (EXPUKS1)¢EXP(-KS1}I%AK(J) ¢ 2.0%(EXP(KS1/2.,0)+

H
1

1 EXP(-KS1/2.00)¢BK(J) + JK(J) & FE9#30S(X/2.) + FE14%COS(3.0%X/2.)
TUTURSILGeK) = KS1 T T - TR e |

IF (II

TTEE2(04 )

«EQ. 3) GO TJ 8
== (EXP(KS2) +EXP(=KS2))*AKI{J) "+ 2., 0%(EXP(KS2/2.0)Y+

1 EXP(-KS2/2.0))1«BK(J) + IDK{J) - FE9*CDS(X/2. ! - ﬁElk*CDS(3 O*KIZ.)
TTTKSI2(4K) = KS2 "’

IF (1]

«EQ. 1) GO TO 10

T E3(J9K) ==~(EXP(KS3)+EXP(~KSIV)¥AK(J) = 2.0%({EXPIKS3/2.,0)+ ~—~~~~
1 EXP(-KS372.0))%BK(J) ¢ IK(J) ¢ REI*COS(X/2.) + FE14%C0S(3.0%X/2, )
TTTKSI1I(J4K) = K'S3 '

IF (11

«EQ. 4) GO TO 10
778 E@(JeL) = (EXP{KS4&)+EXP(~KS4))*AK(J)

- 2.0%(EXP(KS4/2.0)¢ 7T

1 EXP(-KS4/2.0))%BK(J) + JK(J) - FE9* DS(X/Z.) - FE164%[DS5(3.0%X/2,)
T KSI2(JeK) = KIS4 ' oo e

10 IF (J .NE. 2) GD TO 11
100 CONTINUE
ll NRUITE(64106) Je Jy Jy Jo

>

1 BE2{JyK)y. E3(JkeK)y E&{JyK)y K=1,KK)

106 FIRMAT(1HO,

LIly 3HeK)s 10Xy

2 GHEN®(,

200 CONTINUE

SToP
"7 END

10X, SHANSLE,.
Ile 3H, K17/ UL o 1P7E18,5))

13X. GHKSI &,

14Xy 4HKSI=-,

(ANGIK)y. KSIL{JpK), KSIZ(JoK!o E1(J9K)

12Xy GHEP+(,

3H'K)' IDK. QHEN‘(' Ll. 3H'K" lox'
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" THIS PROGRAM CALCULATES THE ELSCTRON AND HOLE SURFACE BANDS OF — ~ 7 =7
ANTHRACENE AND NAPHTHALENE IN THE BC PLANE

