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Abstract
BAND STRUCTURE OP 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 (10^ -C10 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 pz wave 
functions using Huckel coefficients. Separated surface 
bands have been found for naphthalene in the ac and be 
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 be 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, surf ace 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 crystals in the past
twenty years, particularly anthracene and naphthalene,
much of it spurred by the suggestion of Albert Szent-
Gyorgi 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-Gyorgi 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)conduction of chlorophyll systems, and further work in
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- 

(7 - 10)plored. 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, ’ protein

structures, DNA,^15’ and bimolecular lipid
(21)membranes, 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)graphies of the research done in this field. ” One
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)of organic semiconductors. It is the purpose of this
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

2 8 —Iof 10 to 10 (ohm cm)" with a carrier concentration
of 1022/cm2 and a mobility of 10^ cm2 (volt sec)"1.

-22 -14Insulators have conductivities from 10 to 10
-1 9 3(ohm cm) and carrier concentrations below 10 /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 —1in the range 10 to 10 (ohm cm) , carrier concen­
trations of 10^ to lO^/cm^ and mobilities of 10“® to

2 2 —1 10 cm (volt-sec) . According to this definition,
anthracene and naphthalene would both be insulators
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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 CT is the charge transported 
across a unit cross-sectional area per second per unit 
applied electric field and can be written as

CT = z e n ju, (1)

where z is the number of electronic charges per carrier, ■- 
e is the electronic charge, n is the carrier concentration

_3in cm , and fX , the mobility, is the velocity of charge
2 -1 transport per unit electric field in cm (volt-sec)

The units of CT then are (ohm cm) which is seen to be
the reciprocal of the resistivity, the resistance per unit
cube. In general, the mobility jX 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 molecules
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
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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, ^  andA  D

results in the formation of two new wave functions
¥ +  = Xp* -vjr ^ ±  ^ 2  ^  1 ( 2 )

where 1 and 2 denote the electrons. ^+, the symmetric
orbital, has a lower energy than the two separated atoms
and is, therefore, called a bonding orbital while ̂  , 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 is split into N levels; but since N is of the order

23of Avogadro’s number, 10 , 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
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high since the number of electrons is also of the order of 
2310 . 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
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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

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

i^k = (r) exp (ilc-2) (3)
where 1c is the wave number of the electron ( lie I = 27T /\>
X being its wave length), r is the position vector of the 
electron in the crystal, and 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 = V1 + V2 + V3 (4)

where is the field acting on electron 1 arising from 
all the nuclei, is the coulomb potential of the charge 
distribution and 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 SchrBdinger equation are of the 
form (3) with constant, and give an energy £ (1c) for
the electron of

€ (ic) = ( fi 2 /2m)1c2 (5)
It is obvious that in order for the energy to be real and 
positive, ic 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 Schrodinger equation are given by equation
(3) with $k(?) treated essentially as a molecular wave 
function with translational periodicity. 0]^^) varies 
within the unit cell of the crystal, but falls off between
cells resulting in the condition known as the "tight-binding"

(28)approximation. 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,
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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 IT electrons 
are dealt with, and these are placed in the lowest molecular 
orbitals constructed from linear combinations of the atomic 
2pz carbon wave functions. In Huckel^^ MO theory the 
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 IT 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 
oiE 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
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(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' = 0~Q exp(-E/2kT) (6)

where E is the energy gap between the valence band and 
the conduction band and CĴ  is called the pre-exponential 
factor. The pre-exponential factor has been calculated by
Helfrich and Riehl.^0  ̂ They showed that for intrinsic
conductivity, assuming a band model

- e(NohMoel) 35 < A h  + H-el1 <7)
where N . and N , are the effective densities of states oh , oel
of the valence and of the conduction band, respectively.

and are the mobilities of the free holes and free
electrons, respectively. This reduces to

= e No < M h  + H-e 1> 185
where Nq is the geometric mean of Nq1i and NQel which are
assumed to be approximately equal. Using Nq equal to

2*1 —34 x 10 cm” (about twice the molecular density), and
2 -1 —10.5 cm volt sec for the sum of the mobilities, CT is1 o
+2 -1 -13 x 10 ohm cm , in good agreement with the experimental

+? -1value of 1 x 10 ohm cm E is given by

E = I - A (9)c c
where I and A are the ionization energy and the electron c c
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
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( 32)measurable intrinsic conductivity. Eley has shown that
2 -1 -1 for a compound with jJL = 1 cm Volt sec and NQ of

22 —3 -16 —1 —1order 10 cm” , a conductivity of 10” ohm” cm” (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 d a r k . ^ ^

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.

(25)There is considerable evidence 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

/25 30\a surface (especially if a molecule such as 02 ’ or
(37)I2 is adsorbed), with a dissociation center which

traps one of the carriers, and collision of an exciton
(2 2)with an impurity host molecule pair. These processes,
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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

(35 36)enough energy to be free. Experiments have shown ’
that for all but the most reduced atmospheres, C>2 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 conductivity 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 5would be of a high applied electric field (10 - 10 V/cm)
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
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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)out by Katz, Rice, Choi, and Jortner. Because of the
frequency with which this paper is referred to, it will be 
designated, hence, as KRCJ. These workers calculated the 
wave number (ic) 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
(38)proposed by Tamm, who recognized that in the presence

of the surface, a wave function with complex values of ic 
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)made, but none of these deal wxth the more complex 
problem of molecular crystals, in which the crystal lattice 
is made up of molecules each of which contains a large 
number of atoms. The method used here is an outgrowth of 
one used by T. B. Grimley.^^ Again the tight-binding 
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 Httckel 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 
energy 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

ga trapped charge would exert a very high field ( ^  10 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
4 5d.c. electric field, of the order of 10 to 10 volts/cm 

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 lc-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
(41)bands parallels that introduced by Le Blanc, used by

(42)Thaxton, Jarnagin and Silver, and modified by Katz,
(37)Rice, Choi and Jortner (KRCJ) for the energy bands of

anthracene. The anthracene crystal belongs to the symmetry
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group C
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.

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

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 an^ \p"_(k).

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

wave functions, 0(? - r^):

2.N-1
(£) = £ C+D^exp (iic*r\. )0(r-r, ) ,*r Jbq *1* J- (10)

r^Codd) = j?^_^(even) +
being the unit cell vectors in the a and b directions 
respectively!^’ 44 ̂ The wave functions (2)(r - r^) have two
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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

H = (- h 2/2m)V 2 + V(?), (11)

where V(?), the potential due to the crystal field, is 
approximately given by

V(r) = £  V (? - ? ), (12)n n n

and V is the Hartree potential of an isolated neutral 
molecule. The energy of the crystal is:

E± (S) = < Y ± | H | ^ ± > / < Y ± | ^ ±>  • (13)

After substitution of ^ +(ic) from equation (10) and 
H from equation (11) and (12) into equation (13), one 
obtains for the energy

E (ic) = ^  ^  (±l)1+ 1 exp T-ilc* (rn-r, , )] x
±  i=o i=o L 1 1 '  J

<0(? - ?x) |(- h2/2m) V 2 + I Vn(? - tn) | 0(? - ?lt)>/
2M-1 ZN=t 1 . 1 1  i- 1(+ 1 ) exp |̂ -ik* (^1“^ 1» )] ̂ 0(?-r1) ) 0(?-r>1,)> .

(14)
Substituting the expressions

01 = 0(2 - ?1), (15)
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and

H° = (- fi2/2m) V  2 + Vlt (16)

= V(r - r ) (17)n n

into equation (14) reduces it to

E+ (ic) =

2.N-1 IN-1 1 + 1
i? 0 i&o (± + e x P ^ - i k •(rl“^ l , 0  (<0 ilH °l0 it>+ ^ i l ^ n ^ l ' ^  }

______ _____
J*, ĵ 0 (±1) + exp^iiMr-j-r^tf < 0 ^ 0 ^  > • (18)

Using the following notations

eQ = <0 | H° I 0> (19)

en = <0 I Vn I 0>  (20)

el = <01,V1 1 (21)

and assuming that

<0(r) I Vn(B-?n )l0(?-r1)> = 0 if n t 1 * O, (22)

and <0X I 01.> = 0 if 1 / l', (23)

r zn—l ,
then E (ic) = <e + X  e + ^  (± 1 ) £exp( ik*r., )<0 | V, I 0,> +t  ̂ o n ii ^  q x o x x

exp(-ilc.r1) <0-LI 0 Q)>]J , (24)
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which becomes

E (T?) = e + X  e + X  (+1) 1cos(lc,?1 )en (25)± o n n i 1 1
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

-4the order of 10 are multiplied by en or e^, they also 
become negligible.

Equation (25) may be written as

E (1c) = E (l?)-e - e = 2, (+ l)1 cos(ic»r. )e, (26)± ± o n n  ̂ 1 1

since only the cosine term is lc-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 k-dependent portions 
of E since the mobility is a function of &E/6lc. This 
means that the absolute 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 ~F*r (28)

with F being the electric field vector. Then

E + (iJ) = I H °  I r+y + < ^ + I H ' I ^ + > ]  / < ^ + I tJt+> ,
" " (29)

or E (1c) = E° + E ’ (30)

where E° is given by equation (25) and E 1 by the second 
term in equation (29). Using the approximations of before

E+(1c) = E+(ic)-eQ- X  en = ̂ (±l)1cos(lc*r1)e1, (31)

where eQ = <C0(r) | -eF**? | 0C?))> (32)

en = I -eB*-(r-l? ) | 0(?)^ (33)

e^ = <0(?-?1) |-ef-? | 0(?)> . (34)

Thus it is only necessary to calculate the value of the
fintegrals 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 ic.

The second order correction to the energy is given
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by the term

E”(ic) = | < ^  |-e?-r | y +>| 2/ A E lo (35)

where represents one of the excited states of the
»crystal and is the difference in energy between ‘Vjf

and the ground state, ‘>5'' • 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

II —yvalue of the term E (k) :

Ê (Tc) = I ( ±1)1 cos(S-? > e.]̂ 2/Ae, (36)

where ei = (r-r^) | -eF*r | 0(r))> , (37)

Vand Ae is the difference in energy between 0 and 0. 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 E±(5c) by summing over molecules 
1 = 2 to 14, numbered as shown in the accompanying diagram
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(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 

o7.5 A and the energy as a function of k becomes (KRCJ)

E+(k) = 2<e2 cos k*c + e^ cos k*b + e4 Icos k*(b+c) +

cos ic* ( B - c ]  + e g cos ic* a + e g cos ic * (c + a )  + e 7 j^cos k • ( a+B) +

cos ic*(i£-B)j + eg jcos k*(a+B+c) + cos k* (a-tH-c)J ±

e^ jjsos ic*^(a+B) + cos ic*^(a-B)J + e10[c°s Jc*(3$ (a+bJ+B) +

cos ic(% {a-B j +c )J + e^^ ĵ cos lc* (c + % {b-a}) +

cos lc* (c-h { a + B }  )̂j + e 12 cos B* ( c - a )  + e^g^cos k*  ( c - a +2)  +

cos ic• ( c - a - B + e ^ 4 £cos lc*%( a + 3t>) + cos ic * ^ (a  -  3B)

(38)

where the 13 e^'s are the resonance integrals between 
molecule 1 at the origin and molecule 1, as given by
in equation (21). To express the energy to first and second

• • o * I " 2 . Aorder, e^ is given by e^ + e^ + e^ /iie as given m
equation (21), (34), and (37) respectively. In practice
the field is placed in the x (= It), y (= B), and z (= S =
c? sin , cos(3 = a*<?/ |'S*'?I ) directions, and the perturbed
energy is calculated for each of these. If k is taken to

— *1 —*«• 3. — "2.be parallel to a reciprocal lattice vector a , b , or c ,
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' 1011

a

Figure 2. Schematic representation of the unit cell of ;.i 
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 k.

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 
excess hole orbitals (cf. p. 8). Balk et al. ̂ ^) showed 
that the orbital occupied by the excess electron in an 
isolated negative aromatic ion can be expressed by using 
the Huckel coefficients which describe the first unoccupied
orbital of the neutral molecule. So the molecular function
0(r) can be represented by the molecular orbital contain­
ing an extra electron or hole by using the LCAO method with 
Huckel^29  ̂ coefficients neglecting overlap:

0(r) = ^  C. u. (39)n i in i
It J.Uwhere the C. are the Huckel coefficients of the n orbital in

and the u.(r) are the neutral carbon 2p„ atomic orbitals, l z
The carbon atomic wave functions used were linear combinations 
of four Slater wave functions with coefficients ai and 
orbital exponents CL ̂  given by Clementi and Roothaan:^^

4 5u. (r) *= (n. • ?) T  a. (CL, /'IT)* exp ( - a  .r) (40)i i i=1 i i

with n^ being the unit vector in the direction of the 2pz-
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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.

IThe integral e^ is given by

el = f  ^ CinCjn < ui(?> - ?i »  • <«>

AWhen F = F i, or F j, or F k x y . z

e^(X) = -eF, I I CinCjn <^(5)1^1 Uj(? - t±)> (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

^i +r  = - i - g  1 (43)

where r^ and r^ are the vectors to atoms i and j, respec­
tively. Also, since

<u . I r I u •> <u . | r [ u .>
r = —  --------- L _  _ — i L _  (4 4 )<u Iu•> s . . ’s i 1 y  i j

<u± |?| u/> = _ L — --1 s±y  (45)
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and e, = -eF*Z Z  C,_C,_ ri + r j + rl S . . , (46)1 j_ j in jn ---- 2 ------

where now ?. + ?_ has been written for r . ; r.. is the vector
J X J 1

to the center of molecule 1 and r . is the vector from theJ
center of the molecule to atom j. The evaluation of S . .,J
the overlap integral between the two wave functions, was 
performed by expanding the integral in the form (KRCJ) :

S.. = -7T_1 n̂i*Ri j ̂ nj *^ii ̂ A.. + (27T)"1 xl j P l j
R. .

/a. /s v (n.*R..)(n.*R..)(n^n.) “ 1 .3-J J 30
- 1 J 2

Rij
B.. (47)ij

where n^ and n^ are the unit vectors defining the direction
of orbitals u. and u., R. . is the vector from atom i to i j ij
atom j, and

cos cos/^ a^CL l^2 exp(-airi)J x 

[ | am a m /2 e x P (- a mr j>] d T  (48)

Bij = / rirjslnll'i Sln',(j 5  aia i/2 expt-CXjrp] x 

[~y n 5/2
Lm am m exp(-OL r.) dT : (49)c m j J 7

y. and y. are the angles which r. and r. make with R.i j i j ij
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respectively. Both and B.^ 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.

field requires calculation of the integrals (cf. equation

where y = x ,  y, or z, n = 7 or 8 depending upon whether the 
hole band or the electron band is being calculated, and m 
is the number of the orbital from which or to which the 
electron or hole is being excited. The energy difference 
(cf. equation (36))

A e  = I em  " enI > (52)

is simply the energy difference between orbital m minus 
orbital n, found by using a value of 2.36 for the
atomic resonance integral. The allowed orbitals are deter­
mined such that the representation of the integral will be A^,y
the total symmetric representation for the molecule which belongs

The second order calculation of the perturbing

(37)) :

(51)
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to symmetry group E^h* This requires the product of the 
representation of orbitals n and m to be either for a
transition in the z (short axis) direction, or B£u for a 
transition in the y (long axis) direction. There is no 
allowed molecular transition in the x direction. The 
allowed transitions in the c r y s t a l w i l l  be given by 
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 C2^ of the 
crystal and will lie in the ac plane, while the difference 
has symmetry and lies in the b direction.

C. Numerical Results
The crystal constants and fractional atomic 

coordinates for anthracene^ and n a p h t h a l e n e a r e
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 10^ volts/cm and 10^ 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 jl. Crystal constants and atomic coordinates of
anthracene-^ and naphthalene.

a b c
Anthracene 8.561 A 6.036 A 11.162 A 124°42

0 0Naphthalene 8.235 A 6.003 A 8.658 A 122°55' '

Anthracene (at. units) Naphthalene (at. units)
ttiS- iHtAtomV. X y z X y Z

no.
1 1 .5666 1.4927 -1 .5 58 1 0.4224 1.1628 0.4821
2 3.1706 2.9503 -3 .1 62 7 1.8627 2.8031 - 1.0768
3 3.8619 2 . obbb -5 .4 82 4 2.4399 2.1203 -3 .4900
4 2.9773 - 0.3315 -6 .3 45 1 1.5585 -0 .2 11 1 -4 .4 65 1
5 1.4466 -1 .7735 -4 .8663 0.1695 -1 .8015 -3 .0217
6 0.7043 - 0.9368 - 2.3962 -0 .4 2 2 4 -1 .1 6 2 8 -0 .4 82 1
7 -1.5666 - 1.4927 1.5581 -1 .8 6 2 7 -2 .8 03 1 1.0768
8 - 3.1706 -2 .9503 3.1627 2.4399 -2 .1203 3.4900
9 -3 .8619 - 2 . obbb 5.4824 -1 .5 5 8 5 0.2111 4.4651

10 -2 .9773 0.3315 6.3451 -0 .1 6 9 5 1.8015 3.0217
11 -1 .4466 1.7735 4 .8663
12 - 0.7043 0.9368 2.3962
13 0.8466 2.3779 -0 .8 20 0
lb -0.8466 -2 .3779 0.8200

Normal to the plane
nv n nX y z X y z

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 + c cosyQ i z = c sin Q,
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Table II. Overlap integrals for anthracene calculated
-4from SCP functions in units of 10 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



Table III. Intermolecular resonance integrals for anthra­
cene perturbed by an electric field of 10^ volts/cm applied

—4in the x, y, and z directions in units of 10 eV.

Molecule
number e^KRCJ) el (x) (y) fe1 (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 0.-25 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)*r -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 k = 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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III. SURFACE STATES OF ANTHRACENE AND NAPHTHALENE

Generally, when studying the electronic structure 
of a crystal, only those aspects independent 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,

(37)and Jortner (KRCJ) with a calculation of their surface
(39 40)bands using a crystal orbital approach. ’

A. Method of Calculation

Both anthracene and naphthalene have a monoclinic 
structure with two molecules per unit cell (cf. Fig. lf 
p.l6 ). 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 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 one electron molecular
wave function, 0(? - ? ):7 m
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where rm represents the vector from the origin to the center 
of the molecule with coordinates (m^a, m2B, m^c) , §l, B, and 
£, being the three crystallographic axes (cf. Fig. % p. 16), 
ic is the wave vector, and

C(B, ?m ) = sin lt.(?N - ?m2) sin + ?m3) (54a)

or,
C(£, ?m ) = sin - ?ml - ?m3) sin )i.?ra2 (54b)

“S^. (k) is the symmetric wave function and gives an energyT

E+(ic), while (5c), the antisymmetric wave function, gives
an energy E (ic). To calculate the surface band for an 
excess electron or hole, the following Hamiltonian is used 
(cf. KRCJ and p. 17):

H = (-Ti2/2m) V2 + V(?), (55)

where
V(r) = V (5? - 2 ) (56)n n

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

E±(lc) = QL + Z  (il)1 e,cos k*r, , (57)
1 1 1

where »
a  - eo + l  en (58)



and
eQ = <0 | H° | 0> , (59)

H° = (-‘h2/2m) V 2 + Vn , (60)

en = I V ? “ V  I ’ (61)

ex =<0(? - ^ x) [ V(r - rx) | 0(4)> , (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 Karmen boundary conditions used 
for calculating the bulk energy bands of crystals, the boun­
dary condition for the surface requires that

■[e±(Tc) - a ’]  C(ic,?o ,r12,?13) = £  (+l)1e1 |̂ C(lc,?1,?12,?13) + 

C(k,rQ ,?i2+^>^13^^)j (63)

where r and 5?̂  are components of the vector perpendicular 
to the surface, while ^ 2 ± 1  anc* ^13±1 rePresent the other 
two components of r^, and

a ’ = e; + Z ’e \  (64)

e^ is the energy of an isolated negative ion on the surface
• tand en and e^ 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 ^ 2+1 or ^13+1 is Pa^red with one 
containing a term r ^   ̂or r^^ ^ s° that the sum of the 
two results in a cosine term; because of the surface, this 
symmetry does not exist in direction and a term in
with real and imaginary solutions appears.