DIMENSION Al4¢3)y B(443)y 2(4)s AL(4y3)y BLU%¢3), ANG(37), RODT(3)
Iy AK(3), BK(3), E1(3,s37), Z2(3,37), E3(3,37)y E4(3,37),
2 KSI13,37)y KSI2(3437)y D(%s30)y DL(4y3), DK(3), El4(4)
T REAL KSle KS2y KS3y KShy KSILe KSI2  °
READ IN THE VALUES DF THE RESONANCE INTEGRALS FOR VARIOUS GROUPS OF WILECULES
TUTREAD(S,101) (TUI)y  [=ET4%T (ELATTNY T=196) 9 LOATLyd) g ALLTG )47~
11210600 J=le3dy ((B(IyJ)e 31(Iodly I=104)y J=143)y ((D(I1+d),
“2D1(14J), I=1y4)y J=193) e —
101 FORMAT (4F7.2/4F7.2/(BF7.2))
PRINT DUT INPUT DATA =~~~
WRITE(64107)
107 FORMAT(1H133X, ' ANTHRATENE® 319Xy "NAP4THALENE® /31Xy "HOLE' 75X
_1YELECTRON® y 12Xy "HOLE® y5Xo.* ELECTRON® )
NRITE(69108) (AALT+d) 9 I=104) o (ALLE JYoT=1e%) o (BUId)ol=lpt)y”
1 (BLOIsJ}eT=Leé)ed=1s3)s Co€(D(Ind)sT=194) ¢ (DL(Lpddol=let)sd=1y3)
20 UEL4(I) o d=144) S
108 FORMAT('OA(A)=E5+E6+EL242 (ET+EB4EL3) ¢ 51Xy 2(FT4245K) 42(5X,FT42)/
T ALCA) 923 X9 2(FT0295X) 92(5Xe FT42) /0 BIA)=EQ+ELD+ELL+EL4" 49K 2(F7, 77"
2295K),2(5X¢F7.2)/% BL(A)Y423Xs2(FT4245X)92(5X¢F742)//% A(B)=ES+E6+
TTUBEL209 14Ke2(FT.245K) 5 2(5KeFT.2077 AL(3)=20ETH+EB4EL3)* 410X, 2{FT.2,5K ~ ~
4).902(5X¢FTe2)/% BIB)®424X92(FTe295K) ¢2(5XsF742)/% BL{BI=EI+ELO+ELL"
T 8312Ke2(FTe245X)92(5KeFT42)//% ALT)=E5#2ET ¢ LTX92(F74295X)42(5X,
| 6FT7.2)/" AL(C)=E6+2EB¢EL2¢2EL3® ¢ TXy2(FT7.245X) ¢+2(5XsF7.2)/* BIC)=E9+
TTTTELGY 17X e2(FT.205X) 9 2(5XsFT.2)77 BI(Z)=EL1O+ELLY ) 15X 2(FT0245K),
215K FTo2)//% C=ALPAA-ALPHA® €9, 14X 2(FT.295X) ¢2{5XsF7421//* D(A)=2
T QUE2#E342E4) %y L1X2(FTe205X)92(5X¢FT722)/ D1(A)*23Xs2(FT42,5K),
1205X,F7.2) 7/ D(B)=2E2* 420X ¢2(FT74245X)12(5XsFT742)/ DL(B)=E3+2E4",
T 216Xy 20FT7.295X)92(5X¢F742) /71 DIC)I=2E3"420Xs2(FT4245X)92(5XsFTa2)/
39 DL(C)=E242E4 ' 16X¢2(FTe245X) 12(5KsFTa21// EL4S425K42(FT4245K) s
TT42(5XeFT42)7) T
PL = 3.141593
CALCULATE THE ENERSY OF EAZH OF THE FOUR DIFFERENT BANDS IN TURN = -
DO 200 I=le4
TBD T (61062463964, 1 T T T e
61 WRITE(6,102)
102 FORUAT(LHL, 40Xy * "ANTHRATENE HOLE“SURFAZE BANDIN ‘BC PLANE™(10-4 "~~~
1EV.) /)
e 1 65 e s
62 WRITE(6,103)
103 FORMAT (1Hl, 38X, * ANTHRAZENE ELECTRON SURFACE BAND IN BC PLANE ( = =
110-4 EVI*/) ,
“76D T3 65 T
63 WRITE(5,104) |
04 FORMAT(1HL, 40X, *NAPHTHALENE HOLE' SJRFACE BAND IN BZ PLANE (10-4 -
1EV)*/)
S
64 WRITE(6+105)
105 FORMAT (1Hl, 38Xe” 'NAPHTHALENE ELECTRIN SURFACE BAND IN BC PLANE ( -~~~
110-4 EV)*¢/)
CALCULATE THE ENERGY IN THREE DIFFERENT DIRECTIONS, K PARALLEL TO =~
A-ly B-1, AND C=-1, RESPECTIVELY
65 DO 200 J=l+3 -
CALCULATE KSI AND THE ENERGY FOR OIFFERENT VALUES OF THE ANGLE X FRIM 0 T PI
TTUDD 100 K ® 1437 TS s T
XK=k~ 1
ANG(C) = KK/LB,O#P[ = T T
X = ANG(K)
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MKKFK o *— T T e e L