In order to solve this problem for a particular
surface of the crystal, the integrals en 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 

othan 7.5 A. For the purposes of this study, the integrals
• » 'en and e^ (for which the origin is taken to be on the surface),

have been assumed to be approximately equal to the integrals 
en and e^, 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 
ê L 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 en 
had to be calculated, and all three center integrals between 
two wave functions on 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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e8

The energy of the crystal is given by (cf. KRCJ 
and equation (38), p. 22):

E*<£> = e Q + 2(en2 + en3 + 2en4 + en5 ♦ en6 + 2en7 + 2eng +

2en9 + 2enl0 + 2enll + enl2 + 2enl3 + 2enl4> + 2 {e2cos +
e^cos ic*B + e4 jcos lc* (B + c ) + cos k* (b - c)~j + e 5cos 1c*a +

e^cos ic • ( a + c ) + e 7 |cos lc- (a + B) + cos ic*Ca - "B)j +

(cos k*(a + b + c) + cos k * ( a - b  + c)J± e^lcos k**g(a+b) +

cos ic*Jg(a - B)J ± e^Q^cos k* (%{a + b} + ~c) + cos k* (%{a -Id) +

B)j ± e^Jjios ic*(3s{a + B} - c) + cos ic*(^{a-B}~ c)j +

e^2cos k*(a - c ) + e^^^cos lc* (a + B  - c) + cos ic* (a - B - c)J +

e ^ ^ c o s  l?*Jg(a + 3B) + cos ic*3g(eT -  3b)J . (6 5 )

Applying the boundary conditions (equation (63)) for 
a surface in the ac plane one obtains:

E+ (£) = e; + e;3 + 2(e;2 + e;4 + e ^  + e^6 + e^? + e^8 + +

en l O + e n l l + e Al2 + enl3 + e nl4} + <cos ^  " sin ^  cot x
|̂ e3 + 2e4cos ic*c + 2e7cos ic*a + 2egCos ic*(a + c) + 2e43cos ic* (a - c)J

± 2(cos ic*B/2 - sin Jc*B/2 cot ic*NB/2)£e9cos lc*a/2 +e^QCOS ic* (a/2 + 

c) + e ^ c o s  ic* (a/2 - c)J ± 2(cos lc*3B/2 - sin B-3B/2 cot 1c*3nB/2) x 

e14cos + ^ ^ ^ c o s  ic*c + e^cos ic*iT + e^cos ic*(a + <?) +

e^2cos ic*(iT - c)J . (6 6 )
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By subtracting equation (66) from equation (65) one obtains:

CL - CL + (cos ic - B + sin jc-B cot ic-Ntf) jeg + 2e4cos lc*c + 

2e7cos k*a + 2egcos 1<»(a + c) + 2elgcos lc• (a - c)j ±

2(cos lc*B/2 + sin ic-B/2 cot 1c*nB/2) £egcos Tc-a/2 + 

e^QCos lc-(a/2 + c) + e^cos lc«(a/2 - "c)]] ± 2(cos lc-3^/2 + 

sin ic«3B/2 cot 1c«3nB/2) x e^cos ic»a/2 = 0. (67)

where,

CL-CL' = en3 + 2(en 4 +en ? + en8 + en9+ e nl0 t enll + *nl3> '®nl^ »
(68)

the approximation being the equating of en 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 1c«B is of the 
form ja + where £ and p  are real and positive. ^
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 k*b = Im cos k«b/2 = 0, 
thus

sin p  sinh ̂  = sin ;u/2 sinh £ /2 = 0 (69)

which means that p  must be equal to 2n'7T(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 lc«]o = i<̂  gives
terms of the form

cosh£ + sinh^ coth (70a)

cosh £ /2 + sinh £ /2 coth N^/2. (70b)

These reduce to exp ( £) and exp ( £/2> for very large N, 
so that equation (67) becomes a quadratic in exp ( ^/2).
A convenient way to plot the surface bands of anthracene and 
naphthalene is to plot E±(Ic) for ic parallel to each of the

—►_ •]_ — \ —»_ ithree reciprocal lattice vectors, a , b , and c ,
respectively. Then:

E±(lc | iT1) = a+ j^A^osht^) + 4B1cosh(^1/2) + D J (71a)

E±(k 1 b-1) = a+ j2A2cosh(<£ 2) ± 4B2cosh(^2/2) +D£j (71b)

IM+1w c-1) = a+ ^2A3cosh(£3) ± 4B3cosh(^3/2) + D^j (71c)

Aa(i?| a"1) = e3 + 2e^ + 2(e7 + eg + e^3) cos ic»a

A2(lc| •g"1) = e3 + 2(e4 + e? + e8 + e13)

A3(k| c'1) = e3 + e7 + 2(e4 + eg + ei3̂ cos
B1(J?| iT1) = (e<3 + e10 + ell* COS ^*^/2
b 2(1cI t"1) = e9 + e10 + ell
b 3(1?I c-1) = e 9 + (e^Q + e11) cos ic-c"

c = a - a ’ (cf. equation (68))



D3(ic c" ) = 2e^ + 2(e3 + + e ^ J c o s  lc«c (72)

+

(73b)

(73a)

where <g = -iic-i? and i = 1,2,3. If exp( ^ / 2 )  is positive
it is labeled P+ or P_ depending upon whether the value 
refers to the symmetric or antisymmetric energy band,

N or N .T *
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 possible 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

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

respectively. If exp( ^ / 2 )  is negative, it is labeled

could be resolved by taking k»b =
and calling this an N+ root. But substitution of 
into the energy equation for 5c*b will give the

ATTb^^ in equation (71a) is only 27Ta_  ̂ since

Yjlc + 277"a*”1) = -gT (ic)T  " (74a)

^_(i? + 27T a-1) = ^ +(ic) (74b)
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The same relations will hold below for surfaces in the ab or
~*i i -*—1be plane for kl I b

Applying the boundary conditions for a surface in 
the ab plane results in:

E±(£> = e; + 2(e^3 + e; 5 + 2e;7 + 2e; 9 + 2e^1 4 ) + (e2 + 2e4cos t-t) x 

[cos lc*c -  s in  Ic .c  c o t  lc» (Nc - m^a)j + (e^ + 2eg cos Tc*B)|cos Tc»(c+ 

a) -  s in  lc - (c + a )c o t  lc» [[nc - (m^+1) a[jj+ (e 12 + 2e.^cos le*B){cos Tc-(c-  

a) -  s in  lc * ( c - a ) c o t  Tc» [ nc -  (m ^-D lT jj  ± 2e^QCOS 1c*B/2jcos Tc*(c+ 

a /2 )  -  s in  ( c + a /2 ) c o t  ic* [ nc - (m^+%)a[jj ± 2 e ^ c o s  ic*B/2 jcos ic • ( c -  

a /2 )  -  s in  £> (c -a V 2 ) c o t  1<N [nc  -  (m^-Js) + 2 [egCos 1c*B + e^cos Ic -a  +

2e7cos l?«a cos Ic*!? ± 2 ( e 9cos ic»a/2 cos Tc*]d/ 2 + 

e ^ c o s  ic«it/2  cos k*«3t?/2)J . ( 75)

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

(X- CL' + (e2 + 2e4 cos lc»B) [cos k>c + sin ic*c cot Ic* (Nc-m^a)J+ 

(eg + 2egCOs Ic-io^cos k«(c+a) + sin ic*(c+a) cot Jc* [NcT-(m^+l)aj|+ 

(e^2 +2e12cos ic-t^joos ic«(c-a) + sin ic-(c?-£?)cot Tc« J[Nc-(m^-l)^|+ 

2e^Qcos lc«I?/2j[cos !?• (c?+^/2) + sin Tc» (c+a/2)cot 1<N [kc-(m^+^)'^jj± 

2e^cos lc-H/2|[cos lc«(c-a/2) + sin Tc* (<?-a/2)cot ic. [nc - (m^ - 

3g)i\ = 0, (76)

where

a - a ’ = en2 + en 6 +enl2 + 2(en 4 +en 8 +enl0+ e ll+enl3)- (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 ic*c = ;u + i £ , /a, <£ real > 0, p  must be
equal to n7T(n = 0,1,...), and second, lc*a must be equal 
to 2n7T(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^[e2 + 2e4cos + e6 + e12 + 2(e8+e13)cos S-S] ± 
2(e^o + e^^) cos 1c*1d/2 = 0, (76a)

which is simply a linear equation m  e3 .

The restriction on the values of Jc’i? results in a
surface state in the kll a as well as the k|/c direction,

—> _ ^and a surface band in the kllb direction. The energies
for these three cases then are

E±(ic lla"1) = a  t 2(Aa ± Ba) cosh ̂  a + Da ± 4(e9+e14) (78a)

E+(ic Ilio”1) = OL ± 2(A2 + B2) cosh <^2 + D2 ± 4(e9cos lc*]?/2 + 
e^^cos k*3t)/2) (78b)

E±(lc lie”1) = a  ± 2(A^± B3) cosh + D3 + 4(eg+e14) (78c)

where,

Aa(ic | |a-1) = A3(1c lie”1) = e2 + eg + e^2 + 2(e4 + eg + e^3). 
since ic*a = 0, 2
A2<£||3”1) = e2 + eg + e12 + 2(e4 + eg + e13) cos Jc*)o
B^dc I la”1) = B3(ic lie"1) = 2(e10 + e ^ )
B2(k|l^"1) = 2(e10 + eia) cos k*io/2
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C = CL-Cl' (cf. equation (77))
D 1 (lc ||a- '1) = D 3 (ic ||c- 1 ) = 2(e3 + e 5 + 2e7> 

D2( ic | lS - 1 ) = 2e^ + 2 ( e 3 + 2e7 )cos icvE) (79)

and,

(80)

If either of the roots for e=> are >1 then ja = 0 and a P+ or
P_ state exists. On the other hand, a value for ê > < -1 
implies that ja = 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 
surface in the be plane gives:

m3c)J ± 2e^QCOs ic*i?/2 jcos 1c« (§^2+7*) - sin ic*(a/2 + c) x 

cot k** |Nay2 - (m3+l)'̂ jj ± 2e^cos 1c*Td/2 jcos ic* Ct/2 - ??) -

+ 2(e2cos ic*c +

E+(5c) = CL.' + (e^ + 2e7cos £*E>)[cos lc*a- sin ic*a‘ cot Tc* (Na-m3c)J +
—> —> f   t  y_____________ y —y —> P —> —)Tj I(eg + 2eQcos k*b) (cos k*(a+c)-sin k*(a+c)cot k* ̂ Na-(m3+l)cJj + 

(e^2 + 2e^3cos ic*]D){cos ic• (a-c) -sin ic* ( a^cicot ic* [N?-(m3-l)<?|«3'

*(Na?/2-

where
4 (81)
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a ' ■ eo + 2(en2 + en3 + 2en4> + en5 + en6 + enl2 +

2*en7 + en8 + en9 + enlO + enll + enl3 + enl4'" *82'

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

CL-CL + (eg + 2eyCos 5c*5d) [cos k»a + sin 5c*a cot Ic* (Na-m3c2j+
y - ̂ r - -y - y. . y y y —y y | ' _y 1(eg + 2egCos k*b)^cos k*(a+c) + sin k*(a+c)cot k* jjtfa-(m3+l)c|W 

(e^2 + 2e^gCos k*$)|cos ic• (a-c) + sin ic* (a-c)cot ic* |pa-(m3-l)c||j> + 
2(egCOS 5MJ/2 + e ^ c o s  5c* 31o/2)^cos 5c*iT/2 + sin lc*a/2 cot lc*(Na- 
m3<f] ± 2e^QCOS i?*^/2{cos Ic* (a/2+c:) + sin ic* (5a/2+c)cot k*pjty-2-
(m3+l)cj|>± 26^^003 ic*S/2^cos 5c*(a/2-c) + sin 5c* (a/2-c)cot 5c • 
pa/2 - (m3-l)S|j = 0 (83)

where

a - a  - en5 + en6 + enl2 + 2(en7 + en8 + en9 + enlO + 
enll + enl3 + enl4)* (84)
This equation results in a surface band for complex values 
of 5c*a. Now, however, in order for the energy of the sur­
face to remain real when 5c*a = ja + i^ (/J?̂  real>0), /a must 
equal 0 or 27T and k*c must be equal to 0 or TT . Then, equa­
tion (83) reduces to

a -  a' + e ^  [e5 + e6 + e12 + 2(e? + eQ + e13) cos ic*fc>] ±
2 e ^ ^ 2|̂ je9 + (e^0 + e^^Jcos 5c*c| cos 5c*5d/2 + e14cos ic*3̂ /2j>= 0,

> (85)
which is a quadratic equation in e ̂  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 ic 1 I a*"1 direction,
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—♦ — 1 • ♦ . . Itwo in the k ||c direction and a surface band in k ||b 
direction for each crystal orientation.

E+(k || a"1) = a  + 2A^cosh( )̂ ± 4B^cosh( ̂ / 2 )  +

E±(ic uS"1) = CL + 2A2cosh(<^2) + 4B2cosh( ̂  2/2) + D2

E±(ic ||S“a) = O. + 2A3cosh( ^ 3) i 4B3cosh( 3/2) + D

where
A1(l̂ | la’1) = e5 + e6 + e12 + 2(e7 + e8 + e13}
A2(ic I It)’1) = eg + eg + e^2 + 2(e? + eg + e^)cos ic

AgCic I Ic"1) = eg + 2e? + (eg + 2eg + e^2 + 2e^3)cos

oIItu

B1(ic 1 | a"1) = e9 + e10 + ell + e14
B2(ic| lb"1) = (eg + e1Q + e^Jcos ic*S/2 + e^cos ic»

B3(k|1 c"1) = eg + e^4 + (e^Q + e^Jcos iĉ c; k-c =
c = a - a1 (cf. equation (8^))
D1(5c | la"1) = 2(e2 + eg +■ 2e4)

D2(jc | iS"1) = 2 fe2 + (eg + 2e4)cos ic-Sj

D3(ic | ic"1) r -4 -4 -4= 2 [eg + (e2 + 2e4)cos k»cj ; k-c = 0,

The possible roots of equation (83), e ^ 2, where £ = -
are

P+ = e^l/2= (-B± ±\/b2 - A^C )/A±; =2 In P+, i= 1,2,3

P_ = e^l/2= (+B± ±N/b2- A±C ) /A± 1 ^ * 2  In P_, i = 1,2,3.

(87)
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As discussed above, the roots corresponding to k*b = 27T + 
i^ for the (+) band are simply equal to the roots correspond­
ing to the lc»S = i ̂  for the (-) band.

B. Numerical Calculations

The values of e ^ d  = 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 .n

en = <0(r) I Vn(r - rR) | 0(r ) > (89)

were calculated for an extra electron and hole in both 
anthracene and naphthalene using a linear combination of 
neutral carbon 2p„ wave functions u. to describe thel
molecular orbitals 0.

0 = Z C,u. (90)l i i

where the are Huckel coefficients neglecting overlap^^
and the u^ are a linear combination of four Slater wave
functions.

4
u.(jr) = (n. «r) £  a.(CI .5/7T) exp(-CI ̂ r) (91)j =*1 J J J

where rL is the unit vector defining the direction of the 
2p orbital and the coefficients a^ and orbital exponents 
CL j are given by Clementi and Roothaan. This form for
u^(r) 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
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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).

V = 2  V. (92)
i

(53)
carbon atom i. Using equation (89) for u ., this gives:

V

where V\ is the Goeppert-Mayer and Sklar potential of
tom i. Usinn <=»nna + ir>n fRQ} -For v .

.2,- ,-r-r . r, 5/2- n 5/2, „ 5,-1'P*.V S 2 e Xp(-2(/Sklri) 

[4/3</?)clri)3 + 4 </?klri)2 -

6 /?klri + 4 J -  (93)

where ~ ^ +CL^). Then substituting equation (90)
and (92) into equation (89) one obtains:

en = l , f , i CQ l Ca j  <u± <?-?!.> I Vm(? -? n- ? m) | u j ( r - B j )> (94)

where CL 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

-7T"1 f(n. )2/Rn.̂ l A. +(27T)"1 L i xm xmJ lm
B . , (95)im’

where rL is the unit vector defining the direction of
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orbital i, and is the vector from atom i to atom m.1 xm

Aim =/ricos2 * ivm !  ?  afca  k/2aia  l5/2exP [-( a k + 

a i ) r i ]  d T

Bim =/risin2 * iVm I  ?  “k » k /2“la l5/2“ P [-( a k +

a i)ri] ^  (96)

where is the angle r. makes with F?. . A. and B. can be x 3 x xm xm xm
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

3integration using 14 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 wrxtten by A. H. Stroud and the coefficients were
(55)gxven by Stroud and Secrest.

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 between 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 rerults 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 i ^ O  " ^^(p. 29). Table IV gives the 
values of the resonance integrals, e^, calculated in KRCJ 
as well as the integrals eR 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 
the ic||a”^ and ic ||c-1 directions. In the c~^ direction 
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 nn (two &

Mole- el (two- three 1
cule (from center center (from 
number KRCJ) intqrls intqrls KRCJ)

en
(two-
center
intqrls

n
(two & 
three 
center 
intqrls

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
9 -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 
(a), and of naphthalene (b) in the lclla-* and Icll'c’’̂ 
directions. (Solid line* x = S*a; dashed line: x = Ic*#,)
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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 1c*1d = 2n77 + 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 be plane. Naphthalene has a hole band in the

ib direction with a width of .05 eV. There is also a 
surface state in the c*”̂  direction at ^ = -iic *c = 77 , 
which lies .047 eV below the maximum of the band in the b 
direction and which might serve as a hole trap facilitating, 
electron injection from that surface. The electron bands

Ht.1are narrow and overlap into the bulk energy bands in the b 
direction in the region where only real solutions to equation

— A(88) exist. In the c direction, two isolated surface 
states appear.

For anthracene in the be plane, relatively wide 
surface bands exist (.034 eV for the hole band and .028 eV

ifor the electron bands in the b 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 be plane of anthracene in 
the IcHi?”* direction (dashed linei x - Ic-Td), and of 
naphthalene In the IcIltD*1 direction (solid line* x = Ic-1d).
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Figure 5* The electron bands In the be plane of anthracene 
In the icll t>-1 direction (dashed llnei x = k*^), and of 
nsphthalene in the Iclll)-1 direction (solid llnei x =
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for the reasons stated above. However, in both cases,
-*•-1isolated surface states exist in the c direction. Table 

V summarizes the isolated surface states which appear in 
the be plane in anthracene and naphthalene giving also 
their separation from the band in the b direction.

In the ab plane, there are no solutions to equa­
tion (80) of the form lc»c = n7T + i ^  , > 0, except at
isolated regions, for either the hole bands or the electron 
bands of anthracene and naphthalene. The possible values 
of ic-c, therefore, are all real at almost all points 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 be 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(ic) = T  , and the com­
ponents of the mobility tensor are:

A>i3 - e T 0 <ViVj> /kT, (97)
4-Viwhere is the i component of the group velocity vector,
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Table V. Isolated Surface States in the be Place in Units
of 10"4 eV.

Anthracene Naphthalene
Separa­

tion from
Position Energy band edge Position Energy

Hole Hole
ic-c = 77* -113.67 77.60 5c*c = 77 -73.19

Electron Electron

Ic-c = 77 271.76 279.95 ic«c = 77 247.97
Ic«c = 77 172.33

Separa­
tion from 
band edge

472.19

535.52
611.16
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v (k ) associated with ^(ic):

v(ic) = (l/"h) V kE(lc) (98)

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

where (3 = 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

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 
c ompu ter t ime.

the results of KRCJ for the appropriate bulk carrier 
mobilities. The hole mobility of naphthalene on the be 
surface is the same as that calculated for the bulk, but 
the electron mobility of naphthalene on the ac surface is 
much greater.

chosen were the unit cell vectors a and To and the vector c'

The results are tabulated in Table VI along with
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Table VI. Components of the mobility tensor for naphthalene
surface bands in the constant free time approximation in

10 2 2 units of 10 cm /sec .

Electron band in the ac plane Hole band in the be plane

<va va> <va vc ’> <vc' vc ’> <vb vb>
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 V
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, e^, 
carried out in KRCJ and the integrals en 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 b£ 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 band 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 be 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 0 = 7r + i^ for equations (6?), (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 partially overlapped surface band or 
no surface band appeared.

A. Method of dalculatlon
1. ac surface

The assumption is 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) + X Equation (66), (100)

where X is the degree of perturbation which is to be de­
termined. Subtracting equation (100) from equation (65) 
gives

Equation (67) - X Equation (66) = 0, (101)

where CL - CL' is given by equation (68) and

a' = e„3 + 2 (en2 + en!). + en5 + en6 + en? +

en8 + en9 + enl0 + enll + enl2 + enl3 + enl'+)• (102)

If Is of the form with ^ real and positive 
(cf. above p. 38), and molecule 1^ is neglected as before, 
then equation (101) reduces to

a  - a  • + (e£ - X e " £  ) [e3 + 2e4oos Tc-o +
2 e y C o s  k*a +  2 e o c o s  Ic* (et+c?) +  26-^008 Ic* ( a —̂ X j

+  2 ( e ^ ^  -  X e " ^ 2 ) e ^ c o s  I c * a / 2  +  e^QCOs k** (fi?/2 +  8)
+ e^cos l?*(a/2 - 8) - X^CZ.' + 2£e2oos k*? + 
e^cos ic*a + e^cos Ic* (8. + 8) + e-^cos Ic* (8. - 3)j^
= 0. (103)

£/2Solving for e° gives

e£/2 _ Bl - X ( d '  + Di +Aie“C  2BLe'^2)]

Ai (10*0

where the definitions in equation (?2) have been used,
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In order for a surface band to separate from the bulk, <~ 
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, ic(!B/2 is chosen equal to 7T + i ^/2 so that 
exp(£ /2 ) is >1. This results in the following values
for X i

x > Ai + 2Bi + C

a ' + + A± + 2Bi (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 is given by

E+(k) = Equation (75)  + X Equation ( 7 5 ) .  (106)

This is subtracted from equation (65) to give

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

where CL - CL ' is given by equation (77) and

a ' = en2 + en6 + enl2 + 2<en3 + en4 + en5 
+ + eng+r2en^ + enlQ + enll + e^^). (108)

If S.? is of the form i^ with £  real and positive and =
2n7T, n = 0,1,2,.,. (cf. above p. 42), equation (107)
reduces to



+ e12 + 2(eg + e^)cos + 2(eio + eH ^  x
cos lc«b//2j-  X  ^CX' + ^[®5 + (e3 + 2e,p) x

cos k*t> + 2(e^cos lc*^/2 + e ^ c o s  S * 3 ^ / 2 m = 0. (109)

Solving for eS gives

J  = - c
Ai +

[ e - ^ A ,  + B ,) + CL ' + + 4(e^cos k*-^/2 + e-^cos k ^ b / '2 )

■A-i ■£ Ba (110)
where the definitions in equation (79) have been used.
As before, in order for a surface band to separate from 
the bulk, £  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, ic*c> is chosen equal to 7T + i£ 
so that exp(^" )>1. This results in the following values 
for X :

X > (Ai + Bj_) + C 
d' + + 4(e^cos + e-^cos j}1d/2) + (Aj+B^)

(111)
or

- (A. + B.) +X > r\

a' + + Me^cos k ‘b/2 + e^cos k*31>/2) - (Aj+B^)

Equation (111) results when ^•‘c = i£ , while equation (112) 
is used when lc*c = V  + . It should be possible to
satisfy both equation (111) and (112) with X'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

(112)

-  63 -



separate in the other direction,

3. be surface

The be surface is virtually the same as the ac 
surface. Instead of equation (1Q0), the energy for the 
be surface is given by

E+(Ii) = Equation (81) + X  Equation (81). (113)

Subtracting this from equation (65) gives

Equation (83) - X  Equation (81) = 0 (11*0

where CL - CL* is given by equation (8*0 and

a ' = 2(en2 + en3 + 2enk) + en5 + en6 + enl2 +

2(en? + en8 + en9 + enlO + enll + enl3 + enl*^ * *115*

If k>a is of the form i£ with ̂  real and positive
and lc*c = 0 or IT (cf. above p. *l4) , equation (11*0 reduces to

CL - CX' + (e^ - X e ” ^ ) + e£ + + 2 (e7 +

e8 + ei3J°os + 2(e^/2 - X  e ~ ^ 2) ^[e^ + (e1Q
+ e^)cos cos ?*^/2 + e^cos ^*3^/2] - X-^CX'
+ 2^e2cos iXc + e^cos ic*t? + 20^003 Tc*!? cos Ic• == 0- (116)

i nSolving for e^' gives

e £/2 = * Ei W Bi “ Ai[0 - X ( a '  + Dj> + A te-€ ± Z ' e , ^ ^  ,
A1 (117)

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 (11?) must 
be > 1 in absolute value. If the right side of the equation 
is negative, 3c*a/2 is chosen equal to 'TV + i ̂ /2 so that 
exp( £/2) is > 1. This results in the following values 
for X «

X > + 2B^ + C 
a* + Di + At ± 2Bi (118)

B. Numerical results

1. ac surface

\  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 
X > O.98, while separation of an electron surface band 
required X >  1.01. For naphthalene, separation of a hole 
surface band required X > 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
change is hardly a small perturbation and doesn't permit 
treating the perturbed surface band in the same formalism 
as the unperturbed band. It is, therefore, not possible 
to conclude that the effect of a field on the surface would 
cause separation 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. X was calculated for the IcIIId’’1 direction.
For the anthracene hole band, a value of X>0.47 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 X<- 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 \ > 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 X< -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 k, changes sign. 
This insures that for some values of 1c 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 X ^
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0.17 causes a surface band to separate to energies below 
those of the bulk band, while a value of \<C- 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 
X< - 0.153 causes a surface band to separate with energies 
above those of the bulk band. These bands are plotted in 
Figure 7.

3. be surface

X  was calculated for the 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 = 130° to 1c •Ij = 230°. The
value of X necessary to cause the surface band to separate
at ic»i? = 230° is 1.82 or greater. For the anthracene electron

~ oband, the surface band overlaps the bulk band from k«b = 0 
to lc.£ = 110°. In this case, a value of X >1.25 would be 
necessary to cause a surface band to separate at 1c«3d = 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 
predict separation of a surface band as a result of a field 
perturbation in these two cases.
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Figure 6, Naphthalene hole surface bands in the ab surface 
resulting from a perturbation X . Solid lines X = 0.17? 
dashed lines X = -0.23? x = Ic-tu
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surface resulting from a perturbation X . Solid line:
X = 0.09 ĵ dashed line: X = -0,15j x = Ic.Td.
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The naphthalene electron band has a nearly separ­
ated surface band which only overlaps the bulk band from 
k • £ = 3̂ 0° to ic • Id = 3̂ 0°. A value of X<- 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 X and field

There are four cases where a small perturbation 
is clearly sufficient 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 is possibly separated. The energies to which these 
various values of X 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"^ eV,
a.re seen to be in the (37 - 80) x 10”^ eV range. The 
other cases, for which X is about one or more, correspond 
to energies in the range 0,015 - 0.0^4 eV.

The strongest possible external applied electric 
field which will not cause dielectric breakdown, of the 
order of 10-* volts/cm, will change the energy at the 
surface by only 10"^ - 10"? 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 j
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surface resulting from a perturbation X  = -0.077; x = Ic*!?.
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Table VII. The degree of perturbation, X , and the cor­
responding energy change, E (In units of 10~*̂  eV), re­
quired to cause a surface band to separate for the three 
surfaces of anthracene and naphthalene.

Surface
ao ab be

T* -*k*a X E k-b X E lot? X E
Band

Anthracene 0 0.98 -438 0 0A 7 -46 230 1.82 -206
hole 360 0.95 -212 0 -2.50 37

Anthracene 0 0.99 -337 b 0 1.25 -375
electron 360 1.01 152 180 0.38

Naphthalene 0 1.07 -315 0 0.17 -80 a
hole 360 1.07 -302 0 -0.23 75

Naphthalene a 0 0.0 A A 6 3^0 -0.077 2.5
electron 0 -0.153 68

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 = - |CL1jFiFj + higher order terms (119)

where CL ̂  is the polarizabillty tensor and F^ is the
ith component of the electrostatic fields. For naphthalene,
the principal polarlzabilitles, &  ^, GL 2 » CL lying along
the principal axes of the molecule, are 21.5, 17.6, and

°3 (56)10.1 A , respectively. For anthracene they are 33.9 »
<?3 (57)29.2, and 12.9 A , respectively.

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

P = - e2a/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 OL is nox? an average polarizability. If the

oradius of the ion is 1 A, equation (120) yields a value 
of 113 eV for naphthalene and 1S1 eV for anthracene.'

gThis corresponds to a field of the order of 10 volts/cm. 
Although such an energy change may well cause a surface 
band to separate, it is 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.

-  73 -



There is also the possibility that the local­
ization of a charge on the surface might itself cause the 
separation of a surface band. Such an ionized anthracene 
or naphthalene molecule would polarize the molecules 
around it changing the energy at the surface. The polar­
ization 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.



V. CONCLUSION

The purpose of this work has been to investigate 
the possibility of the existence of surface states in 
organic crystals, in particular, anthracene and naphthalene. 
The bulk energy band structure of these crystals is already 
known and it is hoped that a knowledge of the energy band 
structure of their surfaces will lead to further Insight 
into their electronic properties, especially in view of 
the fact that biological substances of similar structure 
may have analagous properties.

Although separated surface bands have been 
predicted only for the electron band in the ac surface 
and the hole band in the be surface of naphthalene, the 
possibility of surface bands separating for other cases 
has been discussed. There are several cases in which 
surface bands only partially overlap the bulk bands (cf. 
Figures 3»^» and 5)* It has been shown that a perturbation 
of the surface may be sufficient to cause these to separate 
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
ficient to cause separation.

The effect of electric fields on these crystals 
has also been explored. It was shown that an applied d.c. 
field, as high as 10-5 volts/cm, produces a very slight 
effect on either the bulk bands or the surface bands of
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these crystals. This is a consequence of the very low 
interaction between neighboring molecules in the crystal.
The field resulting from an adsorbed ion, however, presents 
a different picture. 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 
off as r“\  however, so that by the second layer of mole­
cules its effect is reduced by a factor of 10^ to 10^.
By further developing the methods initiated 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 
is 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 suggestion 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 jj and
The Integrals to be solved, exclusive of constants 

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

cosy^ cosyj exp(-ar1 - /?r.j) &T (121)
and

J r ±Tj sin'y ̂ s m y j  expf-Ctr^ /3rj) d T  (122)
where CL and f3  are constants and rlf rj, y  j _ ,  and y   ̂are 
defined in the accompanying diagram.

k 1 r/2 -ok —  "H/2 ■>!

Converting to confocal elliptical coordinates 
\  = ( ^  + rj)/R, fJL = (rA - rj)/R,
d T  = R^/8 ( X 2 - fJL 2) dX djLL d0.

From the diagram it is seen that
cos y ^  = R/2 + z,

rj cos y^ = R/2 - z,
and so

Since

and

r^Tj cos y^ cos y j = R2/4 - ze

r^2 = r2 + (z + R/2)2

r<2 = r2 + (z - R/2)2 ,

(123)

(124)
(125)

(126)

(127)

(128)
ri2 “ r,j2 - 2zR = X / X R 2 (from eqtn. (12^)Xl29)
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and
z = XjLlR/2. (130)

Substituting this into eqtn. (126) gives
i^rj cos cos y^ = R2A (1 - \ 2 (X2). (131)

Prom eqtn. (123)
= (X + /X)R/2, rj = (\ - |U, )R/2 . (132)

Thus, eqtn. (121) becomes

/ o 7 i y r dx^ d0(R5/32)(x2 * ix2)(i" ^2ia2) x
exp [-X R/2 (a + P  ) - jll, R/2 ( CL -/? )] . (133)

Prom the diagram above, it is seen that
r^ siny^ = rj siny^ = r, (13*0

From eqtns. (127) and (128)
r2 = (r^ + rj2 )/2 - z2 - R2A .  (135)

Substituting (i^2 + rj2) from eqtn. (132), and z2 from
eqtn. (130) into eqtn. (135) gives

r1ri sin y ± sin y^ = r2 = (R2/*0( \ 2 - l)(l-jU2 ). (136)
Thus, eqtn. (122) becomes

J o J +i f i  d̂ diLLd0(R5/32)( X2- /x2)<\2-i)(i-/u,2) x
exp [-\R/2(a + @ )  - fJL R/2 (a - /3 )] . (137)

B. Evaluation of the coulomb Integrals, A jj and B^j
The integrals to be solved, exclusive of constants 

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

y*r12 cos2 y^ exp(-2ari - 2/3rj)(4/3^^r^2 + 2rj +
6/3 +  V r j )  d T  ( 1 3 8 )
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and
J v f  sinz y± exv(-2ari - 2^grj) (V3/3 3rj2 + 4jg 2rj + 

6/? + ^/rj) dT . (139)
Substitution of eqtn. (130) Into eqtn. (12*0 gives 

ri cosyi = R/2(l + XjLL). ( l W
Substituting eqtns. (123), (132), and (1*4-0) Into eqtn. (138) 
gives

Jo J  jj d \d jL td 0 (R 5 /3 2)(\2 -  j±2)(l +\fl)2 X

e x p  [ ] - \ R ( a  +jB) -fXRiCL -/3)\ [ ( V 3 ) g  3 ( \ - / X  ) 2 R2 A  +  

^ 2(\-jU,)H/2 + 6/3 + V(X-fi)(H/2)] . (1*1)
Substitution of eqtns. (1 2 3 ) ,  ( 1 3 2 ) ,  and the right

side of eqtn. (136) (cf. eqtn. (133) ) into eqtn. (139) gives

J f X  d\djU.d0(aV32)(X2 -p.2)(X2 - l)(l-/x2) X

exp [ - X a t i  +/3 > -/xa(a -QlJC (V3)/3 3( X - f i ) 2s2/4 + 
Y ? 2<X-fi,)H/2 + 6y3 + V(X-/J.)(E/2)] • (142)

Eqtns. ( 1 3 3 )t ( 1 3 7 )» ( 1 * 1 ) ,  and (1 *2 )  can be 
evaluated by use of the standard exponential integrals

/too

xne-axdx = £ §£ (143)
i a k=0

f+1 xne-axdx = (.D"ijLg I =# - 2 |r- (W-'-l -a1" 1 k=o aW J - k-o
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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.

COMMON N1 (3) , N2 (3 ), ALPHA14), AA(4), ALPHA1 (6) « A1I6), CII6),
 1-01(6), N1N2 --- ----------------------------------------------

DIMENSION 17(14), REP(14,4), C(14,I4), M(14),RA(14,3),RB(14,14,3),
 I S(14,14), A(14), B(14), DLNH(7), DLNE(14),R1{3), R2(3),----------- ----

2RA1(14,3), RB2(14,14,3), H1H(14,3), H1E(14,3), H(8V3>» H2H(14,3),
—  3H2E(14,3), HH(7,3),HE(14,3), ENRG1HI14,3), ENRG2H(14, 3),--------- ------

4ENRGIE114,3), ENRG2E(14,3), SUMIH(3), SUM2HI3)* SUMIE(3),SUM2E(3),
 5SUM1HN(3) » SUM2HN(3), SUM1ENJ3), SUM2EN(3), SUM1(8),-- ----------------

6HENRG1(14,3), HENRG2(14,3), EENRGI(14,3), EENRG2(14,3 ) , HSUM1(3),
 7HSUM2(3),HSUMIN(3),HSUM2N(3),ESUM1 < 3) , ESUM2<3),ESUMIN(3),ESUM2N(3)

DOUBLE PRECISION ALPHA, ALPHAl, AA, Al, Nl, N2, N1N2, RA, RB, S,
 1DLNH, DLNE, RA1, RB2, H1H, HIE* H, H2H, H2E, HH, HE, ENRG2H, ---

2ENRG1H, ENRG1E, ENRG2E, FIELDl, FIELD2, SUM1H, SUM2H, SUM1E,
 3SUM2E, GAMMA, SUM1HN, SUM2HN, SUM1EN, SUM2EN, SUM1, PRODH, PRODE, ---=-- ,

4HENRG1, HENRG2• EENRGI, EENRG2, HSUM1, HSUM2, HSUM1N, HSUM2N,
 5ESUM1, ESUM2, ESUMIN, ESUM2N - - -- -----

INTEGER A, B REAL M .............................           .- .-
READ-THE-VALUES-OF THE CORRECT- HUCKEL-COEFFICIENTS,NEGLECTING ANY OVERLAP*-AND 
THEIR CORRESPONDING REPRESENTATION.

READ(5,101) 17, ((REP(I,J),J=l,4),I=l,l4), C, M .
101 FORMAT (711, 3112/ 3212/ (7F9.6))-------------------------- --------
READ VALUES OF PARAMETERS FOR CALCULATING OVERLAP INTEGRALS READ(5,102) ALPHA, AA ---------------------- ----------------------
102 FORMAT (4F7.4, 4F8.5)
READ COORDINATES OF THE CORNER ANTHRACENE MOLECULE IN ANGSTROMS  - -

READ(5,103) Nl, ((RA1(J,11), 11 = 1,3), J=l,14)
103 FORMAT (3F7.4)       _______ _____ ____
READ INDICES FOR EXCITED STATE ORBITALS
 READ(5,203) (AIL), B(L), L=l,14)_____________________________________
203 FORMAT (II, 12)
WRITE HEADINGS -____              .