TTELLJ XY 50,0
E2(JyK) = 0.0
T E3IKY = 0.0
E&4(JeX) = 0,0

TTTTAKGS) = ALT O #AL(IZIYECISIX)
BK(J) = B(IsJ) + BL(IyJ)*COS(X)
. LF (J oNE, 2). GO TD 12°
BK(J) = B(I,4) + Bl(I4J)&CIS(X/2.0) ¢ El‘(l’*505(3 0%X/2.0)
TI27DK(I) TETDCEYIN TETDI(I 4 U KCISIX) T
ROOT(J) = BK{JI*BK(J) - AK{JI*C(I)
TTTTIR (ROOTUS)) 9y 20, 207 T
20 P1 = (=BK(J) + SQRT(R0DT(J)I/AK(S)
TTP2 7= (=BK(J) ~TSQRT(ROIT(III/ZAK(IY 7T
IF (Pl +GE« 0.0 JAN). P2 oLE. 0.0) II=1
TE (P2 .5Ee 007 ANDS P «LE."0.00 I1=2
IF (Pl .GE. 0.0 +AND, P2 +3Ee 0.0} II=3
TTTLF (Pl oLEe 040 JANDe P2 "oLEe 0e0) II=4 T
GO TD (1y24304),11 '
TT1KS1 = 2.,0%#ALOG(PLl)
K§S2 = 2.0%ALD5(~-P2)
80 Y0'S
2 KSI = 2.0%ALOG({P2)
KS2 = 2.0¢ALDGI-P1)
60 1O 5 ‘
T37KS1 = 2.0%ALDS(P1) .
KS3 = 2.0%¥ALDG(P2) :
6D YIS T
4 KS2 = 2,0%ALDG(-P1)
TTUKS'% 5 2.0%ALDS(-P2)
GO YO 6 o
TUS EL(J9K)Y = (EXPUKSLIFEXP(=KSLI)*AK{J) ¢ 2, 0%(EXP(KS1/2.0)+« "7~
1 EXP(-KS1/2.0))%BK(J) + DK(J)
T KSIL(JeK) =TKSL
IF (Il +EQ. 3). GO T2 7
TT6 E2LdeXK) 5 (EXP(KSZ)fEXP(“KSZ’)*AN(J) 24 0*(EXP(NSZ/2 VYT
1 EXP(-KS2/2. 0’)*8K(J’ + JK(J) -
KSI2(JeK). = KS2 T
IF (Il .EQ. #) GO T2 8
8D TO 10
T E3lJe<) = (EXPUKS3)+EXP (= KS3’)*AK(J) + 2. 0*(EXP(KS3/Z o)+
"1 EXP(~KS3/2.0))%BK{JS) + DK{(J]} A T
KSI2(J4XK) = KS3
776D TO 10 o R - )
8 E4lJe) = (EXP(KS#)*EXP(‘KSQ')*AK(J’ - 2. 0*(EXP(KS4/2 01+’
TTTUEXP(-KS54/2.0) ) &BK(J)Y +TDKUINT ’ T

KSIL{JsK) = KS4
~=50 TO 10 e o et e e et e e e et et
9 KSTL1(JeK) = =BK(J)/A<K(J)
T OKSI20JeK) = SQRT(=RODITUINIZAKCIY - 77— 7777