WRITE(6,104)
104 FORMAT (1H1, 3X, 1HI, 8X, 4HM(I), 9X, 6HC(I,1), 8X, 6HC(I,5)» 8X,

16HCI1,9),7X, 7HC(1,13),9X, 3HREP, 7X,22HS = 0.000 ATOMIC UNITS//)
WRITE VALUES OF ENERGY LEVELS AND COEFFICIENTS ..............  -........

WRITE(6,105)(I7(I),M(I),(C(I,J),J=l,14,4),(REP(I,J),J=l,4),I=l,14)
105 FORMAT (1H , 14, 5F14.6, 5X, 412)........ ...... ................. ...
WRITE HEADINGS FOR COORDINATESWRITEI6,106) ._________________
106 FORMAT (1H0, 12X, 29HC00RDINATES OF MOLECULE 1 (A), 15X, 29HC00RDI
 1NATES OF MOLECULE 1(AU)/5H ATOM, 7X, 5HRA(X), 8X, 5HRAIY), 8X, __ _____

2 5HRAIZ), 13X, 5HRAIX), 8X, 5HRAIY), 8X, 5HRA(Z)//)
 CALL COORD (RA, RB, Nl, N2, N1N2, RA1, R82).............  -..

DO 71 J = 1,14
71 WRI TE (6,17) J, (RAKJ.Il), 11 = 1,3), (RA(J,I1), 11=1*3) ... .......17 FORMAT (IH , 13, IX, 3F13.5, 5X, 3F13.5)
 WRITE(6,108) Nl, N2, N1N2 ..... .....  .... ...... ......... ......
108 FORMAT (1H0, 8X, 29HN0RMAL TO PLANE OF MOLECULE A, 15X, 29HN0RMAL 
 1T0 PLANE OF MOLECULE B/ IH * 7X, 5HN1(X), 8X, 5HN1(Y), 8X, 5HN1(Z)
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2, 13X» 5HN2(X), 8X, 5HN2(Y), 8X. 5HN2(Z), 8X» 5HNl*N2/ 1H0,
 3-3F13.5, 5X, 4F13.5)-----------------------------------------

DO 72 12 » 2,14
 WRITE (6» 16) 12. 12--------- -------  ----  -------
16 FORMAT(1HO. 11X, 23HCOORDINATES OF MOLECULE. 13. IX, 3H(A)» 14X,
 1-23HC00RDINATES OF MOLECULE, 13, 4H(AU)/5H ATOM, 7X, 5HRB(X>, 8X,

2 5HRB(Y), 8X, 5HRB(Z), 13X, 5HRB(X), 8X, 5HRB(Y), 8X, 5HRB(Z)//)
 DO 701 J = 1,14 — ----------------------  -------  ----701 WRITE(6,107) J, (RB2<12,J,11), 11 = 1,3), (RB (I2,J,I1), 11=1,3)
107 FORMAT (IH , 13, IX, 3F13.5, 5X, 3F13.5) -----

IF (12.NE.2.AND.12.NE.5.AND.12.NE.8.AND.12.NE.il) GO TO 72
 WRITE(6,161) — —   - ..... .....
161 FORMAT (1H1)
-72—CONTINUE-  --------------------------------------------WRITE(6,109) ALPHA, AA 
109 FORMAT (IH1, 13X, 47HPARAMETERS FOR CALCULATION OF OVERLAP INTEGRA 

1LS/ 9H0 ALPHA =» 4(F8.4, 3X)/ 9H0 A =, 4(F9.5, 2X))
 CALL PRMTRS (ALPHA, AA, Cl, Dl, Al, ALPHA!) --

WRITE(6,110) Cl, Dl, Al, ALPHA1
-110 -FORMAT-(9H0 Cl =, 6(F8.4, 3X)/-9H0--- 01 =, 6(F8.4,-3X)/.... -

1 9H0 Al = , 6F11.7/ 9H0ALPHA1 =, F8.4, 5F11.4)
BEGIN CALCULATIONS OF THE VARIOUS INTEGRALS   ----  -'
 DO 600 12 = 2,14 --- -------------------- ----- ----  --

DO 200 J = 1,14
 DO 200 K =- 1,14 --- 5------------------- i-------------------

DO 20 II = 1,3
 Rif 11) = RA(J,11) ---------------------
20 R2(11) = RB(I2,K»11)

IF (I2.EQ.9.0R.I2.EQ.10.0R. I2.EQ.11.0R.I2.EQ.14) N = 2
— — CALL OVRLP(S(J,K), Ri, R2, N)-----------1---------------------
200 CONTINUE

WRITE(6,112) 12 - ----
112 FORMAT(68H1 OVERLAP INTEGRAL FOR AN ATOM ON MOLECULE 1 WITH AN ATOM
 I ON MOLECULE, 13/) •••      - ....

CALL 0UTPT1 (S, 14, 14)
 DO 100 N =- 7,8---------------------------------------------

SUMl(N) = 0.0
  DO 100 L = 1,14 ---------

DO 100 Ml = 1,14 
100 SUMi(N) = SUMl(N) + C(N,L)*C(N,Mi)*S(L,M1)

PRODH = SUMl(7)
 PRODE =. SUMl(8)------- T---- --

WRITE(6,666) PRODH, PRODE 
666 FORMAT(28HOOVERLAP OF HOLE FUNCTION = , 1PE11.4, 5X,

1 31H0VERLAP OF ELECTRON FUNCTION = , Ell.4)
00 600 U  = 1,3 
DO 300 I = 7,8 H(1,11) =0.0----------------------------------------------
DO 300 J = 1,14 
DO 300 K = I,14

300 H ( It II) = H(I,U)+C(I,J)*C(I,K)*S(J,K)*(RA(J,Il)+RB(I2,K,Il))/2.0 
H1H(12,11) = H(7,Ii)*DSQRT(2.0D0)
HIE(12,11) = H(8,11)*DSQRT(2.ODO)

 H2H( 12,11) = 0.0------  ---------------------------------
H2E(12,11) = 0.0 
00 59 L = 1,7
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 IB-** B(L>--------------------------------------------------
HH(L» ID * 0.0

 00 501 J * 1,14--- ----------------------------------------
DO 501 K - 1,14

501 HH(L»Il)=HH(L,ll)+C(IA,J)*C(l8»K)*S(J»K)*(RA(J»Il)+RB(I2»K»Il))/2.
IF (I1.GT.1.0R.I2.GT.2) GO TO 59 

 CALL DLE(IA, IB, M, DLNH(L))--------------------------- -----
59 H2HI12,11) = H2H(12,11) + 2.0*HH(L,11)**2/DLNH(L)
 DO 60 L = 8,14     ---

IA = AIL)
—  IB = BIL) -------   -     —HE(L,11) 3 0.0
 DO 500-J =1,14---------------------------------------------

00 500 K = 1,14500 HE(L»Il)=HE(L»Il)+C(IB»J)*C(IA»K)*S(J»K)*(RA(J»Il)+RB(12,K,III)/2.
IF (I1.GT.1.0R.I2.GT.2) GO TO 60 

 CALL DLEIIA, IB, M, DLNE(L ) )
60 H2EI12,11) = H2EI12,11) + 2.0*HE(L,I1)**2/DLNEIL)
600 CONTINUE -----------------------------------------------

WRITEI6.21) - ......
21 FORMAT IIH1, 50X, 9HH0LE BAND)

WRITE(6,210) • -
210 FORMAT!1H0,13X,31HFIRST ORDER PERTURBATION ENERGY,22X,32HSEC0ND OR
 IDER PERTURBATION ENERGY//3H I2,7X,8HH1(12,X),8X,8HHl(12,Y),8X,

2 8HH1(I2,Z),13X,8HH2(12,X),8X,8HH2(12,Y),8X,8HH2(12,Z)/)
 DO 700 12 = 2,14
700 WRITE(6,111) 12, (HIH(I2,I1), Il=l*3», (H2H(I2,I1), 11=1,3)
111 FORMAT (IH , 12, IP3E16.4, 5X, 3E16.4)
WRITE HEADINGS
 WRITE(6,212)----------------- -------- ------------------ ---
212 FORMAT(54H0PERTURBATI0N ENERGY OF CRYSTAL IN CM-1 IN A FIELD OF-//
 11H0,17X,23H0NE MILLION VOLTS/METER,30X,23HTEN MILLION VOLTS/METER/

2) FIELD1 = 8065.73*0.529167*1.00-4---- ------- ----------  ----
FIELD2 = 8065.73*0.529167*1.00-3

 GAMMA = -2.36*8065.73- - - -----------------------------------
DO 90 12 = 2,14

  DO 91 II = 1,3
ENRG1H(12,11) = -FIELD1*H1H(12,11) + FIELD1**2*H2H(12,I1)/GAMMA 

91 ENRG2H(12,II) = -FIELD2*H1H(12,II) + FIELD2**2*H2H(12,11)/GAMMA 
90 WRITE(6,U3) 12, ( ENRG1H( 12, 11) , 11 = 1,3), (ENRG2H( 12,11), 11 = 1,3)
113-FORMAT (IH , 12, IP3E16.4, 5X, 3E16.4)  - ------ ----------

DO 76 II = 1,3
 SUMIH(II) = 0.0 -.............. ..... ...... .........

SUM2HU1) = 0.0
 DO 75 12 = 2,14 ~ -   -....

SUM2H( II) = SUMIH(U) + ENRG1HI 12,11)
-75-SUM2H(11) = SUM2H(II) + ENRG2H(12,11)........ ........... .....

SUMIHIII) = 4.0*SUMIH(11) - 2.0*(ENRG1H(2,11) + ENRG1H(3,II) ♦
 - 1 ENRG1H(5,11) + ENRG1H(6,11) + ENRG1H(12,11))

SUM2HI11) = 4.0*SUM2H(II) - 2.0*(ENRG2H(2,11) + ENRG2H(3,I1) +
  1 ENRG2HI 5,11) + ENRG2H(6,U) ♦ ENRG2HI 12,11))SUM1HN (II) = SUMIH(II) - 8. 0* (ENRG1H (9,11) + ENRG1HI10, 11) «•
  1-ENRG1H( 11,11) + ENRG1HI14, II))    -----
76 SUM2HN(II) = SUM2HU1) - 8.0* (ENRG2H(9, 11) + ENRG2HI10,11) +
1 ENRG2H111,11) ♦ ENRG2HI14,11)) —  -
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WRITE(6*114) SUH1H, SUM2H
114 FORMAT(1H0.6HSUM+ = ,2( 1P612.4.4X),E12.4,1X.4HCM-1,3E16.4,1X.4HCM-1 

1)
 WRITE(6,115) SUM1HN, SUM2HN —  ------------  — —  -—  - -
115 FORMAT(1H0,6HSUM- =,2(1PE12.4,4X),E12.4,1X,4HCM-1,3E16.4,1X,4HCM-1

CM * 0.806573 *---00-10 12 ■ • = 2,14------------------ --------------------------
! DO 11 II = 1,3 • HENRG1 (12,11) a ENRG1HI 12,ID/CM -----:--------  - - - -
11 H6NRG2112, ID = ENRG2HI12, 11) /CM

-10 WRITE(6,113) 12, IHENRG1(12,11), 11=1,3), (HENRG2I12,11), 11=1,3) 
00 12 II =1,3 HSUMH ID •■= ■ SUM1H(11)/CM------------------------------------
HSUM2111) = SUM2HI11)/CM 

 HSUM1N(ID = SUM1HNI11) /CM ------------------ ------
12 HSUM2NI ID = SUM2HN(11)/CM - - WRITE 16,411) HSUM1, HSUM2....... ------
411 FORMAT(1H0, 6HSUM+ =, 2(1PE12.4,4X), E12.4, IX, 6H10-4EV, E14.4,
 I- 2E16.4, IX, 6H10-4EV) -- ----------------------------------

WRITE!6,511) HSUMIN, HSUM2N 
511 FORMAT!1H0, 6HSUM- =, 2!1PE12.4,4X), E12.4, IX, 6H10-4EV, E14.4,

1 2E16.4, IX, 6H10-4EV)
 WRITE(6,22) - - --------- -......... ....
22 FORMAT (lHi, 48X, 13HELECTR0N BAND)
 WRITE!6,210)  -------------------

00 800 12 = 2,14
800 WRITE(6,111) 12, (H1E!I2,I1), 11 = 1,3), (H2E(12,11), 11=1,3)-- ---
WRITE HEADINGS
 WRITE!6,212) -  — ---- -------------------------. 00 92 12 = 2,14
 00 93 -1.1 = 1,3----------------------------------------------

ENRG1E(12,11) = -FIELD1*HIE(12,11) + F IELDi**2*H2E(12,I D/GAMMA 
; 93 ENRG2E!12,11) = -FIELD2*H1E(12,11) ♦ FIELD2**2*H2E(12,11)/GAMMA 
92 WRITE(6,U3) 12, ( ENRG1E ( 12,11) , 11 = 1,3), (ENRG2E (12,11), 11=1,3)

DO 8111 = 1,3 -----------
SUMIE(II) = 0.0

 SUM2E! 11) = 0.0    r-
DO 80 12 = 2,14
SUMIE(II) = SUM1E(ID + ENRG1E!12,11)

80 SUM2E(11) = SUM2E(11) + ENRG2E(I2,I1)
SUM1E (11) = 4.0*SUMIE( ID - 2.0# (ENRG1E ( 2, II) + ENRGIE! 3,11) +
1 ENRGIE(5,I1) + ENRGLE(6,11) + ENRGIE(12,I1))

 SUM2E(ID = 4.0*SUM2E<II) - 2.0*(ENRG2E(2,11)•+ ENRG2E(3,FI) +
1 ENRG2E(5,11) + ENRG2E(6,11) + ENRG2E(12,11))

- SUMIEN(II) = SUMIE(II) - 8.0*(ENRG1E(9,11) + ENRG1E(10,11) +
' 1 ENRGIE(11,11) + ENRG1E(14,11))
81 SUM2EN (ID = SUM2E (II) - 8.0*( ENRG2E(9,11) + ENRG2E(iO,ID ♦
1 ENRG2E(11,11) + ENRG2E(14,11)) WRITE(6,114) SUM1E, SUM2E --------------------------------
WRITE(6,115) SUMIEN, SUM2EN
DO 13 12 = 2,14  -
DO 14 II = 1,3
EENRGI (12,11) = ENRG1E( 12, ID/CM 

14 EENRG2(12,11) = ENRG2E(12,11>/CM
- 13 WRITE(6,113) 12, (EENRGI( 12, 11), 11=1,3),~(EENRG2(12,11), 11 = 1,3)

DO 15 II = 1,3 
ESUMKIU = SUM1E (ID /CM
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ESUM2(m = SUM2E! II) /CM
 ESUHIN(II)- SUMIEN(11)/CM
15 ESUM2NUI) = SUM2EN(1U/CM
 HRI TE( 6,411) ESUMl * ESUM2

WRITE(6»511) ESUMIN, ESUM2N
 STOP----- ----  ---------

END

THIS SUBROUTINE FINDS THE VALUES OF PARAMETERS NEEOEO IN THE CALCULATION OF
THE-OVERLAP INTEGRALS, FROM THE VALUES OF-THE-SLATER SCF PARAMETERS AND--
ORBITAL EXPONENTS, A AND ALPHA.

SUBROUTINE PRMTRS (ALPHA, A, Cl, Dl, Al, ALPHAII
 DIMENSION ALPHA!4), A(4), CI(6), 01(6), Al(6), ALPHA1(6)

DOUBLE PRECISION ALPHA, ALPHA1, A, Al
 j-=..l-------------------------------------------------------------

DO 11 K = 1,3 K1...» K+l — —----------------------  --------
DO 11 L = Kl»4

 Cl(J) = (ALPHA(K) + ALPHA(L)1/2.0-----------------------
D1(J) = (ALPHA(L) - ALPHA(K)1/2.0

 Al(J)—= • A(K)*A(L)-- -------------------------------------
ALPHA1(J) = (ALPHA(K)*ALPHA(L))**2.5

-11-J * J+l ------ ------------------- -------RETURN

THIS SUBROUTINE PRINTS THEOUTPUT OF A MXN MATRIX
SUBROUTINE OUTPTl (A, M, N)

 DIMENSION A(M,N) --------------------
DOUBLE PRECISION A

 KITE = 0 ......... ‘ — ----- ------------
20 LOW = KITE + 1
 KITE = KITE + 10 ------------------------

KITE = MINO (KITE, N).
 WRITE(6,19) (I, I = LOW,KITE) -----
19 FORMAT (1H0, 9X, 12, 9(11X, 12)//)
 DO 32 I = l,M -----
32 WRITE(6,18) I, (A(I,J), J - LOW,KITE)

-18-FORMAT (IH , 12, 10MPE13.4)) - ...........
IF (N - KITE) 40, 40, 20

- 40-RETURN----------------------------------
END

THIS SUBROUTINE CALCULATES DELTA E FOR DIFFERENT VALUES OF A AND B.
SUBROUTINE DLE(A, B, MI, DELEN) DIMENSION MI(14)
DOUBLE PRECISION DELEN 
INTEGER A, B 
REAL MI
DELEN = MI(A) — MI(B) --------
RETURN
END --
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THIS SUBROUTINE FINDS THE COORDINATES," AND NORMAL TO THE PLANE OF MOLECULE
FROM THE COORDINATES AND NORMAL TO THE-PLANE OF MOLECULE A .  - I T  CONVERTS THESE
FROM ANGSTROMS TO ATOMIC U N IT S . IT  ALSO FINDS THE DOT PRODUCT OF N l  AND N 2 .

SUBROUTINE COORDIRA, RB* Nl* N2, N1N2* RA1, RB2)
- DIMENSION RA(14*3)»RB(14»14*3l»Nn3)»N2(3)»RAlll4,3),RB2(14,14,31 

DOUBLE PRECISION RA,RB,NI,N2,N1N2,RAI,RB2,A,B,C,C1,D,BETA {
 A=8 .561----«-----------------------------------  — --—

B-6.036
 C 1 = 11.163       —  ------

BETA = 2.17642577D0
 C = Cl*DSIN( BETA) - ----- --------- --------

D = Cl*DCOS(BETA)
 00 -100 J=1, 14------------------------------------ --------

RB2 (2
 RB2I2

RB2I2  RB2(3
RB2 (3

 RB2(3
RB2 (4

 RB2(4
RB214 RB2(5
RB2 (5

 RB2 (5
RB2 (6

  RB2 (6
RB2 (6

. RB2I7
RB2 (7

 RB2(7
,.RB?(,8  RB2(8
RB2 (8

 RB2(9
RB2 (9 

 RB2(9
RB2(10,J,1) = RAH J, 1) ■+ A/2.0 + D

--  RB2(10,J,2) =-RAl(J,2) + B/2.0 . .................. .... .. _ _ ... . •
RB2(10,J,3) = RAH J,3) + C

---RB2(11,J,1) = RA1(J,1) - A/2.0 + D .... ........ . ___ _ _ . ...... . . ..
RB2(11,J,2) =-RAi(J,2) + B/2.0

---RB2 (11, J, 3) = RA1(J»3) + C ....— >
RB2(12,J,1) = RAI(J,1) - A + D

—  RB2 (12, J, 2) = RA1(J,2) ... ...___ _ _. .
RB2(12,J,3) = RAH J,3) + C
RB2(13,J,1) = RA1(J,1) - A + D . .. . . . ̂ ...... .. ..... .. ...
RB2(13,J,2) = RAHJ.2) + B

---RB2(13,J,3) = RAH J • 3) + C .... . '
RB2(14,J,1) = RAHJ.l) + A/2.0RB2(14,J,2) =-RAl(J,2) + B*3.0/2.0

100 RB2(14,J,3) = RAH J,3)
DO 200 II = 1,3 . . ___ ......... ............. . ...... . : .
DO 200 J=l,14

--RA(J,11) = RAH J,Il)/0. 529167 ___ ,_ i __ - - .. i ____ __
DO 200 I = 2,14 . .... ’

200 RB(I«Jr11) = RB2II,J,Il)/0.529167 : ....... .......  ...__  ________
N2 (1) = Nl(1) i---N2(2) = -Nl(2) — -- .. .
N2(3) = Nl(3)
NIN2 = Nl (1)*N2(1) ♦ NH2)*N2(2) + NH 3)*N2(3)
RETURN
END ......... i........
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THIS SUBROUTINE FINDS THE VALUE OF THE OVERLAP INTEGRAL BETWEEN TWO CARBON 
2P-PI ATOMIC ORBITALS. GIVEN THEIR COORDINATES AND RELATIVE CONFIGURATIONS
 SUBROUTINE OVRLPCS, Rl. R2, N) -----     ,COMMON Nl ( 3) . N2 (3). ALPHA(4), A(4), ALPHAK6), Al(6), Cl(6), j
 1 Dl(6) » NLN2    j

DIMENSION RU3), R2(3). ALPHAR (A). C(6), 0(6). R12(3)
 DOUBLE PRECISION ALPHA, ALPHA1, A, Al, C, D, ALPHAR, SUMl, SUM2,

i SUM3, SUM4, N1R, N2R, Nl, N2, R12, SUMR, R, N1N2* S.OVRLPS.OVRLPC N1R = 0.0   —  —  -----  * - —'
N2R = 0.0

 SUMR = 0.0 -........-  - -------------  --  --- ---- ---
DO 10 II = 1,3

 R12< ID - = (Rlt ID - R2(11))--------------------------------------
N1R = N1R + Nl (11) #R12 (ID

 IF (N .EQ. 1) GO TO 10 ---------------------- -----------
N2R = N2R + N2(I1)*R12(I1)10 SUMR = SUMR + R12I Il)**2      -
R = DSQRT(SUMR)

 IF-(N .EQ. 1) N2R = N1R ---------------------------------------
IF (N .EQ. 1) N1N2 = l.ODO

 SUMl = 0.0        •'-
SUM3 = 0.0

 DO 100 I = 1,4 - ---------------------  -------
ALPHAR(I) = ALPHA(I)*R IF-( ALPHAR(I) .GT. 170D0) GO TO 100-----  -«■---------------------
SUM3 = SUM3 + (A(I )**2)«DEXPt-ALPHAR(l) )*('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)*#3/15.0 +

- 1 2.0* ALP HA R( I) #*2/5.0 + ALPHAR (I) + 1.0)  - —... —
100 CONTINUE
 SUM2 = 0.0--------------------:-------- ------------------------

SUM4 = 0.0
  DO 200 J = 1,6 ----  ------- --------------  ---------

C(J) = Cl(J)*R
  IF (C(J) .GT. 155DO) GO TO 200----- ----

D(J) = 01(J)*R
 SUM4=SUM4+A1(J)*ALPHAI(J)*DEXP(-C(J))*((DEXP(D( J))+DEXP(-D( J)))* ----

1(-1.0/D(J)4*2*11.0/(3.0*C(J)**3)+1.0/C(J)**4+l.0/C<J)**5)+
21.0/D(J)*#4*(1.0/(2.0*C(J)) + l.O/C(J)**2+1.0/C(J)*#3)) + (DEXP(D(J))- 
3DEXP(-D( J) ) )*( 1.0/D( J)*( 1.0/(6.0*=C( J)«*3) + i.0/(2.0*C( J) **4 J+l.O/ 
4(2.0*C( J)**5) ) + L.O/D( J)*'!'3*(-L.0/(6.0*C( J) )-1.0/(3.0*Cl J)**2) + 1.0/
5C(J)**4 + 1.0/C(J)**5)-1.0/D(J)«*5*(1.0/(2.0*C<J)) + i.O/C( J)**2+1.0/

 6C( J)**3) ) ) ---
SUM2=SUM2+A1(J)*ALPHAl(J)*DEXP(-C(J))*((DEXP(D(J))+DEXP(-D<J)))* 
i(1.0/D(J)**2*(l.0/(3.0*C(J)**3)+i.0/C(J)**4+1.0/C(J)**5)- 1.0/
20(J)**4*(l.0/C(JI«*2+i.0/C(J)**3)) + (DEXP(D(J))-DEXp(-D( J)))*<1.0/
3D( J)**3«( 1.0/(3.0*C( J)«‘*2)-1.0/C( J)**4-1.0/C( J)**5)+1.0/D< J)**5*
4(1.0/C(J)**2+1.0/C(J)**3)))

200 CONTINUE - ---------------------------- -- -----------
SUM2 = 3.0*R**5*SUM2 
SUM4 = 6.0*R**5*SUM4
OVRLPC = (N1N2 - N1R*N2R/SUMR)*(SUMl + SUM2)
OVRLPS = (NIR*N2R/SUMR)*(SUM3 + SUM4)
S = OVRLPS + OVRLPC

 RETURN --------------------------------------------------------
END
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ITBS^PU HPQS£.iQFj;THIS:gPRQGSAargtS1^0WIND^HW^I1j:rF.r̂M0I^G0gARI'EE5OWA??CS^KTSGRAL 
BETWEEN TWO WAVF; FUNCTIONS ON THE SANE ATOM AND THE POTENTIAL ON A DIFFERENT 
ATOM(TWO-CENTFRS). THIS WAS DONE ANALYTICALLY USING ELLIPTICAL COORDINATES. 

DIMENSION C7 (141,_C8 (14)f_C72J-jU) , 082(111)/ Nl(3), RA1(l4,3)
1 u / 3 ) ;h:FA(iV/3j>HFB(in ;i

eshe-(In) ;&Hsssitii{ji ~~ ■
fe^CCMKCnA*L45) 7- h i m )  &  "REAL N'1, NR, INT1, INT2, INT3, INT4

READ (5,101) C7, C8, A, ALF, N1 , ((RA1(J,I1), 11 = 1,3), J=1, 14)
J C^ FORNA_T ('l (7F9. 6/) . 4F7. 5. 4F6. 4/ (3F7.4)

SUMKL=0o0 
DO 99 K=1,4

 DO. _99_L = 1 _,J[Iia3SSUMl7^SnML^{)t)^(i;i;l;rAgrjfK1:£ ^
l i l B E ! ?. IOC C82 (I) =C8 (I) *C8(I)

CALL COORD (RA, R3, RA1, RB2)
DO SCO 12=2,14

“7 ~RSAT (I) =ti71~ " '~ '■ ;
"" DO 300 J=1, 14. :

NR=0c 0 ____________

R 2̂ I V) =R H (12 , J IfiV)
R12 (11) = (R1 (I1)-R2 (11) )
n r=n7*~-_i (I1) :t7 12LI1LHR> Rj|!:gLB^ggggg______

SU M 1=0,(
SUM2=0c 0 
DO m  K=1,4

_______________

S U i! 3 = C e 0 SUM4=C„r
 DO 20_L = 2, 4___  '

SUM3=SUM3+INTi 
20 SHM4=SUM4+INT2 

STH5=f,0

DO 30 K=1,mk'
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SUM5=SUM5+IN?3  
, 30 SUH6=SUM6+INT4  ; SU[17=0C 0ŜUHSfelHriĤ : i>Qvuo;i,K2#i{
I DO HO K=1 ,LM ,
| DO UO M=1,U
l CALL I  r e n t .  I , : i ,M,  1>, I K T 3 , TNTU)

ŝumiTG=T7o
DO 50 L = 2 , 4  
L M=L- 1  _ ___

D o' 50^ M=T 7 N K
I F  ( ( 1 0 * K + 1 )  »G2« ( 1 0 * M+ >1) ) GO TO 50

 C ALL _ I N T J K , j . ,  y. , N, R,JCNT3 ,. I WTH ).

R S A T l l f ^ R S A F ( T r M H V i r * * ^ ( s W :l + « « 0 !f!SUH3+S0Il5-l-2« 0 * S U M 7 + 4 .  0*SUM9)  + 
1 ( 1 . 0 -  (HR/R)  * * 2 )  *  ( S U H 2 + « , 0 ASUM4 + SUM6 + 2 .  0*sr. IM8+i<. t )*St l f l10)

3 00 C03TI>?I1r _________ __r_ __ ^ _ _________
g g g jgas ii

1 (;• 3' FORHAT- {~1H'_ ,~ I2*'~5X~71PE 11~.-£7~5x'/~ kTiTU) 
s t o t
FND________________________________________ :___________________________________________ '

COMPARE THE PREVIOUS PROGRAM (P. 86), FOR SUBROUTINE COORD.
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FUNCTION ON MOLECULE 1, ATOM I, AND THE POTENTIAL ON MOLECULE 12, ATOM J 
SUBROUTINE I NT (K,I. , M,N , R, X, Y)
jCO^ON A ^   ̂AIF ^ ̂ _

T(m') ?;) =i; : ~
G= (B (K,L)+B (M, N) ) * R

_  .J? CG „ _  r?Al <A ) T 0^ 2 ̂ ̂

V a ^ n ^ / G T u T c / d ^ 4 +2 4 . o/g**5)
G5= (1, O/G+5. L’/G+*2 + 20o C/G**3 + bf>. .j/G**M+ 12C. 0/G**5+120. 0/G**6)

   g^= - y G ♦ G ^ o ° P -G* * ̂ | 2 * 4 + 3 6 0 « °/ G* * 5 +7 2 0 . 0 / G* *6 +

IF̂ (A!3S (]j) ^GTf^V7v\~J) GO~TO~2 
U0=EXP (U) /ll-EXE (-U) /U
U 2 r ~; I P_ (U )_?LQj../_̂?—?. ?_ty U * * 2 + 2 » jj/U * * 3) - E XPMH * (1. Q/U+2. 0/U**2+

U6=EX.P (U) * (1. O/U-6. 0/U**2+3.). C:/U=i *3-12"« U/U*--*4+360. 0/U* *5- 
.1 720.. 0/U**‘6 + 72G» 0/U**7) -EXP (~U) * (1, 0/U+6c C /U**2+30o 0/U**3 +

  2 12 0._f'y_U * * 4 + 3 6 <■'_„ ■yu**5+720 .J'/V±? 'ItL2 r’»>••/!)" *7)________________________

3+3. O'̂ B (M,N) *S =*-»5/1 r>„ j»; (G4*U2+G2* (U(.'-U4) -U2/G) +K**4/4 . u* (G3*U2+G 1*
4 (U'J +2,0*U2)) ) *KXP (-G)
_INT4=A (K) »A (L) *A (K)_*A (Nj * (ALF(K) *ALF (1) *ALF (M) *ALF (K) ) < *2], 5/ _

BP* 4; (u^u £)/g IBe/ k ;*i s^-(iGSptu^u2li^3^{M^uljSGi^(M2=-iy if) -/+||p 
ifti3TOl£;( a pj )^iM^&/1&aBi:S4MtUa^2)%g^{3li£^^

4* (UO-U2)-G1* (UO -U2) ) j *SXP (-G)
X=INT3

 Y=IN t 4 _________________________________________________________________

Mi3±l^frZ3 ̂ -G4/^S+232G3/1S. < +01/15. -'j +3, b*B fr ,N)*R>M'5/16. ’■’■■ (G 4/3.0 +«.*G2/5,-1./>(3. *G) ) + 
3R*,y4/4c 0 + (G3/3,G+5.0*G1/3.0) )*F:XP (-G)

 J.HT2- (A (K) *A .(L) ) +■’'■?+ (ALF (K) *ALF(L) /B (M, N)) **5* (B (M, N) » *3 »E **7/96.1'__
tef*:(2i D“G6/3 »d~2,*s*{?4/3 Yo-2^*G2/35YY 2Y/ (35Y>KG)}"+B {3>-H) ̂ F 2 W ^ ‘6'/:1 '6«\0jlii |p2 b/^p3V3-l=^4, 0^33/5^0-Bo*Gl/15/0) +3^:{^B/d>>J)*R^*5/l6:.^(2i&*34/i2%| 
Kri33^ar4^»G2/5^2./{15.:*G):)i+M M /4;M*Y2Y^ ^ ) * 5XP (-gMl 

X-INT1 
Y = IN T 2

  B.STUR N ____  =_ _____ '_ _ __ _

END * —
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PROGRAM RESINT( INPUT. OUTPUT. TAPES* INPUT. TAPE6=0UTPUT)  ..THIS PROGRAM FINDS THE 3-CENTER INTEGRAL BETWEEN TWO WAVEFUNCTIONS ON
NEIGHBORING a t o m s , a n d  t h e  p o t e n t i a l  o n  a  t h i r d  a t o m /LIKEWISE, FOR NEXT NEAREST NEIGHBOR ATOMS.

DIMENSION 07(21). C 8 C 2 D .  Nl(3). R A U 1 6 . 3 ) . RB2(16.16.3).RA(32.3).1 RB(l6,'l6.3). Rl(3). R2(3). R12(31. R 3 ( 3 ) . R ( 2 0 ) .  BR(20i. Y K 2 0 ) .
2 B K 2 0 ) .  Y2(20). 62(20). 0(14). INTH(ll). INTE(14), R123(3). ALFd)  3 .HINT (16.2). E 1 N T (16.2). D1$T(11)_ _ _____________COMMON/CD/ RA. SPACEX. RB. S P A C E Y R A 1 .  SPACEZ. RB2 
COMMON/CN/ 07. C 8 COMMON/OR/ R1.SPACE1. R2. SPACES. R 3. SPACE6...R12______________
COMMON/FOR/ 0(3). SPACE?. Vf3). SPACES. H(3)
C0MM0N/APX/ N. SPACER. R. SPACEB. BR. SPACEC. YU SPACED. Bi.__J SPACEE. Y2. SPAQEF. 82 _       .
COMMQN/FST/ A d ) .  SPRCEl* SALFr(1). SPACE2. SUMKL. SPACE3. N1 EXTERNAL RiftJVM REAL NX. INTO. IWTE_____________________ ;_________________READ(5.101). (C7(K)."K«l.l*f3.' (C8(L>. L*l.l<f).A. ALF. Nl.1 ( ( R A l ( J . U ) . 11=1.3).J * l. 11). N. f ft £ 13 > BR(I)> YKI). BKI)._  2 Y2(I). Bed). 1=1.N) __ :____ ____________ ______________101 FORMAT (K7FS.6/). 1F7.S. IF6.1/ 15(3F7.i/). 11/ (6F11.33)
S U M L  = 0.0
DO 93 K = 1 . 1 _______ ;______________________________________
DO 93 L=1.199 SUMKL = SUMKL + A(.K)?A(L**£ALF(K)SALP(L) )£S2.5/(0,5*(ALf (K) t 1_ALF(L)))**5____:_:________________________________________
b?tlbi = 0 7 11)
07(16) = 07i8) 08(15) * 08(1)_______:______________________________________
08(16) = 08(8)
CALL COORD  DO .500 K = 1.2 __________ _________________ •___IF (K .CO. 2) CALL CONNN (RA)K2 = 16 + K¥(K?K-1),__lWRITE(6.105)_________________ ,_______________ _____________

105 FORMAT(IHi)
DO 560 12=2.11_ WIN = 0.0__ _________________________________ ______________
EIN = 0.0
iF £K .EO. 2) 60 T6 13lNfH((2) = 6.0 _______________________________________ ~""t NTECI2) = 6.6   .19 DO 106 It = l.KfiI * II _______ _________ ____________________
J * I + KIF (K .EG. 2) 60 T6 21• IF 11 .EG. 1$) J = 6 _  ____________________ ___________IF tl.EG.16) j =13 

21 IF (1 ,E0. £1) 1 = 1  04=0;0
DO 308 M= 1.11     ~ ‘
SUMR=0.6
DO 166 11=1.3_______ ________________ ________________R1U1J=rA ti.Ui 
R2tlli=RfiiJ. I Dft3(ll)=RBd2.M. il2 _____



__Z'W 2  n iJ*lRiiW+WUl> i'S.r 0-ftl23nD=R3UD-RlgiiD 163 SUMR=SOMR+R1 £3ill}$R123t ti)
IF tK ,EQ. 2) 00 TO 962P JMSflW .8T. 12.28346) 00 TO 29960 TO 9S

96 IF (DISTCMi .ST. 9.92125) 00 TO 299 95 DO 98 IA = 1.498 SALFtiAl = A l F <IA)5fiISfiMJ ... \ ... 
60 97 11 = 1,3 RIOD = RiUl j/fii5Tttt3 R2f11) * R2fID/DISfiWi

-------------------

ftStil) = R S d l i / D t S T C M }
97 R12DD = Rl2tli)/DISftM)CALL DRI&iN

01M)=APPROX(RIRJVMJ00 TO 2SS299 AtM> = 0.0 ......898 6q ? isQ t QtMl/DiSTth)300 CONTINUEHRIfti6,i023 1. J. QQ._th._C: (M). DISffM),_.M=l, 14)._____ ________102 FORMAT(lh0. iht =. 13, 4M J = . 13, SH 00 =, lPfc‘16.8//3H0 M. 8X.1 1HQ. 12X, 8 H 8 i $ T R N & G / / H H , ffii 2£l6.8D
HIN = HIN t C ? t t } * C 7 ( J 3 * G Q ___________________________ _____

400 EIN = £IN + CSriJjeSCJXfQS
HINT(IS. K3 = -HINS8.661S  eiNTfI2.KJ = -EIN$8.6612 ______________________________= iNYhllS) + HiNTCiS.'ti}500 m a m }  = iN'T£tI23 + 21NTU2.K)
HRi'fE(6.3033 _ ___ .     ____ _____ __U S  'FORMAT HHi. &MOL&. B9X. & H O U  BANGS. 3BX. & ELECTRON BAND&/1H .1 13X. &N-N&. 1SX. &N-N-NS, 14X. & W T A L & .  CSX. &N-N&. 15X. J&N-N-N&, __ 2 34X, &TOTAL&//) _  _ ____________ ________WRlT’Ct'o, 10*0 U2. iWiNT (IB. F.) * K=1.2)» lNtH(l2i, (EINTU2.K).1 K=l,2?, INTEU?;. 12=2,14?.104 FORMAT(1H .... I3,._lP3£i9.8» 5X,._.3fi:l9..8J_________________________
stop2ND
THE SUBROUTINE COORD IS A MODIFICATION OF THE ONE ON P. 86 
WITH THE FOLLOWING ADDITION! _i)0 201 11 = 1, 3
ra as. ID = RA a. ID 201. RA D6, ID * RA 18, I D __________________________
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SUBROUTINE CONNN (RA).....THIS SUBROUTINE. FINDS THE VALUES OF THE COEFFICIENTS AND COORDINATES* OF THE 
NEXT NEAREST NEIGHBOR ATOMS GF MOLECULE 1.DIMENSION 07(24). 08(24). RA(32. 3) ---------- --- ------ -------COMMON/CN/ C7. C8' C7(15) = 07(1)07(16) r 07(2)---C7(17) = 07(7) "C7(18) = 07(6)C7(19) = 07(13)