10 IF (J +EQ. 1) GO TO 11
100 CONTINUE
IF (J «EQe 2) GO TO 11
T UWRITE(6.109) 0 7 T
109 FORMAT(1HL)
11 WRITE(S5:106) Iy Je S Jg (ANGUKYy KSIL(JeK)y KSI2{J9K)e EL{JeK],
1 B20J9K)y. E3(JyK)y E4(JeK)y K=1,4KK)
106 FORMATU1HOy 10Xy SHANGLEW 13Xe 4HKSI ¢, 16Xy 4HKSI=¢ 712X, 4GHEP¢(}
1Ily 3HeC)y 10Ky 4HEP-(y Ily 3HyK)y 10Xe 4HEN-{(, L1, 3H.K)o lOX.
T2 GHEN®(y Il 3H.K)//(1H 4. 1P7E1B.5)) S T o -
200 CONTINUE
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THIS PROGRAM NUMERICALLY EVALUATES THE MOBILITY TENSOR IN
THE RELAXATION TIME APPROXIMATION. THE INTEGRAL 1S
EVALUATED OVER 13X13 POINTS USING THE TRAFEZOIDAL RULE FOR
THE ELECTRON AC SURFACE BAND OF NAPHTHALENE.
TCDMMON E(1441)s Ay By Cy D
DIMENSION DEP(3)y DENI(3), S1{ 9,13), SALl{ 94.13)e S522¢( 4),
ISA12¢( 9%.13), SAT3T 9y 131y SA22( 9,13), SA23( 9, 13,
___25A33( 9,13), S2¢ 9), SBI{ 943)y ST(3), S12¢ 4425)
_3SABlfr—M_4}25)T‘SNB[2(LWHQ;ZSYTESABl3f"mh1;25)'“SABZZ(‘ T 4425)
4SAB23( 44,25), SAB33( vZS,' SBB( 493)e SCB(3)y, SC(3)
TTTRBADISYIONY E T TTeTTTTTTTTT T
101 FORMAT (7F7.2)
WITE(6,99)
99 FORMAT(LH], 7X19HH0LE BAND, 7X, 13HELECTRON BAND/ﬁ)
TTTTDU 0L T12=2016
TOL WRITE(6,1G2) 12, E(12,1)
102 FORMATOIH , 12, 17X, F17.2)
" EXPRESS BETA(=1/KT), AT 300 DEG. Ky IN UNITS OF 10-4 EV.
BETA=-T.0/(1.38054E-16¥300.0%6.24196E15)
EXPRESS PLANCK*S CONSTANT IN UNITS OF 10 -4 EV-SEC.
TTH=E(1.05450E-27%64,24196E15) T 7T
__HW2=Hew T
Pl=3.141593
A=8.235
856.003
C1=8.658
ANG=2.145301
CaC1%SIN(ANG)
TTTTD=C1%C0S(ANG)Y T -
FX=(C1-A%COS{ANG)=-2.0%D%COS (ANG) )/ (A%C*SIN{ANG) ),
T VXKTE(ARA+C LA C T+ 2. 0% ARD V&P T/ (A% C%E] T
VXK=(A%A+Z 1%01+2, O*A*D)*PI/(A*A*ChA*C*D)
TTTTVANI=EPI/Z(ARXSINCANG Y 2SIN(ANG)Y )~ T -
VAK P[/(A*SlN(ANG)*"US(ANG))'
B ) D
D0 300 K=1,9
X=(K=-1VEPT%FX/12.0
' DU 200 L=1,13
T TZE(L=-1)%PI /(12.0%2)
AL=X&D+Z%]
TTA3=XEA
CALL INT(I+Al4A3,EP.EN+DEP, DEN)
BEGIN CALCULATION OF TINYEGRALS™
S1( KeL)=EXP(BETAXEP)+CXP(BRETA%*EN)
TSALLO  KyL)=DEP(L1)%DEP({1)%*EXP{BETAXEP)+DEN( 1) *DEN(1}*EXP{BETA%EN)
SAL13( KyL)=DEP(1)%DEP(3)%EXP(BETA*EP) +DEN( 1}I%DEN(3)*EXP({BETA%EN)
200 °SA33(  KeL)=DEP(3)*DEP(3)*EXP(BETA*EP)+DEN(3)*DEN(3)*EXP(BETA%*EN)
S20 . K)=(S1{ KyL)+S1( Ke13))}*PI/(12.0%C)
SBU T Ko l)=(SALLOT Ky Y14#SALV(TKy13 %P1/ {12.0%CY
SBU  Ky2)=(SA13( Kye1)+SA13( K,13))}*PI/(12.0%C).
SBU  Ke3)=(SA33( Kyl)+SA33( "Ky13))¥%PI/(12.0%C)
“_“DD 300 L=2y12
S20 K)=S2( KI+S1({ KyLI*PI/(6.0%C) "
___WSQ[ Kel)=SB(  Kyl)+SALLL KyL)*PI/ (6. O*C)
SHE Ky 2)=SB  Ke2)¢SAL3(T Ky UV RPIZ(%.0%C) ™
300 SBU  Ke3)=SRU  Ke3)14SA33( KeyL)*P1/{6.,0%C)
$3=S2(1)/2.0 LT e
_ D0 401 Me1,3
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§0)SCAMI=SB(1.eM)/2.0.
DD 402 K=2,9
$3=834¢S2(K)

DD 402 M=1,3

402 SC(__MI=SC(_ MI+SB(  KyM)
DU 310 K=l44
__ XS(K#8)%#PI%¥FX/12.0
IL=(X/VXI-1.0)«VXK "~
ZU={X/VAI=1,0)*VAK
DO 210 L=1,25
_1s(L-=13)%P1/(12.0%C) _
T IP=(L-12)%PI/(12.0%C)

__IM=(L-14)%P1/(12.0%C)
IF (ZL.GT.Z AND.ZL.LT.ZP). G0 YO 10
IF (ZU.LT.Z.AND.2U.GT.ZM) GO TO 20
iF (Z.LT.ZL.OR.Z.53T.ZU) GO 710 210
GO TD 3

10 Z=ZL
LL=L+1
L1=L
GD YO 3

20 =20

o bU=L=1
L2=L A

3 Al=X€D4 2%
A3=X&A
CALL INT(I,A1,A3,EP+EN,DEP,DEN)

S120 K L)=EXP(BETA*EP)Y+EXP(BETA%¥EN)

____SAB11l( K, L).DEP(1)*DEP(l)*EXP(BETA*EP)+DEN(l)*DBN(1)*EXP(BETA*EN)
SAB13(  K,L)=DEP(1)*DEP(3)*EXP(BETAXEP )+DEN(1)*DEN(3)*EXP(BETA%EN)
SAB33( K,L)=DEP(3)%DEP(3)#EXP(BETAXEP)+DEN(3)*DEN(3 )¥EXP (BETA%EN)

J2Y0 CONTINUE T
$22(  K)=((S12( KsL1)1+S12( KyLL))I*((LL-13)%PI/(12.0%C)-ZL )+
10ST20 KyL2V€S1Z2(0 Ky LUV ¥({ZU=TLU=-TI3Y %P T/ (2. 0%CY)Y=S1210 KL LY*P1/

2012.0%C)=S12( K LUI¥PI/{12.0%C))/2.0

SBB( Ky 1) EL(SABLYIL  KyL1)+SABIL( KeLL))%*((LL=L3)%PI/(12.0%C)-ZL)

14(SABLL(  K,L2)+SAB1L( K,LU))¥(ZU=(LU-13)%P1/(12,0%C).)~-

20SABLL( "KyLL)+SABLI{ ~KyLU)I%PI/(12.0%C)) /2.0

SBB(  Ky2)=((SAB13( KyL1)M#SABLI3( KeLL))¥((LL=-13)%PI/(12.0%C)=ZL)

TTIECSABY U TR G L2V FSABLI UK LU) YR (ZUS(LIS13) #PT/ U125 0%C )=
__2(SAB13( K,LL)+SABL3({ KyLU))%*PI/{12.0%C))/2.0

SBAC Ky31=((SAB33( KypL1)+SAB33( KeLL))E((LL-13)#P1/(12.0%C)=ZL)

14 (SAB33( K,L2)+SAB33( K,LU))*(ZU—(LU-13)%PI/(12.0%Ch)~

T2(SAB33(  K,LL)+SAE33( Ko LU))#PI/(12.0%C))/2.0° =

D0 310 L=LL,LU
T2 1T TRYES 22K ST TKILTRPT/ (T2 0%C)

SBB{  Ky1)=SBB( Kol)+SABll( KeL) %PE/(12.0%C)
TTTTSBBT Ke2)=SBBI T Ke2)+SAB13( T K,L)#PT/{12.0%C)
310 SBB( K,3)=SBB( K,3)4SAB33( K,L}*PI/(12.0%C)
TTTTS32=822(41/2.0 T T s -

DD 403 M=1,3
Z03SCOU T MIESBB (T 47MI7230

DO 404 K=1,3
TTT$32=532+522(X).