C7C20) = 07(14)
C 7 C 2 D = 07(9)
C7C22) = 07(8)---07(23) = 07(5)07(24) = 07(12)’ ' 08(15) = 08(1)08(16) = 08(2)08(17) = 08(7)08(18) = 08(6)08(19) r 08(13) " *C8(20) = 08(14)08(21) = 08(9)
C8C22) r 08(8)08(23) = 08(5)08(24) = 08(12)---DO 201 U  = 1.3
RA(15.II)- ~ RAC 16. I D
RAC 17.II) 
RA(18.II) RA(19. ID“ RAC20. II)
RAI2l.ll) , RAC22. ID 
RA(23. I D  

201 RA(24. ID
RETURN—  . €ND

RA(l.Il) 
RA12.11) 
RAC7. I D  
RAI6.11) RA(13.11) RAI14.I1) 
R A O .  11) 
RAC8.11) 
RA(5. ID 
RAC12.11)

i
1

SUBROUTINE ORIGIN
THIS SUBROUTINE FINDS THE ORIGIN OF THE SPHERICAL COORDINATE SYSTEM BY TAKING THE MIDPOINT Of THE TWO NEAREST NEIGHBOR ATOMS* AND THEN THE MIDPOINT OF THE 
LINE BETWEEN THAT POINT AND THE ATOM ON HHICH THE POTENTIAL IS LOCATED 

DIMENSION Rl(3). R2C3). R3C3). R4(3). R12C3) u u l h i c u .
COMMON/OR/ Rl,SPACED. R2. SPACE5. R3. SPACE6. Rl? .... ... ........
COMMON/FOR/ U(3). 5PACE7. V C 3). SPACE8. HC3)  DO 77 11=1.3   — ----
RHCll) = (R12C11) + R3( I D  )/2.0
Ulll) = R I C H ) - R4(ID  — --- ------ --- -------
V(ll) = R 2 C 1 D - R4(I1)77 W(I1) = R3(I1) - R4(ID ------- -------- -
RETURNEND --------------------------------------------------------
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FUNCTION RIRJVMtXl. Y. Z)~  "  ~THIS FUNCTION REPRESENTS THE INTEGRAL TO BE SOLVED,---------------
COMMON/FOR/ U(3). SPACE?. V(3). SPACE8, W(3)

-  COMMON/FST/ A(4). SPACE1. ALF(4). SPACES. SUMKL. SPACE3. NT---
DIMENSION BETA(4.4). N U 3 ) . X(3)  REAL NA. NB. N 1   v ------------------- T----XII) = XI X(2) = y ---------------------:--:--:---------------------X(3) = 2 NA a 0.0 ----- -- --------------------------------------, , NB = 0.0

i BX = 0.*0 CX = 0.0----------------------------------- :------------DO 10 II = 1,3NA = NA + N1(I1)?(U(U)-X(I1)) ------- ------------------NB = NB + Nl(H)*(V(Il)-X(Tl)) AX = AX + (U(Il)-X(Il))*(U(Il)-X(Il)T--- -------------------
bx = bx + (vni)-xuimrvni)-xui)) ̂10 CX = CX + (W(Il)-X(Il))5(H(Il)-X(Il))AX = SORT(AXIBX = SQRT(BX) ------------- --- ---------------- -------CX = SQRTtCX)  RRV1 = 0.0  ---------- ---------- '-------------RRV2 =0.0 RRV3 = 0.0  ----------------------  ;---------------RRV4 =0.0’" • DO 211 = 1.4 ....  -... ....  ----
DO Si K = 1.4ARG = ALF(I)*(AX + BX! + 2,0*ALF(K)*CX-------- ---- ------IF (ARG .GT. 30.0) 60 TO 21RRV1 = RRV1 + A(I)*A(I)*A(K)*A(K)*ALF(m*5/'SUMKL?EXP(-AR0)*----1(4.0/3,0tALF(K)*?3vCX*CX + 4.0*ALF(K)*ALF(K)*CX * 6.0SALF(K) +2 4.0/CX)-------------------------------------------------21 CONTINUEDO 22 I = 1.4 • — -----------    -•------------- ---DO 22 L = 2.4■ LL = L-l  .. — -----------------------------------------
DO SS K = l.LLBETA(K.L) = (ALF(K) f ALF(L))/2.0--------- -----------------ARGl = ALF(I)*£AX + BX) + 2.0*BETA(K.L)*CXIF (ARGl .GT. 30.0) 60 TO 22l ......... ' —  ......RRV2 = RRVS t A(I)*A(I)*A(K)?A(L)$(ALF(I)fALF(I)rALF(K)?ALFfL))£?1 2.5/BETA(K.L)**5/SUMKL*EXP(-AR6l)*(4.0/3.0*BETA(K.L)**3*CX*CX +2 4.0*BETA(K.L)*BETA(K.L)*CX + 6.0*B£TA(K.L) + 4.0/CX)221 AR62 = ALF(K)¥AX + ALF(L)*B.X + 2.0¥ALF(I)tCX......... ....ARG3 = ALF(L)*AX + ALF(K)*BX t 2.0*ALF(I)$CXE2 = 0.0  -..  -....E3 = 0.0  "IF (AR62 .GT. 30.0) GO TO 222---- -------------------------E2 = EXP(-ARGS)222 IF (ARG3 .GT. 30.0) 60 TO 223    — ........E3 = EXPt-AR63)223 IF (£2 .EG. 0.0 .AND. E3 .EG. 0.0) GO TO 22RRV3 = RRV3 + A(K)SA(L)¥A(I)*A(I)*CALF(K)*ALF(L)}**2.5/SUMKL*
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4.0¥ALFU)¥ALFU)¥CX ♦“"i t€2r* E3)¥l4.0/3.0¥ALFn)¥¥3¥CX¥CX + 2 6.0¥ALF(I) ♦ 4.0/CX) '22 c o n t i n u e :DO 23 J = 2.4 JJ = J-l .
DO 23 1 = l.JJ  * "DO 23 L = 2.4 LL = 1.-1 “DO 23 K = l.LL

 BETAIK.L) = (ALFOO t ALFO.33/2.0......AR64 = A L FII)¥AX ♦ ALF(J)¥BX + 2.0¥BETAfK. L)¥CXARG5 = ALF(J)iAX t ALFU)¥BX + 2.0¥BETA(K.L)¥CX ““...£4 = 0.0— es = 0 . 0  -----------------------------   :IF (ARG4 .GT. 30.0) 60 TO 231E4 = EXPI-ARG4) -- ------ ---------------231 IF IAR6S .GT. 30.0) 60 TO 232E5 = EXP(-AR65)-------------- --------------------------232 IF (E4 ,EQ. 0.0 .AND. E5 ,EQ. 0.0) GO TO 23 RRV4 = RRV4 + AC I 3¥AC J}*A(K)*A(L)*IALF(1)¥ALFf J 2 vA L F ( K ) * A L F ( 0:1 2.5/BETAfK.L)¥¥5/SUMKL¥fE4 + £5)¥f4.0/3.0*B£TAfK.L)*¥3*CX¥CX i2 4.0¥BETA(K.L3¥BETA(K.L)¥CX + 6.0¥BETAIK. L3 + 4.0/CX)23 CONTINUE
RIRJVM = NA¥NB¥fRRVl + 2.0SRRV2 + RRV3 + 2.0¥RRV43 ...RETURN:---END -------------------  ~

--- 1

FUNCTION APPROX(FF) !THIS FUNCTION APPROXIMATES THE INTEGRAL 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. yi.Bl.V2.B2,

DIMENSION RL20). BRI203. Ylf20). B1I20). Y2I20). B2I203 ICOMMON/APX/ N. SPACEA. R. SPACEB. BR. SPACEC. Yl. SPACED, Bl. -----  j1 SPACEE, Y2. SPACEF. B2 Q = 0.0  1DO 2 1=1.NDO 2 J=1.N - ----------  ----DO 2 K=1.N B=BRfI )¥B1(J)*B2(K)X=RfI)¥SGRT(1.0-Y2 (K) ¥Y2 fK ) 3 ¥SQRT(1.0-Y1£J)¥ Yl I J)-.. Y=RfI )¥YH J)¥SQRTtl.0-Y2fK3¥Y2fK)32=RfI)¥Y2fK)2 Q=Q+B¥FFIX.Y.2)
APPROX-Q
RETURN .... - —END
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THIS PROGRAM CALCULATES THE ELECTRON AND HOLE SURFACEi BANDS OF~~ - — -  - —
ANTHR:ACENE_AND NAPHTHALENE IN THE AC PLANE___________________________________________ _

DIMENSION A(4,3), 8(4,3),. C(4), Al(4,3), Bl(4,3),. ANG(37), R00T(3)
1* A<( 31« 3 K ( 3)» £1(3,37),. =2(3*37), E3(3,37), E4(3,37),
2 K<S 11(3*37), KSI2(3,37), 0(4,3), D m , 3), DK(3)
REAL <S1, KS2,. KS3, KS4, KSI1, KSI2 

READ IN THE VALUE'S OF THE RESONANCE INTEGRALS FDR VARIOUS GROUPS OF MOLECJLES 
READ! 5,101) ( C (I Yi~I =-1. * ) n  (Ad ,.J ), A1 (I, J), I = L, 4) i~J = 1,3),
1 (;( B( I, J),. BI(I.J), 1 = 1,4<), J = 1,3), ((D(I,J),D1(I,J)«I=1«4),J=1,3)

LOT FORMAT (4F7.2/(8F7.2)>
PRINT OUT INPUT DATA 

WRITE! 6, 107)
107 FORMAT(1H1,33X,'ANTHRACENE*,19X,'NAPHTHALENE*/31X,'HOLE',5X,
 1» ELECTRON' , 12X,'HOLE' i5X,.'ELECTRON' )... WRITE!6,108)( (A(I,J),I = 1,.4) ,(A1(I, J) , I =1,4),(B( I.,J ) ,1 = 1,4) ,
! I (Bl( I, J), 1 = 1» 4),J = 1» 3)» C, (<D( I,J), I = 1,4) ,(D1( I,.J),I=,i, A), J=l,3)
108 FORMAT! *0A( A).=E3+2E4* , 17X, 2 (F7 . 2,5X) ,2(5X,F7.2)/ • Al( A) = 2( E7+-EB+E 
“ 113)',10X,2(F7.2,5X),2(5X,.F7.2)/' B(A)•,24X,2(F7.2,5X),2(5X,F7.2)/ '

2* B1(A)=E9+E10+E11',12X,2(F7.2,5X),2(5X,F7.2)//' A(B)=E3+2(E4+E7+E
 38+1E13) ',5X,2(F7.2,5X) ,2 ( 5X, F7.2)/• A1 ( B ) •, 23X, 2( F7. 2, SX) , 2( 5X, ; “

4F7.2)/' B(B)=E9«-EiOfEil',l3X,2(F7.2,5X),2(5X,F7.2)/' Bl( B)' , 23X,
 52(F7.2,5X),2(5X,F7.2)//' A( C) = E3«-i2E7' , 17X, 2 (F7.2, 5X ), 2( 5X, F7.2 ) /

6' A1(C)=2LE4*:E8+E13)' , 10X, 2 (F7.2..5X) ,2(5X,F7.2)/• B (C) =E9 *, 2IX, 
72(F7.2,5X> ,2( 5X,F7.2) /• BU C) =E10«-E11 • , 15X, 2( F7.2, 5X) , 2 ( 5X, F7. 2)//
8' C = ALPHA-ALPHA"',14X,2(F7.2,.5X),2(5X,F7.2)//' D( A ) =2E2* , 20X,

 92(F7.2,5X),2(5X,F7.2)Y' Dll A)=2(E5 + E5 + E12)•,10X,21F7.2,5X),215X,------
1F7.2)//' D(B> = 2(E2 + E5 + E6«-;E12)' , 8X, 2( F 7. 2,5X) , 2 ( 5X, F7. 2)/• Di(B) •,

 123X,2(F7.2,5X),2(5X,F7.2)//» D{ C)=2E5•,20X,2( F7.2,5X) , 2 ( 5X, F7. 2)/
2* D11C)=2(E2*B64-Ei2)' ,10X,2(F7.2,.5X) »2(5X,F7.2)/)
P I. = 3'. 14L593 ’ ' ..CALCULATE THE ENERGY OF EACH OF THE FOUR DIFFERENT BANDS IN TURN DO 200 1 = 1,4' : --- - - —
GO TO (61, 62,.63,64) , I 

61 WRITE I 6,102) ‘102 FORMAT(1HI» 4-OX, • ANTHRACENE HOLE SJRFACE BAND IN AC PLANE (10-4 
 IEV.)'/) ’ '• ".. ...... "*  ..... .

GO TO 6562WRITEl6,103)-----------------------------------------------------
103 FORMAT (1H1, 38X, r ANTHRACENE ELECTRON SURFACE BAND IN AC PLANE (

1L0-4 EV)'/-) '  . ... ..... ........ ....
GO TO 65

63 WRITE (6,104) ' -------------- -------- ------  ----104 FORMAT (1H1, 4-OX, 'NAPHTHALENE HOLE SJRFACE BAND IN AC PLANE (10-4 
IEV)'/)   ~
GO TO 65

*64 WRITE! 6, 105)-- ----------------  — '  '..... .... .... * ~105 FORMAT (IH1, 38X, 'NAPHTHALENE ELECTRON SURFACE BIAND IN AC PLANE (
110-4 EV)'V) ' --CALCULATE THE' ENERGY IN THREE DIFFERENT DIRECTIONS, 1C PARALLEL TO

A-l, B-l, AND C-l,. RESPECTIVELY' ------ ------------------- -
*65 DO 200 J«il,3CALCULATE KSI AND! THE ENERGY FOR DIFFERENT VALUES OF THE ANGLE X FROM 0 TO PI 

DO 100 K =, 1 ,.37 ___________  _ _ _ _  _ _ _ _
ANG(C) = XK/18.0*PI

 X = ANG(K) ----------- :--------------------------------------
KKl=X
EH J» <) « O.O1 r--------- -
E2(J,X) *. 0.0
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E3( J, K) * 0.0 ' ‘ "E4(J,.<) * 0.0 ~
AK(J) = A ( I * J); ♦ Al(I,J)*C3S(X)
Bft( J) = B( I, J J + BK I, J )*CDS( X/2.D1
IF (J ,NB» 3) GO TO 12
BK( J ) = BlIiJ), + BKI ,J )*C3S(X)

12 DKKJ) = 0(1,J) ♦ Dl(I»J)*C3S(X)
HOOT ( J) * BK(J)*BK(J) - AK(J)*C(l) "-----------------------
IF (ROOT(J)) 9, 20, 20

”20 Pi:~= (-BK ( J) f  SOHTl HOOTfJ )))/AK(J)--------------------:
P2 = (-BK(J) - SQRT(HOOT(J)))/AK(J)

“  IP (PI .GEu 0.0 .AND. P2 .LE. 0.0) 11 = 1 “---------------------
IF (P2 .GE<. 0.0 .AND. PI .LE. 0.0) 11=2

 IP (PI .SB. 0*.0 .AND. P2 .GE. 0.0) 11 = 3 ------------------
I.P (PI .LEu 0.0 .AND. P2 .LE. 0.0) 11=4GO~TO (I ,.2, 3„4) , II :-------------------------------

1 KS1 = 2 • 0 * ALOG(PI)
KS2 = 2.0*ALED3(-P2)
GO TO 5

2 KS1 =v 2.0*AL03(P2>
KS*2 = 2.0«AL0G(-P1)

 GO”TO‘ 5-----------------  :-
3 US I = 2.0*AL03(P1)

 XS3 ' =, 2.0*ALO3( P2)----------- -------------- ---------- ----
GO TO 5

~ 4 KS2 = 2.0*tALDS(-Pl) " ’
KS4 = 2.0*AL0S(-P2)

 BO'TO '6--- ----------------------------------------------
5 EUJ.K) = (EXP!(KS1)+EXP(-KS1I)*AK(J) «■ 2.0*(EXP(ICS 1/2.01♦
_ 1 BXP(-KSl/2.0))*BMJ) ♦ DMJ) .

KSIKJtO = KS1
“  IF (II .Ea. 3). GO TD 7...............................6 E2(J*K) =. (EXPi(KS2)«-EXP(-iCS2)) *AK;( J) - 2.0*(EXP(K)S2/2.0H 

I 6XP(-KS2/2.0D )*BK(J) * DIC’(J)
KSI2(J* K) = KS2
IF (II .E3. 4) GO TD 8 ---------------------------- -------
GO TO 10

1 E‘3 (J, K) = (EXP(KS3MEXP(-KS3l)*AKi( J) > 2.0*( EXPf ICS3/2. 0 ) ♦ ..  “
1 E'XP(-KS3/2.0) ) *BK( J) + DK(J)

 KSI2( J» K) = K«S3--------------------------------- ---------
GO TO 10

""'8 E4(J,K) = (EXP ( KS4) *EXP(-KS4)) *AK<( J) - 2. 0*(EXP( KS4/2. 0) *.....
1 EO(P(-KS4/2.0) )*BK( J) + DK(J)
KSIK J«K) = KS4 _     ~   -
GO TO 10

9 KS11 ( J , < I = -BMJr/AUJl-----------------------------------
ICS'12 ( J, XI = S3RT(-RD3T( J).)/A)C( J)

10 IF (J .Ea. 21 GO TO 11 — - —----    I
100 CONTINUE !

IF. (J .EQ. 1) 30 TO 11  --------- --------- -....: ’—  
WRITE(6,109)

109’FORMAT!1H1) --------------------------------------------
11 WRITE(6,106) J, J* J, J, (ANGIK), KSI1(J,K), KSI2(J,K), E1(J,K),
1 B2(J,<), E3(*J,K), E4(J,<), K>1,K<)

106 FORMATdHO, 10X, 5HANGLE,. 13X, 4H<SI«-, 14X, 4HKSI-, 12X, 4HEPM , 
111, 3H,K), 10X, 4HEP-(, II, 3H,K), 10X, AHEN- ( , M, 3H>K), 10X,
2 4HENM, II, 3H»K) // ( IH ,. IP7E18.5))

200 CONTINUE------------------------------------------------
STOP

' END   :  ------ -----
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THIS PROGRAM CALCULATES THE ELECTRON AND HOLE SURFACE* BANDS OF
ANTHRACENE AND NAPHTHALENE IN THE AB PLANE

DIMENSION A14.3), B14,3»,. C (̂  I • AH4,3), Blt4,3),. ANG137)
U  AK13), BK ( 3)., EH3,37),7E2<3,37>, E313,37), E4!3,37>:,
2 KlS 111 3,37 ), KS1213,37) « D!4,3), 0114,3), DK13),. E914), E1414)
RE'AL <S1, KS2, KS3, <S4, KSI1, KSI2 ‘

READ IN THE VALUE'S OF THE' RESONANCE INTEGRALS FOR VARIOUS GROUPS OF MOLECULES
; READ! 5,101) t C (I). I = 1. 4).,“ ( (A11 ,J ) , A1 (I , J ) ,. 1 = 1, ̂ ), J = 1,3)7   .