DD 404 M=1,3
4047SCB( ~ M)=SCB (™ My+SBB L "KyM)”

§3=53+532 i
DO 4007 MET3
400 SC{ MI=SC{ MI+SCB( M).
"""" DD 500 M=133""" : . ;
500 ST(M)=S2(M)/(S3¥HZ) «1.0E-16 , ‘
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HR!TE(60104)
104 FDRMAT( 1HO, SZXTTﬁHELECTRUN TBAND/7/1H0, 5Ky 11 HDENOMINATOR , 49X,
IBHMDBILITY/IH 229X, 5HV(AA)011X'5HV(AC)'lleSHV(CC)/)
TTHRITE(G, 10583, ST
105 FORMAT(1HOs 1PEl6e4y 5X4 3E1l6.4)
sToP
- END
SUBROUTINE INT(I,Al4A3,EPsENDEP+DEN)
THI'Y SUBRDUTINE CALZULATES THE VALUES OF E+ AND E-y AND OF DE#/DK, AND DE~/DK,
FOR EANQOH PDINT IN THE lNTEaRAL-
TTTUGOMMON E(LlGeLl)y Ae By S DN T T
DIMENSION DEPH(3'aDEP(3)yDEN(3,005"?(3’
TTTTAGFALEA3 T
AS=R3/2.0
AT=ALHAS
AB=AL-A5
T AD=Al-A3
UsE(3s1)¢2, 0*(5(401)*505(“1’#5(7&1)*CUS(A3’*E(8'l)*CDS(AQ)*E(13QI'
TTLIECDS{ARY Y
VqE(9vl)*WDS(NS)+E(10'l)*UDS(A7’HB(11'I)*CDS(ABL
T HE=14b6.11 .
RODT=VEV-UEH
T LR (RODT .LT. 0.0) STOP
PIs(-V4+SQAT(ROOT)I /Y
P27 (=Vv=-SQRT(RDOT}I/U
IF (Pl oGE. 0.0 AND.. P2 JLES 0,00 l“l
—l.F-(PZ oGEle 00 <ANDe Pl JLES 0.0 Il=2
IF (Pl oGFEts 0.0 +ANDa P2 o3Es 0.0 1[=3
o IF (Pl ,LE. 0e0 +AND.. P2 eLEasi 0o0) I1=3
B0 TO (Ly293 K I1
1 AP32.0%ALDG(PLY 7
kV#Z-O*ALUG(‘FZ’ . .

—""30 TD & e — - -
2 APx2,0¢ALDG(P2})
T ANR2.0%ALDG(-P1)

860 T2 &
—37svopT
& A6=AP/2.0
" A2¢AN/2.0

EPM=2.0%(E(9¢1.} *COS(AS) +E(10,1)%COS(AT) +«E(LLlo 1%
"18D0S(ABY )& (EXP(AB)+EXP(=AB)Y ~ =~ o T e
EMP=2.0%(E(9,.[)*COS(AS) _*E(10, 1) *COS(AT) +E(11,1)¢
T 1COSUAB) YR (EXP(A2)#EXP(~A2)) T T T T
El= E(3,1)+2, *(E(Qol)*CUS(QI)*E(7MI)*COS(A3)+E(81l’*COS(A4)+
TTT1EG1341)%20S(A9) ) T
EP= 2.0*(5‘2.[)*C05(Ql)*5(5vI’*CD&(A3'*E(6Q1)*COS(A4’*E(1211)*
1CIS(A9) ) +EL1&{EXP(AP) ¢EXP(~AP))+EPM
ENe2, 0*(5(2!1)*u0$(&1)*5(5|l,*C05lA3’*E(6wl'*ﬂ09“h4’+@(12'I)*
TTTICOS(A9) ) #ELE(SXP(AN) ¢EXPI~-AN))~-EMP -
CALCULATE DERIVATIVES, DE/IK
B DEPM(1) =~ (E(9, 1) *ARSIN(AS) T #2.%E( 10 I)x(D+.5%A)ESIN(ATY T
1 2, %E(1L 1) %(D-oS5¥A)%SIN(AB) IR(EXPLAL)+EXP(-AS))
DEMP{1) =~ (E(9,1)&AKSIN(AS) +2.%E{ 101 )& (D+e5%A)%SINIAT)
1 2. %¥EL L1l 1) *(D-.5%A)%SIN(AB) ) R(EXP(A2)+EXPI(-A2))
TTTTDLE(ECLy 1) HDESINIAL) ¢E( 7ol ) RARSINCABIHE(B oI ) % (D+A)¥SIN(AG) ¢
1EC13, 1)1 &(D-A)KSIN(AD})
T DEP(LY==2.0%(E( 2y ) kDESINCALI¢E(S, IJ6ARSIN(ASI¢E(6y IV &{DHEA)®

o Lt et e m et 4 mm e me ees e s ek e emm s mam s = ® e wmes et e e e e e e s S S 4ee0 A s - covaw e a8 - % wamimas e mer mm o s mmmeiw e e semes mem ol
'