1 11 B1 I, J ),. Bl (I« J) t 1=1,̂ ) * J=1»3) i ttD(I,J),DllI,J),I=l,4),J=l,3)
’ 2# (E9( I) , EiUlll, 1=1,4) I
101 FDRMAT 14F7.2/1BF7.2))
PRINT OUT INPUT DATA ' ; j

WRITE! 6» 1D7) i107 FORMAT! IH1, 33X, ' ANTHRACENE'719X7* NAPHTHALENE*/31XT, * H0LE'75XT,----------- 1
l'E'LECTRON*,12X,'HOLE* ,5X,.'ELECTRON* ) 'i
WRITE16, 108)HA1I,J),I = 1,.4>,1AHI,J),I=1,4>,1BII,.J >,1=1,4),
1 liBllI,J)»I=l»4),J = l,3)» C,!!DlI,J),I = l,4),tDltI,.J),I=.l,4),J=l,3)

~ 2ME91 I),I=.l,4),tE141I ),I = l,4) ..
108 FORMAT! *0A1 A) =E2+€6«-E 12+21 E4 + E8+E-13) •. IX, 21 F7. 2,5X) ,21 5X, F7.2) /r— j.,.̂ A1( a), f23X,.2(F7.2,5X),215X,F7.2)/• Bl A) =2 (EiO+El 1) • ,13X i 2 (F7. 27  i

25X),2(5X,F7.2)/' BllA)•,23X,21F7.2,5X1,215X,F7.2)//• AIB)=E2+E6+E1 
32 I4X,21F7.2,5X),215X,F7.2)/* Al i B) = 21 E4+E8+E13).' , IDX, 2! F7. 2t 5X), ' 1
4'215X,F7.2)/' B1B)•,24X,21F7.2,5X),215X,F7.2)/• BlIB)=2!E10+E11)•,

 5L2X,2(F7.2,5X) ,215X,F7.2)//• A (C) =E2+E6+E12+2 (E4+E8+E13) * , IX, 2 ( F7.
62,.5X):,215X,F7.2)/' A1! C ) * , 23X, 2! F7. 2,5X), 2! 5X, F7. 2)/» 31C)=21E10+E

 7Li") '713X, 21F7.2»5X)»2 15X7F7V2) / ' B11C)•,23X,21F7.2,5X),215X,F7.2)/
8/,' C = ALPHA-ALPHA** ', 14X, 21F7.2,5X) ,2!5X,F7.2)//* D(A)=21E3+E5+2E7)

 9*,llX,2!F7.2,.5X),215X,F7.2)/« 011 AI *,23X,21F7.2,5X),2!5X,F7.2)//
1* D1B)=2E5* ,20X,21F7.2,5X),215X,F7.2)/' Di I 8) =21 E<3+2E7)' , 13X, 21 F7.

 22..5X) ,215X,F7.2)//' 01C ) =.21 E 3+E 5 +!2 E 7) • , IIX, 21F7.2,5X),215X,F7.2)/
3* DltC)',23X,.2lF7.2,5XJ,215X,.F7.2l//* E9*,26X,2IF7.2,5XJ,215K,F7.2
4\J » E14•,2 5 X,21F 7.2,5 XJ , 2 15 X , F 7 . 2 ) / ) ....
PI = 3.1*1593

CALCULATE THE' ENERGY OF EACH OF THE FOUR DIFFERENT B4NDS IN TURN 
DO 2DO I =.1,4

 FE9 = 4.0<‘E9!l)
FE14 = 4.0*E14!I»

 GO TD 161,62,.83,6*),I---------------------------------------------61 WRITE!6, 102)102 FDRMATI1H1, 40X,' ANTHRACENE HOLE SJRFACE BAND IN AB PLANE 110-4 ~ 
lE'V )' ✓)" - GO TO 65         '

62 WRITE 16,103)
103 FORMAT 11H1, 38 X»'~* ANTHRACENE "ELECTRON SURFACE BAND IN AB"PLANE 1 

110-4 EV)'/)
 GO TO 65 ~*----------- ------ -- --- ---- ------------------ ---
63 WRITE16,104)
104 FORMAT! 1H1, 40X, ‘NAPHTHALENE HOLE SJRFACE- BAND I.N AB PLANE 110-4 

1EV ) •/ )
 GO TO 65---------------------------------------------------------
64 WRITE!6,105)
105 FORMAT tlHl, 38X, 'NAPHTHALENE ELECTRON SURFACE BAND IN AB PLANE 1 

110-4 EV)'/)
CALCULATE THE ENERGY IN THREE' DIFFERENT DIRECTIONS, X- PARALLEL TO ....
A-1, b;-i» and c-u  respectively
65 DO 200 J =.l, 3  *----------------------------------------CALCULATE XSI AND THE ENERGY FOR DIFFERENT VALUES OF THE ANGLE X FROM 0 TD PI

DO 100 < = 1,37 ---
XK'*<-1
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AWGC<) = XK/18.0*PI X. * ANGCK).
KKfaiC
&KJ ,X»*r 070 
E2CJ.X) = 0.0 
E3(J,<) «, 0.0 
E4CJ.K) c 0.0
A IOC J) = AC I» AllI.J)*£0S(X>
BKCJ) = BCI.J). ♦ Bit I»J)*C0S(X/2.0)

~i2 DKicjj = Di i ,jit ♦ d h i ,j)*cosix} -----
PI = -CCIJ/CAKCJJ+BKCJ))
P2 * -C(I)/(AK( J)-B.<( J) )
I.R CPI .GE<. 0.0 . AND. P2 .LE. 0.0! 11*1
I.Fl CP2 .GE. 0.0 .AND. PI .LE. 0.0) 11*2 . :
IF CPI .GE'. 0.0 .AND. P2 .SE. 0.0) 11*3 if~cpi .lev o.o . andv~p2~.lev o.o> n=v
GO TO (1,2,3,.4>,II

1 KS1 => AL0GCP1); “
KS>2 * AL0GC-P2)
SO TO 5

2 KS3 - ALD3C-P1)
 KS4'~=«" ALOS (P2) :------

GO TO 7 
~~3 K'SV V  AL03CP1);

KS4 *; AL03CP2);
GO TO 5 ....  ~~ ;

4 KS'3 =i AL0SC-P1)
KS2XALD3C-R2)---------------------------------------------1
GO TO 6

5 E1CJ.O = (EXP(KS1)«-EXP(-KS1) )*AKI( J) + 2.0*(EXPCKS1/2.0)♦
1 E'XPC-KSl/2.0) ) ̂ BK( J) *■ OKCJ) *■ FE9*30SCX/2. ) + FE14*C0S( 3.0*X/2.) 
K SI1 ( J. K) = KlS I 
IF CII .EQ. 3). GO TO 8 

6”E2C J. <) =- ( EXP(KS2) *E XP (-"K52T) *AKl( J) ~♦ 2.0*(EXPC KS2/2.0 )>
I EXPC-KS2/2.0) )*BK(J) + DK(J) - F.E9*C0SIX/2.) - FE14*C0S(3.0*X/2.)
KSI2C J« K) = KiS’2 ' ■■■■; ...... ....................  ...
IF (II .EQ. 1). GO TO 10

"7 E3(J,<) =-(EXP(KS3)fEXP(-KS3) )*AKi( J) - 2.0*(EXP(KS3/2.0)+------
1 E9CPC-KS3/2.0) )*BK( J) «• DIKCJ) «- FE9*C0S<X/2.I + FE14*C0S(3.0*X/2.)
KSIKJ.K) = K'S3 ----------------------  ------ ---------
IF (II .EQ. 4). GO TO 10'8 E4C J»<) = CEXP(KS4)fEXP(-KS4))*AKIC J) - 2. 0#( EXP C KS4/2. 01 ♦ -----
1 EXPC-KS4/2.0) )OBK( J) DK(J) - FE9*CDS(X/2.) - FE14*r.0Sl 3.0*K/2.) 
KSI2C J,K) = KIS4--------- ----

10 IF. (J .NE. 2).’ GO TO II
100 CONTINUE ---— ----------------------------------------11 WWTEC6.1D6) J« J, J, J. CANGCO*. KSIKJrK)» KSI2CJ.K), E1CJ.K),

1 E'2 (J»K)». E3CJ.K), E4(J,K), K=l,KlK)
106 FORMAT(1H0, 10X, 5HAN3LE,. 13X, AHKSI*. 14X, 4HKSI-, 12X, 4HEP + C • 

lll» 3H.K), 10X, 4HEP-(» II. 3H.K), 10X, 4HEN-C. 11, 3H.K), 10X,
2 4HENM • II. 3H,K)//(1H 1P7E18.5))

200 CONTINUE --- ---------------------------------------------
STOP
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THIS PROGRAM CALCULATES THE ELECTRON AND HOLE SURFACE BAND'S OF
ANTHRACENE AND NAPHTHALENE IN  THE BC PLANE

DI.MENSION A(4.,3), B(4,3), C(4), 41(4,3), Bl(4,3), ANGI37), R00TI3)
 U  A<(3)» BKI3 ).» £1(3,37),. E2(3,37), 53(3,37), E4(3,37l,  !

2 ICS 11(3,37), <SI2(3»37), DU,31, 01(4,3), DK(3), E14(4<)
 REAL <Sl, KS2, KS3, KS4, KSU,. KSI2 ... .....
READ IH THE VALUE'S OF THE RESONANCE INTEGRALS FOR VARIOUS GROUPS OF MOLECULES
 read(5,101) (c( i), ~ i =.r»*i;r ( e 14 (i), i ■= 1,4), u  a (i.,.j), ai iit j) i -----------

ll.=.l,4), J*.l,3>, ((B (I, J ),. 31(1, J), bl,4), J=l,3), ((0(1,J),
• 2D1(I,J), 1=1,4), J = 1,3) "
101 FORMAT (4F7.2/4F7.2/(8F7.2))
PRINT DUT INPUT DATA “ -- ---------------- ------

WRITE(6,107)107 FORMAT(1H1,33X,'ANTHRACENE* ,19X,'NAPHTHALENE'/31X, • HDLE*T5X,~-----------
1* ELECTRON', 12X,'HOLE' ,5X,.'ELECTRON' ) WRITE(6,108)(!(A(I ,J) , I = l,.4),( Aid, J) , I = 1, 4), ( B (I ,.J) , 1 = 1, 4) ,
1 (Bl ( I,J),I*L,.4),J=1,3), C,((D(UJ).I-1,4) , (Di (I *J > , l*.l, 4), J=1, 3)
2fe HE14(I),I = 1*4) " "108 FDRMAT('0A(A)=E5*E6fE12+2(E7+E8+E13)',1X,2(F7.2,5X),2(5X,F7.2)/

 1' AKA) ',23X,.2(F7.2,5XJ,2(5X,F7.2)/• B( A) = E9* E10+E11+E 1C , 9X, 2 ( F7.-- ---
22,5X),2(5X,F7.2>/' Bl(A) • 23X,2(F7.2,5X),2(5K,F7.2 ) t!' A(B)=E5+E6*

—  3E12*,14X,2(F7.2,5X),2(5X,.F7.2)/' Al(3)=2(E7+E8+E13)',10X,2(F7.2,5X 
4),2(5X,F7.2)/' B(B)',24X,.2(F7.2,5X),2(5X,F7.2)/» Bl ( B) =E9+E 10+E11' 
5,12X,2(F7.2,5X),2(5X,F7.2)//' A(C)=E5+2E7',17X,2(F7.2,5X),2(5X,
6F7.2)/' Al(C).= E6+2E8*E12«-:2E13' , 7X, 2 ( F7. 2,5X1 ,-2 (5X, F7.2)/' B(C)=E9+

 7E14' ,17X,2(F7.2,5X),2(5X,.F7.2>/' BlIC>=E10 + E11',15X,2(F7.2,5X) ,--- -----82(5X,F7.2).//' C = ALPHA-ALPHA" ',14X,2(F7.2»5X)»2(5X»F7.2)//* D( A) =2 
' 9( E-2«-E3 + 2E4 ) • ,. 11X, 2 ( FT.2,5X ) , 2 ( 5X, F7. 2 ) t • 01(A) ' ,.23X« 2( F7.2,5X ),

12(5X,F7.2)//• D(B)=2E2*,20X,2(F7.2,5X), 2(5X,F7.2)/• D1(B)=E3+2E4•,
~ ' 2i6X,2(F7.2,5X),2(5X,F7.2)//' D(C)=2E3',20X,2(F7.2,5X),2(5X,F7.2)/ ---

3' Dl(C)=E2+2E4',l6X,2(F7.2,5X) ,2(5X,F7.2)//' E14' , 25X, 2( F7. 2, 5X ),
42(5X» F7.2)/) ' “ '
PI. = 3.141593

CALCULATE THE ENE-RGY OF EACH OF THE FOUR DIFFERENT BANDS IN TURN -------
DO 200 I =.1 ♦ 4
GD TO ( 61,.62,.S3,64) , I------------------- --- -------------------

61 WRITE(6,102)102 FORMAT (1H1.* 4-OX, “' ANTHRACENE'" HOLE” SURF ACE ' BAND" IN 'BC" PLANE " (10-4------
iev;) '/)

  GD TO 65        * ------
62 WRITE(6,103)
103 FORMAT (1H1, 38X, • ANTHRACENE ELECTRON SURFACE BAND IN BC PLANE (

110-4 EV)'/)
 GO TO 65 -------------------------------------------------------
63 WRITE(6,104)
T04 FORMAT( 1H1» 40X, 'NAPHTHALENE HOLE SJRFACE BAND I.N BC PLANE (10-4 

IEV)•/)
" " GO TO- 65          ~- ■-•------------
64 WRITE(6,105)
105 FORMAT (1HI, 38X," •NAPHTHALENE ELECTRON SURFACE BAND IN BC PLANE ( -----

110-4 EV)'/)
CALCULATE THE ENERGY IN THREE' DIFFERENT DIRECTIONS, K PARALLEL TO 
A-l, B-l, AND C-l, RESPECTIVELY
65 DO 200 J=.l,3
CALCULATE KSI AND THE ENERGY FOR DIFFERENT VALUES OF THE ANGLE X FROM 0 TO PI

• DO 100 K 1 1*37...         *XKi=<-1
ANG(<) = XK/L8.04PI --------------  ------------------------
X * ANG(<)
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KK»K      ---
EL( J»<)  ̂0.0 :
82(J , K) =, 0.0
E3(J,K) » 0.0 T : ' : 7
B4(J,K) * 0.0
AK( J J. = A(I,JU. ♦ Al(ir3)*CDS(X)
BK(J) - B( I* J). + B1(I,J)*C0S(X)

" . I F € J .NE. 2). GO TO 12
BKMJ) = B ( I, J > + Bl(I,J)*CDS(X/2.0) «• E14II ) *COSC 3 .0*X/2. 0)

12"DK (J) = 0(1 ,J)+D1 (I,J)*:OS(X)
RODT(J) =. BK(J)*BK(J) - AK(J)*C(I)
IF (ROOT(JI) 9, 20, 20........  ‘

20 PI = (-BK'(J) ♦ SQRTROOT( J) ) l/AK( J)
P2 "= I-BK(J) - SQRT(RODT(J)))/AK( J) ~
IF (PI .GE. 0.0 .AND. P2 .LE. 0.0) 11=1
I.F (P2 .SE. 0.0_.AND7 P1~7LE.' 0.0) 11=2
IR (PI .GE. 0.0 .AND. P2 .GE. 0.0) 11=3
IF (PI .LE. 0.0 .AND. P2 .LE. 0.0) 11 = 4
GO TO (1,2,3*4),11

' I KS1 = 2.0*ALDG(Pi) ..
KS2 = 2.0*ALO3(-P21 
GO' TO 5

2 KSl * 2.0*ALOG(P2)
’ ~KS2 = 2.0*ALDG(-P1) :
GO TO 5

3 KSl = 2.0*ALD3(P1) “ ,
KS3 2.0*ALDG(P2)G0‘ T3~5 ------

4 KS2 = 2.0*ALOS(-P1)
KS'4 =i 2.0*ALOS(-P2)..................... .
GO TO 6

5 EKJtO = (EXP(KSl)tEXP(-KSl) )*AKi( J) >_2.0*(EXP(KSl/2.0) +
1 BXP( -KSl/2.9) ) ♦BKI J) *■ OKI J)

' KS'IKJtK) = KSl-------------------------------- -----------
IF (II .EQ. 3). GO TD 7

"6 E2(J,X) =. (EXP'(KS2)>EXP(**KS2)) *AKI( J)' 2. 0* I EXP( K/S2/2. 0) +------
1 BXPI-KS2/2.0) )*BK(J) «• DK(J)
K'S 12 (J , KI = KlS 2 ----------------------------------
IF (II .EQ. A) GO TD 8
GD TO 10 ------------------------------------------------

7 E3( J, <) =, (EXP(KS3UEXP(-KS3) )*AK( J) f 2.0*(EXP(KS3/2.D)+
1 EXP(~KS3/2.0)I*BK(J) + DK(J) -------
KSI2(Jt<) = KS3

 DO TO 10    "-------------------
8 EMJtll = (EXP(KS4)fEXP(-KS4) )*AK( J) - 2.0*(EXP{KS4/2.0)+’
1 EXP(-KS4/2.0))*BK C J) +” DK I J)---- --------------------------
K S' 11 ( J, X) = KS4

 GO TO 10 ------------------------- --* -------- ------
9 KSUKJtO = -BK ( J) M< (J)
KSI 2( J, K) = S'QRT(- RODT( J).') / AK( J ) ---------------------------

10 IF (J .EQ. 1). SO TO 11
100 CONTINUE -------------:---------------------------------

IF (J .EQ. 2). GO TO 11
WR.‘ITE( 6,109) ----------------- ---- -- ---- ------

109 FORMAT( 1H1)
11 WR:ITE(6,106) J1, J, (ANS(IK),. KSIKJtK), KSI2(J,K), EKJ.O,
1 B2( J • K),. E 3 ( J, K) , E4(J,K), K=1,KK)

106 FORMAT! 1H0, 10X, 5HANGLEV.13X, 4HKSI«■» 14X» 4HKSI.-, 12X, 4HEPM, 
111, 3H,<), 10X, 4HE?-(, lit 3H,K), IOX, 4HEN-(, M, 34,K), 10X,

" 2 4.HENM, II, 3H,K)//(1H ,. IP7E18.S)) ---
200 CONTINUE
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THIS PROGRAM NUMERICALLY EVALUATES THE MOBILITY TENSOR IN 
THE RELAXATION TIME APPROXIMATION. THE INTEGRAL IS 
EVALUATED OVER 13X13 POINTS USING THE TRAPEZOIDAL RULE FOR 
THE ELECTRON AC SURFACE BAND OF NAPHTHALENE.
COMMON EI14,1)t A, 0, C, D "
DIMENSION DEPI 3), DENI3), Sl( 9,13), SALK 9,-13), S22< 4)

~nnu2l 9,.T3)T~SAT51 97T3TrTA22( 9713 ), S~A23< 9, 13 ) , “
2SA33( 9,13), S2( 9), SB( 9,3), ST(3), S12{ 4,25),
‘3SAIUK 4,25 )7 SABI2 ( 4, 25)7 SAB13( '4,25), SAB22I 4,25)7
4SAB23( 4,25), SAB33I 4,25), SBBI 4,3), SCB(3>, SCI 3 )
"READ I 57101 ) E101 FORMAT (7F7.2) ;----------------------------

99 FORMAT(IHI, 7X.9HH0LE BAND, 7X, 13HELECTR0N BAND//):
DO 701 1272,14................... .

701 WR;ITE(6,102) 12, E(12,l)102 FDRMAT(1H , 127 17X7 FI 7. 2)
EXPRESS BETA I = l/KT), AT 300 DBS. K, IN UNITS OF 10-4 EV.

BETA = -1 • 0 / 7IV: 3 BO 5’4 £ -16 *30 070*67241"9 6 E153 
EXPRESS PLANCK'S CONSTANT IN UNITS OF 10-4 EV-SEC.

H=.( L.05450E-27*6.24196E15) ' '    ~
H2=H*HPT=3. 14159 3 7
A=*8.235

.00 3 : : :
C1=8.658
_ANG=2.145301....
C=;C1*SIN(ANG)
~D=Cl*CnS(4NG)
FX= (C1-A*C0S ( ANG) -2.0*0*005 (ANG) ) / (A*C*S INI ANG));
VX~I = (_A*A+C 1 *C 1 + 2 . 0 *  A*0 f * P  I /  IA*C *07  
VXK=( A*A + C l * C l + 2 . 0 * A * D ) * P I  /  ( A*A*C+IA*C*D)
VA'I = PI /  I A*S I N IA N G ) * S I  N ( ANG) ) "" :
VAK=PI / I A * S I N I A N G ) *COSIANG) )_ I = 1 •     ,
DO 300  K=1 , 9
W K  - I T *  P I  *  FX / 1 2 T 0 ' ---------------------------------------------------------------------------------------------------
DO 200 L = 1 , 1 3
Z=.( L - 1 ) * P I / I 1 2 .  0*C )
A l=X*D+Z*C

 A3=X*A    “  “............       :  “
CALL I N K  I , A 1 , A 3 , E P , E N , D E P ,D E N )

BEG IN C ALCULATI O N O F  ~INTESRALS-----------------------------------------------------------------------------------
SIC K ,L )= E X P (B E T A * E P  J*EXP(BETA*E‘N)

~  S A 111 K ,L  ) =DEP( 1) *DEP (1 ).*EXP ( BETA*EP) +DENI 1)*DEN{ 1)*EXP( BETA*EN)
SAL3< K , L ) = D E P ( 1 ) * D E P ( 3 ) *E XP IB E T A *E P ) +DENI 1 )*DEN( 3 )*EXP(B ETA*EN)

200 SA33I K ,L  )=DEP ( 3 )  *DEPI  3> *EXPI  BETA*EP) +DENI 3 ) *DEN(3 ) *E X P IB ETA *E N )
S2( • K ) = ( S l (  K , l ) + S l (  K , 1 3 ) ) * P I / ( 1 2 . 0 * C )
SBC K 7 1) = I S A l i r  K ,  1 ) + S A 1 I I  K , 1 3 )  ) * P I /  (12 . 0 * 0 -------------------------------------
SB ( K , 2 ) = ( SA1 3 ( K, 1 ) +SA13 ( K , 13 ) ) *P I / ( 12 .0*0
SBI K,3)=.(SA33( K,l)+SA33( K, 13 ) >*PI/< 12.0*0

 DO 300 L=2 »12
S2( K)=S2I KU-S1I K,L)*PI/(6.0*C) 7
SBI K,1) = SB( K,l)+SAll( K,L)*PI/(6.0*0 
Stir K, 2) =SB I . K,2 ) + S A13 ( K»L) *P I / I 5.0*0

300 SBI K , 3) =. S B I K,3) + SA33( K,L ) *P 1 / 16.0*C)
S 3 = S 2 ( l ) / 2 . 0  "  ” ■■■ --------- -------------------------------  -----
DO 401 M= 1, 3
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40T S C ( M ) =SB( 1 . M) / 2  .  0 ...................
• *• .. ' ' .....  ' . ""........

DO 402 K =2»9 
S3=S3+S2 ( K )
DO 402 M=1» 3

402 SCI M) =SC( M) + SB ( K,M)
DO 310 K = l » 4

 XfT K * 8 ) * P I * F X / 1 2 . 0 _ ________________________________________________________
Z L = Y X / V X I - i . O X ' V X K

 ZU=( X / V A I - K O ) *VAK____________;________________________________________________
DO 210 L = 1 12 5

 Z= i (L -13  )*P I / ( 1 2 . 0 * C  I _________________ ____________________________________
Z P = ( L - 1 2 ) * P I / ( 1 2 . C ) * C )

 Z . M = C L - l 4 ) * P I / (  1 2 . 0 * C )  _ _ __ ________________________________________________
IF  ( Z L . G T . Z  . A N D . Z L . L T . Z P ) ;  30 TO 10 
I F  ( Z U .L T . Z .A N D .Z U . G T .Z M ) ,  GO TO 20 
IF ( Z . L f . Z L . O R . Z . S f . Z U f  GO TO 210

 GO TO 3 _____________________________________ _________________________________ ___
10 Z=iZL

 LL=L_*T_________________________________________________________________
li=L

 GO TO 3_________________________________________ _______________________ _________
20 Z=.Zll

 LU=L_—1 _ _________________________________ ;_____________________________________
L2 = L

3 A 1=X*D +Z *C___________________ ;___________________   '___________
" ~A3=X*A

CALL I N T ( I , A 1 , A 3 , E P , E N , D E P . D E N )
S i 2 1 ~ K , L ). = E XP( BE T A *  E P) +~EXP(BET A*EN)
SAB 1 1 ( K,L )=.DEP( 1) * D E P (1 ) *E X P (  BETA*EP)+DEN( 1 ) *D9N ( 1 ) *EXP( BETAKEN) 
SAB13(  K, L )=DEP( 1)  *DEP (3 ) *EXP( BETA*EP ) +DEN( 1 ) *DBN ( 3 ) *EXP( BETA*EN) 
SAB33 ( K, L ) =.OEP (3 ) *DEP ( 3 )»EXPt  BET A*EP )+DEN (3 )  *DEN( 3 )*EXP ( BETA*EN)

• 210 CONTINUE ""  " "  ~ ...... ... ........................
S22(  K ) = ( ( S12 ( K , L 1  > + S12 t K, L L ) ) *  ( ( L L - 1 3  ) * P I / ( 1 2 . 0*C ) - Z L  ) + 

i l  S12 ( K, L 2 K :S 1 2 (  K , Ll i  ) ) *< ZU-(  L U - O  ) *P f / ( T 2 . 0 * “C T ) - S 1 2 ( K » LL )> P  1/  
2 ( 1 2 . 0 * 0 ) - S 12(  K . L U ) * P I / ( 1 2 . 0 * C ) ) / 2 ; 0  

 SBB( ~~ K » 1 ) = ( ( SAB 11 ( K »L 1 ) + S A B I1( K , LL ) ) * ( ( L L - 1 3 ) * P I / ( 1 2 . 0 * C J - Z L )
1 + ( SAB 11 ( K* L2 ) +SAB11 ( K, LU) ) *  ( ZU-< LU -13  ) *P I /  ( 1 2 . 0*C ) .) -
2 ( S A B 11 ( K » L L ) + S A B l l  ( K , L U ) ) * P t / ( 1 2 . 0 * C ) ) / 2 . 0

S3B( K» 2) = ( ( S A B I3 ( K ,L1»>SAB13(  K , L L > ) * ( (  L L - 1 3 ) * P I / ( 1 2 .  0 * C ) - Z L )
 r + r $ A " B i3 ( K i i l 2 T + S A B 13 ( K,LU)  1 * ( Z-U-( L J - 1 3 )  * P T / ( 1 2 7 0 * C ) ) -

2 (SAB13(  K » L L )+ S A B 1 3 (  K'.LU) ) * P I / {  1 2 . 0*C ) ) / 2 . 0
SBB ( "K» 3 ) = ( ( SAB33 ( K r L l ) * S A B 3 3 (  K » L L ) ) * ( ( L L - 1 3 ) * P I / l 1 2 . 0 * C ) - Z L )

U ( S A B 3 3 (  K »L2 ) +SAB33 ( K »LU) ) * ( Z U - ( L U -1 3 )  *P 1 / ( 1 2  . 0 * C ) ;) - 
2(SAB33(  K * L L ) +SA B 3 3 ( K» L U ) ) * P I / ( 1 2 . 0 * C ) ) / 2 . 0

DO 310 L = L L ,L U
 $22 ( K) = S 2 2 ( K) + S T2( K *'CT* P T /T IT H  0'*CT)-------------------------------------------------------

SBB( K 1 1 ) =SBB( K , L ) +SAB11(  K , L) * P I / ( 1 2 . 0 *C )
 SBB( K i 2 ) =  SBB( K , 2 ) + S A B 1 3 (  K , L ) * P I / ( 1 2 . 0 * C ) ----------------------------------
310 SBBI K»3) = SBB( K ,3 ) + S A B 3 3 (  K , L ) * P I / ( 1 2 . 0 * C )

S 3 2 « S 2 2 ( 4 ) / 2 . 0 .......................... ...............................
DO 403 M=1» 3 

40'3~SCfi( M) =SBB ( 4TMT/“270
DO 404 K= 1» 3
S32=S32+S2 2 ( < ). "
DO 404 M= 1» 3

404~SCB( ~ M)=SCB(~ HV+SBBl  “ K,H)---------------------------------------
S3=S3+S32 °

 D'0~400" M=1V3----------------------------------------------------------------------------------------------------------
400 SC f M) =SC( M)+SCBI M)

DO 500  H=i V3 .........  - : j
'500 S T ( M ) = S C ( M ) / ( S 3 * H 2 ) * l . 0 E - 1 6
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WR:ITE(6,104) ' _____________ ________________104 FORMAT(1H0 » 52X,13HELECTRUN BAND// IHOT$X,11HDENOMINATOR#49X•
18HMDBILITY/1H ,29X,5HV(AA),11X,5HV(AC),11X,5HV(CC)/)

 WRTTET67i'O'5T~STT’5‘T---------------------------------------------- !
105 FORMATUHOt 1PE16.4, 5X, 3E16.4)

STOP
END
SUBROUTINE' I NN I , AI, A3 , EP, SN,.DEP,DEN)THIS SUBROUTINE CALCULATES T-fE VALUES OF E+ AND E-r~AND OF DE+YDK, AND DE-/DKI, 

FOR EACH POINT IN THE INTESRAL.
" COMMON E(14,l)., A, B, C, 01 'DIMENSION D£PM( 3) ,DEP (3 ) ,.DEN( 3) ,DBMPC3)A4VA1F.A3   - - -

K5±*3/Z,0A7*AIM5 ' ' - - ...
AB*Al-A5A9=Al-A3.......  ........  ‘   - - -
UsE( 3* I > 4-2. 0*( E (4, I) *CDSIA1) *E( 7,.I ) *COS(A3) +6< 8. I.).*COS( A4) +E( 13# 11 
i*COS(A9)1 ~ "V=.E(9, I)*COS(A5) + E(lO,I )*C0S(A7)*!B(IL,I )*C0S(A8).
Jf*v*T46.11 “ .
RDOT=»V*V-U*WI.R (ROOT .:lt. 0.0) STOP . -
Pl=»(-V+Sim(R!OOT)»/U
P2*(̂ V-SORT (ROOT) ) /'J
IF (PI .GE'. 0..0 .AND.. P2 .LE .1 O.O1) 11*1
I.F (P2 .GE'. 0.0 .AND. PI .:le.i0.0) 11*2
I.F (PI • G!E<. 0.0 .AND. P2 ,3E. O.O1) 11 = 3

~  IR ( P1 .LE. O'.O .AND.! P2 .LE. O.O1) 11*3
BO TO (1,.2,3K,. II

1 AP.=»2.0*ALQG(Pa) 
AN*2.0*AL0G(-P2) 
30 TD 4

2 A P * 2 . 0 * ALDG( P 2 )
“AN?2. 0*AL9GC“Ri)...............  T

00 TO 4
3STOP 
4 A 6 = A P / 2 . 0

A2?AN/2 • 0 .........  ..................... ............ ....  ...... ...
E P M = 2 . 0 * ( E ( 9  ,. I .) *COS( A 5 ) + B ( 1 0 , I ) * C 0 S ( A 7 )  * E ( U , I ) *

' l t t D S ( A B ) ) * ( E X P ( A 6 ) * E X P ( - A 6 » )
EMP=2.0*(E ' (9». I .  ) *CQS(A5)  4-EJ10 ,  I )  *COS( A7 ) + i E ( l l , I ) *

1C0SIA8) >*(  EXP( A2)4-EXP(-A2) ; )    “  '
E l *  E ( 3 , 1 ) 4-2.1*.( E ( 4 , 1 ) *COS ( A1) 4-E ( 7 » . I ) *COS( A3) +:E{ 8 , . I  ) * C 0 S ( A 4 ) +

1 E M 3 ,  I ) *COS(A9)  )
E P * 2 . 0 * ( E ( 2 ,  I  ) * C O S ( A l ) 4 - E ( 5 ,  I ) *COS( A3) 4-E( 6 , 1  ) *C O S (A 4 )+ E (  12 ,  I  ) *  

1C0SIA9)  )4-El«c( E X P { A P ) * E X P ( “ AP);)fEPM 
E N * 2 . 0 * ( B (  2 , I . ) . * C 0 S ( A 1 ) + E ( 5 , I ) * C O S I  A3) + E( 6 * 1 )  *C 0 S FA 4 )+!&(12 ,  I ) *

TCDSIA9)  ) t:E'l *  ( E XP( AN) 4-;EXP( -  AN) ) -  EMP -------------------------------------
CALCULATE DERIVATIVES,  DE/OK

D E P M ( l ) = -  ( B ( 9 » I ) * A * S I  N(A5).  4- 2 . * E (  10«, I ) * (  D4-.5:*A) * S I N  ( A 7 )
1 » 2 . . * E ( l l , I ) * ( D - . 5 * A ) * S I N ( A B )  I * ( EXP( A 6 >+ E X P ( - A 6 ) )

DBHPC1 1 = -  IE ( 9 ,  I  ) * A * S I N ( A 5 ) .  * 2 .  *E< 10 ,1  ).*(  D4-. 5 *A )  * S I N I  A7 J
I  4-2. *E I  1 1 ,1  ) * ( D - . 5 * A ) * S I N ( A 3 >  ) * (  EXPlA2)4-EXPK-A2 »:)

D i l * ( E ( 4 , I  ) . *D*  SIN ( A l l  4-E ( 7 * 1 )  * A * S I N ( A3 J.4-E(8 *1 )  * (D+A) *S I.N( A4)  +
IE 11 3 , 1 l * ( D - A ) . * S I N (  A9) )

D B P m = - 2 . 0 * 1 5 ( 2 , 1 »4‘ D *S IN (A 1 I4 -E <5 ,  11 * 4 * S  IN (  A 3 1 * E (  6 ,  1 1 * (  D-KA ) *
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1ST.N(A*)+E( 12,.I.)K(0-A)KSIN( A9)+D1K|<EXP< API«-!EXP<-A'Pl) ) l+DEPMm 
DENUI=-2*0K<E(2,I )KDKSIN<A1)«-E(5,1 ».*A*SI N (A3)+E( 5. I)*(D+AI*
ISI-NI AA) 4-0112* I.)*0-A)*SIN(A9)41D1*(EXPIAN>*EXP{-ANU )-DEMP<lJ __
Di&PHi( 31 =~2 • 0KCK( E (10*.I) KSIN( A7 I +E< U,.I )KSIN( ABI )*
KBXPC A6)*E'XP(-A6))   _DENPI3) =-2 •0<‘C*(Etl9»I) *S.'IN( A71 +E(11,I )*.SIN(A8> )*
M'EXP ( A2 I ♦ EXPI -A2 I)_____________________________ __________

'  D 3 » E I  *,I)KSIN(A1)«-E(B,I )KSIN( A*)*©( 13, 11*SlNI'A9).
DE<P(3l=-2.*C*(E(2t 1 )KSINIA1 )»E(6,.I )KSIN(A»H-B< 12*.I I *SLNUA9_I+D3* 
If EXPIAP )+E'XPC -API I I *3EPM( 3 I DE'N (3)=-*2.KCME<2»I)KSIN(;Al ) + E (6,.I.) *S INI A*<) «-B( 12*.11 *SI.MI A9) +D3* 
L(EiXP('AN)+E'XPI-AN) I l-DEHPC3)
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.
COMMON A,. B,  C,  D, E C U !
DIMENSION DEP13), DEN(3), X(2), SUI13), S22I13)
READ! 5 ,  101)  E,_

LOl FDRMAT 17F7 .2);
WR.TTE ( 6? 99 I “  "

99 FORMAT!1H1, 7X,9HH0LE BANDI,7XU3HE1ECTR0N BAND//:) ;
DO 701 12 =.2»T* "  " "  ............

701 W R :ITE !6 ,102 )  1.2, E ( I 2 )
t02~F3RNAT( IH ,  1.2, F 1 7 . 2 I  ~

BETA=> l . 0 / ( l . : 3 B 0 5 A E - 1 5 K 3 0 O ' . 0 * 6 . 2 * i 9 6 E 1 5 )
'  H=.l 1 . 0 5 * 5 3 E “ 27K 6 .2A l96E15 f) .

H2=?HKH
P i = * 3 . 1 *1 5 9 3  ~..............  “
A =,8. 2 35

~ B=i6Y003 1 '•
CL:=;B. 658
A N G =2.1 * 5 3 0 1 ........  :
C=.G1KSIN! ANG);
OteCltCOStANS) ...
X(1 ) = 0 . 0
X(2)=;PT .
DO 200 L=.L,2
DO 300 K = l ,  13 “ “  ‘ "
Y*=!K-T)*PI/(L2» 0*3)
A1=»X( L) ~ " ' ...
A2=>YK3
CALL I NT( ~A1 ,.'A2, EP, EN,‘DEP7.DEN)SIT X)=EXP(BETA«‘ EP)+EXP( BETAKEN)

300 S22(<)=DEP(2) .K0EP(2)KEXP(BETAKEP);+:DEN(2)*DEN(I2IKE'XP( BETAKEN) 
S 2 ? = ( S l ( l ) * ; S l t l 3 )  J / 2 . 0
SB *= 1 S22 (1 ).*'S22! 13)  ) / 2 .  0 
00 301 K=,2, 1 2
S2 = S2 +1 S1!K) "~

301 SB =S3 * S 2 2 ! K )
ST = SB /C S 2 K H 2 ) K 1 .0 E - 1 5  --- --------------------------------------------
HRI TE( 6 , 1 0 3 )

103 FORMAT! 1H0, 10‘X, 9HH0LE B A N D ,1 0 X ,8 H M O B I L IT Y / /1 H  , 5X*I1HDEN0MINATOR, 
1 1 3 X , 5 H V ( B 3 D / / )
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