I
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lSlN(AG)fE(lZml,*(D ~A)%«SEIN(A9)+DIM(EXP{APIHEXP(~AP) ) ) 4DEPM(1)
DEN{L)==2.0%(E(2, 1) «D&SIN(AL) ¢E(5, 1) *A%SIN(A3) +E(6, [ )% (D+A} %
___ISTN(A&)¢E(124 1Y% (D=A) «SIN(A9) +DL¥{ EXP(AN) ®EXP(-AN).) ) -DEMP(1)

DEPM(3)==2.0¢C*(E(104I1)%SIN(AT) ~ +EC(1LoT1%*SIN(AB) )*
___YUEXP(AG)4EXP{=-AbL)) R L
DEMP(3)==2.0¢C«(E(LD, I) *SIIN(AT) +E(11.l)*SlN(A8D!*

_____ LUEXP (A2 )¢EXP(-42)) e
3=E(kol)*SlV(A1)+E(BgI)‘SIN(AQ)NB(l3ol)*SIN(A9L

ltsxp(ap)+axpx-apn))&oepntaa
___ DEN(3)=-2. *CF(E(Z.l)*SIN(Al’#E(6,JJ}$(Njﬁ@)QE(L§yI)f§}§{§9)003*
LCEXP CAN)+EXP{~AN) } )=DEMP(3) - T
__RETURN _
END

THIS PROGRAM NUMERICALLY EVALUATES THE MOBILITY TENSOR IN THE

RELAXATION TIME APPROXIMATION, THE INTEGRAL IS EVALUATED OVER

13 FOINTS USING THE TRAPEZOIDAL RULE FOR THE HOLE BC SURFACE

__BAND OF NAPHTHALENE.

SOMMIN Ay. By Cy Dy E(16)

DIMENSION DEP.{3), DEN(3), X(2)y SI(13), S22(13)
TTTREAD(S,101) E
101 FORMAT(TF7.2)
TTTTHRITE(6,99) T
99 FIRMAT(LHLs TXy9HHOLE BANDI, 7Xe13HELECTRON BAND//i)

DD 701 I2=2.16¢ )
701 WRITE(6,102) L2, E(I2)
FO2 FIRMAT(IH 12, FL7.2) .

BBTAq 1.0/(1.3B054E=-15%300 0%6.24196E15)
T H={ 1. 05450E-2T%6.24136E15),

H23H&H
T Pi=3.1415937 7

A=8.235
“TTTBS6.003

C1=B. 658
TTTTANG=2.1645301 7

B=G1«SIN{ANG):

T D=C1&COS(ANG)Y T

X(1)=0.0
TTTX(2)sPT

DO 200 L=l,2
TTDO 300 K=l,e13

_ YE(K=LY¥PI/(12.0%3)
ALX(L) T T e
A23Y¢3]
TTTCALL T INT{ AL A2,EPSENGDEPL.DEN)
" SI{K)=EXP(BETA%EP) +EXP(BETA¥EN)
300 S22(<)=DEP(2)«DEP(2)*EXP(BETAXEP ) +DEN(2)*DEN{12:) *EXP(BETA%EN)
_ S2=(S1(1)#511(13))/2.0
TSB  =(S22(1)+¢S22(13))/2.0
_DD 301 K=2,12
$2 = §2 4 SI{K) 7
301 S8 =S3 +522(K)
TTTST T =58 /(S2¥H2) €1 ,DE-15 TTTTTTTT

HRITE(6,103)

Y03 FORMAT(1HO»10Xy9HHOLE BAND, 10Xy BHMOBILITY//1H +5X,11HDENOMINATOR,

113X, SHV(B3N//).
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